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Abstract

Tropi cal ¢t Nt lemrs estalydec€ohcamigreg better understood

r

S

S

t

e

t

(0]

u

search, although the Rapid Intensification
udy, the energetics of Hurricane Ear| (201
der st andi g¢nteaf aahnodw edii €sssgiyp @athe oughaonudt t hei r
ruchangks, including RI, the SecRIndary Eye
ow i ntensi f i cwetaikoennianngd. sFuibrssetquemotdel si mul
ainst obseorwnad isoinnsu luanttiidn awass obtai ned, su
curately reflected observations ithaterms o
t hen &Skgryw at i ons weareddihreqn tdlee i medle!l out put
mbi nati on whéeéal thlesei egqsianveared qgredtosmadd t
olution of ttilhe,enersgy paene®ma and ot her buc
rati d20®xif mulhat i on. It was found that gener
rm, andastesatt hirtougihcovet RI, whil e the budge
tside of the béwewekdr pyultdfiyhewdaredewmmer bet
sitive and negative generation grows throu

ch i nti éddii ftiitormea lelvyod wltki okni mogft i ¢ ener gy ( BKI

o ocsel y mat cchh atnbgke sEat ensThgse results, alth:

analysis of Earl|l mzmayapbal wyi deltyenaspglyied (TECs.
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Chapter 1. |l ntroducti on

1 Tropical Cyclone I ntensity Foreca
Over the past few decades, mtajopi @alvances
clone (TGWwelvVecat mooh Hess progress has bee
tensity (Rogers et al. 2006; DeMaria et al
mpl exity of TC intensistcal @ehamdesveemhiddle i n

orm and various asheastssvefttithbhal emsvenadoameanat
rface tempeAsataurrees(ud3ST, errors ifnurftolreercast
obl em€ whthnsity forecdotrs.stOhims undeg@eedir
tensification (RI), whichlis tdedé i maxi msman
stained surfabepwrndds pKapd20a0n3 )a. n @0InDee Meaxr ai nap

a storm RIhaits uHwudrerriwednnte hEaralpi d210 )nt ewmsi f

e presence of moderate VWS.

Previous studies of Earl haawrd fwgppsred on
vel processes and their relation to RI. Ch
rough the onseWe&dt hbe Researcaeah and Forecast
e initially tilted vortex became aligned v
nvexddlvee subsi-diedoeedntesbheanl e subsidence

014) s howecdorrten alti gahnt ni ng bur st preceded RI

ithin the Radius of Maxi mum Wi nd (RMW). Rog

nvective bursts (CBs), mostly within the F
vel circuveati o cveweeenaleo. -LAPdittai certalally,

015) further investigated the relationshiop



vortex alignment, finding that precipitation

aligned, ef alolteawiimgy toif deep comnwwexrsheaar from |
region. Although these studies offer a bread
relationship with other processes, they do n

t he EyewealmenReLlyal e (ERC) on RI and intensi:
1.2Ki netic Energy in Tropical Cycl ones

It is known that TCs concentrate | arge an
energy (KE),-cwirtehiregiba.i MHowever rdsndeoritadaient
specific relationship between energy gener at
FIl owsults in generation or di-ssbppation depeil
component is directed toward | olw oernehriggyh pr e
changes diuseo tar icoa ofslsow, whether positive or

to as positive or negative genéeatiton. Dissi

o

Ssi patbirorm td wea,ndviostchoesri tdyiIff usr deralt @ fb etctt &
and predict TC strength and intensity change
i's required.

