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Abstract

This report summarizes work completed since IWTC-Wlat contributes to an improved
understanding of tropical-cyclone formation andateptially useful perspective for forecasters and
researchers. The topic of tropical cyclone fornmatias been the subject of considerable active
research in the past four years. Much of the rexzsdarch reviewed here points to a unified view of
the genesis and intensification process. It pravalso a basis for some new tools to aid in foteaas
tropical-cyclone formation.

2.1.1. Introduction

The most up-to-date review of the topic is thaegiby Tory and Frank (2010), which forms a chapter
of the recent WMO-sponsored update on “Tropical I@yes: From Science to Mitigation” (2010,
Kepert and Chan, Eds.). Much of the work describelbw has been published since their review
went to press.

Before embarking on this review, it is appropritteliscuss some relevant terminology. The glossary
on the Hurricane Research Division’s websiises “tropical cyclone as the generic term fooa-n
frontal synoptic-scale low-pressure system ovepitel or sub-tropical waters with organized
convection (i.e. thunderstorm activity) and a dédincyclonic surface wind circulation (Holland
1993).” Notably, this definition does not invokeyawind threshold. The same glossary defines a
tropical depression as a tropical cyclone with mmaxh sustained surface winds of less than 17 s
(34 kt, 39 mph) and, in the Atlantic and EasteroiftaBasins, a “tropical storm” as a tropical ayok
with surface winds between 17 m'sand 33 m s™.

1 http://www.aoml.noaa.gov/hrd/tcfag/Al.html




In contrast, a universally accepted definition mfptcal cyclogenesis does not exist. For example,
Ritchie and Holland (1999) define genesis as: “he. series of physical processes by which a warm-
core, tropical-cyclone-scale vortex with maximumpditnde near the surface forfislin a more
recent paper, Nolan et al. (2007) use a wind spaedhold of 20 m s’ to define thdime of genesis
For the purpose of this report we will define gemess the formation of a tropical depression as
defined above and, like Ritchie and Holland, bulikenNolan, we impose no formal threshold on
wind speed. We refer to “intensification” as thepdification of the surface wind speed beyond the
stage of tropical depression. Another issue, reizegriong ago by Ooyama (1982), is the usage of the
words "formation" and "genesis". For the purposdsthios report we will use these terms
interchangeably. Moreover, we argue later thatftbe point of view of understanding the formation
and intensification process, a precise definitiboyezlogenesis is unnecessary.
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Figure 1. (a) Schematic of synoptic-scale flow tlylo an easterly waves (dashed) with an embedded
cluster of convection in the wave trough. In (kg thuster is shown to contain mesoscale convective
systems (MCSs) and extreme convection (EC, bla@k)owithin one of the MCSs. From Gray

(1998).

As outlined by Dunkerton et al. (2009, hereafter\WBB), the problem of tropical cyclogenesis in the
real atmosphere is a formidable one and goes wegibid semantics. They wrote: “The genesis of
tropical cyclones, hurricanes and typhoons is ofighe most important unsolved problems in
dynamical meteorology (Emanuel 2005) and climateeG@006).” One reason why the problem
remains unresolved after decades of research mubedn situ observations of genesis are mostly
lacking over remote tropical oceans. Until recerfigld campaigns have been too few and operational
efforts have generally targeted mature storms. Assalt, critically important processes and their
multi-scale interactions thought to be involvedcitlogenesis have been a challenge to model and
observe. DMWO09 wrote further: “Nature in some capesvides little advance warning of these
storms and prediction of genesis beyond 48 h i®mgdly too uncertain to be useful. Funding and
technological resources are needed to remedy thefg@encies, to the extent they can be remedied,
but ... it is unlikely that fundamental progress Witk made without a quantum leap in theoretical
understanding as well. ... the available observatmmghe synoptic scale need to be analyzed in a
manner that is consistent with the Lagrangian eauirtropical cyclogenesis. ... In the earliest stag
of genesis, the fluid motion is mostly horizontaldaguasi-conservative, punctuated by intermittent
deep convection, a strongly diabatic and turbybeatess. In order to fully appreciate the transpbrt
vorticity and moaist entropy by the flow, their indetion with one another, the impacts of deep
convective transport and protection of the protdesofrom hostile influences requires, among other
things, an understanding of material surfaces agfangian boundaries” in the horizontal plane. This
viewpoint, although used subconsciously by foremastis invisible to researchers working with
standard meteorological products in an EuleriaBasth-relative framework.”

%2 They do not say what the scale is, nor do theya@xpo what “amplitude” refers.

% In a broad sense, Lagrangian refers to the pedidollowing an air parcel or a flow feature. idere are
following a tropical wave disturbance. For the qaet purposes we are invoking a wave-relative viemip
following the trough axis of the wave.



Since the last IWTC report, this new Lagrangianspective has been applied largely to tropical-
cyclone formation in the Atlantic and eastern Radifisins. As a result, most of this report wiktdis

on the advances made in understanding the formafitopical depressions in the Atlantic basin. The
formation of tropical depressions in other bassugh as the western North Pacific, will be discdsse
as it relates to this new Lagrangian perspectivgdrticular, we will discuss controversial aspeifts
these new ideas and relate them to other thedweshive emerged since the last IWTC report.

2.1.2. Theformation of tropical depressions: scienceissues

The development of tropical depressions is ineabig linked to synoptic-scale disturbances that
come in a variety of forms. The most prominent pfitescale disturbances in the Atlantic basin are
African easterly waves. Typically, they have pesiad 3-5 days and wavelengths of 2000-3000 km
(e.g. Reed et al. 1977).

The multi-scale nature of tropical cyclogenesishimitropical waves is well-known and substantial
progress in further understanding the genesis segugas been made since the last IWTC report. The
processes are illustrated schematically in Figur¢Gtay 1998). There, two length scales are
illustrated, with a cluster of deep, moist convactconfined to the trough of the synoptic-scale avav
Within these clusters are individual mesoscale eofive systems (MCSs).

The parent easterly waves over Africa and the datezn Atlantic are relatively well studied, as in
the classic GATE campaign in 1974 and more recently in NASA AMMAO(B). Sometimes a
vigorous, diabaticalhactivated wave emerging from Africa generates apited depression
immediately, but in most instances these wavesiruomitheir westward course harmlessly over the
open ocean, or blend with new waves excited inntigeAtlantic ITCZ. In a minority of waves, the
vorticity anomalies they contain become seedlitnggd&pression formation in the central and western
Atlantic and farther west.

Figure 2. First-detection locations of developirtga(gles) and non-developing (squares) tropical
depressions from 1975-2005 (1995-2005 in red), tadajpom Bracken and Bosart (2000). The blue
circle denotes the approximate PREDICT domain.

Figure 2 shows the detection locations of develgpind non-developing tropical depressions from
1975-2005 based on the workRricken and Bosart (2000). It is apparent that there are relatively few
Atlantic tropical depressions that fail to becomepical cyclones. It is well known also that most
(approximately 80%) tropical waves do not beconopitral depressions. This fact is supported by

“ Global Atmospheric Research Programme, Atlantapioal Experiment



numerous studies (e.g., Frank, 1970; DMWO09, thamitrfote 3). The key questions would appear to
be:

« Which tropical waves (or other disturbances) witblee into a tropical depression?

« What is different about developing waves?

» Can this difference be identified, and on what tsoale?

« Why do so few disturbances develop?

Research since IWTC-VI has led to a new understgndito how locally-favourable recirculation
regions are generatedthin these disturbances the lower troposphere, and has gone a long way t
providing answers to the foregoing questions. @nahe hand, these circulation regions help protect
seedling vortices from the detrimental effects @ftical and horizontal shearing deformation andnfro
the lateral entrainment of dry air. On the othendhahey favour sustained column moistening and
low-level vorticity enhancement by vortex-tube &théng in association with deep cumulus
convection.

