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Idealized high-resolution numerical simulations of tropical cyclogenesis are presented in
a model that represents deep convection by a warm rain process only. Starting with an
initially weak, cloud-free, axisymmetric warm-cored vortex (maximum wind speed St s

at a radius of 100 km), rapid vortex intensi cation begins after a gestation period on the
order of 2days. From a three-dimensional perspective, the genesis process is similar to
that in the rotating convection paradigm for vortex intensi cation starting with a much
stronger initial vortex ¥max = 15 m $°1). The patterns of deep convection and convectively
ampli ed cyclonic relative vorticity are far from axisymmetric during the genesis period.
Moreover, the organization of the cyclonic relative vorticity into a monopole structure
occurs at relatively low wind speeds, before the maximum local wind speed has increased
appreciably. Barotropic processes are shown to play an important role in helping to
consolidate a single-signed vorticity monopole within a few hours near the intensi cation
begin time.

The rotating convection paradigm appears adequate to explain the basic genesis process
within the weak initial vortex, providing strong support for a hypothesis of Montgomery
and Smith that the genesis process is not fundamentally different from that of vortex
intensi cation. In particular, genesis does not require a ‘trigger’ and does not depend on
the prior existence of a mid-level vortex.
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1. Introduction typically at 700 mb and thus the dropsonde data obtained were
unable to document the convective environment through the
From a scientiPc viewpoint, the genesis (or birth) of a tropictioposphere. A review of what was known up to about 2008,
cyclone is arguably one of the most fascinating problemsiircluding the TEXMEX experiment, is provided by Tory and
dynamical meteorology. At a fundamental level, one needsFtnk (2010). The situation changed with the organization in
explain the natural tendency for the emergence of a largd08 and 2010 of two major beld campaigns aimed at collecting
sale coherent convective-vortex structure from a much weakdservations during the formation phase.
initial disturbance. The precursor disturbances take the form The Prst campaign was the Tropical Cyclone Structure 2008
of synoptic-scale tropical waves or other large-scale structu@$:S08) experiment conducted in Northwest Pacibc region
Observations have long suggested that genesis is intrinsicatiyring Augustb September 2008. This experiment had several
three-dimensional process involving the organization of deegsearch objectives, but for the component of the experiment that
convection. In the atmosphere, this organizational procefssused on the process of tropical cyclone formation, priority
competes with adverse factors that impede persistent deegs given to developing storms before their classibcation as a
convective activity and related vorticity organization. Thegswpical depression (Elsberry and Harr, 2008). The observations
adverse factors are primarily associated with the kinemaicformation included one particularly well-observed case of
effect of vertical/horizontal shear deformation on the precurstite genesis and intensibcation of typhoNnri (2008). Several
disturbance and the intrusion of dry air into it. research studies have been completed examining this notable
One of the challenges in studying tropical cyclogenesis is thgent (Montgomeryet al, 2010; Raymond andapez Carillo,
formation generally occurs over the ocean where conventio2&l11; Raymonet al, 2011; Montgomery and Smith, 2012; Park
in situ observational data are limited. Until a few years aget al.2013; Lussiest al, 2014).
there had been only one notable Pbeld campaign devotedrhe second campaign consisted of a trio of Peld experiments
to collecting observational data on storm formation. Thisonducted in the northern summer of 2010 by the National
experiment was called the TEXMEX (Tropical EXperiment fBcience Foundation (NSF), the National Aeronautics and
MEXico) experiment. The research Rights in TEXMEX weBpace Administration (NASA), and the National Oceanic and
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Atmospheric Administration (NOAA) to investigate tropicawill tend to be differentially sheared by the associated angular
cyclogenesis in the Caribbean and West Atlantic and thleear Row, and wrapped cyclonically around the precursor
subsequent intensibcation of storms in these regions. Whitertex. StokesO theorem applied to a bxed area surrounding the
two of the experiments, the Genesis and Rapid Intensibcatmnvection implies that there will be an accompanying increase in
Processes (GRIP) project of NASA and the Intensity Forecasstgngth of the system-scale circulation on account of the import
Experiment (IFEX) of NOAA, included intensibcation in theibf ambient absolute vorticity into it. When applied to a bxed area
portfolio of objectives, the Pre-Depression Investigation of Clowdthin the convective region, the import of vorticity into the area
Systems in the Tropics (PREDICT) experiment was designeitl lead also to an increase in the circulation. As the circulation
exclusively to study genesis and was by far the most comprehensiggressively increases in strength, there is some elevation of the
observational programme to do this (Montgomesyal, 2012). surface moisture Ruxes. However, vortex intensipcation does not
