Effects of Latent Heat of Fusion on the Rapid

Intensification of Hurricane Wilma (2005).

William J. S. Miller
Advisor Da-Lin Zhang

Department of Atmospheric and Oceanic Science, University of Maryland
College Park, Maryland

A scholarly paper in partial fulfillment of the requirements for the degree of
Master of Science

Submitted January 2015



Abstract

The impacts of the latent heat of fusion on the rapid intensification (RI) of
Hurricane Wilma (2005) are examined by comparing ah7Zontrol simulabn
(CTL) of the stormto a sensitivity simulation in which the latent heat of deposition
is reduced by removinfyision heating(NFUS). Results show that while both storms
undergo RI, the intensification rate ssubstantiallyreduced inNFUS. At peak
intersity, NFUS is weaker than CTihy 30 hR in minimum central pressure abyl
12 m ¢'in maximum surface windsThe reduced ta of surface pressure falls in
NFUS appears to resulydrostaticallyfrom less uppelevel warming inthe eye. It
is shown thatCTL generatesnore inner-core convective burst (CBs) during RI,
with higheraltitudes of peak vertical motiormn the eyewallcompared tdNFUS. The
latent heat of fusion contributes positively to sufficient eyewall conditional
instability to support CB updfts. Slantwise soundings taken in CB updraft cores
reveal moist adiabatic lapse rates until 200 hPa, where the updraft intensity peaks.
These results suggest that CBs may imgmacticaneintensification by inducing
compensating subsidencd the lower stratospheric air.We conclude thathe
development omore CBs inside the uppdevel radius of maximum windnd the

higher altitude of latenheaing all appearto be favorablefor Rl of Wilma.
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Chapter 1. Introduction

There has beerposiderablenterestduring recent years the understandingnd
predictionof rapid intensification (RI) of tropical cyclones (TC®)hich isdefinedasa
42 hPaday'drop in minimum central pressu(g,,) for western Pacific TCs (Holliday
and Thompson 1979) or a 15 mday' maximum surface wind sped¥,,,,) increase
for Atlantic TCs (Kaplan and DeMaria 2008)urricanes Opal (1995), Bré1999) and
Charley (2004)re examples of TCs that underwent unexpected RI episodes within 48
hours of making landfall on the U.S. coastline (Lawrence et al. 2998, Franklin et al.
20006), highlighting the need for improving our understanding ef i process. Using
the Statistical Hurricane Intensity Prediction Sche(@HIPS database, Kaplan and
DeMaria (2003 identified environmental conditionbeing favorable for RI, which
include warm sea surface temperatures (SST&ak vertical wind shear, stronger
easterly winds in the upper troposphere, and high relative humidity in the lower
troposphere Clearly, these environmental conditions are not distinguished from those
favoring tropicalcyclogenesis and normalC intensification ratedn addition we have
limited knowledgeon the role®f innercore processes, and any potentially synergistic
relationship between inneore processes and favorable environmental conditions.
Observatios have shown deep convective elements with anomalously cold cloud
tops eruptinghear the center of TCs just @rito, or during Rl (Rodgers et al. 1998)00;
Price et al. 2009; Guimond et al. 20Ferro and Reisner 2011\e will adopt the most
commony used termgonvective burstsGBs), for this study. In their observatiahstudy
of Hurricane Dennis (2005), Guimond et @010 found 20 m 8 eyewallupdrafts at an

altitude of 1214 km, flanked by intense upplewvel downdrafts of 102 m ¢, seveal



hours before the storm commenced a period of RI. Heymsfield (@08l showedCBs
overshootinghe tropopausby 2 kmadjacento the develomg eyeof Hurricane Bonnie
(1998) andlater, shortly before the storm reached maximum intensity,ftheyda deep
mesoscale subsidenextending fromz = 15 km at cloud toplownward and radially
inward along the eyeyewall interface They hypothesized that this downdraft
originating as compensating subsidence of stratospheric airbamy maintainedby
evaprative and sublimitive cooling of hydrometeors detrained from the eyewal)
havecontributel up to 3jCof warming aoft in the eye.

Hurricane Wilma (2005) underwent an-k8RI period witha recordbreaking
deepening rate of 83 hPa (12'hyvhich cuminated in the storm becoming the strongest
hurricane ever recorded in the Atlantic basin, featuanginimum central pressure of
882 hPa andhaximum surface windaxceeding80 m s In Part | of this series of papers
(Chen et al. 201,1hereafter CZ1) the intensity and structural changes of Hurricane
Wilma prior to, during, and after Rlave beesuccessfully reproducesith a 72h (0000
UTC 18 October 0000 UTC 21 October 200%pyedidion using the Weather Research
and Forecasting (WRF) model. Therhahgand Chen2012 hereafterZC12) used the
hydrostatic equation to demonstrate how WilmaOs developing upper level warm core,
located at the same level as the outflow laygeresponsible fathe largest portionf the
surface pressure falls during Rh Part Il (Chen and Zhang 2013, hereafter CZi8,
collective action of a series of CBs straddling théius of maximum windRMW) was
shown tocontribute to the warm comevelopmenthrough the cyclonic propagation of
subsidencenduced warm anomabeinto the region laft in the eye.This resultwas

consistent with the work oHack and Schuberf1986, who showedthat latent heat



releasgLHR) insidethe RMW, whereinertial stabilityis large,is more efficientor TC
intensificationthanthatin theouter regions. CZ13alsofound that reducing SSTs by 1;C
everywhere in the domain significantly redssdee number of CBs and genesate
considerably weaker warm cor€his to certain extentonforms to ke WindInduced
Surface Heat Exchange (WISHBYypahesis(Rotunno ancEmanuel 198, Emaunelet
al. 1994, which describe TC intensification as primarily arair-sea interaction
instability, although thecharactestic slantwise neutral ascertannot explain the
generation of CBs of 1020 m s'in the eywall.