2.1.3. The marsupial paradigm

DMWO09 proposed a new model for tropical cyclogemdbat recognizes the intrinsic multi-scale
nature of the problem from synoptic, sub-synoptitesoscale and cloud scales. Using three
independent datasets, ECMWReanalysis data, TRMM3B42 3-hourly precipitation and the best
track data from the National Hurricane Center (NHB2 Kelvin cat’s eye within the critical layeof
a tropical easterly wave, or the wave “pouch”, mgpothesized to be important to tropical storm
formation because:

1) wave breaking or roll-up of cyclonic vorticityé lower-tropospheric moisture near the critical
surface in the lower troposphere provides a faudlaranvironment for the aggregation of vorticity
seedlings for tropical-cyclone formation;

2) the cat’s eye is a region of approximately albsiculation, where air is repeatedly moistened
by deep moist convection and protected to someegeigom dry air intrusion; and

3) the parent wave is maintained and possibly erdthrby diabatically-amplified mesoscale
vortices within the wave.

This genesis sequence and the overarching frameeodescribing how such hybrid wave-vortex
structures become tropical depressions is likewmethé development of a marsupial infant in its
mother’s pouch wherein the juvenile proto-vortexasried along by the mother parent wave unti it i
strengthened into a self-sustaining entity. A syrgé 55 named storms in the Atlantic and eastern
Pacific sectors during August—September 1998—-2084 stiown to support this so-called “marsupial
paradigm”. Tropical cyclogenesis tended to occuarrbe intersection of the trough axis and the
critical surface of the wave, the nominal centrehaf cat's eye. The marsupial paradigm provides a
useful road map for exploration of synoptic-mestestiakages essential to tropical cyclogenesis.

The marsupial model subsumes many of the curres@sidegarding tropical cyclone formation.
Nevertheless, it is useful to call attention to distinctions between the various theories for aixjhg
the formation of the surface vortex, which in tisrcapable of self-amplification within the favolab
“pouch” of the parent disturbance. Theories on lawsurface vortex forms generally fall into two
categories: (i) “top-down” thinking wherein a vorta the mid-troposphere (that presumably forms
within the stratiform region of an MCS) somehow enders a surface circulation by “building
downwards® and (ii) “bottom-up” thinking, in which cyclonicefative vorticity anomalies are
generated at low altitudes (~ 1 km) through condtoisal heating in relatively downdraft-free
convection. Mesoscale vortex formation in pathwigyngay occur more rapidly than in pathway (i)
due to the larger low-level vertical velocities atwed. Needless to say, lower tropospheric prosesse
favourable to development provide a significant chestart in the genesis sequence, relative to

> ECMWF = European Centre for Medium Range Weatloee¢asts

® TRMM = Tropical Rainfall Measuring Mission

" For a complete definition of all technical ternsed herein please consult the Glossary at the fethisaeport.
8 We know of no convincing argument explaining héwe surface spin up occurs in the “top-down” pathway

4



processes initially confined to the middle tropasieh The contrast between these two pathways was
discussed in the last IWTC report on the topiaapical cyclogenesis.

2.1.3.1. A real world example: The formation of hurricane Felix (2007)

The recent study by Wang et al. (2010a,b) examirimg formation of Hurricane Felix (2007)
provides a useful illustration of some of the Lagyian concepts introduced above. According to the
National Hurricane Center summary, Hurricane F¢HR07) formed from an easterly wave that
emerged off the coast of Africa on August 24 thedry The wave signal is shown in the 2.5-day low-
pass filtered 850 hPa flow field from ECMWF analyg€igure 3). In the Earth-relative frame of
reference, the wave propagated westward with aeried-V pattern. Sustained convection, as
indicated by TRMM 3B42 3-hourly accumulated pre@pon data, occurred around the northern tip
of the inverted-V pattern, and a tropical depras$aymed in the area of sustained convection at 21Z
31 August. However, there was no closed circulatiothe filtered data at 850 hPa in the Earth-
relative frame, even at genesis time. Although thig/ be partly due to the inaccuracy of the global
model analyses, the flow pattern in the Earth-ndatframe does not provide an immediate
explanation for the preferred location of sustaioedvection and storm genesis.

Recall that, for a stationary flow, streamlines atpiivalent to the flow trajectories (e.g., Holton,
2004). DMWO09 showed that in the frame of referenoaving zonally at the same speed of the
easterly wave (hereafter the “translated” or “coving” frame), the flow is quasi-stationary and the
translated streamlines are a good approximatiothefflow trajectories. To view the Lagrangian
nature of the storm evolution, the streamlinesdisplayed in the co-moving frame. In this eveng th
zonal wave speed is estimated about -7.7 imased on the Hovméller diagram of 700 hPa meradion
wind from ECMWF analysis (not shown). As shown igufe 4, a quasi-closed circulation (tave
pouch is present at 850 hPa in the translated frameal&ys prior to genesis. Compared to the Earth-
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Figure 3. Streamlines of the 2.5-day low-passrélie850-hPa flow from ECMWEF analyses in the
Earth-relative frame of reference from 0600 UTCAE to 1800 UTC 31 Aug. Shading indicates
TRMM 3-h accumulated precipitation (mm ddyThe genesis location is indicated by the blagk d
in the final panel.

relative frame, the circulation centre in the ttated frame shifts northwards, and sustained
convection is largely confined within the pouch.n@sis occurred close to the pouch centre, which
can be defined more precisely as the intersectidgheowave critical latitude and the trough axiBeT



pre-genesis evolution of Felix supports the hypsgiseand observational findings of DMWO09 that the
pouch centre is the preferred location for tropmallone formation.

The structure of the pre-Felix disturbance as shiovwigures 3 and 4 is typical for easterly waved a

can be summarized in a schematic (Figure 5). Otiemave in the Earth-relative frame of reference
appears to be open, having an inverted-V pattarhsbch an inference is misleading. Convection
tends to occur around the northern tip of the itedeN pattern along the wave trough. However, in
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Figure 4: As in Figure 3, but the streamlines aigpldyed in the frame of reference moving
westwards at the zonal propagation speed of thenparave. Isopleths of zero relative zonal flow are
indicated by the purple contours, and the wavesgh axis is shown in black. The genesis locaton i
indicated by the black dot in the final panel.

the co-moving frame of reference a pouch may begnte though not necessarily in all cases. The
formation of a wave-pouch requires i) that the phsgeed of the wave be within the range of the
mean flow in which it is embedded and, ii) that e be of sufficient amplitude for the wave to
interact with its own critical surface so as toateea recirculation region within the ambient mean
shear flow. The formation and extent of a quassetbrecirculation region depends, inter alia, on
wave amplitude, intrinsic phase speed, and medndatal shear. The pouch is a region of quasi-
closed Lagrangian circulation with cyclonic rotatiand weak strain/shear deformation within the
wave critical layer, favouring the creation andgar@ation of coherent vortex structures at the nfieso
scale. Its kinematic structure protects to someréxthe convective cells inside the pouch from the
hostile exterior environment: e.g., dry air assedawith the Saharan air layer. The air within the
pouch will be also repeatedly moistened by conweectiwhich in turn provides a favourable
environment for deep moist convection. As notedvabthe pouch centre is the preferred location for
tropical cyclogenesis. Also indicated in Figuressismall opening of the pouch due to the divergent
component of the flow, which allows influx of enmitmental air and vorticity. Entrainment of
environmental air and its material properties mayrtdluced also by transient flow (DMW09).

