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ABSTRACT

The 700 mnb aircraft reconnaissance 3Jata for 25 selected
northwest Pacific <tropical cyclores were analyzed ard cca-
pared with similar data €or Atlantic tropical cyclornes.
Correlations of cbserwd winds and winds calculated from <he
height gradient indicated that the cyclostrophic 23uation
provided a very good approximation of «ha observed wirds,
although the rcot aesan square angd bias 3arrors suggzsted that
a gradient wind expression was a slightly batter zsstima<ce, A
vind-radius relationship ewvaluated by Sh2a and Gray (1S572)
for Atlantic cyclones was shown to apply very well for <khis
data set also. Based c¢n the surfac2 prassure-aguivalane
potential temperature reiationship noted by Malkus and Riehl
(1960), it is proposed that periods of -apid/explosive deep~
aning are rslated to the inward transpaort <o the syewall of
"pulses" of high eyuivalent potential tempsrature air. The
evaluation of the aircraft ra2connaissance daza from four
super typhoons sujgests, but does not provide conclusive

pzoof, that such pulses do exist.
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I. INTRODUCTION

To define the s%tructure and dynamics of any a*mospheric
phenomenon, it is necassary to ob*ain oabservational data,
both horizontally and vertically, 3in the vicinity of +¢he
phenomenon. The data collectsd, e.9., tzmpecature, humii-
ity, h2ight of pressure surface, wind ii-zction and speel,
can be used to cons+ruct a mod=2l of th2 ph2nomenon. Theo-
ries which have been develop2d to dascripbs the phancaenon in
physical or mathematical terms can <th2n be t2st2d agains=
the “"ground truth® of the observational mod:zl, Rou+ire
m2teorological obsarvations from pilo: balloons, rawin-
sondes, aircraf% and, more recently, satellitz sounders,
have become available only within <he latiter half of +*his
ca2ntury. Surface observatisons are gena2rally clus+2rsd near
lard masses. Quality wupger 2ir data svar oceans are ceca-
fined o the few island reporting s<atisns and along 2irlins
routes and, <therefore,  usually do no% adjaquately d=scribe
ths significant wszather activity over large aresas of the
oceans.

Ona area of research which has suffared greatly from the
scarci*y cf high quality observational 3242 is the study of

tropical cyclones. Data c¢ollected in the vicinity of

1"
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tropical cyclones are sparse £or +two reassns: 1) rropical
cyclores tend <o be confined for most o9f <+hei- lives <o
t-opical ocsan areas, where tha number 5f upp2r air obssrv-
ing sites is 1limited; and 2) aizcraft and ships =<ad <o
avoid tropical cyclonas for safaty considarations.

Due to <these zonstraints on <he guaatity of <=ceopical
cyclons data, studies using these 2a«a ars necassarily of
two basic types: the "case study" method and the "composite
ma2*hod", The cas2 study approach involvas <he stuldy cf the
observations associated with single tropical cyclon2s (2.9G.,
La Seur and Hawkins, 1963). This t2chaigqu2 can o5nly be
smployed if a lacg2 amount of data has basn collec<ed (2.g.,
via spscial aircraft reconnaissance) becausa +he aormal daza
coverage is genemlly too sparsa <o dasc-ibe the trepical
cyclilone structure alegqua<ely. The ccaposite method may be
divided intc thres subgroups. Th2 ‘“rawinsonde composi«a®

-
-

chnique iavolves the «combination of a large number of

W

ravinsonde observations ccllect2d from iiff2rznt s+oras over
a long time period (Jordan, 1952; °Frank, 1977). The “con-
posite aircraft rsconnaissanca data" 1aethod involves the
evaluation of a large number of aircraf: observations in ¢he

vicinity of many tropical cyclones (Shsa and Gray, 1973).

12
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The <¢third method coabines aircraft azd rcawiasondz daza
through a compositing technijue. The rawinsorde composi=e
studies have proviled valuabla insight inzd the lazgye scals
tructure of the tropical cyclone and its 3avironmens, How-
sver, izferences concerning tha structurz2 close <o the cen-
%2z of <*the system, <2.4g. within 100 NM (nauzical miles),
b2coms tenuous beciuse of the smaller 4ata base available.
Upper-air soundings near the can%er of tzdopical cyclones arce
rare for two reasons. Tropical cyclonzs form ovar “ropical
oceans avay from -awinsonde sites, and it is vsry difficule
*5 launch rawinscndas durirng <he advers: waather coaditions
associated with mature tropical cyclones.

On “he o<her hand, reccnnaissance aircrafs have providegd
routine obsa2rvazions of <*he <4ropical c-yclone circula“ion
during various stajes >€f its davelopmeén:. The azjor Araw-
back to aircraft chbservations is that th2y are zaken a< orly
a small number of pressure levals (usuilly <cnaly one), and
“hus do not provide the wvertical structure informa<tion which
a favinsonde does. Still, much inforaa<ior concerning *he
ca3ntral structure can be gleaned from th2 large amount of

aircrafe data which is availabls from aany cyclones.

13




This “hesis prasents analysas of 7)) mab aircraft -2con-

naissance data for 25 selected <ctropical cyclones which
occurred in the ndrthwest Pacific betwaen 1978 and 1981.
The first goal of this study was to dezaraine if <22 meteo-
rological observations obtained by op2rational =ca2connais-
sance aircraft (vhose primacy mission is <Zorscast suapport)
are of sufficiently high quality <o provids tropical cyclorne
sructure information which is consistant «4ith the informa-
tion provided by the more sophisticated <cassarch aircraf:.
S2cond, an attempt was made to determiae, fcem the 700 ab
aircraft data, if a relationship exists between the arrcival
of high equivaleat potential <“emperaturs air n2ar <th2

ayewall and a subsequent drop in central surfzce prassuce.

14




II. REGONNAISSANCE Aé%ﬂ.&ﬂ TROBICAL CYCLONZ

A. BACKGROUND

Parly aircraft reconnaissance (T & WA, Iac, 1945; Wexla:
and Wood, 1945) was conducted primarily to> de*termine whather
i+ was possible for an aircraft *o pena2trate sa€sly <h-ough
~he center of a matura tropical cyclone. Observa+ions dur-
ing these flights wer2 mainly visual, but th2y did provide

nav informa<ion <concerning the 1larga~scalz dyramic and

[} ]

=hermodynamic procaesses which take place asar th2 canter of
a +*ropical cyclore. For example, 2arly reccrnnaissance
£lights discovered ¢h2 existence c¢f a rnarrow pand of ascend-
ing air near the cyclone ceater, "+<ha eyawall", with gener-
ally descending air {except in +hk3a vwvicizi+y of tha
cairbands) outsida of +this area (42xl2r and Wo2d, 1945).,
Prior to these obeservations, it was thought <ha* ascending
air should axist over +the entire arasa encoampassed by <he
cyclene, with descending air only within the 2ye.

By the late 1940's, aircraft reconnaissance %o support

tropical cyclone forecast csntars was beirg =coutinely con-
Yy

ducted by the U.S. Navy and Air Force in <the Atlantic and

15
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“he northwest Paclfic Oceans. Although thase fligh<s werce
operational in nature, it was of*en possible <o ga<hsr
rasearch data. Simpson (1952, 1954) and Simpson 213 S-zar-
re+* (1955) perforzed the first extensivs avaluation o9f ai:c-
craft reconraissance data frca operaziosonal and reseacch
flights inte both Atlantic and nec<hwast Pacific zropical
cyclores. Infcrmation providsl by th2ss studies =axpandel
and, in some <cas2s, al*ered -he existing <+heories of tha
hWorizontal and vertical s<eructure of th2 <tropical cyclone
tamperature and wind fields, pressure jradients and associ-
1ted cloud faatures. With the advent of specially equipped
“zopical cyclone rasearch aircraft in 1955, i+ was possible
©3 incraase Poth the guan<ity and quality 2f <+hk2 da=a col-
lacted. This advanceman® was crucial for <he detailed s=udy
of the near-eye structure as wvwell as =as wind, pressure,
«anperature and dewpoint fields (La S=2ur- ani Hawkins, 1963).

T2 mos< completa study to date 2f <+ha <ropical
cyclone's inner core region was accomplishad by Sh=za and
5ray (1973), who composited 13 yeacs df research aircrafe
raconnaissance data for tropical cyclonas in the west Atlan-
tic Ocean. The coaposite of <this largses amoun+ 2 data

alloved the documantation of subtle wind and <:ccemperacurs

16




asysmetries, The variability among *h3 individual cyclones
vas also deaonstrated.

+ydies of aircraft reconnaissance 1ata from ospsrational
and ra3search flights have also provided the oparational
forecaster with sose useful tools. Thes2 iaclude: a tech-

rom ail-

[{}]
(a ]

nique for astimating cen+ral s2a lavsl pressure
craft observations (Jordan, 1958); a propssad asthod fo- the
ds*ermination of tropical cylone 4in+ensity ¢<hrough upper-
tropospheric aizcraft reconnaissaace (Goay, 1979b); and a
*achniquz for forecasting intense <+ropical cyclones usirg

aircraft-provided temperature and dew point da%a (Dunnavan,

1981).