Because of the important rol#sat CBs and the associated upgerel warming in
the eyeplay in the RI of TCs, we are motivated to examine the impact of dvppel
LHR associated with ice microphysicpfocesss on the generation of CBs. For this
study, we hypothesize th@HR from deposition (vapor to ice) processes in the upper
portion of the eyewall helps account for the development of CBs and that its occurrence
within the RMW is the key to the RI of TCs. Although there is ample evidence shaogi
the reinvigoratiorof tropical oceaniapdraftsat higher levelsaassociated witlice LHR
process (Zipser 200Romps and Kuang 2016ierro et al2009,2012), few quantitative
studies have been performed to examine how digpet LHR inside the RMW iselated
to TC intensificationThe effects ofce LHR processson the Rl of TCs have also been
speculateqGuimond et al. 201Molinari and Vollaro 201D

Thus the objectivesof this study are to (i)nvestigate the impact afpperlevel
depositionalLHR on changesto TC structure andntensitythrough the generation of
eyewall CBs and (ii) examine thehermodynamic and ice microphysical structuoés

CBs in the eyewallThe above objectives will be achieved dxynparing the Hurricane



Wilma predictiondescribed inCz11, ZC12 and CZ13referred to hereafter as CTL, d0
sensitivity simulatioNFUS)in which thelatent heabf deposition is reducedvhile all
the other model parameters are kept identical, and then studying differences in intensity
and stuctures.Through this study, we wish to answer the following questidoswhat
extent does the LHRdm deposiion determinethe intensityand coveragef CBs and
what impact does this have dhe RI of Hurricane Wilma How will it affect the
amplitudeand altitude othe upperlevel warm core™How will the vertical motionin the
eyewall and rainband regions respaandhe LHRfrom depositio?

The next chaptedescribes the WRRicrophysics schemandexperimental design
used to perform the NFUS expegnt. Chapter3 comparesWilmaQOsintensity and
structural changebetween the CTL and NFUS simulatior@Shapter4 discusse<B
statistics and Chapter5 analyzes the eyewall and rainbawettical motion profiles.
Chapter6 examinesthe thermodynamic and igaicrophysical structures of CBs in the

eyewall.A summary andancluding remarkare givenn the finalchapter



Chapter 2. Experiment Design

The 72-h CTL prediction usesthe nonhydrostatic Advanced Research core of the
WRF model (ARW, Version 3.1), with aquadruplynested (27/9/3/1 km) grid artite
initial and lateral boundary conditionthat are identical to the Geophysical Fluid
Dynamics LaboratoryOs theperational dataGiven the small changes in SST observed
along WilmaOs track during R$ period, timeindependent SST fieldsterpolated from
the National Oceanic and Atmospheric AdministrationOs (NO¥A)nced Very High
Resolution Radiometer (AVHRR) 0000 UTC 18 October SST data at 0.25 degree
resolution, are used. All four domains use a vertical resolution of 55 o levels. See CZ11
for a detailed description of the model initialization and other physics optionsTisgd.
include the Thompson et al. (2004, 2008) cloud microphysics scheme, which contains six
classes of water substance (i.e., water vapor, cloud water, rain, snow, graupel, and cloud
ice). In the Thompson schemegpbsitional heating results from tdepositon of vapor
onto cloud ice, snow, and graupel, as well as from ice nucleation, fnéeleng heating
is associated withliquid-to-ice processes, which include the homogeneous and
heterogeneous freezing waterdroplets,as well astheriming of graupeland snowOur
rationale for focusing on depositional heating imp&ctsased on the high altitude of this
heat source ahon the magtude of the LHR A parcetfollowing modeling study using
the LinFarleyOrville microphysics scheme showed LHR from deposition to peak
several kilometers higher than freezing heating in tropical oceanic cumulonimbus,
perhaps as a result of neoefficient warrmrain processes and lower CCN concentrations
(relative to continental storms) causing rapid depletion of cloud water above the freezing

level and limiting freezing heating to a shallow layer (Fierro et al. 20k®)seresults



were consisent with observationsf radar reflectivity and cloud water concentrations
decreasing more rapidlyith height for TCs in comparison to labdsed storms
(Jorgensen et al. 1985, hereafter JZ[He strong dependence of CB activity on warm
SSTs (CZ13) sugges that a hight, (equivalent potential temperatureparitime
boundary layer (MBL) environmewbuld bea critical precondition fomitiating updrafts
strong enough to tap into depositional heating sources @ofignificant buoyant
acceleration boosthouldresultfrom the much greater magnitude of theent heat of
deposition (L4, 2838 Jg*) compared tahelatent heat of fusion (L, 289 Jg*, see Rogers
and Yau 1989 the differencebetween the twas the latent heat of vaporization JL L,

= L,+ L;. To study the impacts of depositional LHR, the NFUS sensitivity simulation
usesa modified microphysics scheme whereby the fusion corapt of depositional

heating § removed so that,E L,. No other aspects of the microphysics code are altered.



Chapter 3. Intensity Changes

Figure 1 compars the time series of minimum central pressure, (P and
maximumsurface (at z 40 m) wind speed (Yx) betweenCTL and NFUS Following
an initial 15-h spinup, CTL commences a ped of rapid deepemg in P, and
strengtheningn V... By 32 h into the integration, hereafté2.00, V,,, levels off near
72 m $, while R, continues to fall, albeit less rapidly, until it reackeminimum of
890" hPa around6:00. Although seemingly inconsistent withe conventiongbressure
wind relationship, theslower rateof V,,, increaseduring the l&er partof the rapid
deepeninghase has been attributedrtense frictional effects in WilmaOs exceptionally
small eyewalland to the lack of any further coattion (CZ11; Kieu et al.2010). This
21-h (i.e., 15:00886:00) periodis characterized by B, drop of B hPaanda V.
increaseof 27 m s, easily exeeding the convention®&l threshold and we will refer to
it asthe CTL RI phase fothe remaindenof this study After 3600, a developing outer
eyewall begins cuttingff the supply of highk#, air to the inner core region, weakening
the storm andbeginning an eyewall replacement cycle (ERBYyond54:00, as theouter
eyewall begins to contrad®,,, reaches a steady stathile V,,,, graduallyincreases

Removal of the fusion component of depositional heating results in a
significantly weaker storm dhe time of peakintensity, with a 30 hPa increase P
(920 hPan NFUS versus 890 hRa CTL) and @12 m s'drop in V. (60 m s"in NFUS

versus 72 msin CTL). At 19:00, a sustained period oapid P, falls begins]asting

! Slight differences in peak intensity and intensification rate from those reported in CZ11
(890 hPa vs. 889 hPa and 6 hPa$ 7 hPa #), aswell as small differences in other
fields, likely result from use of different WRF data postprocessing packages.
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Figure 1. Time series of minimum central pressuggjRand maximum 10n windspeed (Wax) for CTL
(black) and NFUS (@y) from the 3km resolution domain. Vertical lines denote characteristic times

discussed in the text (solid for CTL and dashed for NFUS).

through 3500, at which timeP,,, begins fallingat a rateof 0.9 hPa h until it reaches a
minimum at 4:00. Deite shoving areduced intensificatiomate, he NFUS 19:00-
35.00 period still qualifies as RI per the conventional definition, with an average
deepening rate a3.0 hPa K. After reaching peak intensity, NFUS alsadergoesn
ERC and weakensefore gradally reintensifying with the contraction of the new
eyewall. The intensity differences becomless pronounced following the ER@nd the
simulationends with NFUS 15 hPa weaker than CTQomparing the modedredicted
tracks for the two simulations (not @kin), the differences never exceed 0.5 degrees
latitude or longitudeand both storm traskremain over the same SST environment,
leading the authors to conclude that the intensitieidihces presented in Fig. 1 are not

caused bynvironmental influences.