2.1.3.2. Fundamental coherent structures within the pouch

Vortical hot towers (or VHTs) have been identifiad fundamental coherent structures in both the
tropical cyclone genesis process (Hendricks eP@04, Montgomery et al. 2006, Braun et al. 2010,
Fang and Zhang. 2010) and the tropical-cyclonensitieation process (Nguyen et al. 2008, Shin and
Smith 2008, Montgomery et al. 2009). A widely ade€pdefinition for these vortical convective
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Figure 5: Idealized schematic of the wave-pouche @ashed green contours represent the wave in
the ground-based frame of reference, which is iisopken and has an inverted-V pattern. The black
contours delineate the wave pouch as viewed irfrdmae of reference moving at the same speed
with the wave. A deep pouch can protect the enlthuoetical structures generated by convection
from the hostile tropical environment. Examplessath an environment are the dry air masses
associated with the Saharan air layer or envirotsneith strong vertical or horizontal wind shear.
The pouch is the preferred region of persistenwvection (pink shading). Due to convergent flow,
the pouch may have an opening that allows thenfluenvironmental air and vorticity (relative
inflow is represented by a black thick arrow). Thiek red line indicates the easterly jet maximum
of the eastern and mid Atlantic basin. The thickppriand black curves represent the critical ldgtu
and the trough axis, respectively. The interseatibiine these two curves pinpoints the pouch centre
(or “sweet spot”), which Montgomery et al. (2010)dawang et al. (2010) have shown to be the
preferred location for vorticity aggregation andpical cyclogenesis. (Adapted from Wang et al.
2010).

structures does not yet exist, but the definition BMWO09 highlights the essential physical
characteristics, namely, “deep moist convectiveud$o that rotate as an entity and/or contain
updraughts that rotate in helical fashion (as matmg Rayleigh-Bénard convection) .... These locally
buoyant vortical plume structures amplify pre-erigtcyclonic vorticity by at least an order of
magnitude larger than that of the aggregate vdrtexen for background rotation rates as low as that
of an undisturbed tropical atmosphere away frometpeator, cloud model simulations demonstrate
this tendency to amplify planetary vorticity by tex-tube stretching on time scales of an hour
(Saunders and Montgomery, 2004; U. Wissmeier, patsoommunication). These cloud model
simulations indicate also that the induced horiabnoirculation by a single updraught is typically n
more than a few meters per second with a horizadale of around 10 km, and would be barely
detectable by normal measurement methods in theepce of an ambient wind field. All of these
results together suggest that non-shallow trogical/ection away from the equator is vortical to som
degree and can amplify the vertical vorticity bywviseen one and two orders of magnitude. It is not
hard to imagine, then, that the stretching of eattvortex tubes by a developing cumulus cloud is a
fundamental process. Based on this accumulatindeaee, we believe that a precise quantitative
definition of a VHT in terms of the degree of voity amplification and possibly updraught strenigth
not required and for this reason a precise dafimitvill not be pursued here.



Wissmeier and Smith (2010) described idealized misalemodel experiments using a contemporary
cloud model to isolate and quantify the influence of ambieattical vorticity on the dynamics of
deep convection, such as that in the inner-coregomegf a tropical depression or pre-depression
circulation. The vertical vorticity is representether by a uniform horizontal shear, a uniformdol
body rotation, or a combination of both.

The behaviour of the initial updraught is exemplifiby the calculation with uniform solid body
rotation and a representation of warm-rain processdy. Experiments that include the ice phase
show similar results. Figure 6 shows time-heighttgplof vertical velocity, vertical mass flux and
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Figure 6. Time-height series of (a) vertical vétjpc(b) vertical mass flux, and (c) relative vaeity
at the centre of the updraught in the calculatidth wniform background rotation with f = 3 x 10
s'. Contour interval 2 m7§ for vertical velocity, 1 kg i s™ for mass flux, and 1 x 1ds™ for
relative vorticity.

vertical vorticity at the centre of the updraughs in all the experiments conducted, the updraught
develops slowly at first, but increases rapidlyantical extent and strength as buoyancy is geeérat
by the latent heat release of condensation. Claténmproduced by condensation is carried alofién t
updraught and much of the rain water that develafls to the ground. The maximum vertical
velocity is attained in the upper troposphere afibout 45-55 minutes. Thereafter, the initial
updraught decays as a result of water loading addvendraught forms. Note that the maximum
vertical mass flux occurs much lower than the maximvertical velocity on account of the
exponential decrease in density with height. Astg result of all the calculations is the excegtim
large amplification of the vertical component ofatase vorticity, which is a maximum at low levels
and which persists long after the initial updraulgas decayed. This enhanced cyclonic vorticity is a
result of the stretching of ambient vorticity agated with the vertical gradient of the mass fllikis
gradient is largest and most prolonged at low Evel

The presence of ambient vertical vorticigducesthe updraught strength, more so when the vorticity
Is associated with horizontal shear, than whes #dsociated with solid-body rotation. Despite the

° The model used was the cloud model of Bryan ats¢fi(2002).



significant amplification of vorticity, the correspding azimuthal winds are small, typically on the
order of 1-2 m ¢, and would be barely detectable in observatiors.aAresult, the sum of the
centrifugal and Coriolis forces is mostly small qared with the lateral pressure gradient. Thus, at
the level of background rotation studied, the Rgsahsticity effects for inhibiting cloud entrainnte
postulated by Montgomery et al. (2006) are notdargthe initial cell, although they may become
important for higher levels of background rotatiofhe reduction of updraught strength can be
attributed to the reduction of the lateral inflow the centrifugal and Coriolis forces. While the
simulations ignore several processes that areylikebe important in reality, such as ambient weaiti
shear and surface friction, they provide import&einchmark calculations for interpreting the
additional complexity arising from the inclusion tfese effects. In particular they help dispel a
popular myth that because the maximum verticaloigiaccurs high in the troposphere, this elevated
maximum will tend to induce spin up in the middiepgosphere and not at low levels.

2.1.3.3. Observational evidence for vortical convection in pre-storms

The discovery of VHTs in three-dimensional numdricendel simulations of tropical cyclogenesis
and tropical-cyclone intensification has motivagdfibrts to document such structures in observations
Two early studies were those of Reasor et al. (08B0 used airborne Doppler radar data to show
that VHTs were present in the genesis phase ofitdume Dolly (1996), and Sippel et al. (2006), who
found evidence for VHTs during the development afpical Storm Alison (2001). It was not until
very recently that Houze et al. (2009) presenteditist detailed observational evidence of VHTsin
depression that was intensifying and which subsaityuddecame Hurricane Ophelia (2005). The
specific updraught that they documented was 10 ke @nd had vertical velocities reaching 10-25 m
s ! in the upper portion of the updraught, the raddmoeof which reached to a height of 17 km. The
peak vertical velocity within this updraught excee®0 m S'. This updraught was contiguous with an
extensive stratiform region on the order of 200 ikmextent. Maximum values of vertical relative
vorticity averaged over the convective region dyifferent fly-bys of the convective region weme o
the order of 5-1 10*s™ (see Houze et al. 2009, Figure 20).

Bell and Montgomery (2010) analyzed airborne Doppéelar observations from the recent Tropical
Cyclone Structure 2008 field campaign in the westdorth Pacific and found the presence of deep,
buoyant and vortical convective features withiregtically-sheared, westward-moving pre-depression
disturbance that later developed into Typhoon Hagi®aymond et al. (2010) carried out a similar
analysis of data from the same field experimentheir case for different stages during the fororati
and development of Typhoon Nuri and provided furtbleservational evidence for the existence of
VHT-like structures.