Priority was given to developing storms prior to their classiPcatieaquire the moisture Buxes to continually increase with surface
as tropical depressions as debned by forecasteven when wind speed (Montgomergt al, 2009, 2015).
mature storms were present nearby. Motivated by the results of Montgomest al.(2006), Nolan
An important aim of the PREDICT experiment was to gathgp007) investigated the development of a tropical cyclone from a
data on developing and non-developing tropical disturbancespge-existing, weak, warm-core vortex using high-resolution (2 km
test the recently proposed marsupial model of tropical cyclogetiorizontal grid spacing) cloud-resolving simulations. He found
esis in association with tropical easterly waves (Dunkegtal, that, when the relative humidity in the vortex core exceeds 80%
2009). The overarching hypothesis is that tropical depressigfer most of the depth of the troposphere, a mid-level vortex
formation is greatly favoured in the critical-layer (or Opouchglins, contracts and intensibes. Once the mid-level vortex has
region of the synoptic-scale, pre-depression wave or subtropiegiched a sufbcient strength and the inner core is nearly saturated,
disturbance. Dunkertoret al. conPrmed the main tenets ofg smaller-scale vortex forms very rapidly at the surface. This small
the marsupial model using global analyses, Tropical Rainfaftex becomes the core of an intensifying tropical cyclone.
Measuring Mission (TRMM) precipitation data and best-tracklolan proposed that Othe trigger for tropical cyclogenesis is the
data. However, details of how vortical convection is organizatgfimation of this long-lasting updraught, which organises the low-
was a facet of the theory that was not testable with these daigel vorticity into a single coherent vortex through what might
The gap in knowledge concerning the organization process Wasconsidered either a repeated or continuous diabatic vortex
one of the main inspirations for the PREDICT experiment.  merger processO. This conclusion would appear to support the
A summary of the scientibc basis for the PREDICT experimefidespread belief that tropical cyclogenesis is a Pnite-amplitude
as well as some highlights of the data obtained are describegnayability problem as articulated by Emanuel (1989). While, as
Montgomeryet al.(2012). While the analysis of data obtained igiscussed later, we do not exactly subscribe to this view of genesis,
stillin progress, there have been already several studies examigi@g,ould argue that the precursor wave pouch and its associated
the dynamical and thermodynamical structure of some of thgoist envelope is necessary and this is a bnite-amplitude structure
genesis events documented (e.g. Davis and Ahijevych, 2012; Smifhhich genesis takes place.
and Montgomery, 2012; Wang, 2012; Wagi@l, 2012; Fritzand  Mmuch of the foregoing research forms what we believe is the
Wang, 2013; Komaromi, 2013; Gjorgjievska and Raymond, 2084sis for a uniped view of tropical cyclogenesis and intensipcation
Melhauser and Zhang, 2014). These studies provide a motivatiffbntgomery and Smith, 2011). In this view, the separate stages
for further modelling work. proposed in previous signibcant studies and reviews (e.g. Frank,
In order to gain an understanding of the nature of vortical1987; Emanuel, 1989; McBride, 1995; Karyampudi and Pierce,
convective organization, Hendriclket al. (2004) presented a2002; Tory and Frank, 2010) are unnecessary. The purpose of
numerical simulation and diagnoses of the genesis of hurricafg; article is to test this unibed view of tropical cyclogenesis
Diana(1984) and found that a prominent feature of the genesig,q intensibcation. The test will be conducted using a weak
process was the development and aggregation of rotating dgglitude (maximum wind speed 5 or less) cyclonic initial
convection. Subsequent modelling studies have conPrmed thakex embedded in a moist thermodynamic environment using
vortical convective clouds act as fundamental coherent structugg$er the Dunion moist tropical sounding (Dunion, 2011) or
during both the genesis and intensibcation process (Montgomepy averaged sounding taken from the PREDICT observations
et al, 2006, 2010; Nguyeet al, 2008; Braunet al, 2010; iy the preKarl pouch region on 12 September, 2010. The time
Fang and Zhang, 2010; Waeg al, 2010; Davis, 2015). Thes@pqsen for the preékarl sounding corresponds to approximately
locally buoyant clouds amplify the cyclonic vorticity of the yays prior to the formation of tropical storiarl (2010). The
precursor vortex by at least an order of magnitude (Saundefgia| vortex used in these calculations, including the angular
and Montgomery, 2004; Wissmeier and Smith, 2011; Kilroy afdscity and relative vertical vorticity of the initial vortex, are
Sml_th, 2013). The vgrtlcal vorticity that is ger_lerated by the Clo%ghly comparable to those of the pkearl pouch circulation.
outlives the convection that produced them in the Prst place. This methodology ensures that the development occurs near the
In an aggregate sense, the buoyancy created by latent healiigre of the computational domain where there is a uniform grid
within these clouds drives a system-scale overturning circulatioilspy with the smallest grid spacing. This methodology ensures
that contributes to the intensibcation of the system-scale vortexs that spin-up occurs in a reasonably short time providing for
The cyclonic vortical remnants tend to aggregate, in part dFSmputationaI economy.
to quasi-barotropic dynamics and in part due to the diabatically An outline of the remaining article is as follows. Section 2