In summary, the NFUS storm undergoes the same basic structural changes
observedn CTL. While NFUS still undergoes RI, the onset is 4 h later, the duration is 5
h shorter, and the averageepening ratever the Riperiod is lower famely,3.0 hPa h
for 19:0035:00versus 3.7 hPatior 15:00-36:00 in CTL). The peakourly deepening
rate isslightly reduced % hPa h versus 6 hPa'tin CTL). The remainder of this study
will focus primarily onthe RI period

To see how the RI in R, differs betweerthe two simulationskig. 2 compares
ther time-height cross sectioh of perturbation temperatwsdg’'1z!!!, along with
potential temperatur@! taken at the eye centerFor both simulations the! = 370 K
surface begins to deendat Rl onset (130 CTL/19:00 NFUS)commencinga periodof
increasedupperlevel warming.Between 33:00 and 58:00lFUS develops a 124iC
warm anomalywhich isstill significant but far less substantial thiwe peak warming of
over 20 that CTL showsat 36:00 As disaussedin CZ13, this uppedevel warming
shouldprimarily result fromthe subsidencef stratospheric aiDuring the course oRl,
the NFUS isentropic surfaces fail to descend as Wath thed = 370 Kcontourlowering
to z = 9 kmandz = 11 kmin CTL and NFUS respectively, anavith the! = 390 K
contourneverdipping belowz = 16 km in NFUS, despitethe fact that it reaches z = 14
km at 36:00in CTL. Throughout the RI period, the warm caremains in the upper
troposphere, near z 4km in CTL androughly 1 km loweiin NFUS It appears likely
based a the hydrostatic arguments €12, that tre weaker NFUSupperlevel warming
accouns for a large portion ofhe 3GhPa reduction in peak sto intensity.

Since CZ13 attributed the CTéimulated intense uppével warm coreto the

development of CBs;ig. 3 comparethedistribution ofCB elementselative to the
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(black dots). Left panel shows CTL for (a) 15:00, (b) 20:00, (c) 32:30, and (d) 39:00. Right panel shows
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used (scale ticks mark 20-km intervals). Upper right label boxes display total number of CB elements in the
subdomain. Data for Fig. 3 and all subsequent figures are taken from the 1-km resolution domain.
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RMW, together withradar reflectivityat z = 1km and z = 11km, takenat a few
timesteps The CB elements are countedy the same procedues thatusedby CZ13
i.e., vertical grid colums identified thatcontain at least one point with Mi5 m s*at or
above z = 11 kmFor both simulations, the RI period is characterized by a contracting
and nhcreasingly coherent eyewadlyidentin both the radar reflectivitirendsandin the
tendency for the loca = 1-km and z = 1&kkm RMWs to follow an increasingly circular
patternabout the storm centéFigs. 3a-c for CTL,and Figs. 8g for NFUS).During this
period,CB activity remains concentrated neard inside the z = #&m RMW, where the
inertial stability andthe efficiency of LHR for TC intensification arehigh (Hack and
Schubert 1986)This is especially apparent once tgperlevel tangential wind fields
have beome more symmetrien CTL (Fig. 3b) andin NFUS (Fig 3f). By 3900
CTL/45:00 NFUS, both stormsare inthe midst of an ERQFigs 3d h), asshown by the
collapseof inner eyewall convection witthe development of an outer eyewall near the
60 km radius For CTL, CB elements now cluster in the outer eyewall, whereas
previously they had remained ndhe z = 1-km RMW, where! , and convergenckad
beenmaximized in the MBLThe following section will present a more detailed analysis
of CB activity and its impact on tHel of both storms

Figure 4 compareazimuthally averaged structurasthe time of peak Y (32:30
CTL/39:00NFUS, Fig. 1). Before discussing the differences, it should be noted that both
CTL and NFUS display the classic @moutO secondary circulation afmature TC,

with a lowlevelinflow peaking just oudide the RMW a titled updraft core, and an

> Note that CZ13 counted CB elements from 3 time levels at 5 min intervals, whereas
they are counted herein only from one time level, thusiog less CB elements to be
seen at t = 15:00 (cf. Fig. 3a herein and Fig. 3d in CZ13).
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and upper-level radial inflows (green contours, every 0.5 m s™). Bottom row: total frozen hydrometeors
(shaded, g kg™") with vertical motion (upward, gray contours, 1, 3, 6,9, 12 m s™'; downward, purple
contours, -0.25, -0.5, -1 m s™') and with the freezing level marked in light blue. For in-plane flow vectors
(m s™) in (a)-(d) vertical motions are multiplied by three. Green dashed lines in (c,d) show radial

boundaries of the slanted eyewall defined in section 5 at those times.

upperlevel mainoutflow branch in the z = 10 to z 6 km layer(Figs. 4a,b) Like CTL,
NFUS slows twofeaturesidentified inZC12 and CZ13 that facilitate pprlevel warm
core development-irst the uppeievel outflow layer coincides with the height dfet

warm core helping protect the warmr air inside the RMW from venilation by

13



environmental flowsAdditionally, both generatenupperlevelreturn inflow branchhat
extend downwardfrom above themain outflowinto the eye region near the altitude of
peak warmingFigs. 4a,b). Driven bythe mass sink and uppkevel cawergere above

the eyeand maintained by evaporative/sublimitive cooling from detrained eyewall
hydrometeorsthe return inflow may contribute to warm core development hyvidig
down stratospheric air (Z2).

Despite thesesimilarities, CTL shows adeemr and more intense primary
circulation Comparing the tangential wind fields, CTL and NFUS peak above 980and
m s', respectively, around z = 1 kiwith 70 m s'winds extending as high as z 6 km
in CTL but only to z =6 km in NFUS (Figs. 4a,b) For CTL, thepeaklow-level inflow is
5m s' stronger 80 m &' versus 3 m s', not show) with a deeper inflow depttwhile
the uppeilevel outflow braeh is 24 times more intengef. Figs. 4a,h.

