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ABSTRACT

A synoptic investigaticn employing quasi-lagrangian

diagnostic technigues was conductad for a North A+=larntic

g - Ocsan polar low undergoing a periocd of rapid cyclogsresis.
- The polar low was of relatively small horizontal scale a:xd
%% developed in a 1r3gion of 1low stati stability ard 1larg:
%' low~lev2l baroclinity, which is cecasistan® with theoretical

studies. Rapid surface pr2ssur2 £alls and vigorous

circulation increases correla<e well with ths cbservzd max-

ima in low-level invard mass <raaspsrt ani upper-lev:sl mass

wé outflow, and are +emporally coincident with th2 incursion of

<t

+he ferward divergencs gquadrant of a Js< streak into ths
budget volume. The most rapid insr2ases <f absoluz2

£ vor+icity cccurce ia *he 250 to 300 ab 1layer, and ars

related %o combin2d con%ributions of positive vwortici-y
W advection and ver+ical redistribution processes. The donmi-
nant fcrcing of low-1lzvel absclute vorticicy iacraases comes

primarily from the 3iivsrgence source ters.
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I. INTRODUCTION

The accurate prediction 9f ¢+h2 development of all szvzr2
mari+ime <storms and <their subssquant pazhs is of vi<al

impor<ance to military and civilian sea-going vessels, pec-

(o9

-egcrlea-

ole living in ccastal areas and <their associze2

th

Cl

. £ 1Y
',J
2]
. FN
\Q
(7]

tional activities, and to *he expanding numkter o

o

Rac

1]

si<uated over continental shelves. Th3 Fastrn2t Yacth

{(dcodroffe,1981) 1is rememberzd fo- <+tha uzexpectad severs
w2ather tha+ caused havoc among +he competitors to thz sou*h
of Ireland. British fina-mesh model foracasts failed %o
give advance waraing 2f a sudden deepzning and <he excep-

me low which producéed 15 a seas and

lj-

tional vigor of a marit
3ale force w_nds with gusts up to 34 m/s. Censequently, 24
yichts ware missing or abandona2d and 15 c-ew mambers wera
los3t a+ sea. In September 1378, +he Qusen Elizabath II
(James,1979) =2acount:sred unexp2ctedly h2avy soutawes:t seas

and swell with wiads gusting to 32 a/s, which rssul=zed in

"

iss +o passaengers and

w

structural damage and numerous iaju

]
"3

crev. More recently, =“he o0il rig Rang (Lemoyne,1982) was
surk due to *he destructive weather assiciated with a nmari-
time cyclone. Early warning is most 2ss2ntial to preclude

this loss of life and to minimize damages due to +h2 extrenm=

wvsather condi+«ions which accompany *thas2 powerful cycloass.

12
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Pechaps the mos% fr=quently ovarlookad class of cyclcae
is the polar lovw. These primarily maritime svstems forn
poleward of the polar front and geasrally ars not considsrsi
+2 be a severe weather producing systam, al*hough apprecia-
ble precipitation from «corvective activity may accompany
their passag=z. Ozcasionally, these small-scale polar lows
undergo rapid intensification and becca:z exzremely powerful
and dangerous cyclonss on 3a scal: comparabls <«c aiddle
lati+ude maritime cyclonas.

The majo-ity of observed cases of explosive cyclogenesis
occurring off *ha 2ast coast of conztinenis at middle
latitudes originat2 as a wave perturbazion on a polar fromnz
saparatiag polar air from tropical air, 25 in thz classical
Norwegian cyclons mod=1. Occasionally, non-fron*tal
cyclcnes, and specifically the polar low, uands-go =xplosive

)

cyclogznesis in th2 514 air poleward 5£ <he polac £-on+.
Based on a s+udy (5andec-s and Syakum, 1989) >f 267 =zxplosive
de2pa2ning cases in <the Nertk Pacific and Nor-th A+tlantic
Oceans during *he win*er menths of 1976-1979, liess <han onz2
parcent of <he cas2s occurred at latitulss aorth of 60°y.

The term "polar® low is widely wused iz 1literature =9

Aafine a small-scale cyclone2 which ferms poleward of +ne

13
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2 polar front origirating 2ntirely within <¢the polar air nass.

VBT _ L. LA _P P

However, there app=2ars L0 bes a categcrizacionia dil2ana con-
c2rning *he s2veral *yp2s of poslar lows 2nl <he vacy broaid
g . definition of the polar 1low. For exampla, all o2 the fol-

lowing cyclones have been rafarred <o as pola:c lows:

e . SRR 3.2 .R P ) o sSEERT_*

. e Small-scale cyclones poleward of %“h2 polar {:zont assc-
.4 ciated with a romma cloud patsern and a s::orq positive k|
. vorti cit; <he middle fopospher:
o (Reed,1979; Hullen,1979),
;4 e Small-scals glones poleward of th2 polaz €fron%t rnot
associa+tsd wit a_ccoma cloud pattesra bat »2ft en corn-

nected o spiral cloud patterns (Rasauss:z n,198n

b0 e Small-scale clones associated witkh P 2z-lavel shor+
waves comscnly formed southeast of reenland with
’ strong west-roc+hwest winds alof+ (Harlay,1960); and
39
J ] Ini*ially small-scale cyclones +hat £ora coa <he border
3 of folaP air southaast 0of Greenland and_ can
- exglosxve gen, %glgﬁagidlfenalanf couoara?%e €0
atropica cyclones ans-
S ML P Y
W
: Some atteapts have been made %o resolv2 this ca*zgoriza<ion
N
N 4 lemna, based upon primary formatior mschanisms and g=20-
¢ graphical considerations. Locat21li 2% al(1982) <suggests
%,
&
’ that +*here are two types of poslar lows, The first type is
v
o mainly baroclinic in rature 2and pcssass2s frontal charcacter-
i; istics, ard the seccnd type develcps farzzher back in th2
Y
.
:3 polar air ani app2ars *o be mcre convective <+<han the firs+*
)
- type. Similarly, Sardie and Warner (1983) suggest tha+
3 mois%t baroclinic processes alone may explain the origin cf
N

o

14
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North Pacific Ccean polar lows, while 225ist barocliaizy ané

TR E

Easa =

CISK are essential in the g=2onesis of Nor: Atlantic Ocea:n

Sl

polar lows.
X Regardless of wvhether th2 rascent 1low 3is 2 @iddle

latituda frorntal cyclore or a polar iow, sxnlosiva

2 cyclogenesis is gensrally poorly pr2dict=2d by exis+ing
& numerical models. Sacxders and Syakum(1980) demons+trate zhat
‘i th2 National uetea:olagicai Cznter primitive equa*+ion (PE)
1§ mod2]l predictions of rapidly decpening maritimsz cyclones

W

*ypically forszcast <cnly one-fourth to one-third of +h

actual javelopment.

eSS Ty W

Lack of conclasive evidence and coaj2cture 2s “o wha+

1)

doainart physical proecesses ara involved in <+he fo-ma+ic
) and development of polar lcws strongly iniica<e tha® further
r23earch is aecessary before full understanding azd accura+:

predictior eventually can be achisved. Poor 3Jata ccverage

dotal e

azd ¢ths small scalss ovar whkich 2xplosiva az2ritime

cyclogenasis occurs have restricead d2:t3il2d cessarch, and

2

25 have precluded accurate numerical predictions £e- many

f matecrclogical evants over oceanic r:z3jions and a%+ high
latitudass. Inprovements in satellis obszrvations cf

; ) numerous metacreclogical wvariables has modzra<ai this

flv.

N

“ 15
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prchlem. However, before the potential of <his ~newly
acquired data source can be fully realized, a mor2 coaprs-
hansive knowledge of the dynamics and <hermodynanmics
involved in explosive cyclogenasis in polar air strzams must
be ob+tained.

This study constitutes a portion »>f a broadly basad
rasearch effort to be+ter unders*ard ard prsdict rapid mari-

*ime cyclogenesis by emplcying a combianzd obsec-vational ard

Oy Ay 3]

ey YV s
A

numerical modelliny approach. Better anderstazding of the

h'da

physical mechanisms and air-sesa interactions involved will

provide the basis for more credible and accurate rumerical

modelling schemes for oceanic ragions. Sp=cifically,
thesis consists of mass and circulation (absolu<2 vor

budgets of a high latitude polar low. Th2 pola:- low in <his

\
b

study originates as a trough of low prassucte sextending

A s i
F20 bt b ol )

wastvard across Iceland on 25 Januacy 1979 and urdargoss

pericds of explosive cyclcgenesis as it movss southsasierly

tovard the United;&inqdom during <the 2nsuing 72 h. This

-

l“;'.."

system is a vorime example of rapid cyclogenesis ir a pclar

-
-

air strean. Fortunately, the developnant occur-a2d durirng

one of the Pirst GARP Global Experim2nt (FGGE) spacial

DAL ED S

observing periods and adegquate da+ta ar2 available for

= -

rasearch.




Translating 3toTa budget diagrnosti rracedur

s
=

m

(Wash,1978) will be used in this study for budge: analysas.

This quasi-lLagraryian diagrostic (QLD) approach £focuses

XL L

expressly on the cyclonic scale to describe quanzitatively

x
-,n -

the features of cyclone devalopaernt, as well as +the

;ﬁ processes forcing chaages in +he <cycloaic «ciczulatiosn.
o These techniques incorporate translatisaal eoffects as <+hsa
'? volume is centerel or and moved with th2 surface pressure
‘i

;f minimum »>f the cyclone. This affords a perspsctive on the

interaction of the cyclone with its eaviroameat. Specifi-
cally, QLD budgets yield gquantitative svalua=ions of +tha
exchanges of mass, circulatioa and angula: nomentum between
+hs budget volume and -ervironment. Sourcas and sinks,
la+teral and ver+ical exchanges of me*tasrological variablss
can b2 calculated and identifi2d with physical and dynamical
processes within the volunme,

The overall objsc+tivae of this +*thesis is %o gain insigh+
iato +hs significance and aagnitude >f several physical
process2s involved in rapid macitime cyclcg2aesis in a polar
air stream. Specific thesis cbjectives ara:

e Study of +the horizontal and vertical mass circulation
in relation t> tha explosive developmant;

e Investigation of <the static s+ability chang2s during
K +he davelopmeat process;.