driven overturning circulation. Some of these remnants wwj usses the details of the model conbguration. Section 3

be intensibed further by subsequent convective ep|sodesd cribes the simulations carried out. Section 4 presents analyses

the system-scale circulation strengthens, the vortical remnagfShe model results. Section 5 describes a series of sensitivity

experiments. Section 6 provides a discussion of the results

The glossary onthe NOAA Hurricane Research Division website uses C)tro%f&gl their relation to prevailing ideas. Section 7 presents the

cyclone® as Othe generic term for a non-frontal synoptic-scale low-pre€gutglusions.
system over tropical or subtropical waters with organized convection (i.e.
thunderstorm activity) and a debnite cyclonic surface wind circulationQ. . . :
Notably, this debnition does not invoke any wind threshold. The same glossaty The numerical model and experimental design
dePnes a Otropical depressionO as Oa tropical cyclone with maximum sustained

surface winds of less than 17 ffs(34 kt, 39 mph) and, in the Atlantic and The simulations conducted and analyzed herein relate to the
Eastern Pacibc Basins, a tropical storm as a tropical cyclone with surface

between 17 and 33 &, Consistentwiththisdebni'{ion,in'[his:studywedeI3r\1,\£;ﬂ$io.type problem fo.r tropical Cydon.e mte.n.SI.pcatlon’ which
genesis as the formation of a tropical depression with no formal threshold 6RNSiders the evolution of a prescribed, initially cloud-free,
wind speed. axisymmetric vortex in a quiescent environment on faplane
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R S S S ® (CIN)® of 47 Jkg* and a Total Precipitable Water (TPW) value
of 61 kg 2. The sea surface temperature (SST) is@3ypical
of the Caribbean region at the time K#rl.

The calculations are carried out on &iplane with the Coriolis
parameterf = 2.53x 10°°s°1, corresponding to 10N. This
value is lower than that of pr&arl and was chosen because
spin-up occurs sooner at low latitudes (Smid#t al, 2015),
requiring less computational time.

Radiative effects are represented by adopting a simple
Newtonian cooling approximation capped at 2K per day,
following Rotunno and Emanuel (1987). This approximation
serves as a simple expedient for parametrizing the radiative-
convective equilibrium process, which operates to maintain the
ambient tropical sounding over realistic forecast time-scales of
several days. In choosing this particular set-up, we purposely
omit the more complex cloud-radiative feedback processes in
the infrared wavelengths that have been suggested to accelerate

o the intensibcation process (e.g. Hakim, 2011; Nicholls and
Montgomery, 2013) as well as the negative ocean feedback
associated with storm-induced upwelling of colder ocean water
below the storm which tends to retard the intensibcation process
(e.g. Emanuett al, 2004).

Figure 1. SkewT Dlogp diagram showing the temperature (right solid curve) and 10 Suppress the artibcial re3ection of internal gravity waves

dew-point temperature (left solid curve) of thearl pouch sounding used in this from the upper boundary, a Rayleigh damping layer is added at
study. Also shown is the Dunion moist tropical sounding with temperature (rigtieights above 20 km. The e-folding time-scale for this damping
dotted curve) and dew-point temperature (left dotted curve), which is used ffg 5min. Rayleigh damping is applied also within 100 km of the
one of the sensitivity experiments. lateral boundaries, which are rigid walls.

In each experiment, the initial vortex is axisymmetric with

. ) ) a maximum tangential wind speed of 5®Ris(one sensitivity

as articulated in Nguyeret al. (2008). They are carried OUtexperiment has a maximum tangential wind speed of §i‘1)s

using the numerical model CM1 version 16, a non-hydrostatig ine surface at a radius of 100 km. A maximum wind speed of
and fully compressible cloud model (Bryan and Fritsch, 2002 ) $15 comparable to the maximum tangential wind observed
in the three-dimensional conbguration described by Persipgine preKarl wave-pouch on 12 September, 1200 UTC (Davis
et al. (2013), except that a larger inner grid-mesh region with,y apjjevych, 2012, their Figure 12b). The strength of the
constant grid spacing is used here. Specibcally, the outer domaiiy e ntial wind decreases sinusoidally with height, vanishing at
is 3000« 3000 kmin size with variable grid spacing reaching 10k, "y, model level. The temperature Peld is initialized to be
near the domain boundaru_es. The_ inner domain IS 8(BDO km in gradient wind balance with the wind peld using the method

in size and has a 500 m grid spacing. The domain has 40 ver cribed by Smith (2006).

levels extending to a height of 25km. The vertical grid spacing

expands gradually from 50 m near the surface to 1200 m at t?e

top of the domain. ’

Subgrid-scale parameters and exchange coefpcients  for

momentum, moisture and heat are conbgured identically We describe a total of Pve numerical experiments, the details of
those in Persinget al.(2013) based on the latest observation hich are as follows. Expt 1, the control experiment, comprises the

estimates of vertical and horizontal turbulent diffusivitities anA2SiS for the next section describing genesis and intensibcation.
airbsea exchange processes. Expt_s 2 gnd 3 (referred to as OP1O and OP20, rgspectlvely)
In brief, the model has prediction equations for the thre@'® identical to Expt 1 except there are random moisture

components of the velocity vector, specibc humidity, suspendgturbations of up to 0.5g ke applied from the surface to a

liquid, perturbation Exner function, and perturbation density€'9ntof 1km. Expt 4 (referred to as the ODunO experiment) is the

potential temperature, where perturbation quantities are depng@"€ @s Expt 1, but a different environmental sounding is used,
relative to a prescribed hydrostatic basic state. A simple warm-rafnely the Dunion moist tropical sounding (Figure 1, dotted
scheme is used in which rain has a bxed fall speed of % rirer curves). This sounding differs from théarl pouch sounding in

simplicity, ice microphysical processes and dissipative heating§f it has a moderately drier mid-level environment (a TPW

omitted. The additional effects of including ice microphysics wif 51-5kg nt? compared to 61kg ™ in the Karl sounding.