Several observational and modeling studie
understand the KE produwcdgednr awwiths oinde€sc o Rp @
to calculate the KE and moist static energy
from their environment s -saunrdf apcreo d uacyee rmo sMc BK H
used data from the Atdwahate amar Pachddgethoa s
cloud clusters. It was | ater found t-hat inte

scale increase in KE and a decrease in | aten



| atent heat r el easees., Sahcihl eo bpsrearcvtaitciaoln ailn snteutd
' i mited by the poor resolution of observatio
their results. The | ack of observational dat
studying i mportaantt eatergecwrceipg ockessitniver r eg

because the study of these processes require

di fficult to obtain through in situ measuren
For these radaes onosd,el e shoasvce become i ncreas,i
studying the intensity, evolution, and struc

dense grmudlhitggh dat a.v eSedvnevreaslt isgtau deide st hhea ener g
the stafust@heoeugh +#leesodsude i ®n Mmogll i ng. For i
and Kurihara (1975) used the Geophysical FIl u
model to simulate an idealized TC and wused t
di ffer enthseotrag ele veefl opment . They found that
contributomgese,tlh¢étKBbughaedtei esnitsibotiowml Iy
negligible. Hogsett and Zhang (2009) perforn
espkecyabet ween akkEsEoaxandatleld with Hurricane Boni
other studiesebBbaVei mgedodkebdbsdto simulate t he
hurricanes (Braun 2002; Zhu et al. 2004). As
confidenttley icromveersdymgami cs and thermodynami cs

model ing during recent years.
1.30bj ectives of this Study

The main focuses of this study are to valid

and to analyze the energetic changes that oc



RI'. Additionally, structur al chhaonsgss ocf aEadl

withe Secondary Eyewall For m&tRICom he@SEF )g,0 adls
wi || be accomplished by investigating the fo
T Performance of t he model simulation rel:
intensity, and structure
T Intensity and structur al changes of Ear/|

occurred despite the presence of moder at
T Kinetic energy budget, including gener at

T SEF of Earl and its nrseltat icdhimntgesenerget.



Chapter 2. Moddet besolt oglyi on

21Model Description

I n order to study the energetics of Hurri
Research and Forecasting (WRF) amodeéels i s used
movement, intensity, and evoluti-waycan be an
nested domain (27/9/3/1 km), -fwiltl o wi e igmrn ars
with the storm |l ocated at the cengrirdof thes
di mensiamengatlye f our ndooneaisnpse,ciwhiccahl layr ede f i 1
The model domain coverage can be seen in Fig
initialized at 1800 UTC 26 August, while the
27 August. All simulations end at 1200 UTC O
condadist iace obtained from 1AT 1A resolution N
Prediction (NCEP) final anal ysi s, ammdt IB&T i s
mod el ini seal conmeaanhdduring the entire si mu

The -Kai hmohusuparameterization scheme (Ka
the two outer domains, while convection is e
On the other hand, the Thompson microphysics
pl anetary rboumBllagrtyprdirasyamst i on @Hdnghet i smpro2ed
surface flux scheme for hurricane force wind

are applied to all/l domai ns.

13
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27/ 9/ 3/1 km (3 andfadl komwidio gna

27/ 9/3 km domains are initia

1 km domain is initialized a
Cumul us Par a KaiFmi t sch scheme is used in
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22Mod¥eéri fication
2.2.1 Track and I ntensity

Ear | devel oped into a tropical storm on 25
0600 UTC 29 and reaching its first intensit
maxi mum wind incrl¢as &d®sflirtonm a2 8mi3nimmusm centr a

of 931 hPa at its peak. After reaching 1ts p
to weaken around 31 August as the storm sta
central pressurandntheasmaxdi mom9wkmtd P@e&®dened
UTC 1 September. Although intensity changes

ends at 1200 UTC 01 September as we are main

30N -
30
29
20N 28
27

10N - : - T ,
80w 70W 60W o0W 40W 30W

FigreComparison of the simuitataedk/ 9besemvarai
(bl ack) superi mpossuwr fvaicteh ttehmp e@ad elvieisd@ls hia s «
obtained for the model i nitial ti me

Figure 3 shows the simulated and observed

centr al pressure and maxi mum wi nd. Due to tt
in the NCEP analysis, the initial eakernsity
than the best track. The model, however, cap

1!