2.1.3.4. Vertical Mass Flux Profiles in VHTs (Contributed by D. Raymond)

One issue as yet unresolved about VHTSs is the fathat determine the vertical mass flux profile in
these convective systems. Montgomery et al. (2@@8jormed a cloud-resolving simulation of the
evolution of VHTs and the overall circulation in mmitial mesoscale convective vortex. In the contro
experiment in the first 24~h, there was significgpin up of the tangential wind in two regions, ame
the lower troposphere with a maximum at the surtaoe the other in the mid-to-upper troposphere
with a maximum near 9 km (see their Fig. 16e). €heas persistent radial inflow at these levels (see
their Fig. 5a) and a corresponding influx of thetieal component of absolute vorticity occurred at
these levels (see their Fig. 16a). By mass coninthiis has to be associated with a vertical nflags
profile which increases strongly with height in thevest 2 km and in the 8-10 km range.

Shallow inflow is particularly important in the spup of a tropical cyclone (e.g. Smith et al. 2009)
However, strong low-level inflow is not a univergaioperty of moist convection. As Mapes and
Houze (1995) show, the mass inflow profile of muastern tropical Pacific convection is maximal at
middle levels and weak at the surface. One not@kteption in their work occurred in the rainbands
of a tropical cyclone. Strong low-level inflow etad in this case.
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Figure 7 (a) Nuri 1: Nuri as a tropical wave, 15A16gust 2008: Vertical profiles integrated over the
central, analyzed region. Left panel: Planetarg)(@d absolute (blue) circulations. Middle panel:
Contributions to the total circulation tendencydjrdue to vorticity convergence (blue), vortexnii
(green), and surface friction (magenta). These esiwere computed using the flux form of the
vorticity equation. Right panel: Vertical massxfprofile. All curves are divided by the planetary
circulation for normalization purposes. (b) Nurigx in (a) except Nuri as a tropical depression, 16
17 August. Nuri 3: (c) as in (a) except as a trapgtorm on 17-18 August. Integration over the full
observed domain. Nuri 3c: (d) as in (c) except dber central region of Nuri. Integration over a
central 2 degree square domain. (From Raymond épez2.2010)

Raymond et al. (1998) demonstrated that developomcal cyclones show a systematic lowering of
the level of maximum vertical mass flux as theensify. Similar behavior occurred as the precursor
to typhoon Nuri (2008) developed from a tropicalverdo a tropical storm, as is shown in Figure 7.
This figure demonstrates that, as the vertical nlagsmaximum drops in elevation, the level of the
maximum in the circulation tendency inferred frdme vorticity equation drops also. These tendencies
are confirmed by the corresponding day-to-day charg the vertical profile of circulation, with gpi

up first at mid-levels and then near the surfaneparticular, in Nuri 1 the strongest convergence
occurred at middle levels, resulting in the greatesease in circulation between Nuri 1 and Nuat?2
these levels. In contrast, Nuri 2 exhibited thierggest convergence at low levels, resulting itr@eng
increase of the surface circulation in Nuri 3 gi@ted in panels (c) and (d)). This intensifizatias
stronger in a 2 degree square region around theerceh Nuri 3 (panel (d)) than over the larger
observed domain (panel (c)).

Bister and Emanuel (1997) suggest that moistudmatind stabilization of the environment lead to
convection which is able to spin up a warm coretexqrpresumably via the effects of low-level
inflow. Numerical simulations by Raymond and Sewssi(2007) support the idea that (non-vortical)
convection in this thermodynamic environment pragusuch low-level inflow. However, Hendricks
et al. (2004) suggest that the vortical nature &fT¢ may also have something to do with the
entrainment profile. The reasons for this changée behavior of the deep convection need to be
explained and we recommend that resources be foutinderstanding what governs the vertical mass
flux profile in VHTSs.
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2.1.3.4. A mesoscale view of tropical cyclogenesis within an easterly wave

Having discussed the fundamental coherent structof¢he surface spin up process, we now e
back up in scale to gain a new perspective into tieMarge scale and sn-scale processes oper
together on the mesoscalfegure8 illustrates the evolution of verticabrticity and saturation fractic
(column relative humidity from the surface to 5hPg that occurs within the pouch of an east:
wave during its transition to a tropical storm midealized numerical molling study (Montgomen
et al. 2010). Figure 8asummarizes the evolution of the maximum relativeigiy along each latitude
near and within the wave's cyclonic critical le, and shows cyclonic vorticity with values largerrl
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Figure 8 “Fujita Diagram”: (a) depicts the time evolutiaf the maximum relative vorticity alor
each latitude. The axis indicates the latitude of the vorticity maximand they-axis is time (from
day 0 to day 10); (b) depicts the time evolutiohaf maximum saturation fraction from the surfax

500 hPaThe ordinate is time (f

1.5x10"s* only. A concentrated and intense mesoscale vogipears around ¢ h (Day 4) near the
original critical latitude of the parent wave °N). After this time the vorticity intensifies priniby in
a highly localized spatial region near the crititatituce, and the emergent vortex starts a ¢
northwestward drift away from the original critidatitude. The chaotic swarming of vorticity maxil
about the critical latitude (prior to h) followed by the highly focused vorticity conceatton is €
striking feature. Figure 88howsa similardiagram of the analyzed saturation fraction (colugiative
humidity from the surface to 5 hPg. The emergent vortex, which develops into a trapstorm,
forms in a region with high saturatidraction. Before storm formation the horizontal Iscaf the
region of high saturation fraction is comparablettat of the region of large cyclonic vorticity. taf
consolidation to a single master vortex therebsaader ““funnel" of saturation fraon.

Based on the suite of idealized numerical experinanalyzed in Montgomery et al. (2010), and
companion study examining the cyclogenesis c-Hurricane Felix (207) by Wang et ¢ (2010a, b),
this attractolike behavior appears to be a ubiquitous propeftythe simulated way-to-storm
transition process. The focal point is the nomcentre or sweet spof the critical layer of the fini-
amplitude tropical easterly wave (or icentreof the wave pouch). The sweet < of the pouch is thus
the preferred location for tropical cyclogenesid #re findings herein support this novel predictidi
the marsupial paradignThe attractc-like property is reminiscent of Ooyama’s penetitiiew of
the linkage between the stochastic nature of tredl-scale features and the more deterministic n:
of the synoptic and subynoptic scale flow (Ooyama 19 p372): “... we now perceive the questi
of tropical cyclogenesis to be that of placing m@olistic mesoscale convective systems undel
control of a deterministic environme”

% The data plotted are from a coaresolutionsimulation (28 km horizontal grid spacing) usingetts-Miller
cumulus parameterization. However, the principaltdessdiscussed herare essentially unchanged with
explicit representation of cumulus convection ar&lkan horizontal grid spacing (r showr, see Montgomery et
al. 2010 for details)ror the sake of brevity, v focus here on the coarsesolution simulatio.
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2.1.3.5 Relative contributions of convective versus stratiform clouds

The idealized experiment summarized in sectiorB2lwas conducted without a representation of ice
microphysics. In this section we summarize a reladealized experiment in which ice processes were
included. This experiment was designed to deterrtineerelative importance of convective versus
stratiform processes in the proposed genesis sequdio be sure, the use of rain-only physics
provides an incomplete picture of the mesoscalega®es occurring within the pouch. We employ the
same nested grid configuration used in section321and the same boundary layer and cumulus
parameterization on the coarsest mesh (28 km).onhedifference between the present experiment
and the previous one is the replacement of the lesgrm- rain microphysics scheme by the
WRF-model single-moment, 6-class microphysics schetiemg and Lim, 2006) which includes ice,
snow and graupel processés in the warm rain experiment, the fine grid isiaated at 44 h. The
ensuing development is significantly delayed re&atio the warm rain experiment. It is not until
approximately 180 h that the ice microphysics satiah surpasses the intensity of the warm rain
experiment, presumably because of the stronger di@afts associated with ice processes (Srivastava,
1987).

i (a) Stratiform Area (%) (b) Convective Area (%)

Radius (km)

Radius (km)