be addressed in a forthcoming study. Despite the drier environment, the Dunion sounding has a
Some of the model conbguration was guided by data obtair&tghtly larger CAPE averaged to 500 m (21043 kapmpared
in the pouch region of pre-genesis tropical stokarl during the 10 2028 Jkg"), although the minimum CIN is essentially the
PREDICT beld campaign. However, the aim of the article is $9Me. EXpt 5, (referred to as the OSHdsexperiment) is the
examine an idealized simulation and not to replicate the gene¥ne as the control vortex, except the initial vortex is weaker
of Karl. with a maximum tangential wind speed of 3 M's The results of
The reference sounding is shown in Figure 1. It is a mean of_[:},gpts 2D 5 and the motivation for these experiments are discussed

dropsonde soundings obtained on 12 September 2010 (Smith #hgection 5.
Montgomery, 2012). This sounding has a Convective Available

Potential Energy (CAPEDf2028J kﬁl’ a Convection Inhibition an average for air parcels lifted from the surface and at 100 m intervals above
the surface to a height of 500 m. Since the calculation of CAPE is a nonlinear

- function of temperature and moisture, we prefer this method to one based on
A complete description of the three-dimensional model and variab&veraged values of temperature and mixing ratio through a surface-based layer
debnitions is given by Bryan (2016), and of the axisymmetric version affair with some arbitrarily prescribed depth.

CM1 by Bryan and Rotunno (2009). “Like CAPE, CIN is a quantity that refers also to an air parcel. Rather than
ACAPE is a parcel quantity that typically has a strong negative vertical grad@mputing an average up to 500m as for CAPE, it seems physically more
in the lower troposphere. For this reason, the values cited herein are basedeaisonable to examine the minimum value of CIN up to this level.
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Figure 2. Time series for the control experiment of (a) maximum total wind speé@in(ax, blue curve labeled OtotO) and maximum azimuthally averaged tangential
wind speed ¥Ymax red curve labeled Otan®), (b) the rajugx at which the maximum tangential wind speed occurs, and (c) the smoothed azimuthally averaged
maximum vertical velocity. Panel (d) shows the outermost radiggi4) at which the azimuthally averaged tangential winds reach gale force @% mts height of

1 km (blue curve labelled OBLtopO), and the outermost radius at which the total wind at the surface reaches gale force (red curve labellethélSe)fabe®3. the
maximum total vertical velocity(Tmax) @nywhere in the domain, and (f) the height of this maximum.

4. Results: the control simulation 4.1. A summary of vortex evolution

The main focus of the present article is the control simulation, thdgure 2 shows time series of the maximum total horizontal
results of which are presented now. To set the scene we exariiigl speedVTmayx, the maximum vertical velocityyTmax, and

in section 4.1 time series of the maximum wind speed a@azimuthally averaged quantities including: the tangential wind
various azimuthally averaged quantities characterizing the staﬁ}%wymax; the radiusRvmax at whichVmax occurs; the radius

of vortex evolution. We follow in section 4.2 by showing the thre alesD€YONdRy max at which galt_a force V‘{'nds (17 MY occur,
dimensional evolution of the vortex, focussing on horizont£1Oth at the surface and at a height of 1knand the smoothed

- . . . .maximum vertical velocitywmax.
depictions of the wind and vorticity structure, the vertical velocit max .
b Y . Y Forthe brst 11 h, botNTmax and Vimax show a slight decrease
at two levels and the surface pressure. We examine the

: ) . . "olf'account of friction, but with the onset of deep convection
section 4.3 the importance of barotropic processes in the ho%;max begins to increase with some small Buctuations.

befpre intepsibcation, befgre going on in sec.tion 4.4 10 portray Agy.«increases in strength at around 30 h (Figure 2(¢))ax
radiusBheight cross-sections of various azimuthally averagggins to increase slowly also. An apparent turning point in the
Pelds. Finally we examine in section 4.5 the evolution of variasigolution occurs after about 45 h, whafyay begins to increase
system-averaged quantities. The vortex centre used for calculatégdly, followed a few hours later by a similar sharp increase in
the azimuthal average is determined by searching for the presd(ifaax. We refer to this time as the Ointensibcation begin timeO,
minimum in a Pltered pressure beld, with a requirement that thghich coincides with a period of rapid intensibcation (RI). A
vortex is not allowed to move more than 20 km in a single timf@ajor focus of section 4.2 is the change in vortex structure as this
step. This prevents the centre-bnding algorithm from locking on

toa IocaIizgd region of strong_convection. The centre location the reasons for choosing both these altitudes are discussed in section 3.2 of
taken to be independent of height. Kilroy et al.(2016).
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Figure 3.Horizontal cross-sections of relative vertical vorticityl(0>* s>1, colour shading) and wind vectors at a height of 1 km for the control experiment, with
1m <! contour of vertical velocity at heights of 2 km (blue) and 6 km (yellow). Also shown are surface pressure (black contours every 2 mb). The wine\ectors ar
relation to the maximum reference vector at the bottom right, while on the bottom left the maximum total wind speed in the domain plotted is given.ifihes

times shown are: (a) 42 h, (b) 45h, (c) 46 h, (d) 48 h.