B, NORTHWEST PACIPIC AIRCRAFT DATA COLLECTION

"Tropical cyclone aircraft reconnaissance in  th2 north-
wast Pacific is conducted by th2 54tk desather Reconnaissaace
squadron of <*he United States Air Porc2 using WC-130 air-
craft. Since 1978, the Aircraf: Reconnaissance Weather
Officer (ARWO) on each reconnaissance aission has prepared
"peripheral data"” messages which are ralayed to the fore-
casters at the Joint Typhoon Warning Caatar (JTWC) in Guaa
via teletype. The peripheral data 1a3ssage con*ains the

position of “he tropical cyclonet's 700 mb center, “he 700 ad

17




haight, temperature and dew point at tha* ceater; znd <hs

700 ab height, temperature, dew point aad flighe lzvel wind
at 30, 60, 90 and 120 NM from the cycloas canter for both an
inbound and an cutbound £light legq. Except in areas of
restricted airspac2, <*he inbound and outbound lszgs are in
di fferant (usually opposite) quadrants >f “ha cyclone. i=
has been the policy of the JTWC to requsst aiscraf: recon-
naissarce to support at least “wo of +h2 four daily tropical
cylcone warnings, #hen logistically possibla. Thus, 700 ad
paripheral data, observad at Intervals of 12 h (hours) or
less, has been collected for many northwast Pacific “ropical
cyclones from 1978 to the present;

The 700 ab height data war2 ob*aineld using an AN/APN-42A
Radar Altimeter (>r as a backup, eizhsr an SCR-718 oT
APN-133 Radio Al=zimater), together with 3 3arcets Airsearch
Digital Pressure Eacodaz (or as a backup, aa AINMS Counter-
drum pointer Aner>id Pressur2 Al-imetsr). Tha radar orc
radio altimeter provided the absolute altitude of the aiz-
craft and the pressurs encodar (or al<iasts: provided thse
pressur2 al*itude. A series of calculations and corrections
vas employed to reduce these two measur=a213%ts t> a 700 mdb

haight value (Herdsrson, 1980). The acéuracy of a 700 ab

18

P .




haight determined this way is about 27 a (Dot 4, Air

Wsather Service, 1380, Typhoon Duty Officer Brief).

The 700 nb temperatures were measuc21 by a Rosemoun<
AN/ANMQ-28 Total Temperature Systeam. This device 2mploys a
rasistance alement in an external proba which is positicned
to reduce fricticmal effects. I+ is accuzate <o within 19C
(Hsndersorn, 1980).

The 700 ab dew poin+ temparatures weare a2asurz4d by a2
Cambridge Systems AN/ANQ-34 Adircraft Hygrometsar. This
instrumen® essen+ially measures the <*“eaperature of a mirror
which has been cooled to the point whe-2 condensation forams.
The device is accurate to within 19 C for zamperaturss above
0° ¢ (Henderson, 1980).

The f£light level winds (i.2. 700 ab) were da2terminzd
using a one~-minu%e average from a Dopplar radar. Measured
vind dirsctions are accura*e <0 within 5 dsgreas and speeds
o within S kt (knots). It should b2 not2d <that Doppler
at+enuation in heavy precipitation <coull produce spuriously
low wind spesd values (Det 4, Air Weathar Servics, 1980,
Typhoon Duty Officear Brief). Wind speads wer2 no*+ reported
if it vas obvious to the observer that extrZeme attenua+ion

had occurred. However, small reductisns in wind speed due

19




t2> attsauation wera generally not detectabls, and ¢<hacefor

ware a sourcs of error inr the l1ata base.

C. TROPICAL CYCLONES USED FOR THIS STUDY

It wvas decidsd that only those <ropical «cyclcaes which
transized the Philippine Sea east of ¢*ha Philippine Islarnds,
vase of =-he Island of Suam and sou*h of Japan would be con-
sidered for this study for th2 £ollowing reasorns. By ana-
lyzing tropical cyslones which existed in the same general
area, but reachk2d diffarent intensities, it was hoped tha<*
any geographic dspendence on intensifica~ion would be
ra2duced., Climatology indicates that th2 overvhelming major-
iy of northwest Pacific tropical cycloass pass thoough this
asea (Joint Typhoea Warning Canter, 1979-1932). Alsa, mos+
tropical cyclones which reach super-typhoon strangth, oT
undergo a period of rapid intensificazisn, 4340 so Iz <his
ragion (Helliday aid Thoampson, 1979). Rawinsonds sites ars
sparse in this part of the Pacific, so it was necessary €orc
*he JTVWC +o request extensiv:z aircgaf: ©z2connaissance for
cyclonas in +his area., This regicn is also equidistant from
the reconraissanca aircraft 1launch and rTacovery sites at
Clarke Air Base ia the Philippine Islands, Yckota Air Base

in Japan, Andersen Air Porce Base on Suam, 2nd Kadsna Aic

20
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Base on Okinawva, Thus, <*+he aircraf« havg long on-s=-a<=icn
¢times which permit the ccllection of larg2 amounzs of da=a
in the vicinity of cyclones in this araa. Racoraaissance
aircraft observa+ions for storms outside of “he region were

2xcluded frem this study.

TABLE I
List of Tropical Cyclones With Paripheral Data

# ST = super typhoon, TY = <yphoon, TS = tropical storm

Y=2ar Month Cg:lone Maximam Wind Mia Prassuzs VNo. of
ame (kt) (mb) Radial
Legs
1981 An TYS had 85 965 34
1381 sep ST elsie 150 893 ig
1981 Nov TY Hazen 100 956 32
1981 Nov ST Ircms 135 9502 32
1981 Nov TS Jeff 35 999 6
1981 Dec TY Kis 115 924 60
1980 May TY Dom 90 956 14
1988 Ma TY Ellen 110 931 60
198 Ju TS Ida 60 980 18
1980 Jul TY Joe 105 940 22
1980 Jul sT Kim 139 908 49
1980 Oc=* TY Bat<ty 120 928 4y
1979 Jan TY Alice 119 930 76
1979 Mar TY Bess 90 953 30
1979 Jul 1s Faye 40 998 10
1979 Jal ST Hope 130 898 6
1979 1Aug TY Irving 90 954 34
1979 aug ST Judy 135 887 52
1979 Seg TY Owen 1190 918 S8
1979 Oc# ST Tip 165 870 102
1979 Nov ST Vera 140 915 28
1979 Dec TY Ab?y 110 951 64
1978 Jul TY Ti X 790 967 44
1978 Oct ST Rita 155 878 58
1978 Nov TY viola 125 911 40

TOTAL RADIAL LEGS = 1002
The geograghic constraints establishad above allowed the

sslection of 25 tropical cyclones which developed betwean

1979 and 1981. All of the peripheral data for these 25

21




cyclones were obtaired from +*he archives of the Na<icnal
Climate Cen*er (Tzble I). This set included 2igh% super
typhoons (maximum sustained winds of 130 k%t or greater),
nine average <¢yphoons (maximum sustaina2d winds becween 100
kt and 130 kt) and eight weaker <4ropical cyclores ( maximun

winds less than 100 k¢).

D. DATA PREPARATION

Copies of the peripheral data msssagss przpaced by +he
ARWOS ware obtainel from +the National Climate Center. The
nassage format was sufficiently consistant from year to year
to allow ccepiling of the data into a mastaz file of all cf
the aircraft observations <£zo>m the 25 trapical cyclones,
The master file contained 4008 observatisns, <cach of which
contained; the year, month, 3ate and time of +the observa-
tien, the cyclon2 naae and numper; the 700 mb height,
«emperature and dew point at *h2 cyclona canter; the 700 mb
height, temperature, dew point and fligh+t l=zvel wini speed
and direction at the location; +h2 location of ¢ths cyclons
center (latitude and 1longitule); th2 location o9f <*he
sbservation with raspect +o the c¢yclona centar by quadrant
and radjial distance from the center (30, 60, 99, or 120 NN);

a designation vwhich indicated whethar tha cyclone ultimately
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bacame a weak, ¢typical or super typhoon; and aa indication
{f <he observation was pnade before taz cyclone =zeached
maximum intensity.

Bight consecutive lines represenzed on2 peripheral data
massage. That is, four inbound observaticns ( a= 129, 90,
60, and 30 NM) in one quadran:, and four outbound obhserva-
tions ( at 30, 60, 90 and 120 NM) in another quadrant. To
raduce the effects of cyclone movament 2ad asymm24riss in
*he dycamic and *hsc-modynamic fields, a1 s=2cond da<a set was
ganerated. This Jata set was composed >2f 2004 obszrvations
which represented the metecrological vaciables at 30, 60, 99
and 120 NM as de+ermined by avsraging th:z valuss obtainred on
the inbound leg ard outbound l=g a+t each radial distance fcr

2ach penetration of the tropical cyclona.
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IIrI. 1IHE ﬂwzgn&hﬂg SIBUSTURE OF IHE

After the aircraft data had been averagaed as dsscribed
in Chapter II and scanned for obvious erroscs, they were arna-
lyzed t> determine if the wind observatisons satisfizl gradi-
ent and/or cyclostrophic mass-wind balaace. Also, a wind
speed-radius relationship was evalnatel and coampar2d 40 a
r2lationship noted by Hughes (1952), Malkus aad Riehl (1960)
and Shea and Gray (1972).

The evaluation of the observed winds irvolvad three
basic assuampticas. First, i+ was assuz=23 cthat tha average
of *the wind speeds for the inbound and outbound l29s at a
radius vas scmewhat representative of th2 wind speed for the
epntire tropical cylcone a*t that radius and time, This
assumption would have been stronger <if it had been possible
+3 average more than Jjust <wo radial 1legs at a <*ime,
Secondly, it was assumed that <+the magnitude of “he %tangen-
tial wind could be approximated by th3a wmagnitud2 of the
observed wind. This assumption is supported by the findirngs
of Shea and Gray (1973), vwho d2termined that there vas very

waak azimuthally-averagsd inflow or outflow at the
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nid-levels (750, 650, 525 ab) from “he radius of maximunm
winds (RMW) %o a* least 40 NM. This implies “hat *+he radial
wind was either very small, or that the inward radial velcc-
ities occurred as often as th2 outward vslocities. I+ was
assunmed ihat Shea 2nd Gray's resul<ws could be applisd +«o the
700 ab level and cut to 120 NM. Wi<h a large data s=:, such
as the ore uysed in this study, the azimuthal averaging would
t2nd %5 elimina*te <the radial wird component so <hat the
observed wind woull be a good approximation of +h2 tangen-
~ial wind. Finally, ¢the masz-wind balanc2 eguations which
vere used in this study are valid fecr steady state situ-
ations only (i.e. “he wingd speed is not changing with <ime).
Al-hough the data represent tropical cysloanes at all stages
of deva2lopment, it was belisveil that <+ths large size of *he
data sst would allow fr an assump+=ion 5f st=2ady sta<e con-
ditions. This same assumption was also> made by Shea angd

Gray (1973).