N 17
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e Study of the davalopment procass using vocicizy <*o
dateinine the kay tarms respansible for +he
development; and

e Study of the usefulness of the P562 ilata for describiag
this rapidly developing cyclone.

Chapter II will summarizs mary o9f <he =significant
research efforts orn polar lows. A briaf description and
analysis of <he the PGGE data set utilizad as a data base in
this study 1is presentsd in chapter III. A comprahensivs
synoptic discussion on “he explosively da2spering ctolar low
is given in <chaptsr 1IV. Chapter V provides a gesneral
descripticn c£ ths QLD technique and “hs budget 23uz*ions
utiliza24. Budget results are contained in Chaptaer VI and
ViI, and corclusions and recoameniations for <£fucthers

ressarch are in Chapter VIII.

18




IT. LIJERATURE BEVIEW

3

@s . Little is known abou* tha polar 1low and it is ssldon
‘j mantioned in meteorological taxtbooks anrd publicatisns. The
g: term "polar low" was first introduced by Harlay (1960) to
%é describe shnallow, intense barocliniz Jisturbances with
‘4 scales of about 1000 knm which affact Grea< 8rizain,
ié Numerous theories have been prasen+ted concerning pdlar low
i formation and developaent. To date thare is 1littls agree-
g% ment, and no conclusive evidence, as to the dominan+t physi-
g . cal processes 1involved in its life cycle. Traditionally,

olar low formation has been attributed to sur-face hsating,
g

or mor2 specifically, to th2 sensible aea* flux =hrough <*he

air-sea interface as co0ld polar air flows over rzla+ively

%2 wvara s2as.

W However, saveral papers (Harrold a2zd Browning, 1969;
¥

- Mansfiesld, 1974; Reed, 1979; Mullan, 1979), have clainmel

+hat th2 polar low 1is a shallow baroclinic phenomenon of
g relatively small horizontal scale. Rasmussan (1979), con the

other hand, has revived the thermal ins*abilicy theory, and

j& has proposed that in many cases the polar 1low is a

.'7" ()
3 19
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! manifestation of conditional instability of the s2cond kind

- o

(CISK). Reed (1979) investigated cyclones ia polar air

g

s-raams over the North Pacific Ocean and sugges+t24 that %he
polar low is eossentially a baroclinic phenomercn, axd that

CISK cannot ba ruled sut as a possible contcibu+ing factor

-
(o

-t
i

in i¢s forma*ion and intensification. Mors racantly, ¥ullen

"‘gf’ﬂf"'fﬁ'

(1982) has docum2nted polar air stream cyclogenesis over +th2
vintertime Ncrth American continent. Since similar systeas

can develop over land in air masses with negligibles wa+2r

4 4700 i

content, he concludes that the necessity of CISK £or polac:

low formation and jevelopment may be rula2l ou-,

A recognized problem in applyiag baroclinic instability

3 ) *heory to polar low formatior is +he shor+ wavalength of
? “hese small-scale cyclones. In most th2orstical studies of
R barcclinic theory e.d.,Simmons and Hoskins, 1976),
;i' vavelengths on *he order of 3000-4000 &z at *he latitudse of
}3 England are found +to have maximum growth rates. Observed
T: vavaelengths of polar lows are typically only one-third of
éz the expected 3000-4000 km.

Authors who claim baroclinic instabiliiy as the primary
£ormation mechanism suggest taat these phenomenon cwe +heir

small horizontal scalss to low-level static stabiliily (Reeg,

20
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1979; Duncaa, 1977) or enaanced low-laval baroclini-y (Har-
rold ard Browning, 1969). Mullen (1379) points ocuz =hac
theoretical support for baroclinic instability thsory as +=h2
primary mechanism is cffered by Gall (1976) and Staley ard
Gall (1977). They have shown that basic flows with Richari-
son numbers significantly lower nsar *th2 surface +thaa %th2
Richardson numbsr aloft can support graatar linear growth
rates for s=2all synoptic-scale waves. Therefore, small
Richardson puambets, which imply ei+her saall static stabil-
ity or enhanced baroclinity, are <thesreticaily consis+%ant
vith baroclinic instabili%*y <*heory as a viable phvsical
machanisa in pclar low formation.

The -ole cf barotropic irstabilitv ia +he devslopment of
p2lar 1ows has bean given little attantion. Polaz 1lovws
of+tan develop in the streng sha2ar zone polaward of the ja¢
axis, 1and fulfill tke necessary requi-amentr fcr barotrepic
iastability. Nit«a and Yanai (1969 found that +“h2
vavelength of wpaximum ins*ability for a barotropic Jeo+
stream depends on the half-yidth of <che Jez, 2and <haz
saaller wvaveleng=ths ara associated with th2 narrower jats.
Reed (1979) proposes that it is bhighly unlikely +hat a Jet

stream can <ever ba sharp enough to accouar <€or th

[10)
<
1]
H
(%]
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Research by Simmons and Hoskins (1978) on the life
baroclinic waves shows that baroclinic processes dominate
during vave growth and that barotropic coaversions du not

become dominant until after wave growth ceases.
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ITII. DAIA BASE

The data base used for this study is comprised ertirely
of PGGE '1evel IXI-b data which were assimilated and pro-
cassed by the Buropean Center for Medium-cange Weather Pore-
casts (ECHWP), Specifically, analysss between 1200 GNT 26
January 1979 arnd 1200 GMT 29 January 1979 are used *o daefine
*he development and novement of the polar low.

The international PGGE effort has rasulted in the most
extensive global atmospheric data set evar collected for use
by the matecroclogical community. More than 7000 temperature
sounding profiles from two polar orbiting sat2llites, and
6000 cloud~-track winds frca five geostationary satellicss
vere available daily. The Glcbal Weather Experiment m2t th?
ob jective of <twica-a-day giobal measursments of ths atmos-
phere wish a 500 ka resoclutiorn. The conventional obsaervizg
system included the surface (land, ships, scne drifting
buoys), rawindscndes, dropsondes, pil>t ballooas and air-
craft data. The satellite and non-satallite data are com-
bined to provida the basis for <the complate FGGE data set

(Nales gt al., 1982).

23
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The northern regions of the North Azlantic Oczan &re

known to be a data-sparse region. During the PGGE special

~

observing periods, additional data not normally z=3ceived on

a routin?2 basis were gained <through pils:t repor+ts, AIREPS,

PR P

some dropsondes, but primarily :xrough an increased number

£
% of ship reports in the region. This data coverage £or 26 -
% 29 January 1979, the 1life span of +th2 storm within this
5 study, is adeqgquate and provildes a suitable detz base for
g application of the QLD approach. The 42tz coverage provided
i by the FGGE special cbserving period for the life span of
i

¥ +his storm is presentsd in Figs. 1,2 and 3, wkich ars

- obtainad from the Documentatisn cf station plor prog:

'w
%]

14

dis¢ribated by the Gecddard Modeling and Siaula*tion Faciliiy

q -

2

¥ i

M ian Pebruary 1982.

* The data management pilan +that was put in<o operation
‘1 . [ - . [} 0

%! during the PGGE reriod is d=scribed in Pig. 4. This chart
[]

. shews the flow cf data frem th: ins*rumsnt signals, lzavel I;
»

- the transformatior into basic mereorslogical parameters,

X )

! lavel II; and the final merging intc 2 compla“e global se+
(o

1Y of basic me+ecrological paramsters, lav2l II-b data set.
- The *'b' denotes 211 +hs daza collected within a *“hree-mcnth
%

Q ‘ . .

§ cut-cff pariod, aprd contairns as a subset *he opera“+ional
S .

>
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X
Q, data collected in real time. The real-time data ace corra-

|
1

spordingly irdicatad by label *at', The l2v21 II-b data con-
stitute <+the lPasic metecrological product of +*h2 Glchal

Weather Expec-iment.

v Y e e e

The data assimilation system used to produce the level

”
; III-t data set is a three-dimensional, anulzivariace op<imunm
% interpvolation, and an associatad automatic systaem for data
S cheacking. The basic 1idea for op*imum int2rpolation is <o
o

»% datermine at each grid peint <those interpeclatisn weights
2 that gives the best fit of the analysis to ¢he obs=2rvaticms.
% This optimum weight not only dspends or the distribution of

3 - the cbservations, but alsc or +he error characteriszics cf
the cbservations and the first-guess foracast. Th2 guality

of the observations is regarded as very good and only very

"

W faw are considered incorrect and discardad. A 15-leval
mod2l wi+h a horizontal resolution of 1.875 degrzes is used

£or the dynamical assimilatior. Th2 ECMWP lsvel III-b pro-

b A

duction was completed in June 1981 ar] analyses at 00 GMT

ﬁf and 12 GMT are available for all stardard lavels *o 10 mb.
g During the special obsarving periods, analyses have also
N . been archivad at 06 GMT ard 18 GHT.