48
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Figure 9: Time-radius evolution of the stratiforhef() and convective (right) precipitation. The
figures show the area coverage by each rain typercentage (%). The ordinate is time (h) and the
abscissa is radius with respect to the moving paectire (km). (Adapted from Montgomery et al.
2010b)

To investigate the relative role of the conveciwel stratiform processes in the genesis sequence, a
simple and physically-based method for identifyfdgep) convection and stratiform precipitation was
employed. Details of this procedure are given innkomery etal. (2010b), following the work of
Tao et al. (1993) and Braun et al. (2010). Figush®ws a time-radius plot of the area percentagfe th
is stratiform and convective within the wave’s puthe radius is defined relative to the centréhef
pouch and spans a domain of 300 km in extent. dvident that the convective population is active
throughout the pouch after 48 h. The stratiform ydagoon on the other hand does not make a
significant contribution until approximately 100 I time, however, the convective population
occupies a more substantial fraction of the aremr tlee centre of the pouch. This conclusion is
confirmed by examining the precipitation rate floe tonvective and stratiform clouds, which shows
that the convective precipitation is maximized nélae centre of the pouch and progressively
dominates the stratiform component (not shown). Tikaviest rain rate is associated with the
convective precipitation and it is spatially conttated near the centre of the pouch. These raim plu
ice results point to a containment of persistergpdeonvection near the centre of the pouch. This

Y WRF-model: Weather Research and Forecasting model.
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containment has a very important effect in the egate by producing mesoscale convergence at low-
levels, which leads to low-level spin up. This babais unlike that of stratiform convection that
selectively spins up the middle levels and spinsrdthe low-levels (Tory and Montgomery, 2006; cf.
Houze, 2004).

2.1.3.6. A multiscale view of tropical cyclogenesis

The paper by DMWO09 (p5596) offers a multiscale pecsive of tropical cyclogenesis associated with
tropical easterly waves:"the critical layers guéeas some measure of protection from intrusion.
However, actual flow fields are transient and comiaesoscale fine structure, making the Lagrangian
kinematics rather messy. A group of smaller vogtice.g., will entrain the surrounding air more
readily than a single larger vortex. As for howsthemaller vortices are created in the first pldoere

are essentially two possibilities: {ipscale aggregationf mesoscale convective vortices associated
with mesoscale convective systems and/or VHTs,(i#nelddy shedding that works its way to smaller
scales via #orward enstrophy cascadsuch as might be associated with wave breakitigeatritical
layer. Tropical cyclogenesis evidently representsnd of process in which the inverse energy and
forward enstrophy cascades (originating respegtifrem cloud system and synoptic scales) collide in
“spectral” space at some intermediate scale to diabatic vortex larger in horizontal scale tham
vortices associated with individual cloud systerns substantially smaller in scale than the mother
pouch created by the synoptic wave. This geophlys$igal dynamics aspect is perhaps the most
fascinating and daunting of tropical cyclogenesise that has not yet been fully explored (owing to
limitations of horizontal resolution in observatioar models), but to be advanced as a framework for
understanding the multi-scale nature of the problem

Figure 10 presents an idealized schematic of thilti4scale view of the problem. Plotted on the
abscissa is the natural logarithm of horizontal ewaxmber with various motion systems indicated and

InE

Downscale Meso-B:
Enstrophy TC, MCS,
Cascade g;gvit;;:ja:;s Dlssesiies iy
Cascade

Synoptic Meso-a: Meso-y: Ink
Easterly Waves Easterly wave critical layer VHTs, Congestus, Precip.
Hydro instability of ITCZ Isolated recirculation regions Driven downdrafts, Gust
Subtropical intrusions Inertia gravity waves fronts
2,000 — 8,000 km 200-2,000 km 2—-20 km

Figure 10. A spectral view of the tropical cyclogsis problem. The figure depicts a downscale
cascade of enstrophy from the synoptic scale tontheoer scale and an upscale cascade of energy
from the cloud scale (mes@+o the mes@ scale. The tropical cyclone resides at the nfiescale.

whose horizontal wavenumber increases from leftigbt. Plotted on the ordinate is the natural
logarithm of kinetic energy of the various motigrstems. The arrows denote the direction of the two
cascades. The downscale cascade from the synomidtsynoptic (mesa) scale resembles broadly
the forward enstrophy cascade of quasi-two-dimerditurbulence theory in which strong jets and
eddies irreversibly deform weaker eddies into fiéauts on progressively smaller scales. In the chse o
easterly waves, the forward enstrophy cascadeédrfitjure is intended to include “eddy shedding
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events from the mean easterly jet’ that createbasgnoptic scale nonlinear critical layer, i.e.f'€a
eye, or pouch . The pouch circulation resides at mesdrhe upscale cascade from the cloud (meso-
v) scale to the larger (me$d-scale of a tropical depression vortex is assediatith the aggregation
of the vortical convective elements in a regioigih saturation fraction as described in the fonego
section. The latter cascade resembles also thesmvenergy cascade of quasi-two-dimensional
turbulence in which small vortical features mergddarm progressively larger features, such as large
eddies, Rossby waves and zonal jets (e.g., McWiHli2006, Vallis 2007). An important difference
between the simple two-dimensional inverse casecaddel and the moist inverse cascade model
sketched in Fig. 10 lies with the strong vortexetidretching and low-level spin up that is assediat
with vortical convection and the corresponding seewy circulation of individual elements and also
the aggregate. For such a cascade to be maintaned)y input at small scales is necessary.

2.1.3.7. Tropical cyclogenesis in diabatic Ekman turbulence

A recent study by Schecter and Dunkerton (2009)oegp the formation of model hurricanes from a
perspective of rotating, convective turbulence.c8mally, the paper uses an idealized, three-level
numerical model with a parameterization of deepwusconvection and surface friction. The goal is
to examine how deep convection may counter frietiospin down and spontaneously generate
hurricanes from a turbulent sea of small-amplitvelative vorticity of either sign. To this end the
experiments are initialized everywhere with a cltasinall-scale flow. They found, inter alia, that:
“The initial stage of self-organization resembledimary two-dimensional turbulence, in which like-
sign vortices coalesce and filaments are chaotictifyed. Convection gradually develops, and the
flow skews toward cyclonic dominance. Over timediatinguished region of cyclonic vorticity
engulfs lesser cyclones in the immediate vicirdtyd erupts into a dominant hurricane.” Schecter and
Dunkerton define a “primary genesis timescale” l#s time when the maximum wind speed in the
boundary layer reach€sl0 m s*. Their finding that “ ... subtle changes to theialitonditions can
prevent the development of tropical cyclones frambtlence” is potentially troubling because then
the detailed structure of turbulence would havedaoutinely observed. Fortunately, this sensitivit
does not appear to be a feature of the behavigtabfal forecasting models. In fact, the marsupial
paradigm discussed in section 2.1.3 highlightsrtte of tropical-wave critical layers as preferred
locations for the formation and aggregation of ieattconvection on the mesoscale and these waves
are much more predictable than the small-scaleitenb structure of the tropical atmosphere.

2.1.3.8. Multi-scale methods applied to tropical cyclogenesis

Majda et al. (2010) applied multi-scale methodsapplied mathematics to explore basic aspects of
tropical cyclogenesis. Three multi-scale sub-modeherge in the analysis: one model captures the
VHT dynamics without gravity waves; another captumesoscale vortex dynamics without gravity
waves; and the third model represents mesoscateufitions as well as forced linear hydrostatic
waves. These models are designed to retain thentedseoupling with each other. Idealized
simulations within this multi-scale framework iltagte the development of intense low-level cyclonic
vorticity associated with the VHTs and the tendefurythe flow to skew towards cyclonic dominance.
Majda et al. conclude that the sub-models capteveral of the features observed in the numerical
simulations of tropical cyclogenesis by Hendricksale (2004) and Montgomery et al. (2006). They
suggest that the sub-models may have use as ditegmosl predictive tools for clarifying key
mechanisms for tropical cyclogenesis.