A. THE MASS-WIND BALANCE
Tha gradient wind balance 2ogqua“<ion (Holton, 1979) can

take the fora:

2
X =
e+ fv =g &)

vhere, V = tangential wind speel
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r = radial distance from th2 center
£ = Coriolis parameter

2 = geopotential heigh¢

Solving for V with the positive root yizlis:

V_—_-ff+ _L,f_+ fh (2)

K 4 ar

Because 700 mb heigh* da*a were available a2t 0, 30, 60,

90 and 120 NM from +the cyclons cen<er,
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mated at 30, 60, 2and 90 NM using a center=ad finize differ-
ence scheme. By using this approxiaatiol :t5 +he derivative,
i+ was possible %> calculate gradient wini <speeds based on
the la=itude of th: cyclone, the distaace fzcm <he cyclons
cen“~er and the 700 mb geocpctential heignrt gradien+. These
g-adiert wini speeds were “hen compared t> =h2 observed wind
speeds (Table II).

The Coriolis parame*er in “he tropics is smell, and the
wind speeds associated with tropical cyclosnes can be high.
As a consequence, a scaling of <+he individual tz2zms in +the
gradient wind aguation indica“ss that 0 a good

approximation, this equation can be reduced <+o

1]

cyclostrophic balance eguation:

V= e @

r
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or V=[rae¢ (4)
or

Intuitively, this balance should be most applicable near the
cyclone center whsre r is small and/or in the lower la%ti-
tudes vhere the Coriolis parameger is saall. These cyclo-
stcophic winds were also compared %“o th2 oObserved winds a<

30, 60 and 90 NM (Tabla2 II).

TABLE II
Coarrelation of Cyclostraphic/Gradien: Wind and Obssrved Wind

Balance Radius dbs. Used

o R2grassion
(NY) Co

Lr. _ 2
of £, (vinds i

agquatiorn %
1 a/s)

®"Ideal Case" 1.000 x ¢+ 0.0

-
.
o
o
o

<

Sradiant
30 ALL . 782 y = 1.075 x + 2.5
La= LT 20 N # ,798 § = 1.116 x + 2.3
Lat GT 20 N * . 7136 ¥ = .922 x ¢+ 4.4
60 ALL . 812 y = 1.011 x + 2.1
Lat LT 20 N . 809 ¥ = 1.021 x + 1.7
Lat ST 20 N . 805 Yy = .960 x ¢+ 3.9
90 ALL . 800 vy = L.947 x + 2.5
Lat LT 20 ¥ 2820 {2 388 x + 1.0
Lat GT 20 N . 685 y = 7% x + 7.0
Cycleos-rophic
30 ALL . 7185 y = 1.081 x + 3.5
Lat LT 20 N . 799 y = 1.127 x ¢ 2.9
Lat 3T 20 N . 738 ¥y = .922 x ¢+ 6.0
60 ALL .81 = 1.035 + 3.8
rat LT 20 N 2 809 §21.038 x + 303
Lat GT 20 . 808 Yy = .969 x ¢+ 6.8
90 ALL . 803 Yy = 1.011 x + 4.3
Lat LT %8 N . 825 Yy = 1.031 x ¢+ 3.1
Lat GT N . 684 v = .810 x «11,2
% x refers to >bserved wind, y refers to calculated wind
& observatjons south °§ 20 fiorth latttuie .
* observations north of 20 North latitude
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When all latitudes and all radii wers included, ths
correlations of the calculated wind spe2ds with th2 observei
vwind speeds ranged from about 0.78 %0 0.8% for both the gra-
diant and the cyclos<crophic winds. The 1linear r=zgression
equations are2 als> listed in Table 1II. The coefficien«
multplying the obsarved wind in <+he linsar rsgressisn 2qua-
tion is near 1.0 in most cases. The y incercepr is gesrnerally
between 2 and 5 m/s, vhich suyges+<s *hat %he observed winds
are, ¢n the average, 2 to 5 a/s lower than +the calcula+ed
gradient or cyclostrophic winds. This is r2asorabls,
because the observed winds containad rcandom errors due to
inaccuracies in <the radius dstermination, and systematic
instrument errors. Also, fzictional affacts were n3t con-
sidered. Brrors are likewise in<roduced due to the wird
averaging process. Anthes (1982) has shown <ha%t if tangen-
tial wind profilss which are in perfect gradient balance a:c2
averaged, +the resaltant set of averaged winds will actually
b2 subgradient. This may provide an 2xplanation for as
laast part of the discrepancy between the calculated and
observed winds noted previcusly. The Llarge number 5f cor-
related pairs (an average of 450 per case), <together with

“he linear regression equations, support the contantion <ha+
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the calculated winds are a go54d estimate of the sbsecved

vinds.

Significant differancss between the2 corrala*ion of
observed winds with gradient winds, and that o2¢f observed
virds with cyclostrophic winds, wers 10+t eviden<, An
attempt was made *o discern the 2ffects of ths Coriolis
parametar by evaluating the cyclos*ropaiz arnd graiian+ winds
for cyclones north and sou*h of 20 ¥ . Again, tners was no
significant differance, although +he corralazion co2fficient
vas smaller for ¢th2 90 NM winds of cyclones north of 20 ¥,
This was probaltly because many of “he cyclones wer2 weaken-
ing and/or undergoing extratzopical *raasition north of 20
N. As a rssul+<, +*he wind angd mass fields wers bscoming
deformed to such an extent that <+he symm2t-y assumptions
previously stat=2d were ro longar applicabls.

The 1largest =correlation coefficients wa2re associatad
with +ha 60 NM winds (Pig. 1 and 2) and tha lowest wi%h <he
30 NM winds (Fig. 3 and 4). It was suspact2d that the lower
correlations at 30 NM were Jdue <+o a combination 5f the
sffects of <the proximity of the 30 NM observation %0 the
eyewall, vwhich could differ significantly from cyclone %o

cyclone, and the Doppler attenuation probleas which can
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occur in the heavy precipitation near tha cyclone centec.

Also, since the slope 2% the 700 mb surfacses begins <o change

vary rapidly across the r=gior from :che eayevall to th2
cyclone center, the centered finite diffarence approxima-
tion to the derivative of geopotertial hsight wi+h respect
t> radial disctance may become less accurate. This is cri<i-
cal, since zhe heigh%* at the c2nter arnd th2 heigh+ at 60 NM
i wvere used to estimate the dsrivative act the 30 N¥ -adius.
These compuzational inaccuracies coull coasribu<2 to +the

larger amount of scatter about +¢he lin2a: rsqgressisa "best:

fie" lines at wind speeds greater *han 20 wm/s. Since the

scatter below 20 ws is significantly laess “han <he scatter

above 20 m/s (Figs. 3 and 4), 2 wind sp=2231 o5£ 20 m/s (40 k*)
Bay indicate a thrashold for accurate sstima<tes of the inre:z
g2opotential gradisn<. Belov 20 m/s, <“he fini+e difference
approximation appears 5 be valid, but 2s +the 700 mb heigh:s

£111 near the <cyclone center, ard wind speeds increase +o

above 20 m/s (tropical stora intensity), <he accuracy of the

approximation decrzases. This *hresholl is possibly asscci-

; ated vwith the development of “he eyewail, which is 2 crucial 4
; : stage necessary for the continued dintensification of the

cyclone.

Dbl e
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+ was also tested vhether the erzcs statisstics 2= 30 NN

could be improved by changing the €inite differencing
t2chnigjue to reduce the inaccuracy 4in 23stiamating <h2 700 mb
slope across the eyewvall. Tharefore, the 30 NM 3a*a wvere
also analyzed using gradient and cyclossrophic =aguations
which evalua<ed th2 700 mb slcpe a+t 30 NM usiag <h2 ha2igh+
values a+ 30 and 60 NM, vice 0 and 60 NM. In both casas the
correlation coefficients were slightly sa2aller (0.779 vecsus
0.782 for the gralient «cass; 0.777 vwvarsus 0.785 for the
cyclostrophic casel). Significant improvemaat was eviden+ in
*he RMS errocs, hovever (as compared t> the RMS values €for
the centered differencing schame listed ia Table III). Fox
*h2 gradient case, *he RMS arror dropp=zi frea 11.2 m/s %o
8.8 m/s. Fcr the cyclostrophic case, th2 RMS er-cor dropped
from 11.69 m/s to 3.6 m/s. The decreasss wsre probably dus
*5 the slimination of the erroneously high gradien< approxi-
matiors associated with the small, compac: <cylonses. The
vary large reductisn in the RMS error which occurred in the
cyclos-ropkic case was probably due t> the fact that *“he
magnitude of the cyclostrophic wind is dapendent entircely
upon th2 heigh* gradient, whereas the jyradient wind magrni-

*ude is also dependent upon the Coriolis parame<sr. The
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bias errors were of similar magnitudes, bu:t differen< sigrmns.
Por the gradient case, the bias changed froa 4.5 a/s <c -4.6
2/S. The cyclostrophic bias charged from 5.6 m/s =o =-3.5
n/s. This 4impliss that the centered differencing schene
overestimated the slope and the non-c2at2red diffsrencing
scheme underestimated i<. The biggest discrepancies were
avident in the comparison of th? regression equations, For
both the gradjient and cyclostrophic cases “he slop2 of +he
ragression line was reduced from near 1.0 %5 less thaa 0.68.
This also emphasized <the ovarall unisrestimation of <+hs
height gradient by the non-centered differancing ¢echnigus.
Thus, no particular advantage was gain2d by using the ren-
c2ntersl differenciag tachnigusz at 30 NN, Although er-one-
ously high gradiants were eliminated, erroneously low
gradients were introduced. It appsars taz2< 30 NM is a cris-
ical distance where finice diffarenciag approximatioms
become <tenuous. Some knowledge of <eye radius would be
necessary to chocse the proper scheae £for 2 givaa situation.