25
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The analyses are available at 15 1l=avzls (100) = 10 =D)

and with a horizontal resolution of 1,875 d=zgrees latitule/
lorngituda. The data s=2t contains ths basic analysis £ields:

haight, herizontal wind cempoaents anl sea-lsvel pressura.
Pields of temparature, Celative humidicy and vectical velcc-

ity ace also <iIncluded. The temparaszur2 fiell has been

calculat2d from *h: initialized heights z21d s=a-level p-es-
sure, and tahe vertical velocity from th2 initializsd wirds,

Finally, the relative humidiry has been cbtairned from orz-

s

cipitable water analyses. Table I illustrat

[1}]
n
%
tr
[h})
‘o
“
D
n
(0]
[~
5]
m

levels and +he data fields availaple (Bengtsson, 2z al,
1982). Fucther information on the P3GE Jata and i=s
rzliablity azd usefulness within this r2szazch is included

in Arppendix A.
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IV. SYNOPTIC DISCUSSION AND NHWP PERFORMANCE

A. GENERAL

The polar low in this study evolved on 26 Jaauary 1979
€zcm a trough ¢f low pressure near Iceland that was well o
+he north of tke polar front. Th2 storm (Fig. 5) followed a

southeasterly +¢rack from southwes: of 1Iceland to Ireland

]

over a 72-h period. This case is a zxcelient -example cf

. Th

=]

W

explosive maritime cyclogenesis in a pelar air strea
po>lar low iavolved in this cass study is similar to those
mentioned by Mansfield (1974), ir <that an initially small-
scale cyclone evclved through explosive dsepening irto 2
cyclene with dimensions comparable t> aiddls: la*izude
cyclones.

This polar low devslorment has striking similarities tc
those prescribed by Petterssea 2t al. (1352) to be commor Ir
macitime cyclogenesis., Specifically, this cyclone develcps
a* lcw levels undsr 2 relatively st-aigat upper currernt,
without appreciable vorticity advection, and in a rsgior cf
maximum baroclinity. Additiorally, +he upper cold *rough
develops simultaneously wi+h the low-1levzl cyclore

throughout the p=2riod.
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Prcbably the ad>st remarkable featurs during +%h: 1ifs
span 0f this «cyclone is its rapid devalopaent, mazurazion
and decay within three days. The €following description of
these staces 3in 12-h increments will utilize 253 b winds
and isotachs, 500 mb heights and absolute vortici=y, and
1000-500 mb *thicknsss and sea-l2vel pressure analyses. Sup-
plementary satellite imagery will be wus2d4 %o illustra<e tke

more salient features and evsncts.

B. SYNOPTIC DISCUSSION

The metecrclogical situa+ion at 12 GMT 26 Jaauary £or
the eastern North Atlantic Ocearn and thz Norwegian Sea is
dominated by a vertically stackad 1lov prsssurzs systemn situ-
ated over th2 cen+ral Norwegian Sea. Pige 6a illustra*=s

+hi

n

tzong <cycloaic vortex at 250 ab and <he large areal

extent cver which it influences the circulation patezrn, A

45 m/s je+ aaximum ex-ends across northern France and into

cantral Europe and is directly associat2d with & polar fzont

}}f moving southeasterly into Zurope. Anocth2r maxiruzs 2% 30 m/s
o

" . : :

E; with a w2st-northwsstly orientaticn acooss Gre2enland %o the
l. Pive Pingers region of northwest Iceland, is indicated by
f. 3

e broad bands <¢f cirrus on %the 2207 GMT 26 Januacy imager
od

.‘.‘:J

gﬁ (Pig. 7).

"

c..

-,
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In the lower troposphere, the ficst significan: change
in the sea-lavsl pressure (SLP) contcurs in s=2veral days has
dsveloped in the form of a 2ast-west orianted trough acrsess
Iceland. At 12 GMT 26 January +*here ars no clos21 isobarcs

and the pressure oninimum of 1011 amb is 1locat=231 ia <hs

1
m
ot
[(1
3]

Deamark Strait. Al«hough the National clcgiszal Cen=*z:

23%er (PYNOC) analy-

Q1

(NMC) and Plzat Nurerical Oceanographic
ses at 12 GMT 26 January 1979 icdicatsz no £frontal systeam to
the west of Icelani, *he gradient of ths ¢thickness values in
Fig. 6c indicates a strong baroclinic zons. The guestion
may be raised whether the trough of the polar lcw 3if€ers in
fundamental respects from a front as meatiored by Reed
(1979). Low-level swreamlines suggest *that this low-levzal
baroclinic zcone is the intsrsectiecn o0f very cold Arctic ai:c
sWept across the ic2 2dge with the polar 2ir amaass behind the
front entering Europe. Cloud patzerns iIa Fig. 7 supoert
+his intesrpratation as cold dry air flows southward from the
Greenland ic2 cap and Davis Strait and swizls cyclonically
around Kap Parvel intc the northera North Atlanzic Ocsaa and
Danmark S+trait region.

The southern Greenland ice sap app2ars as th2 only dis-

tinguishable la2ndmark in Pig. 7. Ic2land 1lies under 2
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rj\ stratus overcast with convective activity occurriny 4o i==
']
Cd
N
. : . . . . .
v sas+, This convective activity east of Ic2land is jspic=23

(R

by the broad band of the cold white *tops 5>f cumuloniabus.

Additionally, there exists a strong ssa-surface t:mpera-

o S
WAXNE

~

ture (SST) gradient off the southeastern coast of Greenland,

f? as can be sea2n in Fig. 8. Pettersser 2t 1l. (1962) =uggsst
~zé these regions of strong SST graiien* ara praferrel arsas for
X maritime cyclogenesis, and +his has besn suppcr-ed by tha2
E% study of Sanders and Gyakum (1980).
Eki In the nmid-troposphere, 2a rorth-south criernted trough
;f‘ extends over the United Kingdom. Typical absoluts vorticity
:; pat+terns associated with this flow are dazpicted in Fig. 6b.
= Noteworthy is 2 small per+urbation in tha 12 X 10'5 e-1 iso-
;a lins immediately %o the scuthwest of Iczland. 2lthough 1lii-
o
~%§ tle significance can be drawn from *his psr-urbation at this
N time, i4s importancs will becom2 mor2 apparent as +he middle
jw% ~roposphare continues to adjust <o <chaagzs in low-level
2 .

+2mperature advection.
-3; The deepening cyclone at 00 GMT 27 January 1979 has a
E;E SLP minimum of 1000 mb, which is a decr=2ase of approximately
A

1" mb Juring the precading 12 h. Satellite imagary a+ 0124

GMT 27 January (Pig. 9) illustrates a dranmatic Jevelopnment
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in the cyclone structure during the 3.5 h siace the previcus
imagery. Cyclonic circulation 3is now most avidanz <o ¢hs
northwsst of Irsland. Convective ac:ivity is widespread
acound the system, espacially in th2 north through south2asz
sa2ctor. Cirrus streaks continue *o indicat2 the oresence of
high speed wirds ovsr the Gresnland ics cap, howsver, the
wipd direction has shiftad to northwestarly.

At 00 GMT 27 January (Fig. 10a), a dsztached extension cf
the upper-level wind maximum liss directly over the surfaca
position of *he developing low, which has tracked southzast-
srly to the scuth 9f Iceland. The co0ld advection previously
of £ the Greenlanrd ice cap has translat2d4 eastward and has
in<tensified. The tightyly packed thickness linzs 2nd isc-
bars ar3 nearly perpendicular (FPig. 10c), 21134 reflacts =his
excep*tional cold advecticn southward through *he Denmark
Strait. Warm advec+ion tc¢ the east 5f the developing
cyclcne is comparatively weak.

In the middle ¢roposphere (Fig. 13b), a2 significant
charge is noticable in the 500 ab contcur pattarn. In
rasponse to the stroag cold advection in <he lower levels,
troughing is =zcw occurring in the 500 ab patt2rn near

Iceland. This s2lf-amplificaticn has produczd greatsc
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curvature in the flow with corresponding vorticity aivecticsa
5 _.1
>

novw lizs ocver %ha

10'5 -1

changes. A small maximum of 18 X 10

w

southwastern tip of Icelanrnd with the 12 X igdlin
extending well south of Kap Farvel.

Satellite imagary at 0544 GMT and 1J43 3MT 27 Januacry in
Pigs. 11 and 12, respectively, illustrate th2 continued
rapid dsvelorment 2f <the surface system and its southeast-
erly track towards Ireland. The system a+ 12 GMT 27 January
1979 has a central pressure of 985 mb, which is a dzcreasz
of 15 mb during the previous 12 h, and 2 decrease 2f£f 26 mb
during the previcus 24 h. Convective activity has coatinuei
©0 increase in area and in vigor with vsry b-oad coatinuous
bands of cumuloniabus throughoat the 2astern hkalf cf +h2
systen, The noxtherly flow across Ic:slaand has dynamically
induced a clsaring along the south coas<t.

The upper-level wind maxiaum (Fig. 13a) 20% =xtends
southward frcem Gresrland well intc the North Atlantic with
its axis situat=d to *he west 5f the stzong polar low. This
alignaent bezween surfacs systzm and upper level wind Paxi-
sum will provile significant divergance 2loft a2nd will co=z-
tribute *o further d2epening of <+he cyclona. The s*rong

o

upper 1lavel cyclone persists near 65 Oy an1 2 % :in tha

Norwegian Sea.
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Ir the lower tropospher2 (Fig. 132y, vary st-ong coli
advection continues to the west of *hs polar 1low 2s <hick-
12ss lines have been deformel well +to *th2 south of thei:
initial lati“udes at 12 GMT 26 January. darm advaction %o
+he east of +he cyclone remains relativaly weak.

The interaction Dbetween tha strong 1low-la2vel 2dvactiox
processes and the consequent respcnse 2f the middle trope-
sphere is illustrated in Pig. 13b. The s21lf-amplification
process is most apparent now, ard is aacksdly r=€lec*ed by
the continued amplification of the northsast-southkwest ori-
ented trough socuth of 1Iceland and by <the consequent
davelopment of a significant absolu*2 vorticity wmaximum
within the trougk. This newly gereratsl vortici¢ty maxinuam,
located immedia%ely to the ncrthwest of the su-face positicn
of ths alrsady strony poclar 1low, will p-oviie further
impetus tcwvward deepening ¢f the cyclone.