Figs. 4cd compare theazimuthally averagedertical moton with total frozen
hydrometeors, defined here as theegraed cloud ice, snow and graupel mixing ratios.
The CTL updraft core (Fig. 4c) is significantly strongesith w exceeding 9 m™s
between z = 6 and z = 12 km. NFUS, by comparison, sipeakupdafts of 36 m s'
extendingthrough the depth of the eyewdkig. 4d). For both CTL and NFUSotal
frozen hydrometeors peak just outside dipper portion of the updraft coréhis results
from the fact that cloud ice initiat@s the updraft regioandthen grows by deposition to
snow while being advected outward by the main outfioat shown) The peakfrozen
hydrometeomixing ratioin CTL is 1 gkg® greater in magnitude, and loedtl km
higher. Any differencein thecloud species fieElmust resulfrom differences in the flow

fields as a response tifferences in LHR, since the microphysical mass transfer

14



processesn CTL and NFUS are keptlentical It certainly appears plausible that the
stronger CTL updraft core, with pealpdraftsmore closel aligned with peak frozen
hydrometeor mixing ratigsnay resulfrom enhanced buoyangeneratd by the greater

magnitude of L.
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Chapter 4. ConvectiveBurst Statistics

CZ13 showed how CBinduced compensating subsidence cosignificanty
contribute to the developmeat an uppeilevel warm core aftean uppeiievel cyclonic
circulation develos around the time of Rl onseMeanwhile a reduction in static
stability, resulting from the downward displacemenupper level isentropewers the
energy dispersiorof internal gravity waves.Nevertheless, the modest @&luced
warmingin the eye during thpre-RI stage allow for the development of the upplevel
cyclonic flows as a result dbcal thermal wind balancéBased on these finalys, and on
the thermal efficiency arguments of Hack and Schuyi®&6, we choose tdocusheren
on CB activity insidehe azimuthallyaveraged =11-km RMW.

The ime seriesn Figure 5 showshe number of CRlementscounted inside the
z = 11-km RMW, along with the mean CB radius artez = 1-km andz = 11-km
RMWs. TheCTL CB activity reaches a peak in the first few houtsjauted by CZ13 to
high CAPE in the bogussed vortakt = O h followed by a sharpetline until ON after
which it remainsat a stable level throughtthe rest of the RI periofFig. 5a). After the
RI period ends at 36:00nnercore CB activityall but disgpears which is consistent
with observational findings of other stormdldlinari et al. 1999 Note that the large
cluger of 70 CB elementat 39:00,shown in Fig. 3dis not countechere because the
mean z = 11-km RMW hasnot yet jumped to the outelyewall The NFUS simulation
(Fig. %) shows a similar overall trend, but with significantly reduced CB activity

throughoutthe pre-RI and RI perioddt follows that by removing the fusion component

16



80 o
°. o | I . Ll Ce, o Z
70 4 x e @ | * RMW (1 km) ... .‘ ’..’o.':.'o“.:.v'._looo c
>0 % | | © RMW (11 km) xd X =)
_ B0 " e | No. of Updrafts - 800 g
g - L Mean Radius - bt
> i:)) [ | o Tmaties el 600
- i
.E ‘ g-. 'o} I . 8
Fg 30 A x xxo':'..l. | . . B 400 =
Qﬂ.‘ .\ o “.o. LA I o
m 20 b * F '."-““. . ...ﬁ’e‘x ..o x g
10 | R e 83 7200 o
i I I =
0 T T | T ) E— -L.ﬂwmxmm._ O n
0 6 12 18 24 30 36 42 48 54 60 66 72
80 o o IE | | .c'. o . % 2
1= < RMW (1 km) ce 1000 g
707 . « RMW (11 km) g
60 - No. of Updrafts L
,8\ ,;:,?' . | * Mean Radius e 800 g
SR ; | Yo S
n 40 o"’:.. ... . | | o’u.oa'ow'.'..o“oa.‘.‘.-r 600 a
= e, | " 400 o
1 e . '. LA IR - =
é e %?W s ., *t )
20 N * .."é?:.j«g?‘xm& x ‘..‘: xxX X B
| T -200 o
104 | | 2l
" i) | @
0 E R e e e S ] O
0 6 2 18 24 30 36 42 48 54 60 668 72

Forecast Hour

Figure 5. Time series showing number of CB elements counted within the-km fifean RMW (orange
triangles) with average radius of CB occurrence (green crosses) for (a) i@if(b)aNFUS. Mean z =-km
and z = 11%km RMWs are shown as blue and black dots, respectively. Dashed vertical lines mark the

beginning and end of the RI period.

of depositional heating;B activity inside the z = 1-km RMW becomes Igs prevalent
both pria to and during RI, coinciding with a weaker, more slowly developipger
level warm core and a more modest rate of surface pressure falls.

Figure 6 compars histograns of maximum vertical motion altitude farpdrafts
peaking at or abové5 m ¢, at ary height, forthe pre-RI, RI, andpogs-RI periods

During pre-RI, the majority of intense CTL updrafts peak in the upper troposphere, with

17



the largest numbepeakingat z = 14 km Then, during RI, thdéavored peak updraft
heightlowersto 9 km with a secodary maximumappearingat 6 km near théreeang
level, although a substantial number of updrafts still peak aboveOzkmlDuring post
RI, the very small number afpdraftsthat reach 15 m $peaknear thefreezng level
NFUS shows fewew ! 15 m s'updrafts duringthe pre-RI and RIphass, with the
differences most pronounced in the upper tropospkemgre-RI, the strongsharppeak
at 14 kmis no longer presenteplaced bya broader, weaker peak spannihg 814 km
range Note the geater than threefold reduction in nioen of occurrences at z = 14 km
relative to CTL.During RI, NFUS showssimilar numbers of intensapdrafts at the
favored z =6 km andz =9 kmlevels butfor heightsabove z = @ km, the NFUSIintense
updraft count igeduced from CTL by at least one hadlhe lower frequencyof intense
NFUS updraftspeakingabove z = 10 knduring thepre-RIl andRI stags suggests that 1)
depositional heatinglays a crucial rolén generaing intenseupdraftsat thesdevels and
that2) these updrafts may be importanttie development of an upplevel warm core
in a rapidly intensifyingl'C (cf. Figs. 2a,b. Although observational studies have shown
that not all CBs induce subsidence flowing into the eye region (Heymstield2001),
we hypothesize thaeduced NFUS CB activity during the RI period resultannoverall
weaker contribution of subsidenteluced warming toward wargore development

Since CB development requires the presencaufiicient conditional instability

Figure7aplots SlantwiseConvective Available Potenti@inergy (SCAE, see Appendix
I) in CTL over theRI period Using this method, parcel buoyancy is calculated along

slantwise trajectories following constant absolute angular momentum (AANgces,n
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contrast to convdional CAPE, where parcel trajectories are vertical. Over the eye

region, the steep slope of the AAM surfaces (not shamakes SCAPE effectively equal
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Figure 6. Histogram of the average number of updraft columns inside the-kns dilean RMW with w !