The primary conclusion which can b2 drawn from lable IX
is +hat for most pacposes the mass-wind balaace withian 90 NN
can be approximated by a cyclostrophic balaace equatisn. An

examination of the root mean sjzare arror (RMS) and ~he bias
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values (Table III), however, indica*es that a gradiszr+ Ddal-
ance 2quation may be slightly mwmore accurate <=han <*le
cyclstrophic balance =2quation for +this 3a%3a set whasn a cen=-
t2red differsncing approximaticn to the heigh« derivative is
us&zd. Both the 30 NM and ¢h2 60 NM RMS =2rror and bias

vilues are lower £5r the gradisnt esquation cass=.

TABLE III
RMS Error and Bias Values for Gradian=/Cycloszczcphic Winds

Gradient Wind Case: ) RMS (a/s) Bias (m/s)
30 NM radiuas 11,2 1.50
60 NM radius 7.04 2.40
Cyclostrophic Wind Case: .
30 NM radias 11.69 5.61
60 NM radius 3.18 4.62
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CALCULATED WIND (M/SEC)
0.0 10.0 20.0 30.0 40.0 S0.0 60.0 70.

0.010.0 20.0 30.0 40.0 50.0 60.0 70.0
OBSERVED WIND (M/SEC)

. Pigure 1, Cglculated gradient vind é{-axlsb,vs chbserved
wind (f-axi ) at 60 NM radius, inds ia am/s.
Curve 1s least squares best fit o the data.

33




| L

T

0.010.0 20.0 30.0 40.0 50.0 60.0 70.0

RS

]

] 1 r 1 ] |
0°09 0°0S 0°0% 0°0E 0°0Z 0°01 00
(33S/W) ONIM G31YTIN3HI

)

clos«zophic vs

C

ept cy

ig. 1, 2xc

OBSERVED WIND (M/SE

ilar to P
observed wind

Simd

Pigure 2.

3
]
L)

1

L

0.010.0 20.0 30.0 40.0 50.0 60.0 70.0

L

7
34

I

|

L
OBSERVED WIND (M/SEC)

Sisilar to Pig. 1, 2xcept at 30 NM radius.

.mn o.mm o.mm mwmv o.mn o.mm omm—o.o
(03S/W) ONIM 03LHINIEI

Pigure 3.




1 1 A 1 J

1

1

0.010.0 20.0 30.0 40.0 50.0 60.0 70.

CALCULATED WIND (M/SEC)

J T T T T 1
0.010.0 20.0 30.0 40.0 50.0 60.0 70.0

OBSERVED WIND (M/SEC)

Figure 4. Similar to Pig. 2, except a*+ 30 NN radius.

B. THE WIND SPEED-RADIUS RELATIONSHIP

It has been observed

{Hugh=s, 1952; Malkus and Rishl,

1960; Riehl, 1963; and Shza and Gray, 1972)

horizorntal wind structure of a tropizal cyclone

cepresen-ed by an aquation of the form:

vi¥*=c¢C

whers, v

T

= tangential wind speed

from the cyclone cen*er
= constant

= constant
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Riehl (1963) assuma2d consarvation of poterntial vortici-y
. for a steady state hurricane. This assuaption iaplies <zhaz
the curl of the tangential frictiornal dzay is 2qual to zaro.

This further implies that +the partial derivative of the

n

ur-

face *angential stress with respect to hzight multiplis

Qs
(o4
-

the radius is equal *o a const2n% (since ctha partial deriva-
tive is propor+icnal 40 +he frictional 3irag). Intagrating
*his partial derivative from the surface %o th2 1laval a+
which the surface stress equals zero yields <ha -elation-

ship: rt = ccnstant, where r is the radial dis<ance €fronm

tha cyclone cen*er and ¢ is the surfaca tangential s=rcess.

If ~he drag coeffizient is assumed to b2 sonstant, the suyr-
face <tangen+tial s<ress is direc=ly proportional <o <*he

'squa:e of the tanjyen<tial wvelscisy: T = constan:t X v .

Cambiring this eaquation with rt = constapn: producss vrS
constant.

Shea and Gray (1972) calcula+ed a valuz for x, in (9),
of -1.05 (+/-0.6) inside the RMW (rfadius o¢f wmaximum wind)
and 0.47 (#/-0.3) outside the RMW, <£for profiles o5f fligh«
levels between 900 to 500 amb. The lat<er value is very

close to the value of 0.5, determined by Riahl (1963).
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To calcula%e a value for x in (5) fr>m the wind cksscova-

«ions associated with the 25 <tropical cyclones 3£ <“his

study, (5) was expressed as:

4
i Vit= {6)

where, X = - x!

InVv =x"Inr + C
or (7N

Por each radial lzgq, a least squares best £it linre was

de-ermined for *he set of four pairs of (ln V, ln =) ©points

at 30, 60, 90, =&ani 120 NN, By evaluating «h2 slove of tha
(ln v,1ln r) 1lines for many radial leas, i+« was possible =o
ob-ain an average x'.

The data set used for this ®hesis dii a0t contain suffi-~
cient information to determine <the RMW accurately. There-~
fare, to eliminata thiyse situaticns in which =he 30 NM wial
observation was definjtely wi-hin the RYW, only thoss radial
legs which display2d an incraase in wird speed with decreas-

ing radius were considared. With *his rastrictiom, an aver-

age x of 0.47 (+/~0.2) wvas obtained for the data s=t. This

value is exceptionally close to> Shea and 3:zay's value, which

indicates that the gquality of the operational reconnaissance
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data is or a par with the quality of tha Jata collec==4d by
research aizcraf:.

Using the exponent value of 0.47, aguation (95) vas
transforaed to calculate the 700 mb tangan<ial wind a+ ragdii

greater *han the RMW, given “hs wird sp2sd a«< 120 NM,
47
8
vV(r) = v(120) [J—?Q] ®

where, V(r) = wind speed a%* ralius r
r = radias greater than RMW

V(120) = wind spead at- 120 N¥

Correlations betweer the winds calcula<t2l using (8) ard the

observed winds ac-e shown in Table IV.

TABLE IV
Correlation of Winds Calcgigigd from 23.(8) with Az%ual

Radius Corr. Coeff. Regression Equation
(xm) {dinds in m/s)
"Ideal case" 1.000 y = 1,000 x + 0.0
30 . 735 y = 1.071 x - 1,6
60 «861 Yy = 1.%66 x - 2,9
90 «920 y = 1.039 x - 1.9

y refers to calculated wind, x refars ¢o cbserved wind
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For all <+hree radii ¢he correlation coefficiernts wer:
high ard “he <calculated regression equation was very close
+s the "*ideal” equatioa. This is anothar d2monstration tha=
the wind observa+<ions of this data s=2t adhsce <o the zgla-
tionship which has been noted in pravisus <reseacch. This
conten-ion is fu-ther supportzl by the small RMS =zrror and

bias values (Table V).

TABLE V
RMS and Bias fecr the Wind-Radiuws Relationship ¢f Eq. (8)

Radius (NM) RMS (m/s) Bias (a/s)
30 8.90 .85
60 4, 96 -1.17
90 3. 24 -1.37

Pigs. S, 6 and 7 are plots of measur2d wind ves wiand cal-
calated from (8) £for radii of 30, 60, 223 90 N¥, respec-
+ively. The =scatter about the Dbest £i+ curves descreasss
wi+h increasing ralius, which implias that the accuracy of
+*he wind-radius relationship of (8) i; raduced as *he radius
dacreasss froa 120 NM. Speci fically, +the large scatter
about the best fit curve a% 30 NM is probably due %o the
proximity of the observations to the ralius of maximum wizd
(vhich is no* known), vwvhere the coefficient in (8) changes
values, Doppler attenution problems in that region, as

previously mentionsd, can also produce spurious wind data.
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Rishl (1963) nd>ted that (5), with x = 2.5, app=sared %o
hold for +the tropical cyclones evaluated fo- his study. The
tangential velocities he considared, howsavar, Wwere gener-

ally obtained at al“«i<udes of saveral thousand fe2<. Th2re-

(84
-
-

E

'J-

(4

> of

»

il

fore, it may no* be proper to «corclud: <hat (
0.5, is validated by these ja*%a, Riehl®*s szla%tionship was
daveloped from <cther relationships which involved sucface
+angential stress, but thesz 700 ab obsec-vations are soxne-
vhat above the surface frictional layer. Als>, “hs assump-
«ion that +he dray cosf€icient is constant <hroughout <he
+zopical cyclone may b2 guestioned. It may be moc-e correct
t2 refer to (5), i<h x = 0.47, as simply an =smpirically
d2rived equa%tion, without attempting t¢5 givs a physical

iq1terpratation to the relationship betw22an wind and radiaus.
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Pigure 5.