Sat2llite imagszy 2t 2006 SMT 27 Janaary 1979 (Fig. 14)
indicates that the convective activity t> the east of %his
powerful maritime cyclone now blankets aost 0of 1Ir=land and

northwes:t Sco+land. By 00 GMT 28 January 1979 (Fig. 15¢),

(0]

the polar low is very near maximum intacsity with 3 central

pressure of 976 ab, and is situa*ed immediately tc the
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northwest of Irelanad. Ocean weather ship Lima, sta*ionad
aear 57.2°N and 20.49%, or approximately 400 rauticzl ailes
south of Ic=land, 1is reporting heavy snow showers 2cconpa-

niad by 21.5 m/s of wipd and 7-m seas. The Mariner's

Wsather Lcg (July,1979 issue) states that two skigs, the

;3% Asia Przjghter and the C.P. Discoverer, -eportszd 10- to 11-m
= ssas in the vicinity of 52% and 16°w.

"ol

Although the storm is near peak intensity, ~he upper-

A
4

L)

.?* -". " &
L LR

D
s

tropospheric flow suggests that furthear despening is

unlikely and dscay processes are immirnent, The ver+icisy

ﬁ: maxisum a* 500 mb (Fig. 15b) has almost over+aken the polar
Zé low, with the eastern portion of tha absoluze vorticity max-
o imum now coincident with the surface systam, and the systenm
B er
:? is quickly occluding up tc ths jet s*tream levsl (Pig. 152).
S Satelli<e imagery at 1025 GMT 28 Januacy 1979 (Fig. 16)
J raveals that the canter has now become somewkat disorgarized
AN
Ej and that the bands of convective activity to <th2 22st have
fCx]
) bacome less prornouaced. By 12 GNT 28 January 1979, <he
'SS polar 1low's central pressure has been steady at 976 wmb
o
o duripg the previcus 12 h. Upper-level cyclogenesis at hoth
- the 500 mb and 250 ab levels has occurrad and the system is
AN
jk now vertically stacked, as shown inr Fig. 17. The absolutra
o
o
o
oy
N 34
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vorticity maximum at 500 mb is now coincidsnt with the suc-

face pcsition cf the polar 1low. Numersus surface observa-
tions in the Unitel Kingdom still repor: shower ac+=ivi+y.
During the ersuing 12 h, the polar low drifts zastward
and fills 3 mb tc a central prassure of 979 ab by 00 GMT 29
January 1979 (Fig. 18) . Tha system remains vsrtically
st acked. Satellite imagery at 0048 34T 29 Jaanuary 1979
(Pig. 19) illustrates that the decay process has progressagd
at a rapid pace. The distinct, vigorous center of only 24
htop before is now extremely 3disorganizai. The cesater has
broken into three weak vortices along th2 western coas* of
the United Kingdom. Although numerous cumulonimbus “ops ars
still evident around the low, the convactive activi¢y has

subdued considerably.

ot
f=
»

The polar 1lcw continued to drift =2astward across
United Kingdom by 12 GMT 29 January 1979 (Pig. 20). Tha
central pressura has filled an additional S5 ab and is now
984 =mb. The dissipating cyclone will continue to drifs
easterly. This short-lived, once powerful cyclone
eventually dissipates entirely over tha <continesnt on the

30th.
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C. NUMERICAL WEATHER PREDICTION PERFORMANCE

B2,

Numerical prediction models at NMC and FNOC pe-formed

poorly in the prediction of this storm's SLP evclutiar. The

inability of the FNOC 36 h SLP forecasts to predict the min-

b s

imum SLP of the rapidly deepsning polar 1low is illustrated

A

¥ in Pig. 21, Although a despaning rats is apparact in the
% consecutive forecasts, the magnitude of +<he deaperning wvas
Q not predicted. Adiitionally, the model failed to forecast a
;ﬁ closed circulation until 00 GMT 29 January, two days after
X

e closed SLP iscbars werz analyzzd from FG3E 3ata.

§ Al*hough a coaplete set of NMC 35-h surfaca pressure
[

forecasts is uravailable, those prognosss valid at 12 GMT 26

) January, 12 GMT 27 January and 00 GMT 29 Januacy reflect
5

that the NMC products fared as poorly as “he FNOC numerical

predictions. Por sxample, <the NMC 36-h surface prognosis
valid at 12 GMT 27 January forscast a trough of lcw pressure
Q across Erngland and 1Ireland with ©pressucss varying from

1002-1006 mb. However, the observed c2ntral pressure had
Eﬂ dropped +o0 985 mb and the storm had attaired 3 s+trTong

L]
Lt cyclonic circulation.

One explanation for these differernces wmay bs that the

different objective analysis and ipitialization schemes

iy By ¥y vy
250 d e

.“’




eaployed by NNC and FNOC are significantly d4iffarent Szoa

the initial fields obtained through optizua inta.:poiation az
BCMWF. Only subtle differences in the csctral prassures ars
found between FGGE, FNOC and NMC analyses of tks polar low
(Pig. 22). These slight differences disclaim “h2 possibil-
- ity that the lack of ini+tial surface data is the cause for

such gross errors in numerical predictios.
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V. QUASI-LAGRANGIAN DIAGNOSTICS

The foremost objective of the quasi-Lagrangian tschnique
(QLD) is +the quartitative evaluation of impor*tan* physical
processes involved in extratropical cyclog2nesis, Badgets
of basic physical parametecs such as mass, ebsoliute
vorticity (circulation), angular momentum and various energy
forms can be computed within 2 specific ataospheric veclume.
This budget volume is transla+ted with a distinguishable fea-
ture of *he system, usually the SLP aiziamun. This accoun*s
£or <translaticnal effects in the 1lateral <trarspor=s and
advection of aigratory extratropical <cyclones. Addition-
ally, vartical r=distributions of <«h2 basic vparaametars
within the budget volume as *ha result 5f vsrtical t-ansport
processses can be assessed. These inhsren*t fea*tures esz:ab-
lish tha QLD technique as a viable approach to =2vilua+te
cyclons development. By contras*, Kuang and Bakar (19795)
evaluated +the effacts of migratory syndptic-scalzs sys+teas
ralative tc a fixed volume only.

The basic framework and equa+tions for the QLD approach

vaere developed 2t the University of Wisconsin by Professor
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Donald R. Johnsona ard his students, Johnson and Down2y
(1975a) provide an overview of <+he geaeralized Dbudge=
approach; Johnson and Dowrey (197S5b) show <he definition and
use of storm angular momentum; and Johnson aad Downzay (1976)
give specific cyclone applications of mass ani argulac
momentum budgets. These technigues hav2 proven <o be 2 usz-
ful +tool in ovrevious studizs on extratropical cyclon=
davelopa2ant., Table II presents a chronological lis<ing of
studies employing the QLD approach.

The budget volume is defirad by tha tea manda<ozy prss-
sure levels in the vertical and by a variable radius in the
horizontal. As applied in this +thesis the budget vonlume is
cantered over the SLP aminimum cf the polar low and is +%rans-
lated with the devaloping systea. Twd> s2aparate radii wvere
salect23d +*o represan* twe bulgat wvolumas invdolved iz this
study. A radius of fouz degra2es latitulde was selected to
represent- the in¢anse horizontal circulation near <cthe cen-
tar. A radius of 2ignt degrees of latitads was salected for
an outer radius to provida additisnal information on
processes involved ir the cyclogenssis.

The generalized budget equation, which is p-a2s2n+ed in

Table IIXI, relates th2 time rate of changs of the property
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e to lateral <ranspor:, vertizal transport or sourcss  and .
! .
~ R . .
7 sinks of the propsrty within the volunma. Budg2<s <¢< “nh2
™ :
i basic physical parameters such as mass and cizculz<ion q
! .. : E
b % (vor+ticizy) fcllow f£rcm +he generalized budge:r =zquazion ari j
P $ o
+: are prssented in Tables IV and V. j
N Fellowing conssrvation of mass <hec2 are no sourcss or
‘5
2 sinks of mass wi*thin *he mass budge=. The mnass budgs: zqua-
tion directly celates the mass tendency (da/4d=) <2 the sun
j} of the lateral traisport and vartical t-anspecr= “:zrms. Tha
- lateral transpor*t term represents the mass convargencz/div-
- ergence and may be considered the primary £orcing %zzm 0 be
. evalua*ed within the mass tudget. The mass “=rdsncy can b2
‘-'
” directly ccmputed sipnce it is Jependent o52ly on <hz sucfacs
- przessurs *endency, since the pressur2 a* the =2cp of <hs
. budget volum2 remains f£ixed. 0Oncz thes2 teras ars csampuxed,
, the vertical mass transport is determir2i from thz imbalance
.Y
1 . .
e between the mass tendancy arnd ~he lateral =-ansport *eras.
“c'
> A compu*a*+ional residual =xis*s duz %3 obsarva*ional,
.q truncation axd intarpolation &rrors. Thz primary souzce for
-
N ~his computa<ional residual can be dirac*ly a=z+=rtibiazed =¢
X
= the 3inabili+ty +tc compu*te accurately *hz ne% lazs-zl mass
=
2N transpcrt. Corractions to offset <tasse <&rroo-s must be
E_\

L

a
“
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e applied zo individual layer residuals. Th2 largss< ccorec-
QN _"
. o tions ar2 applied in the upper troposphers where wiz2d cbescz-
[Q
S vaticns are the least accurats. This procedure producas 2
A

\-t‘ . .

L correct2d4 lateral mass transpert field called =h2 corr=zczed
AT

mass flux.

The QLD vorticity budget =guation, prcesasn=<ed iz rable V¥,

saction 1, relatas the time rate of chaage £ voc+icisy

direc*ly to lateral and wvertical transpor:s, soucces and

T

el : : i
S sinks. Tke budget formulation begins wi+h thz calculacion
! . .