accurately, especiall wldtreidngtioohen Rlegpesi &®d.
UTC 28 August, happsoyirmatrely 24mat Hotvetv be, obk
simul ated storm completes RI around 0000 UTC
observed Earl, although the simulated syster
01 SepteDmxpite these minort einrsadacicradaions ,patt
similar between the two, although the model
by about 15 hPa, whi-tHh%.e qAfatteers Rlo, atnhergiomu lo

to weaken moderately, kwehisl e etrlye sd b gertvegd st o

1020 27AUG _ 2BAUG 29AUG 30AUG 31AUG  1SEP

10104
1000 -
990 -
980 -
970 -
960 -
950 -
940
930 -
920 -
910 -

(.8 UI) pUIM WNUIIXE

Central pressure (hPa)

FigBreComparison of the simul wtedanmdi nliOmum ¢
maxi mum wd ndo( Vhe NHECN WAM®s;t mordaeclk d(ak a i s fr o
domai n

2.2.2 Structure
Ear | u nche rISMEdFntb e gi nninmdg comu @ @hiuAun@us Sept e mbe

part of this <cycl e, a secondary eyewall for



moi sture andtbebatbhef ceavtent wdl Ityher sswlrtm,ng i n

in

of

e inner eyewasltlgsraniRd .t Tdheemddel shenul ati on

e structure of the storm wli8t horuggarl dag et a nt

, whi ch can be seen 1in Figure 4. For i ns
Il l apsing bynnz2300y@Ww@l B1 August, the si mul
ncentric double eyewall at that ti me. It i
ner eyewall begins. Thitsatidi nekelrye@asrsdicn @

thefioaenenaspetrhieodSEF esséortri asllliyyhacttys st

i ntensi fiTh&t iSEF) associ atiesd awiatl hy zeidmu Ina tneodr eE

Section 3. 1.

08/30/10 1200z 07L EARL 08/31/10 1800z 07L EARL
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o
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T . . 3 80 60
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€ = ol o Mo
v y 3 40
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Figuwre (Left) Mi crowave satdlhiNiatvval | Ragemy c o
Laboratory's tropical cyclone webpage) and
(shaded, dBZ) at the times indicated; obtain



23Kinetic Energy Equations and Met hodo

I n order to study the kinetic energy chang

of the simulation, budget equations are de
met hodol ogy of Hogsett and Zhang (2009). Ki n
LO — oFo
C

wi vlhei ng the horizontal vel dd¢ihtey dwintsh tiyeoped
air PkgoOmly horizontal wvelocity, not verticeé

cal cul ation because et lidasthgsderer ev earlt ioad alerco mgo

Starting with the horizontal momentum equat.i
[0 P~
— n
Qo 0

and taking the dot product of both sides, we

cBm P oomi omq m
which can easil ylbeowsinmgpleiqfueddear oamoeutsthieogt etdh e
def i niKtEi: on of

- oF 0 oF3 U O— (1)
where the first and second terms on the RHS

respeclthiiwseleyguati on wielflerfreadmtowowsomEghati on

heavily in calculating the energetics of Ear
energy budget equation in bulk form, foll owi
f(x,y,z,t), we deffiomlel awyol ume integral a

00 | Qi Qo



Given that each point Wbn the boundary has a

T(‘) 10 T T
The divergence theorem i mplies that

ro 1.9, ey o
o T—éQoo NEQF T Qw

so that

T 0 OQw 1Y 800 nEQ= Qw
which simplifies to
—600 _oFE0Q®_ oFgQa _MEOOF T (2)
which will from now on be referred to as Equ
Equations 1 and 2 are used in calculating
guantities, respectively, as described in Ch
control volume with a width of 400 km and z

prese, following thenimovememnt adble Hatrd qrma tt id&n
of the i n#rAeorlnooswi nsgt odrotma i n. First, individua
analyzed. Then, the technical soundness of t

buk energetic quantities are calcul ated.