Pigure 6.
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Wind from Eq. (8) -2 xis) vs obsarvad wiad (x-
egig;*gt 30qné. Cégve is)leaSt gqua:es best(fit
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OBSERVED WIND (M/SEC)
Similar to Pig. S, axcept for 50 NM radius.
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Pigure 7. Similar to Pig. 5, 2xecpt for 30 NN radius.
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IV. IHE MIST §2AI§UEEEB§!LLEI§H§I;ZISAILQH

’ A. REVIEW OF TROPICAL CYCLONE I NTENSIFICATION THEORIZES
For the purposes of this stady, tropical cycleone iaten-
sity and change in intensity wer2 arbitrarily defined in
<erms o2f cen+tral surface pressure, Shsess (1969) showad
“hat the 100 mb surfacs in <+he wvicinicty of a hurricane is

no* al*ered by the presence of the tropical cyclona, Thus,

the central surface prassure is dirac+ly proportional to +the
n2an temperature of the column of air over the canter (by
+he hypsometric equation). An aralysis of ¢he relaticnship
bastween central surface pressurz (as datscmined by 2x*rapo-
lation from 700 mb) and 700 mb center t2ampera=uce (2 crude
2stimates of the m3an temperature c¢f ths air coiumn), bpro-
duced a correlation coefficient of -0.68 fcz the data cf

+his s*udy. Given the large namber of teaperatura/pressure

pairs avaluated (476), a coefficient of +his siza implies
that the two parameters are related, as was expec:=ed (Fig. !
8) .

The temperature/pressure relationship described above is

a cornerstone of st tropical c-yclone 13velopmen: thsories.
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A prevailing <+heory of <+tropical cyclone iatensification
(2.9. Aaxthes, 1982) involves a2 rathar complex s2rias of
fa2edback mechanisms dealing with ths ralease cf latean*+ hea<t
and the associa*ed vertical adjustmencs, which are a0+ ye<
fully understood. A simplified explanation of this *heory
is as follows. As low-level air spirals +«oward the center
of a developing trapical cyclone, the ta2mparature and mois-
“ure content are increased du2 *o fluxes of heat and water
vapor from the sea surface and downward transfer of heat

from above due to entmainment aixing ani subsidence. ~ When

44




this low-levsl air reaches <he eyswall it begins <o riss
rapidly. Cooling due to expansion eventually inducss conden-
sation and <+he resultant release of tramendcus amounts ofFf

latent heat., Ra+ther than increasing ths ambient tamperature

within the eyewall, the latent hea: instsad is zzansformed
into potential energy by increasing the buoyancy of =he air.
Once +h2 air reaches the top 2f <th2 eyawall som2 2f i+« is
eventually entrainad into the eye where it is forced +tc¢ sub-
side, Thke physical process rasporsibls for this subsidence

is one of th2 phenomena which is nc+ fully unders+o24. The

subsiding air within ¢the eye warms by sompression a2nd pro-
ducas a decrease in the surface prassura. Thus, the sensi-
ble and latent heat which the air acquicsd 2s i+t passad over
*he ocean surface eventually is manifsst as an ambiens
tamperature increase and, thecefore, prassurzs drop, wi-hin
the eye. The drop in surface pressure increasas +«he infleow
n2ar *he surface which in turn enables the inflowing air <o
absorb still larger amounts of sensible and latent hea<
energy and the vertical circulaticn is 2nhanced. Some of
this energy continues to find its way iato *h2 eyz where it
causes still further temperature incraases and associated

pressure drops, and the feedback cycle continues. The
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tangential wind near the center increases, as the2 vsr+ical
circulation intersifies, due +to consarvation 2% angular
momentum. Once a tropical cyclone is deprived of i“<s source
of latant and sensible heat, as is th2 case whe2 it movas
ove:- land, for exaaple, dramatic weakening can occur.

As emphasized by Holland (1983), <clouds are a3 crucial
factor in the intensification process. Besides providing
the latent heat which controls <the strang<h of the vertical
circulation, the clouds also provide €£5r a local r=cycling
of mas3s. This recycling producss warminy necessarcy %o main-
“ain a balance betwean the mass fieli and the developing
wind £ield under +th2 vertical circculation. Also, Gray
(1979b) suggests that the recysling inducas a local enhance-
aent of <+he evaporation from the sea surface which helps
balance the export of moist static en2rgy by <the ver-tical
cizculation (Holland, 1983).

The simplified description of +tropical cyclonsz develcep-
m2nt presented above, known as the CISK (conditional insta-
bility of the second kind) tthsory, was proposed by Charney
and Bliassen (1964). Other res2arch (as summarized by
H#olland, 1983, for wexansple) has indicatad <hat the CISK

theory does not alequately explain all aspacts of tropical
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cyclone development. Ramage (1959) hypothesized tha« pcsi-

tive vorticity advection downstream of an upper-lavel trough
in the westerlies could inducs upper-lavel divergencs over
an incipient tropical cyclone. The low-level convergence
associated with the upper-level divergance could <han lead
£9 intensifica“ior. Riehl (1975) has proposed that 2 tropi-
cal cyclone may intensify if 3 neazby c513 upper~level <:zn-
pospheric low collapses. A secondary circulation is saz up
by the subsiding air in the cold low ani the «rising air in
the cyclone. Intansification Sccurs as aagular momantum is
cransported invard a+ low levels, Sadlsc (1978) has no=eld
+he relazionship between tropical «cyclone developmznt and
the position of +the Tropical Upper-Tropospheriz Trough
(TOTT) relative *o the cyclone. H2 suggas*s that +he
astablishment of 2as*erly and wes+2-ly sutflow channels by
“he TUTT increases the ventila*ion of h=a* away from *he
cyclore., This process appears to rasul: in intensificatior,
although &2 complete =xplanatisn of how upper-leval outflow
patterns affect intensity chang2 is lacking. In addicion to
the intensification mechanisms describel above, which rely
o a great exent on thermodynamic processes, 2 purely

dynamic intensification mschanism has also been proposed.
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Conservation of angular momentum producss regions of reg-
ative vorticity at upper levels near th2 center 5f a tropi-

cal cyclone. The s>utflow air can becoms inertially unstable

if this negative vorticity exc2eds the planetary vor<icity.
In this situa<ion, J>utwvard acceleration at uppsr levels
would davelop. Mass continuity would require surface con-
vergence, pressure falls and, therefore, cyclone Iatensifi-
cation. Although iner+tial instability is evilent ina
tropical cyclone modals, it has not b22i Jdirectly observad
(Black and Anthes, 1971, for sxample).

Prom the discussion above, it seems probable that +«ropi-
cal cyclone intensificaticn is sontrollal by “hs interaction
batween the cyclone and the synoptic scalas of motion, as
well as the interaztion between the moist convection ard the
cyclone scalss c¢f motion (CISK), as suggastsd By Holland
(1983). The role of tha synoptic scala anvironaent may b2
*o assis* in organizing the =moist convaztion fields o per-
mit cptimum exploitation by ths cyclona scale eavirorment.
Although tropical cyclone intensification is con+rolled by
+he dynamic interaction betw2zen “he <cyclone and synoptic
scale anvironment, it is ultimataely dependent upon the moist

convection (Hclland, 1983).
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Claarly, there is a direct relationship be<wesen <4he
strength of the vartical circulation 2aad zhe din%ansiey of
the tropical cycloae. The more vigorous the vertical circu-
la+ion, the lower *he central surfacs pressuace and the
greater the tangential wind speed near the central region.
Since ¢the vartical «circulation is «ceontroliad <o 2 greas
extent by the clouds near ths cizculation center, it is
plausible to assuae that a relationship may exis< betwvean
changes in the near-center cloud energstics and subsequent
changes in cyclone intensification. It would not be neces-
sary %o know the 2xact cause 9f the caangs in c¢loud ener-~
g2tics (vhich may involve complex interactions) in order to

avaluacte +he effects of such changes.

B. AN BQUIVALENT POTENTIAL TEMPERATURE SIUDY

One parameter tha+ can be used to estimate the energy of
a parcel of air (the non-kinetic portion) is the equivalent
potential temperature, since it <+takas in<d account the
enerdy due +to both sensible and latent heat. Yalkus and
Riehl (1960) attempted to determine the ralationship between
a change in equivalent potential <tempsrature and a cor-
responding change in surface prassure. They began with the

assumption <that the conditions within <the eyewall of a
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tropical cyclone are vary nearly moist adiabatic. This was

later varified by Riehl (5970). The hydrostatic squa<iox
vas then integrat2l ¢o determine +the surface pressure urdec
the eyswall assuming <hat the 100 mb lav2l was urdiscturbed.
Bacause the air was assumed to be sa<zurated, <he equivalent
potential temperature within the coluaa was constaant with
h2ight and the *emparature at any level c¢could be determinzd
from a moist adiabat. Using this <echnijue, and solving forc
di fferen* values of equivalent potential tamperaturs, Malkus

and Ri2hl (1960) daveloped the followingy relationship:

AP = - 2,5 (A Ge) (%)

whers, 8P = surface pressure chanjy2 undsrc =yswall

AGe = gquivalent potarn+ial tamperature change

Using aircraf*t resonnaissance da+a for Atlan*ic <“ropical
cyclones and a 1linear regression mezhaog, Rizhl (1963)

datermined “he following empirical r2la“ionship:

(p _1005) = -2,56 ('ee - 350) (10)

vhere, P = surface pressura2 under eyevall
GL = @quivalvent potaatial “emperature

(1005 and 350 are cefarence values)
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Bell and Tsui (1973) found similar rssulcs from 2 sat c¢f
ndrthwest Pacific tropical cyclones, excspt the cozfficien<
was de-ermined to be -2.25 vics -2.56.

The results of the above studies give a strong indica-

tion tha+ a change in equivalent poterntial zempera=uze is 2

nacessary, *“hougk probably nost sufficizn=, condi=ion fos
tzopical cyclone intensificatioan. It Is furth2r implizi

+hat *hose processes which govarr zha ¢: €2r 9f sepsibdle

™
=)
u

and latent heat to ¢the lowar a*mosph2rs ( s2a surfacs
ta2mperature and wind speed, for example) also have 3 signif-

icant influence on *he intensifica*ion oatzsrn of a “-opical

cyclene,

Tropical cyclones typically d2epen at rates of 12ss “han
1 mb/houz, but cccasisnally a cyclone will undergo a period
of rapid, or evan explosive, deepening. Holliday a:zd
Thompson (1979) defined rapid deepening as a prassuce drop
of 30 ab in 24 hours (-1.25 mbs/hour) and 2xplosive dzeperning

as a drop of 30 mb in 12 hecurs (-2.5 mb/hduc). The majorisy

of tropical cyclones in the northwest Pacific whick reach

super~zyphoon strength (maxiaaan sustainsd sus-face wind

speeds of at least 130 kt, or a minisum central surface

pressura 1less than about 911 mb) attain that intensity
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following a period of explosive intensification (Holliday

and Thoapson, 1979).