time is approached and passed. The onset of RI at about 45 tinee (about 45 h), while subsequent panels show the belds at (b)
accompanied by a sharp contractiorRyfnaxfrom about 60 kmat 45h, (c) 46 h and Pnally (d) 48 h.
44 htoabout 10 km at48 h. During the subsequentintensiPcation At 42 h, the centre of circulation as indicated by the velocity
Rvmax increases slightly and then remains approximately withgctors lies near the centre of the computational grid, while
the range of 10912 km. Typically, batfimax andwinay occur at  the surface pressure Peld is quite diffuse at this time and the
roughly the same height between 9 and 12 km during the matd@gation of minimum pressure is not apparent at the 2mb
phase. contour spacing shown. The value ¥l may is 14.6m$s* and
Figure 2(d) shows that gale-force winds Prst develop at abQGFurs relatively far (at a radius of about 60 km) from the
48 h and thaRyaeprogressively broadens with time. As expecte%'?n”e of circulation (recall that in the initial vorteXRvmax

because of the frictional stress near the surface, the radius of gal Okm). There are severgllwregularly shaped _patches .Of
% ally enhanced vertical vorticity; the larger ones in area lie

is generally larger at a height of 1 km than at the surface. . .
calculations show that after approximately 6(Ragesis about |nf a k:/vestsouthwest to ea(sjtn.ortheast orlentedhstrlp to r:he nort?
20D30 km larger at 1 km than its surface value. of the vortex centre and in a sector to the southwest o
the vortex centre. These are largely a result of the stretching
of ambient vortex vorticity by previous and also current
deep convective cells. There are a few patches of negative
vertical vorticity also. These are associated with the tilting of
Figure 3 shows horizontal cross-sections of vertical vorticity, WiRgrizontal vorticity into the vertical by convective updraughts
vectors at a height of 1 km, and surface pressure at selected tigip downdraughts (cf. Montgomergt al, 2006; Kilroy and
straddling the intensibcation begin time. Contours of vertic&mith, 2016), which tends to produce dipole structures. A few
velocity equalto 1 ms at heights of 2 and 6 km are superimposeguch dipoles are evident beneath strong updraughts at 2 km
to indicate the location of strong updraughts at these levels. Pameb km height, for example near (18,5km), (0, 18 km) and
(a) shows the belds at 42h, 3h before the intensibcation s(&27.5, 35km).

4.2. Evolution of vorticity

¢ 2016 Royal Meteorological Society Q. J. R. Meteorol. S423 4500462 (2017)
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Figure 4.Horizontal cross-sections of relative vertical vortic'pt)d@'§4 51 colour shading) in the CM1 output at (a) 46 h and (b) 48 h at 1 km altitude for the control
experiment. Panels (c) and (d) show belds from the barotropic model at 47 and 48 h, respectively. The barotropic model is initialized with thenddiertved
rotational winds from the CM1 model at 46 h and at a height of 1 km.

At 45h (Figure 3(b)), the centre of circulation lies near (1(lots at later times portray an acceleration of the intensibcation
S10km), while the surface pressure beld is still diffuse aptbcess with the appearance of more and more concentric surface
the location of minimum pressure is still not apparent. Thesobars, an increase MTnyax (Seen also in Figure 2(a)), and a
value of VTmay is slightly less than at 3h earlier: 12.5%h,s further expansion of the core of enhanced cyclonic vorticity (not
although the winds have strengthened near the circulation censkpwn). The absence of (strong) anticylonic vorticity near the
a rel3ection of the contraction of the vortex. Furthermore, theentre of the circulation corroborates the results of Kilroy and
relative vorticity Peld has developed markedly. The patchesSofith (2016). This result negates the need to expel anticylonic
cyclonic vorticity have increased in size and consolidated arouratticity from the core as argued by Nguyetal.(2008).
the vortex centre. Moreover, the area of patches with a magnituderhe foregoing evolutionary features are similar to those that
exceeding 1x 10°3s°! hasincreased. There are many patchbave been described earlier in studies of tropical cyclogenesis
of negative vertical vorticity also, but these occur mostly ¢Montgomeryet al, 2006) and in studies of vortex intensibcation
the periphery of the coherent region of cyclonic vorticity thattarting from a much stronger initial vortex than the one here
surrounds the centre of circulation. The region with updraughe.g. Hendrickt al, 2004; Nguyet al, 2008; Shin and Smith,
speeds exceeding 1 mtsat 6 km height (the areas enclosed bg008; Fang and Zhang, 2010; Persihgl, 2013), leading to the
yellow contours in the Pgure) has increased markedly also overithportant conclusion thatin a favorable pouch environment,

3 h, indicating that deep convection has become more focussetere is no essential difference between the processes involvec

By 46 h (Figure 3(c)), the cyclonic vorticity surrounding thén tropical cyclone formation (or tropical cyclogenesis) and those
centre of circulation has consolidated further and lies beneattvolved in tropical cyclone intensibcafidns Pnding supports
an extensive updraught region at 6 kiiT 5« at this time has the conjecture of Montgomery and Smith (2011). In particular,
increased by 2.6 n¥$in 1 h, and a small closed contour of surfacthere is no obvious trigger for cyclogenesis (e.g. Nolan, 2007)
pressure has formed near the centre of circulation, indicating thatd no Pnite amplitude threshold to be overcome (e.g. Emanuel,
the pressure has started to fall within the central core of higi989).
cyclonic vorticity. Our results would appear to be more in line with the suggestion