15 m s for (a) CTL, and (b) NFUS, binned by altitude of maximum vertical motion.
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to CAPE, and we see a rapid reduction in SCAPE ademtiwith the markedpperlevel
warming following RI onseta result similar to that shown f@uper Typhoon(STY)
Megi (Wang and Wang 2014Although the eyewall showsegligible CAPE (not
shown) eyewall SCAPEemains greater tha#00 Jkg™ during RI, which is sufficient to
sustain peak updrafts at the LNB,{\y of about 30m s' (see Fig. 6 in Z13) using the

approximation

Winax = V2 SCAPE,

assuming an undiluted ascent in the updraft oditer 18 h, the reservoir dhe highest
SCAPE shifts from the inner edge to the outer edge of the eyewall, a result supporting
the findings of Frisius and Sch&mann (2012)hat SCAPE outsie a TC eyewall could
cause superintensity

The NFUS eyewall (Figur@b) showsreducedSCAPE althoughthe 200 Xkg*
available throughout the RI period is still sufficientgenerate20 m s'updrafts When
calculatingNFUS lifted parcel temperaturesce heating is not permitted, whereas for
CTL, the ice adiabat is followed above the freezing level. Despite the fact that the
microphysical assumptions used in the SCAPE calculations lack the complexity of the
Thompson microphysics scheme (and suppeddS freezing heating, which is allowed
in the NFUSWRF codg, theyshow that parcel warming from ice LHR is an important
contributor to SCAPE i'wilmaOsyewall, especially given the warmer environmental
temperatures experienced by CTL parcels rising alamgstant AAM surfaces (not

shown).
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Chapter 5. Vertical Motion Profiles

We nowcompare the CTL and NFUS vertical motion profilegth morefocus
on how depositional heating affects the full range of updraft intensfbesoth the
eyewall and the outer rainband§his is done byutilizing Cumulative Contoured
Frequency B Altitude Diagrams (CCFADsyuter and Houze 19%, which show for a
given heightthe percentage diorizontalgridpoints with vertical motion weaker than the
abscissa scalevalue. The inner and outer radial boundaraes assignedbased on the
azimuttally-averaged w fielduch thatl) thel m s' contourat z = 8 km and 2) th@m s
tcontour at all heightare fully enclosedkeeping theCTL and NFUSwidths the same
for each comparison tim@he Oouter rainbas@by our definition, include all points
from 20 km outside the z = 11 km RMW to the edge of a 200xkB00 km box
surrounding the storm cente&ll vertical motion data shown in Fig8-9 arecomposited
from a = 1-h time window at 3@min intervals
a. Eyewall

Figure 8 shows CCFADs (left panes) and areaaveraged vertical motiow(z))
profiles (right panel3 for the eyewallat two selectedimes Five hoursafter Rl onset
(20:00 CTL/24:00 NFUS) CTL shows an increased broadening of the updraft
distributionwith height with the $" percetile peakng at 14 m s' nearz =10 km, and
with the 99.9 percentile peaking even higher, & & s* near z = 13 km(Fig. &).
Although Black et al.(1996 found weakereyewall updrafs in a composite samptef

airborne Doppler radar vertical motiontagaken from seven hurricanesith the 95'
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updaft percentile exceeding 5 m $6 m s' in the upper tropospherefhdr eyewall
updraft core (ODoppler draftGyverage and maximum velocitigeaked inthe upper

troposphere near z = 13 kiMarks and Houz¢1987), also using Doppler radaerived
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vertical velocitiesfound the strongest updraftsHurricane AliciaOs eyewalh the order

of 512 m s' in the z = 6-14 km range with the highest values above z = 10.km
However givenour focus on aRI storm and the possibilitshat the aircraft penetratis

may have missed the most intense eyewall updrafts, either by chance or for safety
reasonsdirect comparison with these studiesatherdifficult. Stronger vertical motion

may be a characteristic &1 TCs, as the Hurricane Emily eyewall containedkpe
updrafts and downdrafts of 24 and 19 rh sespectively, with mean updrafts and
downdrafts roughly two times the strength of those found in other(B@sk et al.

1994)

The NFUS CCFAD (Fig. & has a similar shape, bsignificant differences
appea in the highest altitude$or the most intense updraftatz = 14 km, for example,
the stragest 1% of NFUS updrafts exceédm s' while the strongesi% of CTL
updrafts exceed8lm s*. Consistent with the moderate strength portion of the CCFAD
distributions (7@ percentiles and below)héw!!) profiles (Fig. &) show smaller
differences, buthe discrepanciebecome wideiin the z = 1-15 km range Figure &
also compares the areal fraction of core elements, defined here as gridpoints Wwith |w|
m s', following the convention ofiZL but without imposing any spatial continuity
requirementsAbove z =8 km, the CTL updraft core fraction sharply increasés a
maximumof 70% near z = 2 km. Although he maximumNFUS updraft core fractioms

slightly greater, it peaks Em lower,andabovez = 14 km it remains roughly10% less

than CTL. Together,the CCFAD,w(!)!and core element fraction profiles provide

further evidence of updraft enhancement by depositional aHRe upper levelsuring
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the early stages dRl, with the strongest impacts on theost intense 5% of updrafts
above z = Q km.

At the time of the highest \{;,« (32:30 CTL/39:00NFUS), the peakCTL updraft
altitude shifts lower, to near z = 10 kas seetoth in the CCFAD broadening (Fig. 8c)
and inw(1) (Fig. 8d).Wang and Wang (2014) showed a similar lowering of the peak
updraft heght during the course of th&TY Megi RI, and they attributed increased
eyewall tilt and stabilization from uppé&vel warming both of which are seen for CTL
(Figs. 2aand 5a), as possible causedNeverthelessintense updrafts satisfying the CB
criterion emain embedded in the eyewatf.(Figs. 3c, 5a, and 8c). The updraft
maximumbelow z = 2 kmlikely resuls from the enhance@kman pumping process
the eyewall (Liu et al. 199%hang and Kieu 2006The NFUS CCFAD(Fig. 8c)now
shows greater differenseFor the 90" updraft velocitypercentileand abovethe peak
shifts considerably lower, to z = 5 krat higher altitudeshe vertical motions ar@ow
weaker, relative to CTLand CB elements are no longer pres&hts might result from
1) a mordilted eyewall (cf. Figs. 5a,b) and 2) reduced LHR available to generate parcel
buoyancy in thewarmer upperlevel environment (Fig. 2b)in the middle levels,he
moderatestrengthNFUS updrafts in theCCFAD and | (1)! profile (Fig. 8d) are roughly
50% of their counterparts in CTLthese differences are consistent with the weaker
azimuthallyaveraged NFUSnidlevel updraft coreand larger areal coverage of CTL
updrafts within the 1&m wide annulus used to calatg probabilities (Fig 4c,d) The
wider CTL updraft core at peak intensity should primarily result fiivea merging of a
secondary eyewalfter 27:00(Fig. 12 in CZ11) The concomitant increase in eyewall

upwardmass fluxmight explain why CTL continue® rapidly intensify in the few hours
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following this merger, even reaching its peak hourly intensification rate during this time
(Fig. 1).