Two attsmpss have been made <o davaldop tachnigu=ss which
could be used +to forecast explosiva despening basz4d on 700
mb equivalent potential temperature. Sikora (1976) analyzed
dropsonde and upper air scundingy da<ta asssciatsd with +«ropi-
cal cyclones in “h2 northwest Pacific. An evalua<ion of ths
available da*a injdicated that <the pot2nzial for =2xplosive
deepening inacreased vhen ¢the 700 mb 2juivalent poiential
tamperature 2xceeded 370°k. Sikora was quick to poin%* cu+,
however, that his results were based on a small data set and
therefore may not be conclusive. Dunnavan (1981) dsveloped
an irtensity forecas<ting techniqua for northwest Pacific
tropical cyclones which involvaes monitoring the relationship
batween the minimua s2a level pressure at the cyclone center

and the central 700 mb equivalant po*teatial <emperature

[+
/]

d3termined by aircraf<, Simultareous pressuce and temper~
ature values are plot+ted verses time on the same graph. The
vertical pressure and temperature axes are orientej, based
on an ampirically derived relationship, s> <that explosive
deepening is anticipated if “he pressuce and <“amperature

traces intersect. This technique has shown some skill and

is currently used operationally by forecasters at “he JTHC.




C. A PROPOSED INTENSITY CHANGE RELATIONSHIP

There is significant evidence <%0 suoport the con=ention

that at least some of the change in “ropical cycions inten-

si*y can be directly related <> changes in 2quivalent poien-

tial temperature. If <+his is indeed thas cass,
assumed +that a st=ady, constan+ increase in
potantial <tzmperaturz would b3 associatal wizh

constant decrease in central surface prassure,
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car be

equivalen<
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ady,

and +there-

fore, an increase in intensity. Lixzwis2, a sudden increasa

in the eguivalent po+*sntial ta2mperaturz 5f the

air moving

into th2 eyewall aight be expacted =o prorduce a subsegquant

sudden decrease :in surface pressucre, and thersby initiare a

2riod of explosive deepening. Rapid or =xplosivs
mzy ofzen be dus to> the arrival, a+ <he bisa of +¢h
2 a "pulse" of 21iz of sigrnificantly higher

potential temperature. These pulsas could be <+he
an incrsase in the streng*h of the nor<hzast t-ads
s1rge in the soutavest monsodnal flow oI aceas
l5usly high sea surface temperatures, for axample.
case +he low-leval moistur2 conteat, and

aquivalent potential temperatuce, ¢ould be

significantly.
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If such pulses do exist, i¢ may b2 possible %o ds=ec=+
their presence from the reconnaissance aircraf+« 3ata befocs
they reach <the base of the syewall. The detec+ion of a
pulse before it reaches the 2yewall might provide a fcre-
caster with advance notice *hat conditions favorabla for a
rapid change in iptensity vere ieveloping. Significant lead

<ime may be possible because 2 period >f <“ime is required

£f5r the latent and sensible heat in *h2 low-level air *o0 be

t-ansported from the ocean surface +t¢o th2 in+terior of <the

aye, where it car produce *he surface prassures drop.

D. ASSUMPTIONS NECESSARY TO EVALUATE INTENSITY CHANGE

By compositing rawinscndz 3da%a €for z2ay Atlan+ic +ropi-
cal cyclones, Gray (1979a) was able tc show that ¢hs strong-
es+ inflow exists below 800 ab» withirn 12) ¥Y 5f the tropical
cyclone cen=2r (Fig. 9). Thus, the high 2quivalent po=ern-
«ial temperature air flows toward <the 2yzwall in 21 regicn
vhich is generally below <he flight lav2l (700 mb) flown by
*he reconnraissance aircraft in the northwast Pacific.

Frank (1977) has determined that “he @maximunm vertical
mo+ion associated with a tropical cyclon2 also occurs within
120 NM of the cyclone center. Since at least some o0f the

near-surface air is advected vupwazd cthrough the 700 =abd
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lavel, it is assumed that any fluctuazisns in ths near-suc-
face equivalent potential temperature wduld be raflacted at

~he 700 ab level where it coull be det2c:2d by a -econnais-

h

sance aircraf«+. A detailed analysis of Hurricane Inez by
Hawkins and Imbemb> (1976) showed that substan+ial variation
oexisted in <the horizon*tal equivalent potential %emperature
field. Vertical variations, however, appeared to follow a
pattern (Fig. 10). Araas of lower (or higher) 2gquivalent

potential <+tomperature at 700 mb appeared 0 ex%tend

vartically into the regions below 700 ab, as indicated by
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the vertical crientation of the centours., Bas=4 srn zh3
Hurricans Inez stuly, the assumpticn is mads “ha< <h2 =qu-v-
alent potential ¢smperatuze 2% 700 ab is rcela=2?f o <he
equivalant poten<ial cemperatur?a ir <th2 raiial infiow layse:

below.

HURRICANE INEZ
EQUIVALENT FPOTENTIAL TEMPERATURE (*K)

bwzﬁ?ma (Ma.)

3

40 ] 20
RADIAL DISTANCE IN NAUTICAL MILES FROM GEOMETRICAL CENTYER

Piqure 10. Vertical crass section of equivalent pctantial
temperaturs K% for agrrlcane Inez on 28
Septesber, 1966 (Havwkins ani Iabembo, 1976).
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Another assumption must be made concerning +h2 averaging

of the Jdata for the 25 <¢tropical cycloness of this s<:udy.
Ileally, ¢the ¢tropical cyclones would eoxhibi: axi-symametcy
with raspect to the tamperatura ard dew poin+s ficlds (ard,
*herefore, the equivalent potantial <tsaperature field) in
the horizontal. If ¢this were the casa, thenr i+ would be
passible *c assume that an average of th2 inbound and out-
bourd flight 1leg temperature and dew point valuss, at a
given radius, wvwculd be repressntative 3>f the entirz cyclons
for that radius. Clearly, complete syametzy is rnot often
observed (e. g. the field in Pig. 1) for Hurricane 1Inez,
1966) .

It is assumed that the change in cenc-al prsssure will
be due to the net change in equivalent potantial <2mpera%ure
of the low~-level air which is arriving a« <the eysw2ll from
all directions. Thus, if high equivalant po*érntial temper-
ature air from one semicircle 2f <+the cyclone arrives at <he
eyevall at the same time <*hat low 2agquivalent potential
+3aperature air arrives from the cpposite semicircle, they
may tend to offset, so that no significaant chaage in the
intensification trend would occur. An average of ‘he equiv-

alent potential tezperatures for the zwwd semicircles in the




 —— ————

above exampla would likely result in an 2quivalent po+en<ial
t2mperature whick would be consistent with a steady dsvelop-
mant trend. However, 3if high equival2nt po*antial “emper-
ature air arrives from both semicircles, <the averags of the
two.potential +emperatures would be large and sigrnifican*

intensification would be anticipated.

Because the aircraft reconnaissanc2 3ata of <his s<udy
vare used to analyze the equivalernt poten<ial +temperature/
intensity change relationship, it was nscessary t2 assunms
+hat the data cbtained for a radial leg ware Cepressentative
2f the semicircle “hat they wera center2i on. This is prch-
ably 2 good assump-ion <£for developing syclones (which ars
the main focus of this study). The assump“ion begirns to
break down, however, as <+¢h2 cyclones bagin tc¢ fill and
become 2xtratropical.

Equivalent potential <empsrature vilu2s are ax-romely
sansitive to the amount ¢f water vapor prasan*t in +the air
Therefore, +tc minimize the effects of extreme fluctuations
in moisture associated with random encounters with rain-
bands, +he emphasis of the study 4is oa the 30 NM observa-

tions. I+ was hoped that +he relativs humidity would bde

more consistent in that area since clouds and precipitation

tend to concentrate more uniformly near the cyclone cenier.
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Moist static energy is a m2asure of thas "sotal =2ffec=iva
energy®, since it takes into account both the sensible and
latent heat contained in an air parcel (Hawkins andi Rubsanm,
1968) . The equation which defines moist s<atic enz-gy can

take the form:

H=CpT + 9z + Lq n

where, H = moist static enezjy psr uniz mass
Cp = specific hea* of iry air at constant
pressurs
T = air temparature

g = acceleration of gravity

N
L]

height of pressura surface
L = latent heat of condensation

g = mixing ratio of parcal

It can be shown (Holtcen, 1979) <hat moist sta<ic energy
is approxima«ely conserved when equivalent potential temperc-
arure is censervad. Therefore, mois*t static energy vas cal-
culated rather than equivalent potential temperature, since

H is more easily evaluated.
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E. EVALUATION OF THE INTENSITY CHANGE RELATIONSHIP

Pourteen of tha 25 tropical cyclornas of <+his s:zudy had
data records of sufficient 1length and 3a%ail t5 131sscribe
their svolution. Pour of these 14 cyclones artained surface
central pressures of 911 mb or below following a psriod of

rapid intensification. The average prassure A-op was

approximately -1.7 mbsh ( -89.0 mbrus8.) +h ), which lies
betwveen the rapid and explosive deepening ra%2s defined in
Chapter IV, Graphs of central surface prassure varsus *“ime
and averaged 700 ab moist sta*ic ensrgy (at 30 NM) versus
time were prapared for each tropical cyclone. The four rap-

idly dzepening cyclones were s=valuated bsciuse <ctheir rapiad

intensification psriods were similar. The remainirg 10
cyclones cculd not be compared because tasir intensificaticn
and moist static 2nergy trends had very liz+¢le 3in coamon.
However, the graphs of two of these: typhoon JOwern and supe:
“yphoon Judy are contrasted with <the four rapid d2epening

cyclonss in subsection 2.