Two hours later, at 48 h (Figure 3(d)), the monopole of highy Ooyama (1982, p.371) that: Olt is unrealistic to assume that
cyclonic vorticity near the centre of circulation has_grown ithe formation of an incipient vortex is triggered by a special
size,VTmay at this time has increased by a further 1%dsind mechanism or mechanisms, or that genesis is a discontinuous
the surface pressure has fallen further so that there are now tthange in the normal course of atmospheric processes. For the
isobaric contours surrounding the centre of circulation. Similaeason thatis discussed below, itis far more natural to assume that
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genesis is a series of events, arising by chance from quantitative 16 ————7———71+—71T T T
Ructuations of the normal disturbances, with the probability of
further evolution gradually increasing as it proceeds. According
to this, view, the climatological and synoptic conditions do not & 12
directly determine the process of genesis, but may certainly affectg 19
the probability of its happening. With a better understanding of g
the mesoscale dynamics of organized convection, the range of &
statistical uncertainty can be narrowed down. Nevertheless, the> 6
probabilistic nature of tropical cyclogenesis is not simply due

to lack of adequate data, but is rooted in the scale-dependent

14

3
)

dynamics of the atmosphereO. 2r 1
It may be signibcant that the organization of the relative oL T S S S
vorticity into a monopole structure occurs at relatively low 40 42 44 46 48 50 52

wind speeds and before the pressure has fallen substantially. time (h)

For example, the initial pressure minimum is 1006.0 mb, that gure 5. Time series of maximum azimuthally averaged tangential wind speed
45h is 1005.0 mb and that at 48 h 1001.8 mb. While the to{al,.,) in the barotropic model within a radius of 40 km from the vortex centre.
wind maximum does not increase appreciably from 42 to 48The curves are labelled with the barotropic model start time, initiated with the
(14.6 ms1 Compared to 16.1 mssl), there is a more Substantialv‘?rti_dty Delt_js from the con_trol simulation at thesg tilmes. We f_ocus\/q;}{aX
increase in the azimuthally averaged tangential wind maxim h'{‘ a radius of 40km tomlnve_sﬂ@fa:_e any rtJotentlaI increasey,ig, due to
between these times (8.3 Ritscompared to 14.4nms) and OHOPIc processes near e cirelation cente.

the structure of the wind Peld changes dramatically (compare

Figures 3(a) and (d)). overturning circulation in the CM1 simulation is the dominant
) mechanism for increasingmax.
4.3. Barotropic processes It is worth pointing out that, because of the stochastic nature

of deep convection and the local amplibcation of vorticity
In an effort to understand the evolution of the vorticity Peldby convection, there will a stochastic element to the vorticity
we examine Prst the role of barotropic processes. Figure 4 shagiregation process (section 5 discusses this matter further).
horizontal cross-sections of vertical vorticity from the barotropic In section 4.4, we show evidence that the consolidation of
model at (c) 47h and (d) 48h starting from the vorticitythe vorticity beld as described above is accompanied by a local
distribution in the CM1 output at (a) 46h. For comparison,strengthening of the tangential circulation and a commensurate
(b) shows the vorticity distribution in the CM1 output at 48 h. Itlocal increase in the boundary-layer inRow. We hypothesize that
is evident that the consolidation of vorticity around the nasceftiis inBow of moist air leads to local forced ascent, which reduces
vorticity maximum is captured reasonably well by a barotropihe convective inhibition, favouring the preferential development
process, although the central core of cyclonic vorticity is moggdeep convection in this location. In turn, deep convection leads
extensive in the CM1 model, a reRRection of the inf3ux of vorticity further amplibcation of the vortex.
and its amplibcation by stretching induced by deep convection.

It is found that the barotropic consolidation process doeg4. An azimuthally averaged view of vortex evolution

not occur within a 5h period when starting from the vorticity
distributions at earlier times (42, 43, 44, 45 h) when the patc
of convectively amplibed vorticity are more widely separatedﬁ%
it occurs more slowly than starting at later times (not shown

This behaviour is re_minisg:ent_ of the barotropic interaction q Figure 2(a) indicate little increase Wfax during the brst 48 h,
two patches of vorticity which, if close enough together, undergay, 'mqst of that increase occurring after 45 h, the azimuthally

irreversible merger, otherwise they simply rotate about each othe, ; ; P :
o ) ged tangential wind Pelds in Figure 6 show considerable
(Melanderet al, 1987; Dritschel and Waugh, 1992). While theyanges in structure during this time period. In particular,

situation here with multiple vortices is more complicated, t%

ure 6 shows vertical cross-sections of the azimuthally averaged,
time-averaged tangential velocity at 12 h intervals to 72 h. The
me averaging is centred on the time shown. While the time series

. . 2 . . _‘consistent with Figure 2(b) has already decreased from
barotropic calculations suggest a similar behaviour in whi g (DR max y

. S ) . 0 km to about 20 km. Signibcantly, the formation of a mid-level
at some point, the individual patches of convectively inducegh ey nrior to genesis as found in some previous studies does
cyclonic vorticity merge together. not oceur in this simulation.