Chapter 3. Resul ts

3.1 Secondary Eyewall For mati on
As mentioned in previous chapters, the si
Ear |l , although it is slightly tlhaet el .i5n krme prraodo

reflectivity within 110 km of the storm cer
Because the SEF does not begin until several

ti mes are not suthgowent., Eocawtl eyc oommai 3mGbtaMmmnmge @alroser

eyewal |, but they have not vyeet, fboyr nheadt ecro nicne |
anidnt o 31 August, the rainband has formed in
a doubl e eyewall st riunc toubrsee rsvianiiloanrs .t ol tt haaptp es
eyewal | weakens | ater on 31 August but t he
September, as thedengeesewnepalttheal Sa@md | taipme.
We further investli gat et eenee gteit mes iohm &mder t
energy and intensity changes are associated

The azi-avuehayeédg reflectivity and tangent.
axisymmetric view otthe het orard,i adr @i showrbuitn ok

guickly decreases early during the simulati ¢

the storm center by 29 August. It then remai
corresponds peakheftime ®sécbohdary eyewall . A
to dissipate, giving way to a newly for med
around 35 km by the end of the model run. I

appeartr todbeasoreélateivity maxima often cc¢

2|
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FigéreAzi mavbrhyed si mul ated radar reflectiv
wind (cobDhttowhmdgd,aimed from innermost domain

3.2 Energetics

3.2. KibBweltk ¢c Energy

Before investigating the ovearvelrlagere roguy kk
kinetic energy (BKE) is analyzed in order to
of the system and its intekKgi fiiscaelani vBéfyor
at its initial value (Figure 7). However, b

steadily at a fast rate, doubling in just o



eyewal | begins to form, wBNEdrereddcmes & opealpp

12 hrs. After then increasing again for near
this one greater i'n magnitude than the firs
eyewall reappears.

5.5

Volume—averaged

BKE

28AUG 29AUG 30AUG 31AUG 1SEP
2010

Fi gureVolawemeged bul k kinetic energy (BKE) nor
2.88%)x Ifmr instance, a valwue of 2.5 correspoc¢
BKE value at the initial ti me

Over the aondrsReopd8W i nt BKEI f hcakviases b
more than a factor of four. 't is clear that

energetic intensification of Earl, and that



variables such as tanggrettiials wifn RImagqrdi tSEdFe .
crucial to our understanding of and ability
cyclones. Additionally, it is evident that t
intensity changes bthEanl y(mi goredi Bf andn€¢gs
BKE is a useful i ndicator of hwurricane inten
Zhang 2009) .

3.2.2 Spatial Energetic Variability

Before analyzing the bulk energygl paidget t
of Equation 1 must be performed in order to
data sagowséilpdiysdg tal | aws. Because it is diff
second di ssnomattihdarm)nd ght des (RMHS) 1 oadndEg2adue
presence of the friction varilablteée WS wst da
the di s$sermatiaen wednd asi dehe( UHS), and take tF

the two in order to thedsoatminheahtaebtigéoald!

thaowvhere it is small. Figure 8 shows the resi
from the center of the storm. The residual

upple'vel outfil®wnee@lgi @ginblbetel sewhere. Thi s r e
plays a | arge role in boundaltrgvébyeut prowess
is influenced by turbulent diffusion associ a
espkecyatrue near the end of the intensificat
this time, Ear | al so contains multiple wupd
Additionally, these findings indicate that

perform the KE energy anal ysi s.
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Because -ithebacrriocssgeneration term is fair

energeticimpdgeantitoianderstand the spati al
termpeurnvol smaeusseda ng Equation 1. shomwst hihe nteasn
at two different timewpdeheRheandtthlee beghaemni
of pohet sl ow i ntenslficatcbeapethatodbarimcg b

generation is maximized in the eastern quad



previous researschfttlheant oxxlcauwss timatt htehieast er n
of other storms (Hogsett and Zhang 2009) . Ho
of negative generation | ate during RI, whi c
i ntensi fi clad a atni goneisoscaelfsasrciroo sgosi ti ve and nega
highly dependent wuponretehaetoveeshaarowmeototh
varies from one storm to another, as well as