1. PEour Rapidly Deepening Iropical zyclonss

An examination of the graphs 5f <the fou

b}

rapidly
deepening tropical cyclones (Figs. 11-14) indicates that the

. moist static erergy reached a peak at 5r just prior 4o the
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period of rapid despening, 2and decreas23 Juring ths subse-
quent 48 hours. Th2 noteable exceptisn is super typloon
Irma (PFig. 14) whose 30 NM moist static sna2rgy continuad to
increase during the 48-h deepening phase. I-ma may have
bsen aa atypical cyclone, however, sipce her 700 mb eye
temperature never axceeded 20 . This is very low compared
+5 the typical values of 26 T or higher which have been
observad for tropical cyclones of her intsnsity (JTWS, 1980

and 1982, for example).
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The pressure and moist sta*ic srnergy correlatiorns
indicated 1in Figs. 11-14 ars consiste2nt with <he moist
s«atic =znergysintansit chanjye relationship discussed in
Chap+er 1V. The peaks in moist static 2nergy prior +o +he
rapid deepening phase may indicate the arrival, at “he 30 NM
point, of pulses of high eguivalan% potential “2mperature
air, The responses to these pulses (i. e. rapid surface
pressure drop) occurs during <+the subsaquent 48 h. The
dacreas? in moist static energy during the 48 h intersifica-

tion period implies that air with lower agquivalen: potential
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tzmperature had replaced the high potential tempera*ure air
at 30 NM, outside the eyewall. The rasponse to -“h2 lower
equivalant potential temperaturs air (i.a2. a pressurz -ise)
is no* manifest until after th2 rapid intensifica<ion period
ends. A sharp prassure rise after the siaimum c2n<ral sur-
face pressure was reached, was cbserva2d in all four cases.
I+ should be noticed +that super typhoon Tip (Fig. 11) 1lti-
mately continued t> deepen (to a recori 87) mb) =z2fter +he
initial rapid deepaning phase. Immediately af4«2r the 48-h
deepening pe-icd, however, aircraf+ reconnaissance revealesd
a short-lived period of pressurs increase (Fig. 11) which
may corcespond o <+he previous decrease irn moist static
energy.

The moist static erergvy/intensity chang2 rela+ion-
ship presented in Sec%ion C suggests that a sudden increase
in equivalent potantial <empsarazure is asscciated with a
subsequant decrease in central surfac2 pressure. This
implies that the wmagnitude of <+he moist sta+tic energy
change, and +the period over which it cccurs, @may be of
greater importance than the magnitude >f ths peak value.
The moist static eaergy curves 5¢€ thras of the four rapidly

dsepening tropical cyclones indicated a ctapid increass (*to a
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peak) prior o the 48-h deepening perioil. It can be specu-

lated that the decrease inr the moist static energy »f suger-
typhoon Tip prior to the final rise (Fig. 11) may be due o
smaller scales flustuatiorns, which wera 2nccunterzd by the
aircraf« at 30 NM by chance, Also, i- should be noted that
the four*h rapidly deepening typhoen, Icma (Fig. 14), did
not display a sharp Jjump in moist static energy prior +o
rapid intensification, but instead followed 2 steady
increasing trend.
2. Examples Cntrzary to :zhe Relatiogship
Two other tropical cyclores, typhooa Owen (Fig. 15)
and super typhoon Judy (Figq. 16), also 2xperienced abrup+*
iacreases in moist static eneryy, but thase iancreases occur-
r2d during, rather than prior ¢o5, the d22pening phase, The
paak moist tatic energy wvaluas were at<taipned absut 24 h
zior o the time 5f minimum cznwral prassure. Unlike the
four rapidly deepening cyclones above, <+hes2 twn did no+
davelop to maximum intensity dauring a singla rapid dsepering
pariod, but instead, intensified in spurts. This made i<
more difficult to evaluate the relatioaship of moist static
energy change and pressure change. Also, the significaat

pressure decreases prior to the rapid increas2 in moist
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sta*ic a3nergy, can ndt be explainad solsly by <=he moise

static energy/intensi“y relationship proposzd ia Secticn C.
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Peak values, or periols of rapii
s-a+ic energy werz2 nd2t confined <*o <the tropical c¢yclone
developing phase only, as is indicated by Figs. 11-16. In
fact, *he highest values and most extrems fluctuations often
occurred during ¢the filling stage (Figs. 11 and 16, for
example). This may be du2 to th2 expansion of the
inner-core region (as the tropical cyclone weakans) which

could place the 30 NM observations in the high equivalen*

66

Py




8-
= @
ES )
= —_
~ wn
n
. X
= R
28 S
72 «S
L 1 't';¥
o S
o )
29 "
a o Pl‘")w
o &
> =
J L(\!
o (3¢]
Q
[ -—
m .
®© ™
LI T 13 T 1 LB
0.0 48.0 96.0 144.0 192.0. 240.0 288.0 336.0
TIME FROM FIRST 0B (HOURS)
Pigure 16. Similar to Pig. 11, except £ar ST Judy.
potential temperature 21ir within “ha eya. Also, 3 general

breakdown in the tropical cyclsne struncture dne 5> extra-
tropical transition could cause <h2 averagiag assumption *o
b2come gquestionabls, especially if +ha cycione dJdavelopes
large asymmetries in “he horizontal t=apz-ature and heigh+
fields. 'Large differances betweern successive moist szatic
anergy observations (vhich arz especially noticable during
the veakeniag stages) pzobably arisa because each
obsarvation provided the thermodynamic properties for cnly
one section of the cyclons. Any one observation may define

thernodynamic valuas which are radically differeat f£rom the
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values o2b+ained for c-=her sec=idns 2f <th2 cyclone which were

observed on previous or subsaquexzt aiccsraft reconnais

7]

ancs
aissiors. In <=his situatisn, nc on2 temperatar: or da2vw
poirt cpservation can be <“hought of as ra2prasantativ: of the
cyclone as a whole. As previously s-=ated, i+« was hoped thaz
“his problem <coull ba reduced by consiiacing mdist static
energy changes a< 30 NM, but Pigs. 11-15 indicats %“hat +his
procedure was not 2a3ntirely successful. Anrother way %o aini-
mize <+his problem would be t5 examin2 the moist static
enerdy changes 3in specific quadrarn<:s. This <“echnigue was
not us2d for the nozthwest Pacific data 5f this study, how-
2ver, because *he time rperiod between successive observa-
¢ions in any particular guadrant was t20 long t5> permit a
meaningful <ovaluation of +ha rapid intensi-y change
r2lationship.

3.

e
o

cexapination of zhe [

[T=]

il
F

3]

N

. I
=<
")
=
[
=]
[1a]
@
o
W
i~

[\
4!
o
(1=
in
s
-
o

Given the central pressure aﬁd 15ist sta=ic energy
fluctuations above, it is virtually imposssible %o corrcelate
a specific wmoist static energy change with the subsequen*
pressure change. This problem may be2 compounded by <he
variability in <he time period between observations and the

di fferences in the intensification +*rends of <he individual
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cyclones. Typhoon Alice (Fig. 17) a2l sup2r typhoon Ri.a

(Fig. 18) illustrate this problenm. A jood cocrzla%ion

exist, bu*t *he *+ime and space resolutisn of ths nor<hw

may

est

Pacific aircrafs raconnaissance data may 1ot be high enough

o permit an evaluation of <he cause and effect relation-

ship. It is, howsver, possibla tc compace the four rcapi

dly

dsspening tropical cyclones, becaus2 thzy have something in

common: a 48-L period when they were d2:zps3ning a< 2 simi

rate. I+ is assuaed that *he processes rssponsible for

deepening were the same fcr each cyclona.
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Pigure 17. Similar to Pig. 11, except £5r I'Y Alice.
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Pigure 18. Similar to Fig. 11, excep* for ST Rita.

During the <trzopical cyclons devaloning s+ta+=2, <he
assumpzion 0of horizontal syam=2try in th2 low-levsl t2mper-
ature and h2igh* £ields is probably r2asonable. However,

hocizontal moistura2 £fluctua+tions aobpear to be substantial,

[}
w

Fluctua*ions in moist static enargy a du2 almost antirely
to ¢the latent heat <«erm in (11), as illustrated by the
curves of H and 3ry static =2nargy (Cpl + gz) for super
typhoor. Tip (Pig. 19 . Since the difference batween the
curves is the latent heat term (Lgq), it is apparer* that the

fluctuations in H aust be due primarily to> the moisture con-

tant of the air. Thsrefore, the quality of a moist sta*ic
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energy estimate is dependert upon how representative the dau
point observations are at a particular radius.

A representative moisture valu: for a particular
radius is the most difficult parameter £> d2tsrmine from the
aircraft data. I* had been haped <hat non-represantative
dav point cbservations could bz minimiz2l by 2xamirning meis<
static snergy clos2 to the center (30 NY)y. However, +“he dew
point values are highly dependant upon the 1locacion of <h2
aircraft relative to the convactive el2asnts near the cen-
tar. The rapid fluctuations evident in =he moist static
energy curve for super <typhoon Tip's 1ad2ist static energy
surve (Pig. 19) 3Juring +he £filling stagye ar=s also probably
due to this effect.