The merger of the individual patches of enhanced vorticity During the next 12 h, from 48 to 60 h, there is a major change

to form a monopole structure appears to mark a tipping point, 4 ey structure with a signibcant contraction of the tangential
in the Bow evolution. In the present CM1 calculations, th

. . ) ; Wind peld and the appearance of the maximum wind at a radial
merger must be assisted by inRow associated with the convectggyance of only 10 km from the axis at an altitude of barely 200 m

induced overturning circulation. The dominant importance of; . . :
the overturning circulation in the intensibcation process Figure 6(e)). By 72h (Figure 6(7)), the vortex has intensibed

highlighted by the lack of intensibcation in any of the barotropl'&rther’ but with no additional contraction of the wind beld.

lculati h inFi 5 This b displ " t this stage there is a second tangential wind maximum at an
calculations as shown in Figure 5. This Pgure displays time Seélﬁﬁjde of about 3 km.

of the maximum azimuthally averaged tangential wind spee Figure 7 shows vertical cross-sections of the azimuthally

(Vmax) in the barotropic model within a radius of 40 km for nine o ; . . :
initial times at 1 h intervals beginning at 40 h and lasting for 4 _veraged, 3h time-averaged radial velocityy , vertical velocity

; - - )< , and absolute angular momentul, at 12 h intervals from
Even ground @he_lntensn_acatlo_n begm time, at 46h and_ beyogé\{; 72h. The time avgeraging is centred on the time shown
there is no signibcant intensipcation of inner-core winds byTh ) ’

barotropic processes alone. Thus, while barotropic processes play. - radial and vertical velocity belds at 36h highlight the
otropic p i : ’ - pic p ) Ey@fem-scale overturning circulation generated by the collective
an important role in the merger of cyclonic vorticity anomalie

) . 2ffects of deep convection: there is inRBow in the lower troposphere
to generate a monqpqle near the cwculatl'on centre, they appﬁ)%fow about 7 km with the maximum inBow around 3km in
to be unimportant in increasing the maximum wind speed. |

. > . . . [titude and outBow in the upper troposphere with a maximum
follows that the inBow associated with the convectively |nduc§émow at a height of about 12.5km (Figure 7(a)). Broad-
scale ascent witkw> > 0.1ms’! occurs through much of
Dictionary.com debnes a Otipping pointO as Othe culmination of the buit§pdomain Shown! with maximum ascent at a rad'_us of about
of small changes that affects a big changeO. 60 km and an altitude of about 10 km at this time (Figure 7(b)).
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Figure 6. Vertical cross-sections of the azimuthally averaged, 3 h time averaged tangential velocity at (a) Oh, (b) 24 h, (c) 36 h, (d) 48 h, (e) 60h, andH§ 72hint
control experiment. Red contours are at 5 Pt éntervals. Additional black contours appear at 17, 34 and 53Im's

The angular momentum surfaces are bowed inwards in theere is radial outRow across a broad radial band outside the
lower troposphere where the inBow is a maximum, rel3ectimgain eyewall updraught as debned above. Thus the classical
the approximate material conservationifabove the boundary mechanism for spin-up wherely surfaces are advected inwards
layer (Figure 7(c)). in the lower troposphere above the frictional boundary layer does
Just after the intensibcation begin time (48h), the regiaft operate to spin up the eyewall, nor does it act to spin up
with <w>> 0.1m <! has migrated inwards, with the maximumthe maximum tangential wind speed, which occurs within the
of 1.3ms* now closer to 25km in radius (Figure 7(e)). Thigegion of strong boundary-layer inRow (compare Figure 6(e) with
migration can be attributed to the organization of deep convecti®gure 7(g)).
by the strengthening vortex circulation. Consistent with massBy 72 h, the vortex has strengthened further and shows many
continuity, the infBow has strengthened at inner radii comparegatures of a mature tropical cyclone. In particular, the boundary-
with 12 h previously and the outBow has strengthened inthe uppgyer inBow has strengthened, as has the patch of outBow above
troposphere (Figure 7(d)). In turn, the strengthening inBow hag where the inRow terminates and the air ascends into the
led to a further inward displacement of thd-surfaces in the eyewall. Now there is a prominent layer of enhanced inBow just
lower troposphere (Figure 7(f)). . above the patch of outBow. These inRow and outRow features,
In section 4.2, we foreshadowed the linkage between {Ogich extend up to about 4km, are indicative of a standing
consolidation of the vorticity beld with a local strengtheningyertial wave in the lower part of the eyewall as the eyewall
of the tangential circulation and a commensurate local increa§gyraught adjusts towards gradient wind balance (e.g. Smith
in the boundary-layer inf3ow. Figure 7(g) reveals a strong radia‘gyah 2009; Smith and Montgomery, 2010; Montgomery and
localized inBow layer within about 50 km of the vortex axis Wit@mith, 2017). The region of moderate ascent outside the main
a small region of enhanced outf3ow just above extending tq,g.yal updraught {w>> 0.1m§1) has contracted radially
radius of about 20 km. The beginning of this structure is seenigt, - .45 (Figure 7(k)) and strengthened, although the inBow has
48h (I_:igure .7(d.))' These feature; are evidgnce that the boun kened through much of the troposp,here below about 10 km,
layer is b_gglnnlng to exert an important inBuence on Bow @&cept in the frictional boundary layer. The weakening inf3ow
these r"."d"’ even around the |ntens_|bcat|on begin time. At 60h’a{B ve the boundary layer is presumably an indication that the
the region of enhanced outBow, F|gur_e 7(h) shows an e.nhan(fﬁéieasing inertial instability accompanying the strengthening
upBow out of the boundary layer, which then extends into tt\‘;‘ortex is sufbcient to weaken the convectively induced inf3ow.