We now examine the eyewall dowafisin Fig. 8, focusing on the upper levels
Upperlevel subsidenceflanking updrdt cores has been documented in rapidly
intensifying TC eyewallgBlack et al. 1994Heymsfield et al. 2001Guimond et. al
2010, and as shown by CZ13, it enhances upgezl warm core development when
directed toward the ey&or NFUS5 h into Rl notethe reducedCCFAD broadening
(Fig. &), smalker downdraft core fractignand 03 05 m s' lower downdraft!l (1)!
(Fig. &) above z = 14 kmLargerdifferences in uppelevel subsidence are apparent at
thetime of peak Y.y (Figs. 8c,d), andwe canexpect much of the strong&TL upper
level subsidence to be directed toward the eye, given thedesdlopedreturn inflow
above z = 15 km in the CTL eyewall (Figs. 4a,c).

b. Outer rainbands

To see how the vertical motion profiles in the eyewall differ from thoshe
outer regions, we plovertical motion profiles for the outer rainbandsnsising of
convecive, stratiform and nonprecipitating regiof$g. 9 shows thathie outer rainbands
are characterized byeaker updrafteand a smaller area covered by camdative to the
eyewall confirming the earlier findingsof JZL andBlack et al.(1996).For both tmes,
CTL exhibits abimodal updraft profiléfor CCFAD broadeningand for I (1), with a
minimum near z /-8 km (Figs. 9a-d). This structuréhas been documented for tropical
convection in modeling studiegierro et al. 2009Wang 2014 and observatizaly
(Yuter and Houze 19%5 Hildebrand 1996;May and Rajopadhyaya 1996with the

upperlevel peakattributed toice LHR processe¢Zipser 2003 Romps and Kuang 2010
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Fierroet al.2012).The CTL rainbandsertical motionprofiles show little changefrom
the early RI period to the time of pea¥,,.x, which should be expected given that TC
intensification is controlled primarily by inneore processes (Ooyama 1982ye hours

into RI (Figs. 9ab), the NFUSupdraft CCFAD and! (z) profiles are nearly identical
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Figure 9.As in Fig. 8 but for the outer rainband region.

below z = 5 kmroughly the freezing levehut abovethis altitudethe NFUS updrafts
becomeweaker, particularly for the strongest 1¥heseresultssuggstthat depositional
LHR enhances the upptvel updraft peak assmted withbuoyant convective elements

embedded in the outer rainbanddg.the time of peak \{,.x (Figs. 9c,d), NFUSshows

greater CCFAD broadening and a strongéz) relativeto CTL, but above z = 12 km
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these differencedbecomegreatly reducedor reversd in sign for the case o (z),
implying that reduced depositional LHR still has an impact on NFUS updaattse
upper levelsThe larger updraft corgactionin NFUS belowz = 12 km suggests that the
CCFAD andw(z) profiles are reflecting &arger areal coverage sfgorous convection
in the outer rainbands at this time (&igcg).> Both CTL and NFUS exhibia bimodal
structure in thedowndraft CCFADs, downdraft cordraction, and downdrafw(z)
profiles (Figs. 9a-d). Our results support the findings 6titer and Houze (199@6b), who
reported uppelevel downdraft peaksdgacentto upperlevel updraft peaks in ordinary
tropical convection. TheCTL upperlevel downdraft peak shows greater CCFAD
broadeningfor both times(Figs. 9ac), suggesnhg that updraft enhancemenfrom
depositional LHR(and also possibly, sublimitive coolifgpm detrained hydrometeors)
may play a key rolen inducing uppetevel compensatingsubsidenceadjacent to

convective elements in TC rainbands

3 Note for NFUS (Fig. § the expansive band of high radar reflectivity with an
embedded CB element cluster in the southern and eastern quadrants, much agwhich |
outside of 47km radius, the innezutoff radius used for rainbands at this time.

28



Chapter 6. Thermodynamic Characteristics of Convective Bursts

In view of the important roles of CBs in the Rl of Wilma, wraminethe
thermodynamicsoundingsof two selectedCBs: onein CTL and the othein NFUS,
observed in the developing eyewall 5 h into RI (20:00 CTL/24:00 NFBi§3. 10a,b
comparethe CB horizontal distribution in relation toupperlevel vertical motionand
columnintegraed total frozen hydrometeord\Note theinward-directed subsidence bands
flanking severabf the strongestonvective cores, peaking at 7 this CTL and3 m s*
in NFUS (see arrows)thataresimilar toobservations of Hurricane Bonnie (Heymsfield
et al. 2001)Clearly,the CBsin NFUS can sl induce subsidencdirectedinto the eye
which is consistent with the fact that NFUS still undergoesFRI CTL, CB elements
and peak columimtegratedrozen hydrometas show a remarkably strong spatial
correlation(see arrows)This correlation fao NFUS issomewhat weaker, especially for
the CB elements in the northern eyewall, which are located several kilometers radially
inward from pealcolumnfrozen hydrometeors. While it might be tempting to conclude
that these differenceprovide further evidnce of depositional LHR enhang CB
updrafts, we must keep in mind tliat NFUS,the ircreased eyewall tilt magccount for
the radialdisplacementA threedimensional analysis of CB updrafts in a future study
might provide usvith abetterunderstandig of the relative impacts stirface heat fluxes
and uppeilevelice LHR processsin the generation oa€Bs

Now we zoom in on two CBspnefrom eachsimulation,contained within thd.5
degreeazimuthalslicesmarked by dashed lines Figs. 10a,b Their heightradial cross
sections given in Figs. 16,d, showan outwardly tied updraft core peaking in the upper

troposphergan upper level outfloayer(centered 1 km lower for NFUSand adeep
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Figure 10.Total frozen hydrometeors integrated from@®km (shaded, kg kg") with horizontal storm

relative flow vectors (m', vertical motion (upward, black contours, every 5 mdownward, purple
contours;7,-5,-3,-1 m s') and CB elements (white crosses) taken from (a) 20:00 CTL at z = 13m, a