The areal ex%snt of a pulse 5f high eqguivalent
po<ential *¢emperature air may also be as important as the
magrituds c¢f +he maoist static enezgy. A narzecw pulse of
high =2nergy air aay have little effact on changing the
intensificaticn trend of the entire <-opizal cyclone. To
datermine whather a sudden increase in moist static energy
at 30 NM vas associated with a pulsa of significans horizoa-
*al extent, curves of moist static enazgy versus time for

radii from 0 to 120 NN wvere const-uc+el. If poaks in ¢the

7
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. Pigure 19. ? ;a g.
moist static energy curves at 30 NM coiascila2d with peaks az
60 NM or 90 ¥M, i would give an indication of the width of
+he approaching pulsa=. The increase in the moist static
energy of typhoon Viola (Fig. 20) at 30 NM, prior to *h2
pariod of most rapid deepening, is raflac+24 at 60 NN, and
possibly at 90 NNM. In the case of sup2r ~yphoon Tip (Fig.
21), however, it is questionable whathsr ¢he smallar peaks
at 60 and 90 NM ar2 actually a reflection of <he p2ak at 30

NM. The peak in the 30 NM mois<: static energy of super

typhoon Kim (Fig. 22) prior to rapid deapsning appears to b2
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raflected ou: +*0 120 NM. Howaever, +he amplitude of tzs peak

becomes quite small at the larger radii. Although =yphoo=n

Irma 4id not ceach a definite peak prior to rapid dz=pening,

(V1]
113

. E2r rapid dz2epening is probably keyed £5> th2 steaiy increase
in moist s*atic energy at 30 NM during that perisi. Bu<+
“his steady increase is only wesakly (if ac all) ra2flscted in
“h2 curves for greater radii (Fig. 23) . Typhoon Alise (Fig.
24) is an example of a tropical cy=lon2 which did rnot
undergo a significant period of rapid da2pening. Th2 moist
static energy curves 430 not correlate well with “he excep-

+ion of a brief period when sha had <r=ach24 meximum iaten-

sity (centered near 144 h). The implication cf Pigs. 20-24
is that a pulse of high equivalent potantial air which is
large enough t¢ iniuce a period of rapii ds2epening aus< no=
only be evident at 30 NM, but must be reflscted az “he 60 NN
or greater radii as well.

Ther2 is a problem which arises, however, whern air-
craft data from cyclones of different sizas are analiyzed.
Por example, super typhoon Tip (Pig. 21) and super “yphoox
Rita (Fig. 25) attained similar miniaum cen¢ral surface
pressures (876 ab for Rita; 870 ab for rip), bu*t they dif-

fered significantly in size. Rita was an axtremely compac:
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¥igure 20. Mois*: static energy versus :ime for ¢yphoon
Viola at rmdaii froa 0 to 120 NM.
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Pigure 23. Similar to Pig. 20, except for super “yphoon
Irma.
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systen, vith a 30 kt wird radius of less than 185 N*. On the
o+her hand, Tip was the 1largest <+tropical cyclonz =2vers
observed, with a 30 kt wind radius of 600 NM (Durnnavan and
Diercks, 1980). This size dif ference is manifes< in <hei:
moist static enerjy curves, Pluctuations in Ri%a's mois*
static energy curve at 30 NM are only weakly (if 2+ all)
raflectad a< radii greater than 30 NM. The fluctuyaticns in

Tip's mois< static ensrgy a+ 30 NM, howav2r, ar

W
n
ol
"
o
e}
0
B
-

raflected at greatar radii, This is adost noticeable £frean
the 96 h peocin* urtil dissipation.

The size difference is further illustrated by corra-
lations of the 30 NM moist static enargy value with the val-
uss at 60, 90 and 120 NM for Tip (Fig. 28) and Ri*a (Fiq.
27). The correlaticn coefficient*s £for Tip are generally
higher than those for Rita. This is =2specially noticeable
when +he 30/60 NM correlation curves f£or the d2veloping
phase (curves labelled c) are comparsd. For both cyclores,
the best overall <correlations are for th2 weakening phases
(curves labelled 1a). The very high coafficiants for Tip
(0.92 nr greater) illustrate the s*rong influence of the
cantral region, which extends >ut o ac least 120 NN. In

contrast, +he corresponding smaller coefficien*s for Rita
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(0.60 =5 0.46) indicate that <+he influznce 9f <hs centar
ragion dacreases rapidly with distance from the center.
These +wo cases illustrate a significant problen
vhich can not be rasolved with the available aircraft recon-
naissance data. It 1is impossible to ist3rmine +h2 dimern-

sions of a high potential temperature pualse if the data ar2
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Pigure 27. Similar to Pig. 26, except £5- ST ERita.

always rostric<ed ¢5 observation poin<s a*t 30 NM in<tervals

from the 120 NM pcint to the canter, without regard *o th2

h

variability in size 5f <+he cyclones. In the case o
ex*remesly large %tropical cyclones (2.9. Tip), the2 influencse

of the cyclone's cantar may extend *o ba2yond 120 NM, making

i« difficult to determine the size of 3 pulse which is mov-

iag in*o the cyclone from the snvironmant. Likewisz, 30 WM

T TORTEe s TR

r3solution may be to>d coarse +to permit “he detescticn of
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subtle changas in *he moist static energy in the vicinizy of
an ex‘remely ccapact cyclone (e.g. Rita).
4. Supmary
Clearly, a charnge in <he =23juivalent pozen<=ial
tamperature is not *he orly wm2chanism which is related <o
trcpical cyclore Jevelopment. Upper-lavel divergence ard

changes in angular momentum, for exampl2, may 21so be impor-

[¢]

*ant. DPeriods of rapid deepening which aigh*t be e2xpected to
occur due to changes in equivalant potential t=2mpec-atures a3y
not devalop because of an unfavorable uppes-level divergence
pa++ern., I+ was not possible *o determine when the fluctua-
ticns o0f wmoist 3tatic ensrgy a= a par+icular radius
raflected a genuina increase. DThe non-r2prasentativaness cf
<he moist s+tatic 2nergy valuss could bes reduced, bu% no+
eliminated, by anilyzing 30 NM @da=a. It is *hus concluded
that it is not possible to fully evaluate <the moist static
energy/intensity <change relationship using +*he 1limited

northwest Pacific tropical cyclone data.




V. CONCLUSIONS

An analysis of the reconnaissance aircraft data of 25
northwest Pacific tropical cyclones producsd results which
are consistent with empirical rslationships obtain=d by ear-
lier zrasearchers with Atlantic <tropical cyclonss. The
mass-wind fields of the cyclonas d2terainel from <hese air-
craft data were found ¢tc satisfy a cyclostrophic balance
r2lationship. However, ar examination of RMS and Dbias
arrors of observed winds versus winds ca2lcula<ed from *he
mass field ravealed that a gradient balance realtionship was
slightly more accurats, as was aanticipat21 (Holton, 1979).

The airzcraft raccnnaissance data were also used to eval-
uate a long establishad wind-radius relationship:

vi*=¢
Shea and Gray (1972) obtained a valua for x, using Atlantic
tropical cyclone data, of 0.u7(+/-0.3) £f3r radii ou4side tha
radius of saximum wind (RMW). FPor +*he 25 northwest Pacific
tropical cyclones >f this study, an x valu2 of 0.47 (+/-0.2)
vas calculated. Rishl (1963) also justified a value of x of

0.5 by assuming a surface ¢tangential stress-wind speed

au




rz2lationship and tha+ the curl of the -arnga3ntial fric=icrnal
drag was equal to zero. The value of 0.47 calculated by
this study, aprd by Shea and Gray (1372), d0es rno*
nacessarily verify Ri2hl's theoretical results, since his
r2lationship involves surface tangential stress which may
no%* apply in regions above *he boundary layar.

Malkus and Riehl (1960) have shown that a changz in *he
aquivalent poten+ial temperatur2 at the base o0f “hke eoyewall
is directly prcportional +o the associatsd change in surface

pressure, Based >n this finding, a relationship was sought

W

bectwveen suddan increases in equivalent potential tampsratur2
(2 "pulse") at the base of the <ey2w2ll and subsequent
d2creasss in central surface pressur2a. Az 3valuazicn of tha
surfac2 pressure changes associated with four rapidly deep-
ening “ropical cyclones indicated tha<t a build-up in mcis:
'
static energy (directly related +o 2quivalent po=en+tial
temperature) cccurred just priosr to a 48-h pzariod of rapid
d=2epening. Likevise, a subseguen*t 3rop in moist static
snergy luring the 48-h deepening phase appeared 4o correlate
with a later pressure rise in three of zh2 four cases. How-

ever, the results of only four cases are not sufficient to

establish a causality relationship.
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The conclusive evidence nesled to va2rify a rela%ionship
between moist static energy change 2and intersi+y change
maight be obtained through more ax*ensive aircraft -sconnais-
sance., It would be necessary <to obtain completz low-leval
noist static energy Jdata around the outsiis o0f th2 =yewvall
at closely spaced intervals. This would z2duce the problem

of having +¢o determine an average low-level moist s+tatic

energy valus for the antire tropical cyclone basa2d or crly
one or two observations at 700 =mb. Also, Zf the observa-

tions were obtainad at «closely small tims intervals, i+

.
i
5
‘
j

i would be less 1likaly that a significant ‘"pulse"™ would pass

undetected.

. Ir sunmmary, a large amount of aircraft reconnaissance
data from +the vicinity of northwest Pacific¢ tropical
cyclones has been c¢ollected over tha past 20 years by air-
craft of the 54th Weather Reconaaissaancs Squadrcan. Al+hcugh
the observations are usually rastricted ¢5 the 700 mb level,
they can still provide useful infecrmation on +the structure
of tropical cyclonas. The quality, but aot quantity, of
this data is on a par with the high dansity data collected
by research aircraft in the Atlantic region. Also, there is

sone indication that signi ficane changes in the
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intensification ¢rand of tropical cyclones are rela<ed %o
changes in the mois*t static snergy of th2 low-level air, I+
may be possible t5 correlate the relationship during pecsz-
aralysis, but <the significant fluctuatioas that can occur
are often too ambiguous to allow a foracaster ts uss mois<

static energy as an operational intensisy forecas+: *«ool.
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