- of absolute vorticity values at 2ach grid point within <i2

?:H hydget volunme. Stokas theorem is thea smployed <o relazs
- -
DN the arza-integratel verticity o circulztion. Thess czlcu-
A a+iocns combined with vector identities acs usz=d <o parti-
e
2N tien the transport tarms into advective ard divergerce
. comporen*s, as presen+ed ip Table V, sectiosn B. T» complerte
]
‘. ” » [ 3 v 5y . .
;&' the vorticity budgs+t ejuation, a souce/sink +erm is incoroo-
n',:’.
2, rated > revresent the ne* geperation/dissipaticn of abso-
gl -‘ ’
o lute vorticity within +the budge* volum=z Jus *+c divergencs?,
B3
;:ﬁ ©ilting and fric-isa tsras.
i
'O The transport terms of th2 vorticity budget 23juazicn are
2y
N also partitioned into aesan and oddy modss (Table VI). Tae
~ m23anr moda reflects th2 “ranspcrt of absoluts vorticity by
o
it
o
-3 41
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the irro=ational compenent of the wind, 2and caa be associ-

PENLURYEY - o MRV

»

a%2ad with changes i1 absoluts wvor+ticiry dus <c syrontic

3

scile mean circulations. Conversely, ta2 23dy modz -=2£1l2c¢ts
*h 2 transport of absoluts vorticicy by primacily th2 roza-
+ioral componept 95€f “he wind, anrnd is 3wz to covaciances
be*ween vorticity deviations and inflcw and cu+flow on *he

stora bourndary.
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A. MASS BUDGET

Quasi-Llagrangian diagros<tic mass budgst analyses wexe
calculated in 12-h increman*s using FGGZ2 data fields from 12
GAT 26 January and through 12 GMT 29 Jaauary. These +<im2
p2riods span the davelopment, maturatica and decay stages ¢f
the polar low, as described in chapter IV. Time sacticns cf
corrected mass flux and area-averaged omega, rapresentiag
the horizontal and ver*ical mass +ranspoct, <=esp2ctively,
will be examined in detail in +hs following subszc+ioms.
Aidition21ly, <the QLD producad vextical motison fields will
be ccmpared tc those produc=2d via the kinamatic methed ard
~a2 ECMWF analysis procedure.

1. ogizertal )}

i

I

ass Traasport

k

Time sec*ions 9f +he correct2d miss flux rcspresernt-
ing the horizorntal mass traasport for -2dius fecur and eighs

ar

presented in Pig. 23. Ordinate labals iadicats the cen-

tral pressur=2 level for which layer mass <lux compnutations

}-o

v2re performed. For axample, the 925 mb l2val represants

the su-face o0 850 mb layer. The labz:l3d %<imeg perinds ara
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viewed in +he same manner. For 2xampla, th2 2718 =iame paciod

ra2presents the 12 GMT 27 January through 030 GMT 28 Jazuary
*ime frame,

A two-layer <circulation pattera at radius four is
illust-ated ip Pig. 23a, with a brcad layer of outflow over-
lying a relatively shallew laysar of ianflow <hroughosu* the
storm 2analysis period. Th2 *hickness of <he <convergent
layer decreases in vertical axternt during <h:s early <ime
p2riods through 2706 GMT. After this “im=2 period +*he dep*h
of this layer increases as the polar 1low approachas mazuc--
izy. By the 2818 3MT time intsrval, ths l=aval of ncn-divec-
gence (L¥D) has increased to a maximum h2ight at 450 mb.
B2yond this “ime period the LND gradually 1lowvers. A dis-

izct inflow maximaa Is seen at 925 mb batwear *+he 2709 to
2806 time intervals., This s:rong low-lavel convergenca coTt-
relates well tc *he period of rapid d=svzlopmen+t as dsscribad
in chapter IV. An asssciated upper-1lev2l maximum ocutflow a+
the 350 mb level occurs between 2718 to 2306 %time intervals.
The low-level «ccnvergence at radius four is qui<z shallow
comnpared to *he larger vertical extent 5f the upper leval
divergence. Howevar, the magnitude of the mass €flux in the
convergence layer is wmuch stronger than <ke divergsnce

aloft, as required for conservation of mass,

44
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The horizontal c¢cnvergence and Jivergenc=2 p
a« radius aight are illustrated in Pijy. 23b. The basic
*wo~-layer circulation pat*era observed at radius four is pot
seen at this radial distarnce until later time periois. This
is indicative of the iritial small horizontal scals cf the
polar low, and +the areal expansion of tha system ia *ime,
The early time peris>ds are influenc2i by <+hs =z23jacent
anticyclore circulations, bu< not by the polar 1low. After
*he 2718 interval, low-level convergenc3 incr2ases appracia-
bly and acquires maximum strength jus«t aftar <he 2818 tinme
interval. A distinct upper-lavel divergy=ace pat+arn davel-
ops 26 h in advance of <tha distinguishable 1low-la2vel
convergence pattern.

Ancther perspec+ive of +he dava2lopamznt and areal
expansion o0f the p>lar 1low in time can be sesrn I3 the spa-
tial variations of the heorizontal wmass f£lux within the vol-
ume. At 00 GMT 27 January (Pig. 24a) a shallow well-defined
region of 1low-lev2l convergsnce is centered at the 925 nmb
lavel and ex+ends horizontally to radiis nins. Abcve this
convergence layer, and beycad radius nia2 in <he horizontal,

divergence dominatss, A very strong divergence (cu+flow)

naxiaun exists betwaen radius 11 ani 12 nzaz 600 mb.
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During the period £rom 00 GMT «t©> 12 GMT 27 JzrnuaTy,

the central ¢fpressure of the polar low drops at a ras

[
(o]
(23

greater than 1 abshh. By 12 GMT 27 January, th2 inflow o:
convergence region (Fig. 24b) has becoaz more compact. Th=
radial extent of the convergsnce region has reduced <£rom
radius nine to eight and the vertical extent has shrunk from
625 mb 0o 750 mb. Strong divargernce coatinues a* the outer
£adii from the surface to 500 mab, and a dis<inc: maximum has
develcped at radius five near the 350 mb lav=l.

By 00 GMT 28 January, +he system is near maturity.
The irflow regiorn has grown rapidly (Pig. 25a) 4in both the
vartical and hcrizorntal. A sscondary miximum centered rneac
+he 800 =mb level at radius five has formad. Th2 LND has
increased to 450 mb, which is some 300 ab higher than 12 h
earlier. The divargence at the outer radii has diminished
in area and magni*ude, however, +the divsrgarnce maximum cen-
~szred near 350 mb has intersified. By 12 GN¥T 28 Jaruary.,
the polar low is fully mature, ard a basic +we-layer

circulaticn pattern is seen in Pig. 25b.
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2. JVeriical Mass Irarpspor

Area-averaged vertical motion (om=2ga) fi2lds fcr th2

(o1}

12 GMT 26 January *o 12 GMT 29 Jaruary p2ariod aras presenta
in Pigs. 26-28. These vertical motion fields ace a direct
response to the strong lateral wmass traansports in the lower
and upper troposphare as dascribed ir the previcus sa2ction.
The ar2a-averaged omega fields in Fig., 26 are darived from
conservation ¢f mass with boundary conditions of zero vsrti-
cal motion at the surface and a2t +*he top of tke volumes (100
mb). The kinema*ic method is used t5 produce <he area-
averaged omega fields illus*ratad in Fig. 27 ard the ECMWF
analysis area-averaged omegas fields are presented Ir Fig.
28. Although produced by diffsrert methods, the basic pati-
<arrs presanted in these figurss at both +ha inzner ard outer
radii are remarkably simiiar. All figures depict a deep
orgarized layer of upward ver+«ical motion at the inper radii
throughout the azalysis period, ard a auch weaker and less
organized pat+ern at cuter radii.

The meximum upvard vertical motiorn at *the inper
radius occurs in each mathol in ths 12 GMT 27 January
through 00 GMT 28 January time franme. There are, howevsar,

notable differences ir the heights of <hes?2 maxima and the
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depth of the organized layer of upward vertical aotion a=
this inner radius. The QLD produced area-averaged omega
field (Pig. 26) indicates a vartical v2locity maximum rnear
400 mb. The ECMWF omegas (Fig. 28) have th2 var+«ical valcc-
i*y maximum centersd at 500 mb, whereas the kiremaxic oazega
(Pig. 27) maximum is in the 700 to 500 mb layex. Tha top of
upward motion region calcula<ed by +he mass budget methed
(Pig. 26) ex*tends considerably higher %han fcz the o=her
methods, and reaches the +cp ¢f the budgst volumes by *hz erd
of the aralysis period.