(b) 24:00 NFUS at z = 11 km. Local z =fn and z = 1.&km RMW are marked by black dots and gray

circles, respectively. Dashed lines mark slice boundaries for azimuthal averaging ie@ghalsections

(c) and (d), which show radar reflectivity (shddeBz), 6 . (black contours, K), vertical motion (upward,

white contours, every 5 m'sdownward, dotted gray contourd, -3, -2, -1,-0.5 m §'), and AAM

(magenta contour, 5 x 167, 1.4 for CTL, 2.0 for NFUS), with iplane flow vectors (vertical motions

multiplied by 2). Slanted and vertical sounding lines are labeled with OSO and OV, O respectively. Black dots

in (c) and (d) mark parcel lifting points used for SCAPE calculations.
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layer descenbf stratospheric origirflowing down the inner edge of the upft core
CTL, unlike NFUS, shows a positivé, anomalyoccurring betweenthe updraftinner
edgeand coreabove z = 1km (Fig. 1&). This #,anomaly appears to result from the
upward transport of highet,air from the lower layers and the downward transport of
higher #.air from the upper levels,igen thenear conservation &f.. Similar features
have been showm CTL at RI onset (Fig. 6 in CZ13pincewater vapor mixing ratios
are extremely smalit this altitude #,should be nearly equivalent to The fact that
relative humidityassociated vh the#,anomaly region (not shown) is greater t/9096
suggests that its caused by excessiMeHR in the eyewall updrafs that could not be
compensated by adiabatic cooling

Figure 11 compars slantwiseenvironmentakoundngsin CTL (a,b) and NFUS
(c,d). For both simulationshe slantwise soundinggkenthrough thetilted updraft cors
to approximate the pahofrising parced in the radialheight planecloselyfollows lines
of constan#, (i.e., 366K for CTL and 364K for NFUSnd AAMin a deepadyer.The
skewT-log p plots show asaturatecenvironment neutral to moist ascerdrh theMBL
through200 hPain both CTL (Fig. 1a) and NFUS (Fig. 1), which is consistent with
the WISHE hypothesis (Emanuel 1986, Emanuel €1384. Althoughthese sondings
are not representative of thrdamensional parcel trajectories, which have been shown to
wrap azimuthally around the eyewall (Braun 2002), deenonstratehat a slantwise
neural soundingcan also be used to characterize the thermodynamic corsdifia CB.
Neverthelessthe fact that these soundings may not be entirely representative of the local
environment surrounding rising parcels, particularly given the rapid decline of

azimuthallyaveragenvironmentat,with outward radial extearfrom the updraft core
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(Figs. 10c,d), suggests that buoyant updrafts may still occur in an eyewall CB.
Substantial evidence for eyewall buoyancy on the convective scale exists, possibly
resulting from the temporary steepening#fwith respect to AAM surfaces in their
vertical tilt (Black et al. 1994 outward parcel displacememito a lower virtual
temperature environmerty low-level outflow (Braun 2002),or from the venting of
high-#.air out of the eye regiofLiu et al. 1999;Persing and Montgomery 2008astin
et al. 200%. Furthermore, an environment neutral to pseudoadiabatic moist ascent may
still support parcel buoyancy when icElR processsareaccounted for.

To investigate local buoyancy in tee€Bs, SCAPE is calculatedong constant
AAM surfacesrunning throughhe center of the updraft cores that closely parallel the
slanted sounding lines (Figs. 10c,d). The more than threefold increageved!l undilute
SCAPE for CTL with ice LHR allowed over that of NFUStice LHR neglected (Figs.
11a,9 sugges that parel warming from the latent heat of fusion (through both
depositional and freezing processes) might be an important contributor tbuogaincy
in the eyewall While the neglect of freezing processes in the NFUS SCAPE calculation
mightrenderthis value ait conservative, it is still sufficient to generatg,,> 17 m &

Figs. 11b,d compare profiles of vertical motion, cloud species mixing ratios, and
#, between the two simulations general the cloud species profiles are fairly similar,
with cloud ice and snow peaking in the 180 hPa layerand graupel, formed by the
riming of ice and snow, peaking just above the freezing level where supero@itrds
more abundaniThe vertical motion profiles show a simildrape with peak magnitudes

of 16 m s*for CTL and 14 m $for NFUS but notethat the CTLupdraftpeaks 1.5m
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higher, closeto themaximumsnow and ice mixing ratio®ossible etrainnent effects
and negative perturbation pressure gradient forces,nsgflectedn our analysis, might
account for the peak CTL and NFUS updraft magnitudes falling short of the w
predicted by SCAPEAIso noteworthy is the nearly constahiprofile in NFUS over the
550-150 hPa layerwhich contrasts from the CTL profighowng a gradual#.increase
above a midlevel minimumEierro et al.(2009 2012 showed#, traceswith shapes
similar to the CTL profile for parcels rising through trogi@ceanic cumulonimbus, and
they attributed the midlevel minimuno dilution and the recovery at higher levels to
LHR from ice processes. Sincg is conserved with respect to the latent heat of
vaporization, the absence o#gncrease at higher leveils NFUS is consistent with the
removal of the fusion componeuoit L.

To illustrate how slantwise, as opposed to vertical, soundings through the eyewall
provide a more realistic representation of the thermodynamic environangrit2 shows
soundings tagn alongvertical lines marked OVO in Figl0Oc,d, which extend downward
from the upper portions of the updraft corélse near dry adiabatic but saturated layer in
the 750800 hPalayerin Fig. 12awould imply an absolute unstable condition fguright
motion, but here it justeflects an upward transitioirom the MBL with a #,minimum
nearz =4 km characterized by subsaturated conditifefsFigs. 1@ and12a,b), Above
the #,minimum, the soundingenetratesnto the highe##, updraft core with a steble
lapse ratebetween 400 and 250 hPa. The NFuStical soundinggFigs. 12c,d) show
similar trends with an increase in#, now evident with upard extentfrom the

unsaturateanidlevel downdraftegioninto thesaturatedipdraft coreNotethat unlikein
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CTL, #, no longer increases aboze= 11 km, where cloud ice and snow peaki where

depositional growth should be maximized
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Chapter 7. Summary and Conclusions

In this study,the impacts of the latent heat of fusion on the RI of Hurricane
Wilma (2005) are examined by comparing ah72ontrol simulation of the storm to a
sensitivity simulation in which the latent heat of deposition is reduced by remibsng
fusion componentAlthough he NFUS stornstill undergoesRl, theRI onset § delayed
by 4 hours, the duratiais 5 hours shorter, and the average deepersitegs reduced3.0
hPa h versus 3.7 hPatin CTL). For bothstorms, the RI period isharacterized by
lowering pperlevel isentropic surfaces and the development of anomalous warming
near z = 14 kmin the eye At the time of peak intensity, the NFUSorm is 30 hPa
weakerin P, with upper level warming reduced ByC.