* Technically speaking, the creation of the cat'e égw or pouch can result from either a finite-¢inor
exponential instability of the mean easterly jédlore frequently, the pouch results from the firéimplitude
evolution of a quasi-neutral easterly wave thaexsited by an instability farther upstream or arnsegic
convective event over the Ethiopian highlands, @81W09 and refs. therein).

12 Strictly speaking, this definition does not distiish between gust fronts, squall lines or emergemical
cyclone vortices in their numerical simulationseality.
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2.1.4. Thermodynamical theories of tropical cyclogenesis
2.1.4.1 Nolan (2007)

Using idealized, high-resolution cloud-representingmerical-model simulations, Nolan (2007)
undertook an examination of the question: “whahs trigger for tropical cyclogenesis’? The paper
focuses primarily on the “genesis” of a tropicatlope from an initially warm-core mesoscale vortex
of moderate intensity (maximum wind 10 )s Despite the favourable environmental conditions
used in the model set up, there is an incubatisiogef one to three days before the surface wind
speed increases rapidly. During the incubationogetthe inner-core of the initial mesoscale voiitex
gradually moistened by intermittent deep convectdnce the air column achieves near saturation, a
much smaller-scale intense vortex forms near tmEace within this initial mesoscale vortex. This
event is accompanied by a rapid increase of thal kurface wind and a rapid drop of the minimum
surface pressure. Nolan identifies this moment wighbeginning of the intensification process for t
system-scale tangential wind. This small-scale;lvel vortex is argued to become “the central core
of the developing cyclone.” On the basis of theaenerical simulations and diagnostic analyses,
Nolan suggests that the appearance of this small-sortex in conjunction with a saturated middle
troposphere is the trigger for tropical cyclogesesi

In particular Nolan states on p248 that “In thisl atl the subsequent simulations, the appearance of
this smaller-scale, low-level vortex is closely redated with an increase in the rate of pressute fa
and substantial increases in deep convection heavdrtex centre. In each case, we saw that rapid
intensification ...proceeded immediately after therfation of this smaller vortex, and it is this ¢t
that grows and intensifies into the primary cirtiola ... . The mid-level wind maximum is
superceded as the low-level vortex strengthensexpainds. Since the formation of the low-level
vortex so clearly marks the time when intensifizatbegins, we use this moment to define the time of
tropical cyclogenesis.”

We have several questions about the interpretatidhe dynamical processes of spin up described
above. Based on the evidence shown “this amazsmgbll vortex” (p248) has all the characteristics of
a strong and persistent VHT, which fortuitously eleps near the centre of the computational domain.
The processes by which the small-scale vortex gawesintensifies into the primary circulation are

not explained. Since the term ‘primary circulatiehever defined, it is unclear what its role ntiga

in the genesis process. The process by which themyscale rotation amplifies is not explained

either. In this study the primary process thatripifies the low-level, system-scale wind field aqse

to be similar to that discussed by Montgomery e{2006), Nguyen et al. (2008), Smith et al. (2009)

and Bui et al. (2009), namely, the vortical conixectelements contribute to a system-scale
convergence of absolute angular momentum in therdsposphere.

We have two additional concerns with this studysti-ithe paper presumes that there is a trigger for
tropical cyclogenesis. Echoing Ooyama (1982), weawrgue in the summary that there is no need to
invoke a trigger. While the numerical simulatiorlsacly develop a mid-level cyclonic vortex (as
found also by Montgomery et al. (2006, their Figude, 16e), the formation of this mid-level vortex
is not explained in Nolan (2007) and its relevatuctihe formation process is unclear to us.

In the Introduction we intimated that a preciseidgbn of genesis is unnecessary. Nolan’s defomiti

of genesis time discussed above merely highligiparacular time in his numerical calculations. § hi
definition is employed without ever defining whatngsis is. The time of genesis is not part of the
forecaster checklist.

2.1.4.2. Nolan, Rappin and Emanuel (2007)

In a subsequent paper, Nolan et al. (2007) examthedsensitivity of tropical cyclogenesis to
environmental parameters in conditions of radiatwavective equilibrium. They showed, inter alia,
that, under such conditions, tropical cyclogeneais occur on aftplane even in the absence of a pre-
existing [cyclonic] circulation. They argue on p2lthat "spontaneous tropical cyclogenesis in this
simulation is a process with two stages. The fst&ige appears equivalent to the aggregation
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phenomenon ... , which involves a radiative-convecteedback, whereby the more moist regions ...
generate enhanced convection due to low-level om@sind mean ascent due to decreased radiative
cooling. The second process is more like the tadpigclogenesis [described earlier in the paper],
whereby a pre-existing circulation with embeddedveation contracts into a tropical cyclone.”

In the first stage of development, what the authd@scribe as “aggregation” is a thermodynamic
process following earlier work of Bretherton et @005) examining convective aggregation in the
complete absence of background rotation. Nolanl.e2807) do not discuss the influence of the
rotational dynamics during the aggregation stagdissussed in sectiors1.3.2-2.1.3.4. Moreover,

no interpretation of the surface spin up mechamanng this first stage is offered. Our interprigtat

of their results is simply that the amplificatiof the low-level circulation proceeds by the VHT

pathway as described above.

The second stage of development is described 0052% follows: "... in the second stage of
development, the broad circulation contracts intepical cyclone in the manner similar to the [the
simulations with initial vortices, due to a WISHEeflback and the enhanced trapping of heat and
energy §ic) released by convection as the local inertialibtalincreases...". Rather than explaining a
stage of genesis, this description appears maeelikexplanation for intensification.

2.1.4.3. Raymond and Sessions (2007)

The starting point of recent work by Raymond ands&ms (2007) is based on some earlier work
based on the TEXMEX experiment conducted in 1991. Bister and Emani@97) argued that the
development of a cool, moist environment resultirgm stratiform rain serves as the incubation
region for the formation of a low-level, warm-corertex. Cloud-representing numerical simulations
in the absence of planetary rotation by Raymond @essions (2007) offer support for this idea.
Environments cooler at low levels and warmer atendpvels on the order 1 K lower the level of
maximum vertical mass flux from 10 km to approxigiat5 km in their calculation; such
environments increase the precipitation rate ad. Wédese effects intensify the inflow into the
convection. The suggestion is that if realisticuesl of ambient rotation associated with a tropical
wave or monsoon trough were included, this infloauld cause a stronger vorticity convergence at
lower levels and thus contribute to the spin uthefsystem. This effect is argued to be an exglamat
for why tropical-wave-scale mid-level vortices fastropical storm formation; their horizontal scede
large enough for them to exhibit significant veatiRossby penetration depths.

Without ambient rotation these experiments canrftdr dnsight into the rotational dynamics of
vorticity aggregation as discussed in the forega@agtion. It is yet to be demonstrated whether the
envisaged process is essential in a rotational@emvient.

2.1.5. New tools for forecasters

We draw attention now to several aspects of the cy@logenesis model discussed in sections 2.1.3.1-
2.1.3.5 that may be of use to forecasters. Usimg rttarsupial framework, Wang et al. (2010)
developed a real-time forecast methodology for iptiedy the tropical cyclogenesis location using
global model operational data. These authors shawata wave-pouch region of approximately
closed Lagrangian circulation is characterized bystinct moisture gradient ahead of the wave thoug
effectively separating the relatively moist air litit from the relatively dry air outside the poudihe
propagation speed of the pouch can be estimatesti lmasa Hovmdller diagram of the moisture front
or meridional wind.