A wmuch weaker and lsss organized vertical mo*ion
pattert is obs=srved within radius eight ir Figs. 26b, 27b
and 28b. The ECMWF vertical velocitizss ace the weakest of
*he omega fields 2t this radius. Ths QLD and kirnsmatic
area-averaged cmega £fields reveal an appreciable downwari
vartical moticr during “he early <ime psriods, as is espe-
cially evidert in the kinematic fields. In the sarly +ime
pericds strong subsidence in the middls *roposphsre associ-

ated with the cold air advection tc the wast of the develo

o]

lJ.

ing polar 1low 3is <crea*ing a complex pa+tern 2 *he
area-averaged cmega field. This patteczn rapresents the conm-

bined influences of <the polar low aad1 =<ke £o0llowing
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233 anticyclone. This complex patterrn chanjyas sigrificap+ly as
2 ) the system undergdes horizental expansisn in tim2 and <the
.%% inner processes associated with cyclogeassis becom=2 icmirnan*
;jﬂ i ia the larger voluae.
3
'.: B STABILITY ANALYSIS
;E As described ir chapter IV, cold dry air flows south arnd
southeast across the Greenlard ice cap and over tha rela-

%; *ively varm vaters of the eastera Nor+h Atlantic Jcean and
?: D2nmark Strait during the 2arly devslopasat of the polar
f% lecw. sarface obssrvations from Prince Christian Scund and
4

éﬁ ) Tingaiarmuit, located in extreme south and southsastern
. Greenland, respeétively, qdantitatively ra2flect “he a+mos-
o
z; : pharic properties of this air mass. At 12 GMT 26 January,
é) Prince Christian S’und is reporting temparatures »£ -305, a
o daw point of -69% a1nd west-northwest wirds a+ 9 m/s. Simi-
%: lar Tingaiarmui+t raports are -49¢, -109% and west-northwest
Z%' winds at S m/s. Sea-sur face temperatu-as (SST) p-ovided in
L% Pig. 8 indicata that the air aass is translating cver SSTs
;f; of approxipmately 4 *o 69%. This corresponds ¢to a difference

between the air and ocean teaperatures o2f 8 tc 10 o (14 %o

N 18%r).
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This observed air-sea temperaturss 21d the subsequan=
rapid intensification >f ¢th2 polar lcw are consistsn- wi+h
Pyke (1965), who suggests that wv=ry 4intznse ocesanic
cyclogenesis occurs near ice-sea boundaries where “hs placte-
tary boundary layer is far frcm 2quilibriua wi+k ocean sur-
facs conditicens. Alzhough this imbalance coccurs fr=agquently
during s20ld air cutbreaks ovaer +he <astern Mcr=h Atlantic
Ocean, the rapid intensification of dolar 1lows is qui:e
infrequant. To gain further insight 9n the recie of szatic
stability in the formaticn of the polar 1low, the temporal
variations in static stability are examined and compar2d *%c¢c
*hose cbtained from other stulies. Additionally, area-
averaged potential temperatures fialds 32ad their temporal

variations will be analyzed.

1.

itn
|(+

tic Stability

Variations ir static stability are directly propor-

ctr

tional to th2 change in pctential tempsrature between pres-

I3

sure levels. Pcliowing Sandgathe (1381), hz temporal
variations in static stability are obtained by siaply sub-
tracting the 1000 mab potential temparature from that a+ 500

mb and dividing by th2 pressure differencse. The computed

values serve as a stability 4index, with Lhigher wvalues
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raflectiag higher stabilisies. Values in Pig., 29 ar-s pro-
duced utilizing QLD a-ea-avaraged potential teaparatures at
radii four and eight.

A daestabilizing +trend of the 1000-500 mb 1layar is
immediately noticable in Fig. 29 frem 12 GMT 25 Januacty
through 00 GMT 29 Januvary. This trend spanas the development
and mature stages of the polar low. Tha inicial svabilizy
dacreases ar2 approximately 0.8 Ox per 100 mb £-om 12 GMT 26
January ¢to 00 GMr 27 January, duriny whick a definite
cyclenic circulation evolved. This decreass in stability
prior to rapid deepening is consistent with numericzl simu-
laticns by Sandgathe (1981), but is lass than half of the
initial decrease found by Roman (1981) ip his invastigation
of the President's Day storm. In Callaand®s (1983) western
Pacific Ocear cyclone, initial dastabilization was also
prasent prior to maximum deevening. The s+tatic stabilities
of these <three studies were considerably higher +hroughout
the evolution of the storms compared ¢5 the stabilitizs in
the polar 1lcw. For oxamrple, minimum stability indices 0f 5
and 4.4 9K per 100 ab were computed for the Presiden<'s Day
stora and the westarn Pacific Ocean cyclone, respectively.

The maximum observed stability index for ths polar low was
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4.8 %k per 100 ab osccurring prior 4o tha initial des+abili-
zation, and tha minimum value was 2.1 9K per 100 mb.

The very low stability indices from 00 GMT 28 Jeru-
ary through 00 GMT 29 January were 2xplored further using a
skew T, log P diagram. Tte arsa-avarag2l poterntial tempera-
ture at 1000 ab at radius four at 12 GMI 28 January is 277
K. Addi+ionally, aaalysis of F3GE moisture fields indicates
naar saturation ir tha lower troposphera, Lifting this pac-
cal poist adiabatizally yields a tenmperaturs a+ 500 mb which
is 10.7 %k higher than if ths parcel is lif:ed d4ry adiaba*i-
cally. This moist adiabatic process correspords ts a sta-
bility index of 2.1 O per 100 mb, whereas th2 observed
stability index was 2.4, At 00 GMT 29 January a stability
iadex of 2.3 is obtained based on a moist adiabatic process
comparad to an observed value of 2.1 O« per 100mb. This
suggests tha*t lapse rates approach moist a2diabatic at 12 GMT
28 January and actually bkscome <coaditisnally stable by 00
GMT 29 January.

At 00 GMT 29 January, the system has moved over
Northern Ireland with a large portion of the budget volume
over land. A sharp stability increase of 1.2 9K per 100 ab

is shown in Pig. 29 from 00 GHNT 29 *o 12 GMT 29 Jaruary.
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The stera's landfall and consequent sharp rise ir stabili

ot
~

is associated with a period of very rapid descay, a

L{/]

described in chapter IV.
2. Potantial Tamveraturs

To complete the stability analysis, QLD-produce:
arga~-avar-agad potantial temperature fislds were 2x2mired.
Pige 30 illustrates the <tamporal variations in potan<ial
+3nperatures at radius four and eight. Is2ntrepes for koth
the inner and cuter ralius show cooling in th2 low2r tropo-
sphere during the development stage of tha cyclone. This
cooling is also apparent in the middle <wroposphere, @espa-
cially a* tha inner radius. This incursion of cold air into
the budget volumes correlatses w2ll with tha strong low-level
tamperature advection prccessazs describa2d4 ia chaptsr 1IV.
Afzer 12 GMT 27 January, warming is observed 4in thz lower
tcoposphere. This warming of the lowsr “roposphers is a
destabilizing effect, and rasults from sigaificart sensible
haat transfer from the ocear t> <+hse ataossphere as the ai:x
flows southward over higher s2a surface tamperatures. Scm2
varaing occures in the middle tropospher2, and can be associ-
ated with the 1latent heat rslease due *o convective activ-

ity. The wvarming in the aiddle troposphere is small
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compared to the marked warming of the 1lower lavals, which
indicates that the destabilizing effeact >f “h2 sensible hea+
#ransfer is larger *han the stabiliziny 2ffect »f la-zer:*

hea* release in the middle tczoposphszre.
Pige 30 also illustrz%es thz2 hyirosza<izc -z:spoase of

th2 tropopause %o *he +*emporal variations oI heazing arnd

cooling in the lowsr rtroposphers, Th2 =-opopius= iz Indi-

cated by <th2 regisn of tight packing 2f th2 ise2ntropes ia

*he vertical. A% 12 GMT 26 January the tropopausa is a*% 275

mhb at both *h2 innsr and outer radius with tesmperi<ures rnzar

315 9k a< that leval. At 12 GMT 28 January tkhe polar low iz

mature aad cold-coere, and ths %ropopause lowers *3 450 ab

o

and at 295 K.

C. SUMMARY

To summazize *he mass budget and stabiliiy anzlysis, the
following results are present=ad:

e The area-avsragel thickness of <the convergszncs layer
increases in dep*h during expvlosive dsvalopm=n=. Tk2
low-leve]l convergance layer 1is _c2ntaced reax 925 ab,
and is shallow <compared to the la-gsc wvertical extent

of the upper-level divergence;

scala, ard
rapid

in hocizon<a

e The incipiant 1lcw is small =
concurrent with

undergoes areal exparsion
develcCpnent;

e Mass budget, kinematic and ECMWP omega fields reflec:
similarities in magnitude and pactt2rn, however, each
method producas velocity maxima at 3ifferzznt lavels,
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Aresa-aver-aged omega fialds a+ radias sight 3duzing <he K
early time psriods are irfluencsd b{ a “combipnatisdn o€ .
<ne polar low and adjacent anticyclcnes, . Thz Zirrac -
f:ocesses ass9cia+ad "with cyclog2nesis dominzze <hsz ]
ater tiame periods; o
; o . . .

A differsnce o9f 8 0 10 ~C bs=ween air 2nd ccsan *emp- “
eratures is observed during the early 3evelcpmzn*; 7
.

A destabiliza<ion trend is apparsat  th-cujhout tha
develogment and mature stages. _ D2sctabiliza*tion cf the
lcwzr tropcspha2re prior 4o ravid development is consis-
ten*t with numerical s*tudiss by Sandga=ane (19871 ;

Static stabili<ias are significantl icwer th-cughous
the 1ljfs_cf tha lar low as_compared £c thes2 observed
in _similar studiss on miidle atitude rapid. oceanic
cyclogenesis. lapse rates becomes condi“<ionally stapla
during +he mature stage;

Iseatropes in the lower and middle croposphs-2 indicat:
ccoling dAuriny the early davelopmeat stage, 2nd apora-
ciable warminy with _+thé apprcach 5f the  ma*urs stige.
The cooling p3riod is dus *o strong thaeramal _advac:ziv2
processas, The warming at *he ldwer levals can b2
attributed *o sensible néat gain_from the oc=an as the
golar low has moved southeasfward over higner SSTs, aaid
*the warming at the_middl2 levels can be a3sociatead with
the latent heat release due to convac4-ive acziviztye.
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VII. VORTICITY BUDGET ANALYSIS

A, GENERAL

Quasi-lagrangiar diagnostic absoluta voriicity budget
aralyses were performed using F3GE ECMWF 3ata fields from 12
GMT 26 January and continued in 12-h increments zh-cugh 12
GMT 29 January. The results of +this analysis ars p-esented
in this chapter and include comprehensivs discussions on *h2
principal contributing terms of +he partitionad vorticity
budget equation presented in Table V, sacztion B.