During thepre-RI and RI periods, NFUS shus, on averagea lower number of
CB elements inside the z = kKin RMW. These results are supported by CCFAD
diagramscomposited from a-B period early in the Rl phase which feature stronger
eyewall updrafts in CTL, most notablyin the upper tropospheréor the highest
percentiles of the velocity rang&he eyewall CCFADR also showstronger subsidence
above z = 14 knn CTL. At thetime of peak Y,.x, CTL displays astrongerazimuthally
averaged secondary circulatian For both simulations, the outer rainlanare
characterized byveaker vertical motionelative to the eyewallalthough depositional
heating appears to enhance updrafts and the associated compensating sudiisidence
upper levels as well.

Soundings taken through the updraft cores of salleCtgs inside the uppedevel
RMW during RI revealneutral toslantwisemoist ascentThe altitude of peak vertical

motionin CTL is 1.5km higherthan in NFUS, closer to the highest cloud ice and snow
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mixing ratios.For CTL #,, which is conserved with resgt to condensation but not
fusion shows a gradil increase with heightom the freezing level to the tropopause,
but for NFUS it remains nearly constant over this altitude eanghich should be
expected, giverthe removal of the fusion contributioto L, Furthermore, SCAPE
calculations reveal iceHR processsto be an important factor in generating sufficient
conditional instability to support CB updrafts in the eyewall.

The aboveresults supporbur hypothesis thahe ice LHRin the eyewall from
depositioral processesacilitates TC intensification through the generation of CBhe
extreme altitude reached by CB updrafts allows for the downward dispateof
stratospheric air isompensating subsidence curreRkcommences once an upgevel
cyclonic circulation can develop, which acts to proteetrming over the eydrom
ventilationby environmental flows. fie CB-inducedsubsidence warminthen begins to
concentrate to formraupperlevel warm core, which hydrostatically enhances surface
presure falls. Enhanced radial pressure gradients in the lower levels spin up the
tangential wind circulation from below. Despite the reduced impacts of depositional
heating, the NFUS simulation nevertheless generates an intenseP&20C that
undergoesRI per the conventional definitipnand we see evidence of upievel
subsidence directeadward the eyeoincidentwith the development of a warm core. The
fact that the NFUS storm remains in the same -8§A environment as CTL may
account for the sukential, albeit reduced, numbaf innercore CB elements that it
generateprior to and during Rland future work is needddr better understanding the

relative impacts ofurface heat fluxeand iceLHR processson the generation of CBs.
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This studynonethésshighlights the importantontribution of the latent heat of fusion to

TC RI through deposition in the eyewall, given favorable environmental conditions.
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Appendix I : Calculation of SCAPE

SCAPE is calculatedfrom azimuthallyaveraged variablefollowing Craig and

Gray (1996) using the integral

SCAPE = d||;# [TVP— Tir

— ]AAM dz (1)
whereT,,and7,, denote parcel and environmentatual temperatures, respectivelgnd
g is the gravitational constanAlthough the limits of integration run from tHdting
condensation level (LCL) to the level of neutral buoyancy (LNB), negative areas between
these limits (also referred to as convective inhibition) are not included in the summation.
SCAPE is equivaleribo CAPE, except for the fact that the vertical coordinate z follows
surfaces of constant absolute angular momentum (AAM), given by
AAM = r(V + fr/2) (2)

where r is the radius, V is the tangential wind, and f is the Coriolis parariéter.
SCAPE inegration isterminated forAAM surfaces extending more thas0 km beyond
the lifted parcel radius prior to the LNB being reachewforcing this limit ensures that
for parcels lifted from the eyewall (the region of focus for our study), the SCAPE
integraton does not extendially beyond a path physically consistent with the modeled
slantwise convection, given the tendency for AAM surfaces to become nearly horizontal
in the upper tropospheré parcel lifting height of z = 0.75 km, chosen for its close
proximity to the top of the MBL, is used for both CTL and NFWParcel AAM is kept
constant above this height by interpolating through the radight grid.

Lifted parcel temperatures for both CTL and NFUS are calculated using

reversible thermodynamical( condensate retained in rising pasteWhile the effects of
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entrainment are not considered here, they should be less significant for theoireer
region given the high ambientid-tropospheriaelatve humidity(Molinari et al. 2012);
furthermore,any overestimate of SCAPE based on neglecting entrainment should be
partially compensated bypr perhapsovercompensated by) our neglecting hydrometeor
fallouts from rising parcelsSince followinga reversibleadiabat requires the tracking of
hydrometeor nxing ratios we uilize a simplified 3species (vapor, liquid, and ice)
microphysics parameterization outlined in Bryan and Fritsch (2004)s, while the
initial parcel properties are obtained from the WRF model output, the computation of
parcel tempetares along AAM surfaces uses a simplified alternative to the Thompson
microphysics. Details of this-§pecies scheme can be found in Bryan aiitddfr (2004);

in summary, it assumegporsaturation with respect to water between the LCL and the
freezing kvel, saturation with respect to ice for temperatures bed®wC, and for the
layer in between, the calculation of supercooled liquid and ice mixing ratios uses a linear
weighting technique.

Lifted parcel temperatures are computed using

3)

DlIn! _ | Rm R DlIn! |1 'y Dry Lqg Dr;
Dt ’

lymi  Cp " ‘l'wy T Dt Cpmi! Dt
following Equations 4 and 8 in Bryan and Fritg@004), with mixing ratior designated
by the subscript/ or i for liquid or ice, respectivelyR,andR as the gas constants for
moist and dry air¢,,, as thetotal specific heat at constant press{weighted by liquid,
vapor, and ice mixing ratiospand withc, as the specific heat of dry air ebnstant

pressureFor CTL, ice productiombove the freezing level allows for parcel warming by

the latent heat of fusion (€ L, DL,) both for freezingdr,= -dr;) and for depositiondg;
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> 0, dr, = 0)." However, for NFUS, ice production is not pereit, forcing the
accumulation of supercooled condensate above the freezingtlaehotallowing L, to

warm the parcel bgither freezing or deposition processes.

4 Using reversible thermodynamics with ice processes included is considered the
most accurate method for calculating undilute CAPE in the tropical environment
within the constraints of parcel theory (Williams and Renno 1993), although
calculations with partial hydrometeor fallout have been performed on occasion
(Romps and Kuang 2010).
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