Wang et al. (2010) showed that the genesis locatiantropical storm can be predicted using global
model forecast data up to three days in advandeless than one degree error. A similar method was
applied also to easterly waves over the westerrthiNBecific to provide flight-planning guidance
during the Tropical Cyclone Structure 2008 (TCSH&Q experiment (Montgomery et al. 2010). The
‘pouch’ diagnostics have been updated and appligedl-time wave tracking during the 2010 NSF-

13 TEXMEX = Tropical Experiment in MEXico
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PREDICT/NASA-GRIP/NOAA-IFEX experiment$ Using ECMWF, GFS, NOGAPS and UKMET
5-day forecasts the pouch tracks were predicted, and pertinem@adycal and thermodynamical
fields within the prospective pouches were analyfmlbwing the wave-pouch. Satellite products
were examined also in the marsupial framework togewith the model analysis data. Several
examples may be obtained at the address B&léother quantity that has proven useful in réakt
wave tracking applications is the Okubo-Wei€\) parameter. The Okubo-Weiss parameter is
defined as “vorticity squared minus strain rateasgd” OW = ¢* — §* — $? = (Vx — U))? — (U, — \4)?

- (W + Uy)z). Significantly positiveOW values indicate strongly curved (cyclonic or ayitlonic)
flow with minimal shearing deformation. The waveupb is characterized by significantly positive
OWand cyclonic rotation, and provides a favouraligrenment for vortical convection and vorticity
aggregation.

There are other lessons learned from the marsppraldigm that can offer guidance to forecasters in
interpreting the observations. It has been showrhen numerical experiments that simulate the
transformation of an easterly wave to a tropicallaye, summarized in sections 2.1.3.1, 2.1.3.2 and
2.1.3.5, that there is no ‘trigger’ for cyclogersegif. section 2.1.4.1). The development of lowelev
vorticity and mid-level moisture proceeds monotaiticin tandem over a time period on the order of
a few days. In the summary we will explain why mimgder is necessary. From a system-scale
viewpoint, that results after areally-integratirg tvertical vorticity budget over &2 2° horizontal
domain centred on the sweet spot, the spin up af-s@rface vorticity occurs primarily in associatio
with near-surface convergence of absolute vortiffifypntgomery et al. 2010; Wang et al. 2010a).
There is no systematic contribution from downwaddegtion of absolute vorticity from the middle
levels (Haynes and Mcintyre 1987), and the contidoufrom vortex tilting is second order. An
alternative way of viewing these latter processean axisymmetric framework is in terms of the
convergence of absolute angular momentum (e.gthSehal. 2009).

2.1.6. Summary

On the basis of the evidence summarized here, \i&vbehat a unified view of tropical cyclogeneaisd
intensification is emerging. In this unified viethe separate stages proposed in previous sigrifican
studies and reviews (e.g. Frank, 1987; Emanuel ;19188ride 1995; Karyampudi and Pierce 2002; Tory
and Frank, 2010) are unnecessary. The idea thaicalocyclones in the current climate are a
manifestation of a finite amplitude instability trat they are the result of some “trigger” mechamnis
challenged by a new way of thinking about the basicesses of vortex spin up by vortical convection

a favourable tropical environment. The basis fig tnified view is that deep convection developimg
the presence of vertical vorticity amplifies therti@ty locally by vortex tube stretching, irrespiee of

the strength of the updraught and the depth of ecin (Wissmeier, 2010, personal communication),
and that the vortical remnants outlive the conwecthat produced them in the first place. The eatti
remnants tend to aggregate in a quasi two-dimeabkioranner with a corresponding upscale energy
cascade and some of these remnants will be iniethdiirther by subsequent convective episodes. The
amplification and aggregation of vorticity represean increase in the relative circulation withifixad
circuit encompassing the convective area. As thauleition progressively increases in strength,ghisr
some increase in the surface moisture fluxes. Heweir is not necessary that the moisture fluxes
continue to increase with surface wind speed. Tlendary layer pseudo-equivalent potential
temperature., will continue to rise as long as the air adjaderthe surface remains unsaturated relative
to saturation at the sea-surface temperature aedpdsitive entropy flux from the ocean surface

4 NSF = United States National Science Foundati®®EPICT = PRE-Depression Intensification Gloud
systems in the Tropic®ASA = (United States) National Astronautical aBdace Administration; GRIP =
Genesis and Rapid Intensification Processes; NOAQUnited States) National Oceanic and Atmospheric
Administration; IFEX = Intensity Forecasting Expaant.

®*GFS = NOAA Global Forecasting System; NOGAPS = N&yyerational Global Atmospheric
Prediction System; UKMET = United Kingdom Meteomgilcal Office.

16 http://www.met.nps.edu/~mtmontgo/storms2010.html
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overcomes downward import of lo®, from above the boundary layer (Montgomery et al020
Montgomery and Smith, 2010). The upshot is thatinendary layeb. will continue to increase towards
the saturation value, providing air parcels acqgthieeneeded boost th necessary for them to ascend the
warmed troposphere created by prior convectivetsven

This unified view is consistent with the insightti@ilated long ago by Ooyama (1982), who wroteis|
unrealistic to assume that the formation of anpiecit vortex is triggered by a special mechanism or
mechanisms, or that genesis is a discontinuousgehamthe normal course of atmospheric processes”.
For the reason discussed below, it is far morerahta assume that genesis is a series of evaigs)g

by chance from quantitative fluctuations of the mak disturbances, with the probability of further
evolution gradually increasing as it [the procgagiceeds. According to this view, the climatologjimad
synoptic conditions do not directly determine thegess of genesis, but may certainly affect the
probability of its happening. With a better undemsting of the mesoscale dynamics of organized
convection, the range of statistical uncertaintp t@ narrowed down. Nevertheless, the probabilistic
nature of tropical cyclogenesis is not simply daelack of adequate data, but is rooted in the scale
dependent dynamics of the atmosphere.”

The unified view is consistent also with the fingnof Nolan et al. (2007), who, in a re-assessment
their original hypothesis for the existence of mité-amplitude wind threshold for genesis to occur,
wrote the following on page 2105 of their paper:é\Wlso proposed that environmental parameters
consistent with the tropics represent a regionfiofite amplitude instability’, where disturbances
below some threshold intensity will not developoirt tropical-cyclone. However, simulations with
extremely weak initial vorticesvilax = 25, 1.25 m §) ultimately did arrive at tropical-cyclone
genesis. The extremely slow pace of the developrtentcompared temax = 5 m s, and an
examination of the evolution leading up to geneésighese cases ... indicated that the genesis
mechanism was more like the spontaneous genesigsamsm discussed in section 5; the extremely
weak initial vortex simply provides the seed looatfor the aggregation process that leads to gefiesi

The necessity of the marsupial pouch for genediseénmeal atmosphere of the tropical Atlantic aastern
Pacific basins as proposed by DMWAQ9 is in part pest with Ooyama’s view: the pouch provides a
favourable environment for the deep convectionésigt, thereby enabling the upscale energy cascade
process of moist vortical convection to operatemp@ded. The work of Montgomery and Enagonio
(1998), Nguyen et al. (2008), Shin and Smith (2G08) Schecter and Dunkerton (2009) supports atso th
probabilistic nature of vortex amplification, bubes further by highlighting the vortical nature tbe
convective elements and their interaction with eattier and with the mean vortex as part of the alpsc
growth and amplification process.

In light of this unified view of genesis and intditation, there seems little need to refine thérigon of
genesis. We believe that the definitions of theyestaof tropical cyclone development used in current
practice are adequate for forecast purposes.