Vorticity tudget results are illustrated using var+ical
time sactions supplemeanted by selected vertical profiles.
Budget volume radii are identical o those used in “he mass
budget analysis, with radius four and radius eigh- repre-
senting the inner and outer zadius respactively. Time peri-
ods dsnoted in <+he time sections refer +c 12-h periods
between synoptic times. Units and contour intervals for all
time sections are identical for easa of intsr-ccmparisoa and

interpretation.

56

. WA T T I N D S



------ PR S E R R Sl Rt

< S i e e R e b I A A M AR A N AL RO AP A S L A O
-
(]
.
-

B. TIMNE TENDENCY

The increase in absolute vorticity iz the inrer budge:
volume during 2 period of 2xplosive deepening is Zllustcateld
i by vertical profiles in Pig. 31. At 12 GNT 26 January,
absclute vorticity values are largest ia the lowas lzsvels of
; the troposphere anid decrease steadily with increasing heigh<

+5 450 mb. This profile reflects the initial t-oughing a+

g *+he surface and tha2 weak ridgiag aloft, as seen in Fig. 6.
g During the following 48 h *he polar low moves ¢ ths south
and southeast which‘ results in a 1loss of planatary
s
2 vorticity. Despite this negativa contribution, a signifi-
o cant increass in absolute vorticity is obsarved th-2ough ths
§ - column during this time interval. At 12 GMT 27 January, the
: larges* values are still in tha lower 1lavels, Howaver, the
f‘ largest gains during the precading 24 a are founid 4in th2
:f middle and upper 1levels (600-200 mb). Saarp increases in

absolute vor+icity at these levels continu2s during the nex*

24 h, and by 12 GAT 28 January, <*the maximam valuas wi<hip

the innar budget volume are captered near 300 ab.

o e 2]

A vertical ¢ime section (FPig. 32) provides a similar

parspective of th: rapid increases of absolute vertici+y

e L
RS- 2 e

R within the inner and ou*er budge* volunma. Examinztion cf

W
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Pigs. 32a and 32b indicates that <*he larger gaizs ir abso-

lute vorticity occur at ths radius four. Additionally,

gains at the radius eigh* are slower to 2volve, and *he max-

PR

g iaum vorticities occur at later time periods. Steady

5 increases in absclute vorticity in the inner budget volume :
§ are obsarved frecm 12 GMT 26 Jagnuary to 00 GMT 28 January. :
- The largest 1rate of :Increase appears =3 be cerntez:d orn 12

:3 GMT 27 January in the 450 to 900 mb laysr, which corzelates

1% w21l temporally to the approach of “he mature stage of the

' polar lov. After 12 GMT 28 January slow dscreas=2s in abso-

E lute vorticity are no+ticeable as the systa2m decays. 4
; i
v The <+time rate of change of the cyclone's absoluie 3
g verticity within the inner and outer buiget volumss is pra- %
n

{; sented in Pigs. 33a and 33bh. The same vorticity change :
? features discussed abceve are found ia th2 *sndarcy time sec-

) tions. A+t radius four, a distinct maxiaum is present at the

%: 275 mb level in tha 2706 GMT period. This maximum sugges+ts

. | strong upper-level forcing during the levelcpment stage ,

; and is consistent with the sharp incrzases in absolute

j? vorticity observed in Figs. 31 and 32. The time tendency

:g reverses sign after the 2806 GMT time period, which reflects

tendency

the decay of the storm in time. This negat*ive
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N appears firs< in the 1lower tropospher2 due +to fricticnal |
effects, and occurs 12 h later thrcughou:t the remainirg tzo-
54 posphere. A small Jdacrease maximum Is ssen centersd near

' . “he 925 mb level duriag the 2818 GMT period.

C. LATERAL TRANSPORT

V9 The *otal lateral «ransport of absoluts vorticity az +he
inner radius is pra2sented in Fig. 34a. The maxiaum posi-
) tive coatribution is center2d at th2 925 mb level ard
5§ increases in time thrcugh the mature stags at 00 GMT 28 Jan-

uarye. Beyond the mature staga, an abatement of absolute

; vorticity traansport occurs within this lay:r as *hs systam
" dacays. A secondary maxima occurs between 450 and 600 mbd
:é during the rapid davelopment period. Both amaxima corralate
%2 temporally with ths mature stage of th2 polar lew. A +ha ;
; outer radius (Pig. 34b), diaward transoor:t supports +ha
i% cyclonet's vorticity increase, however, this transper+ is |
i‘ waak and occurs at la*er time perioids when the inner
v; circulation has already begur :o decay. _
;j The total lateral transport, as described in Chapter V, :
x? can be partitioned into mean and eddy amodss. R2call <haz i
,? the mean moda represents +he transport of absolute vertici+<y
X
:3 by the ircrotational part of the wind, and transpor+* into the
X
: .
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budget volum2 is associated with the mean converger+ £lcw,

The eddy mode represents transport of absolute voc-ticity

:xi into ths budget volume by the covariances 5f irnflow/outflow
-iﬁ - and verticity deviations, and arises from asymmetrias in the
§1ﬁ £iow about +the cyclone.

gbé Ths separa+te ooantributions of the m2an and eddy modes to
S

“he total lateral transport during a p=2risd of rapid inaten-
sification are illustrated in Pig. 35. 1In %<ke low=zr levels,
the total lateral and mean mode transport cuzves are Jquite
similar, bo%*h in trend and magnitude. Above 800 ab, *he

total lateral <ransport is the diffference between the large

negative mean mode aad the a2ven larger positive eddy aocda.

;5{ . In a similar study of rapid intemsification of 2 westem
Pa
*éﬂ Pacific Ocean cycloae, Calland (1983) also fcund +that +h=

mean mode dominates tha lateral transport balow 800 mb, ard

jo

N +hat significart pysitive eddy mode ard nagative mean mod2
8

23

,g} contributions are observed ian +he upper 1lavels. However,
e +*he total lazteral transport in the upper lzvels in the west-
5

A\

ﬁa ern Pacific Ocean cyclone correlates wall to mean mod:
E? transport, whereas the lateral transport for tha polar low
%‘ correlates more clysely with the eddy mode transpo:c:.
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; Alternatively, the total latsral <transport sf absolute :

! 1
vorticity into/out of the budget volume can be <s2parated i

:i into lateral divergence and advaction coaponents, which ar= 1

2 :

- similar ¢o the mean and eddy modes, respactively. This pro- .

cadure provides a more <+traditional vorticity equa+ion view- i

Y
PP

™

point of <*“he phvsical processes involvad in <+h2 vrapid

Al 0 %"

o

# davelopaent of the polar low. The following subssction will

;} explore and contrast those separate contributicns and r=alace :
;; them ¢o synoptic scale features when appropriate, %
‘,‘5, 3
. 1. Hean Mods and Lateral Divergence

¥,

The vertical-*+ime sec+*ion illustrating the tempcral

i . Avé:"

and spatial variations in +the mean mode lateral transpor<t of
absoluta vorticity is prasentad in PFig. 36. A+ radius €our
(PFig. 36a), a maximum contributicn of absoluts vorticity is
saen a* low lavels, which is coincident temporally anéd spa-
tially wi¢h the 1low-laval maxima se2n in <=he tozal lateral

“ranspor: (Fig. 34a). Valuss of the low-l2avel maxima for

.. the mean aode are slightly higher «han “hose obssarved for
§ “he total lateral 4¢ranspor+. I+ follows +that +the eddy mod2
? contribution must be sligh*ly negative 1in the low=2r levals.
L This suggests that tha primary, if not s>l2, contributor to
?: ‘ the absolute vorticity build-up from lateral <ranspart in%o
Xt
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the lower tropcsphire arises from <+the m2an cycloaic conver-
gent flow. In ths middle arnd upper troposphere, a loss of

tared

t3

absolute vor+icity is observed. A brecad minimum is cs
bstween 275 and 350 mb, and occurs at ths same time periods
as *he positive maximum which it overlies, Az radius eigh=
(Pig. 36b), there are similar, but weaker contributions, and
*he maxima/minima are found at later timass.

The lateral divergence compon2an*t -—epresenting the
inner radius is prazsented in Pig. 37a. This illustration
depicts a basic twid~-layer regime with a broad region of div-
ergence overlying a relatively strong convergence region,
Th2 upper-level outflow and the low-leval inflow maxima are
both temporally situa+ted between the 2706 GMT and “he 2806
GMT time periods, and are spatially located between th2 275
to5 350 @b lzvels and at the 925 ab 1lev=2l, <caspectivzly.
These fosaturas reflec* strong similarities %o “he hcrizorntal
mass fluxes within +he iInner budget volum2 described iz
chapter VI (Pig. 23a). The lateral divacgance componsn+ a%
radius eight (Fig. 37b) reveals a similar structure to that
seen at the irner radius, althcugh th2 magnitudes c¢f th2
divergence and convergance are much weakar. A weak diver-

gence pattern overlies a convergerce r23ion <throughou*t the
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tims periods. The convergernce region strengthens during =zhe
later time periods but the values are mucn smaller <han in
the strong, well-organized convergencs layer ¢f <“h2 irnnar
budget voluame. The tempcral and spatial gain ia absoluze
vorticity through 2806 GMT in the lower tropospherz is con-
sistent with the positive mass fluxes at the outer radius
(Pig. 23b) during tae same tima periods. This evolu=ion is
another indication of the ini+jally small areal scalz of <h2
polar 1low and its areal expansion <concurrent with +the
explosive devslopmecnt.

Ccmparison of the lateral divergence (FPig. 37) and
the mean mode (Pigs 36) reveals strong similari¢ies tempo-
rally, spatially and in magnitudes. Thasa paricds of dis-
tirct inflew of absolute vorticity in ths 1ow=r lavels aad
corresponding outflow aloft coincid2 with rapid p-essure
falls and increased circula+tion, as lescribed in chapter 1IV.