Whi | eerntthiec adf eexrsoeshsar i gepesati oe remai ns n
samea om the beginning to entdhefnebeaetiwneéeensmp
t he western guadr ant i ncreasesndulmsgt atnta al
intens.i fThastedurui ng d®awlewdRBh, the eastern |
responsi bl epbsrgtemestatafont uggp to about 7 km,
westemmeglaal ve ondmgp areearcthes about 4 km. These
with Hogse@tOD&®nwh o hfaonugn d t h & & ot hKeE ciosn vneergsaitoi nv
the |l owest 300 hPa and positive aloft duri ng
vertical di stribution of radi al fl ows and t
easheat h. Additional l y, KEmarxiama lcys insc i sdheo vesp att
t he RMW, butgermdrtatoiugme maneioma t o t he RMW, t
creasssobaric positive and negative generation
precipitation and many other atmospheric qua
RMW (Wang 2002) .

3.2.3 Bulk Kinetic Energy Budget

It i s clear that the generation term vari

and that tsh ecshea nsgter uocvteurr et i me , especially widti



However,

evolution of

analyzing

t he

onl t he

y

energetics of

spati al

Ear |

Fi g@r eGatheon

m3)
whi

Distance from center (km)

Height (km)

and

Ka) 00 UTC 30 Au

B) 00 UTC 01 Se < &3
l», o

L5
7

"%

‘l
"/

-1-0.50.5 1

Distance from center (km)

c)oowrc:xo,\ugi““‘,e1")A‘LA

(—ﬁs‘\f\&K\F$wg1rT>y<A < M

JT<¢<A—44
‘14‘&;?3“

e Nye € e g4y

e««“s&‘\\xsr,
&(—(—“6'\\\"(1“
¢<¢wrk\" <

(v('f*"’t" € € g *k"'(44“7

-

(r,.kAA'ch(“ p TR LAAL o

0.5 7
-0.5
-1 6

14

d) 00 UTC 01 Seg
AT
ksxk\\\"br‘;(‘

12
&(rk\‘T\kvw(L

@

o

-

w

IS

b
-150-120 -90 -60 -30 0 30 60 90 120 150

Distance from center (km)

wi nd

termMs)shadend Eqdiami on
vector s;

*f*117“>

I/’».‘qu
/‘T<4>4(4¢

1,

0.5
-0.5
-1

structu

To do t

ki netic

t ope dtwicompsanaetl st me el h'D
e bottom tweos tp avneerdd ® cdanl ® rcey aossts



through Elgeausen o?, which provides an inte:
performing a bulk calculati on, ist wiesel mport
as the terms are sensitive to such domain si

Figure 10 shows the evelteutmsommvefr tthe kwlul
t he-h1 230 mul ati on of the innermost domain, cal

with a width of 400 km and a maxi mum height

RI begins, when it stdaurtasndt ddffrteemiodiew eirncrsea
fluctuations occur i n associatrcohl avplshée t he
r esi(dduiasls iumateirgm)es si mi |l ar changes throughou

undergoing fluctuations asspcl aatletdhowighh t hile
fluctuations are smaller in magnitude than t
cont ai nedN itherr,e wWHpilBcshi trievneaiannsd uneéei atit el WESF
cycle begins.

A more detail eNd twiremw a@fhstiolueghWweGHBE sd- negati v

averaged component s, i s shown in Figure 11.
negiave terms increase at simitlaat sratde. t Mowe
di vergbkbis difference increases substantially

occurring near the end of thenimdtemsttie cmadsio
and negative KGEN terms, which is expected,

field. It i's interestibggton nhoteohhatge haga
intens,y fhbetatt ba simul atewomdedvotud df meteiert oi bwee

featur e.
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3.2.4 Sensitivity to Domain Size
The bul k energetic quantitiesaipmovide a d
i ntegrat-ader ¥a@é d megu anstoibtaireisc ogfe ncerroastsi on, st ol

energy tendency, boundary flux, and the fric

FigafiePositive and ntehgea tviowe me@m®e@monent s of

guantities ademavernageadsboecmanidammadt vioé uanleo s e n

arbitrarily. We therefone parsfforfm d& henusiet iov