The recent review of paradigms for tropical-cyclomensification by Montgomery and Smith (2010) is
relevant also to understanding aspects of the gepescess and the emerging unified view of gerasis
intensification. Although the foregoing amplificati pathway is intrinsically non-axisymmetric, it is
insightful to adopt an axisymmetric viewpoint ofsttprocess as noted at the end of Section 2.1.5. A
schematic for understanding the amplification & #zimuthally-averaged tangential wind field iswho

in Figure 11. The idea is that the aggregate effedtdiabatic heating associated with the vortical
convective elements leads to a system-scale inflovthe lower troposphere. This inflow can be
represented approximately using axisymmetric ba&adgnamics in which the aggregate of diabatic
heating, boundary layer friction and related edhlxds of heat and momentum force a meridional
overturning circulation (Bui et al. 2009). This lmk converges azimuthal-mean absolute angular
momentum, a quantity that is approximately consgrabove the shallow boundary layer, so that its
convergence leads to a spin up of the azimuthahmaagential winds. As these winds increase in
strength, so does the azimuthal-mean radial infigthiin the boundary layer (see e.g. Smith et aQ9Q0

As described above, this inflow converges moisttlz@t has been enriched by surface fluxes from the
ocean surface to ““fuel" the deep convection.
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The above description presumes that the

s boundary layer of the system-scale
E - circulation has become well established.
10 However, during the genesis phase when
| | there is weak system-scale rotation, the

N M 1 . . . .
V:T_Efr boundary layer inflow associated with this

5 rotation is much weaker than the inflow
N onssred forced by the aggregate diabatic heating

8 i (e.g., Montgomery et al. 2006, p363). As
0 50 100 long as there is convergence above the
g boundary layer the system-scale rotation

M reduced by friction, but strong convergence < small r will amplify because of the convergence of

' _ o _ absolute  angular momentum. The
Figure 11. An axisymmetric view of tropical-cyclonecorresponding boundary layer inflow will
amplification. This figure aims to convey the idéat, increase progressively. Although the air-

in an axisymmetric-mean sense, deep convectiohen tparcels converging in the boundary layer
inner-core region induces convergence in the lowabse a fraction of their absolute angular
troposphere. Above the frictional boundary layée t momentum, they undergo much larger
inflowing air materially conserves its absolute @ag inward displacements. A point is reached
momentum and spins faster. Strong convergence @firing the evolution at which the highest
moist air in the boundary layer provides moistuve ttangential wind speeds are found to occur in
“fuel” the deep convection. Although the air-p&sce the boundary layer (Smith et al. 2009).
converging in the boundary layer lose a fractiotheir  Beyond this point, the boundary layer plays
absolute angular momentum, they undergo much largarso adynamical rolein the spin up process
inward displacements and acquire a higher tandentigecause the amplification of the inner-core
wind speed than those converging above the boundaghgential winds occurs within this layer. In
layer. (From Montgomery and Smith 2010). summary, the foregoing discussion indicates

that the boundary layer exerts a progressive

control on the vortex evolution as the system-soatigtion amplifies.

2.1.7 Recommendations

1. Further analyze recent and current field dataumenting the lifecycle of vortical convectiamd
its contribution to amplification of the system-ceotation in pre-depression environmemi&e see a
role also for idealized numerical simulations tonpdement these observational studies.

2. Carefully examine global model forecasts whéee model appears to correctly capture observed
genesis events several days in advance.

3. Determine the limits of predictability of tropiccyclogenesis.
2.1.8 Appendix: A Recent Controversy

The companion report by Davis and Elsberry (Topi2) 2on recent Tropical Cyclone Field
experiments contains a summary of recent obsenalt@nalyses of the formation of typhoons Nuri
(2008) and Hagupit (2008) that occurred during Tmepical Cyclone Structure 2008 experiment
(hereafter TCS08). The genesis of typhoon Nuriagigularly noteworthy because the bulk of the
formation process was observed by both C-130J &R*NP3 aircraft on consecutive days and for
this reason offers an unprecedented opportunityesd the new cyclogenesis model proposed by
DMWO09 and other proposed cyclogenesis theories. Nlbg case has become controversial for
reasons that are obscure.

As discussed in Section 2.1.1 the DMWO09 model ersigha a Lagrangian viewpoint and the ensuing
convective development within the cat's eye ciriata of a tropical wave critical layer. Two very

2ONRL = United States Naval Research Laboratory
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different interpretations of this genesis event ehdween provided in the companion report.
Montgomery et al. (2010) presented evidence to estgthat Nuri formed in association with a
westward propagating disturbance possessing a@g'secirculation region. Evidence was presented
to suggest that the cat's eye circulation withie thave was of sufficient magnitude and depth to
withstand hostile influences of vertical sheartgwropagated towards Guam. The sweet spot, defined
as the intersection between the wave trough anigadriatitude, was suggested to be the preferred
location for vorticity aggregation and low-levelisup. Global Forecast System Final Analyses and
IR satellite imagery, showed convective bands wirgppround the sweet spot as genesis neared, and
suggest that this sweet spot was the location wigpfioon Nuri's dominant low-level circulation
emerged.

Quoting from the companion report: “The differendesinterpretation as to the formation of pre-
Tropical Depression Nuri arise in part from the lgsas of the observations from this first research
mission [on 16 August, 2008]. The Montgomery et(2010, their Fig. 12) analysis with the 850 hPa
dropsonde winds relative to the MTSZATnfrared brightness temperatures (Fig. 2.2.3a)levauply

a low-level closed circulation in the region of theuthern convective burst, and perhaps somewhat
south of the circulation centre at 13.3°N, 144°&iaalyzed by Cisneros et al. (2010) in Fig. 2.2.1.”

Careful inspection of the processed data from TQ®08als a misinterpretation of the data presented
in Montgomery et al. (2010). In the resting franfereference, their analysis using the quality-
controlled data shows that there is no closed mwell cyclonic circulation in the 850 hPa dropsonde
data. Confusion has arisen in interpretation ofrtR@gure 12 because of the two light (< 2 knots
magnitude) wind barbs in the southwestern quadsatiie image. Without looking at the raw data,
these two wind barbs appear to form a closed citimr in the resting frame. However, an
examination of the raw data indicates that the ven@i2.5N, 144.5E is flow from the south-southeast
and the wind barb located near 11.8 N, 145 E igative of southeasterly flow. In summary, at the
850 hPa levelthe dropsonde data has no indication of a closeduation in the resting frame and
none of the wind barbs have a westerly wind compiongll related interpretations in the companion
report that invoke westerly winds at these leveldfs of Guam are illusory.

The above remarks serve as a useful reminder of was discussed in Section 2.1 of the pitfalls of
analyzing observational data in an earth-relatigéerence frame, which is not the appropriate
reference frame for understanding the tropical ariyehesis process within an easterly wave critical
layer (DMWQ9)

2.1.9 Glossary

Critical latitude: For a zonally-propagating easterly wave, theaaitiatitude is the latitude at which
the zonal phase speed coincides with the low-plissefi zonal flow. More generally, since easterly
waves have some vertical structure, we often thirk critical surface as the locus of points whaee
zonal phase speed of the wave coincides with theplass filtered zonal flow.

Critical layer: Following DMWO09, the critical layer of a tropicalagterly wave is the region
surrounding the nonlinear wave’s critical latitudelevel in shear flow. In the enclosed region of
recirculating flow, particles are trapped and radite, rather than being swept one way of therothe
by the surrounding shear. Reversible undulatiorzadicles immediately adjacent to the recirculgtin
region on either side are included in the definitio

Cat's eye: The recirculating region within the critical layef a finite amplitude wave. An example is
that which occurs in Kelvin-Helmholtz instabilitfhe streamlines in the recirculation region resembl
the eye of a cat.

Diabatic activation: A term introduced in DMWOQ9 to describe how a pragayy easterly wave is
maintained or amplified by a diabatic vortex withime critical layer region of a tropical wave.
Without diabatic activation, such a wave exista @ynamical feature in the lower troposphere, whose

2L MTSAT = Multi-functional Transport Satellite
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signature may be seen in low cloud or deep-layéemwapour, but with deep moist convection that is
either absent or poorly organized.
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