upper troposphere. This upBow reBects the existence of der%% strengthening boundary-layer inBow is consistent with a

convection in this radial band. ! d .
As in the tangential wind beld, there are signibcant structu%fengthenmg vortical Bow above the boundary layer. With the

changes in the radial and vertical velocity pelds following t 8n_t|nued inBow, _above approximately 1.5km height o_utS|de of
onset of RI (compare Figures 7(g)D (i) with (d)D (f), respectivel e inner-coreregion, thisl -sunfaces have moved further mwgrds
Even at 60 h, the vertical velocity shows a radially narrow ann rthe lower tropqsphere, V_Vh'Ch _accounts for the expansion of
region of strong ascent<w> > 2ms1) reminiscent of an the outer tangential circulation (Figure 6(f).

eyewall with a narrow region of marked subsidence along its . .

inner edge (Figure 7(h)). The inRBow has strengthened markedy: A System-averaged perspective of vortex evolution

in a shallow frictional boundary layer near the surface and there

is outBow in the eyewall (Figure 7(g)), indicating an outwarth order to gaina more complete picture of the genesis process, we
slope of the eyewall. There is strong outRow in a shallow layer jg@Rsider now asystem-averaged view. Figure 8 shows time D height
above where the boundary-layer inRow terminates, indicatiQeoss-sections of system-averaged quantities within acolumn with
of the fact that the Row ascending out of the boundary layBerizontal cross-section 50 50 km?, centred at the centre of the
into the eyewall is supergradient (e.g. Snethal, 2009). Note circulation. These include the deviations of temperature, water
that there is a low-level maximum in vertical velocity wheregapour mixing ratio and equivalent potential temperature from
the boundary-layer inRow terminates, an indication of strondpeir respective values at the start of the time series, the relative
vertical pressure gradients that would be required to acceleratenidity, the vertical mass Rux, and the vertical component
the ascending Bow in this region. Again, thesurfaces have of relative vorticity. It is seen that, like the vorticity Pelds
continued to move inwards in the lower troposphere and havkscussedinsection 4.2, thermodynamic conditions inthe column
become more erect in the eyewall (Figure 7(i)). Signipcanthgve evolved signibpcantly before the RI stage. In particular, the
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Figure 7.Vertical cross-sections of the azimuthally averaged, 3h time averaged (a, d, g,j) radial veloety (m s, h, k) vertical velocity (m™$) and (c,f, i, )
absolute angular momentum at (a, b, ¢) 36 h, (d, e, f) 48 h, (g, h,i) 60 h, and (j, k,I) 72 h in the control experiment. Colour bars show the shading, @rdaaid
are positive, dashed contours negative. Contours for vertical velocity are at intervals of@.2oms0.1 to 2.0 m82, then bolder contours every 2.0 % Units
for absolute angular momentum arex110° m? s>1. The thick black contour highlights regions of strong outRow (51Hsn (a, d, g, ), regions of strong upRow
(5ms>Y)in (b, e, h, k), and regions where absolute angular momentum is largeX@® m?s>%) in (c, f, i, I).

mid-to-upper troposphere warms while the lower tropospherg Sensitivity experiments
cools.

Generally, the troposphere moistens in an absolute sensefrigsre 9(a) shows the evolution ¥yax in Expts 2D5 detailed
evidenced by the increase of water vapour mixing ratio throughdatsection 3. The inclusion of moisture perturbations in P1 and
the troposphere, but the relative humidity, after Prst increasiftg leads to small differences in the intensibcation begin time
at most levels, begins to develop a mid-tropospheric minimu@t at most a few hours compared with the control calculation.
after about 56 h, presumably because, as the vortex becofi¢eh differences are to be expected following the studies of vortex
strong, it becomes also narrow so that thex660 kn? column ~ inténsibcation by Nguyeet al.(2008) and Shinand Smith (2008),
begins to sample part of the subsiding branch of the overturnifgld vortex genesis (Wang, 2014) and they may be attributed to
circulation, including the eye. Signibcantly, the mid-tropospheﬁlge stochastic natqre of deep convection in the r_nodel._

e and the tropospheric relative humidity both increase prior to Of course, th_e differences bet\_Neen the evolutiovdin the
o . . - experiments with perturbed moisture may depend on both the
RI. A similar result has been found in many earlier studies (efﬁa nitude and spatial scale of the initial moisture perturbations
Nolan, 2007 and references therein). 9 P P y
. . L This aspect has not yet been explored here because of the high

Itis gwdent that 'Fheprecond_ltlonlngof th_e_ 50x 59 kin? computational cost. Using DunionOs mean tropical sounding
column is accompanied by periods of positive vertical Mag§pyn® experiment) delays the start time for intensibcation by
Bux associated with deep convection. The convection leags,tgh. when initiating with a weaker vortex, the start time for
at brst to an amplibcation of the low-level vertical vortiCityyiensibcation is delayed further (Figure 9(b)). In the O8%6s
within the column, but the vorticity increases throughout thexperimentthe intensipcation begintime is about 84 h, nearly 40 h
troposphere prior to the onset of RI. It may be worth pointingonger than in the control and moisture perturbed experiments.
out that, since the calculations start with a relatively moist Figure 9(b) shows the evolution of the 2h tendency,
thermodynamic sounding, they may be expected to bypass a pifax(t) = Vimadt + 2h) S Vimax(t) during the gestation and
of the Opreconditioning stageO that occurs in reality. rapid intensibcation periods. In all experiments the intensibcation
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