2. Eddy Mods ard Lateral Adveciion

The eddy a0de cortribation t5> *he *o%al lataral
transport is preseated in Fig. 38. As in previous budge<
analysis Zllustrations, it 4is clear *hat the inner radius

(Pig. 38a) budyet =reflects +te dynamics and physical

processes involved in ¢he rapid cyclogeanzsis, and that +hess:

........
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processas at the outer radius (Pig. 38b) ar=z2 dis+or+tz=3 du

"
(7]

+0 +the incorpcration c¢f adjacent synoptic scale fsa=zure
into the outer budget volume. This occurs becausz of <h=
saall horizontal scale of *he polar low.

At radius four (Pig. 38a) *hera is a slightly neg-
ative contributicn £rom *he 2ddy mode in the 1lower <=ropo-
sphere. However, in *he upper tropospha2rs %here is a3 strong
positive maximum centered near 350 mb, aspecially b=2tween
the 2706 and 2718 periods. This corrasponds t9 the *tinme
pericds of a jet streak incursion iato the budget volums, as
described in Chaptsr IV and amplified in Appendix B. Adai-
tionally, ¢the largest SLP falls and <circulation increasses
are observed during this time interval. Bayond this *ime
the eddy moda contribution aloft dimipished with *ime, and
the polar low began to decay.

The presence o5f an eddy mode maximum in the upper
layers, and its temporal r2lationship to psricds of rapid
SLP falls and vigorous increases 1in surface cyclenic
circulation, <closely agree with similar £iadings by Callaad
(1983) 4in his study of a rapid cyclogenesis in the western

Pacific Ocean. Wash (1978) emphasizes ths significant role

of eddy mode transports in cyclogenesis, and suggested ¢ha+
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poor limited Pine Mesh (LFM) forecasts of several midwes=<
cyclones resulted froma an inrability to —ra2solve accurately
ths eddy mode trarsports in the model.

The lateral advec*ion of absoliuts vorzicity for bo*h
the inner and cuter budget volumes (Pig. 39) show s%riking
similarities to th2 eddy mode transport (Fig. 38). At the
inzer radius (Pigq. 39a), 2 maximum in positive vo-ticity
advection (PVA) is temporally and spatially coincident wi<h
the saxiaum seen ir the eddy mode transpor: (Fig. 382) in
ths upper troposphere. Additionally, coacentric values seen
around these msaxima are almost iderntical in magni:tude. This
shows that the upper-leval PVA results from advecticn of the
cyclonic shear polaward of the jet streak, and that the je<
streak incursion into ¢the inner budget vslum2 is the domi-
nant con+ributor to upper-level absolute vorticisy
increases. In the 1lower t-oposphers, both the laceral
advection and edidy mode transports raflect nega+ive

vorticity advection (NVA).

D. VERTICAL RPEDISTRIBUTION
As presented in the previous section, significan+ abso-
lute vorticity 4increases observed in *he 1lcwer troposphere

can be attributed to the mean cyclonic convergant £low.
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Similarly, strong increases in absoluts vortici=<y az <hs
upper levels c¢an be attributed *o the incursion of a Je=

streak into the budget volunme, This saction will explora

g

(R

*ha role of vertical redistribution of absolut2 vorticit

e d
D

from the lower and upper levels of the troposphere into *h
middle levels, where the largsr gains are observed duc-ing
rapid intensification (Fig. 31).

The vertical redistribution of absolute vor+ticizy is
represented in the partitioned form of the vorticity 2qua-
tion (Table V, section B) by the divergence c¢f the ver+tical
transport. The divesgence of the vertical transport is a
vertical derivative of the transport batwssr prsssure lav-
els, which was computed using the kinematic verticzl velcci-
ties, The vertical-time section of ths 4divergence o¢f the
vartical transport is presented in Fig. 490, At the inrer
radius (Fig. 40a), a two-layer circulation is depicted with
strong transport of absolute vorticity from the lower levels
intc the middle ard upper troposphere. A maximum region of
divergance of the vertical transport ocsurs between the 2718
and 2806 GMT time interval, and is spatially centered at the
925 amd level. This maxima naturally corralatss well with

«he period of wmaximum vertical velocitiss illust-ated in
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Pig. 27. Converjyence of absolu+e vorticity is nc=ic24d in

TPl el 4

_,:M‘,E '“}f."‘ WAL,

*he middle and upper levals throughout the “im2 secticn with

-

a maximum located at the 350 ab lev=2l Juring +the 2806 GA4T

ValaVala?

- period.

XN

At the outer radius (Pig. 40b), a more complax pattern

$ e v as &
_.%

=

is seen. I+ is apparen*t that adjacent syncptic f£2a<%urss

%,

N
o
2

dominate the larger volume un%til +the 2718 GMT period. Af+ar
+*his time periocd, an aupward transport >f absolu*zs vortici+y
from the lowar levels to *he middle troposphare is observed.
The values at this outer radius are significanctly smallsr

than those observed a%+ the inpsr radius, and occur a= later

time periods.

I As was the case with the lateral trapsport *2arms, <he
“\9‘
Kf divergence of *he vartical transport can be partitiosned into
ey

<he more =raditicmal vartical advection and divergence com-

ponents. The vertical divergence component is the negazive

of the divergence coaponent of the la*teral transpo>-t so *hay

§“ cancel. The spatial and temporal variations in the vasrtical
'gt. \]
Ly divergence componsnt are presented in Pig. 41. A cursory
3.5
A ?J
r@ inspection of Pigse. 40 and 41 indicates that the ver+ical

) divergence component is <the principal contributor %o *he

divergence of the vextical transpcrt, 2and this shows thaz
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N vertical advection of absoluze vorticity plays a -slz<4ivsly
2
unimpertant role. Bxaminatioa o0f +h: vertica advecticn

compornzn+ (Fig. 42) at the inrer radius markedlv -eflec=s

this insignificant contribution to <cyclone d=velopmen=.

Values in the outer volume were too small for graphical

dapiction. This domirance of the vartical divergasnce compo-
aen*t in +the vertical redistribution of absolute vorticiiy,
and th2 relatively insignificant role of ver+ical advectios,
agree with findings by cCalland (1983) in his szudy of a

westerr Pacific Ocsan cyclene.

B. SOQURCES AND SINKS
In the partitisned form 9f the vorticity budge*t squaticn
, (Table vV, section B), +he source/sink tzrm is ccomprisad of

+*he horizontal divargence, *ilting and friction tec-ms. The

horizontal divergence and tilting *erms can be sources or h
sinks of vorticity, and the friction t2rm is oanly a sink.
Holton (1979) stat2s that the gen2raticn o0f absolutz
vorticity by horizontal divergence is the fluid analog of

the change in angular velccity, which rssults from a change

in the moment of iaertia when anqular moaartum is consecrved.

S

lla

If postive horizontal divergence exists and circulazion

’ ccaserved, the avea enclosed by +the parcal #iil increzse ani
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*he absolute vortizity must decrease. Sizmilarly, 1 c2gion
of horizontal convergence will generat2 absolute vorzticizy
when circulation is conserved. Additionally, Hol=on agrtri-
butes the vsrtical vorticity generatioa <+o the =ilting of
horizontally orisnted components of wvartici<y bv & ncn-
uniform ver+tical motien fizld.

The horizontal divergence refsrred to within this sec-
tion is identical to the divergance compda2nt cf <he lataral
transport of absolu*a vor+icity previously discussed (FPig.
37). A region of strong convergence is s22n in the lower
lavels at radius four (Fig. 37a), and reflects significant
cyclonic vorticity genera+tion withir +ths lower troposphers.
Similarly, <he broad divergence regicm <centaced a: “he 350
ab level contributss =5 significarnt negative vortici<y ten-
dancies aloft., Th2 maxima in low-level vorticity genera*ion
is ¢temporally cen*ered near the 2718 GMT <ime pericd, how-
aver, the maximua con%tribu%ion to upper-level vor=ici:z
dacreases occurs later duringy the 2806 3MT pe-icd. Siamilar,
but weaker patterns 2xist at the outer radius (Fig. 37YH,
and occur at later time periogde.

Vertical vorticity generation due t5 the <¢ilting tecm

(Pig. 43) plays an urimportant =£35le in the cyclens
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dsvelopnent, Only =small losses of absolute vorzicicy a<

)

«7 |
) radius four are noticed in *he middle troposphera (620 mb) |

- - ‘
(] i

 $ between the 2706 and 2718 GMT periods. Values for tha til=-

ﬁq

32 ing term observed at the outer <radius are negliblsz, and an

illustration is not included.

The negative contribution, or sink 5f absolut2 wo-ticity
withinr the budget volunms, due to friction is calculatesd
b using a stability independent parameterization (Johanson and
Downey, 1976) . This dissipation of absolute vorticity

vithin the lower layer of the troposphar2s is illustra<ed in

. ¢
Ui

o2

Pig. 44. The influence of friction is confined to the layar
%g ) balow 775 mb, and is a more dominant feature at %he ignper
) volume (Fig. U44a) than a+ the outer volume (Fig. 44bh). A
maximum in frictional dissipation is observed at *he 925 mbd

lavel, and occurs between tha 2806 and 2818 GMT pariods.

ga Temporally, this correspcnds to “*he b23inning of the dscay
Y ag

e

<)
LY cycle of the polar 1low and subsaquent <cises in cencral
_ pressuces.
A% s . .
ey The fric+ional dissipation of absolut9 vorticity has a
)
f? severe retarding effect on ths lateral <transport processss

- in *he lower troposphere. For exampl2, +“he total lateral

“ransport (Pig. 34a) between 2718 and 2806 GMT has a maximun
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value of 12 X 10'10 s-2

centered at 925 ab. The £ric+ticnzl
dissipation (Fig. 44a) calculated for th2 same =im2 period
and level is approximataly 10 X 10'10 5'2. Subtzac=ion of
these opposing tendencies yislds a net effective lateral
transport of only 2 X 10'10 5'2 . Tharafore frictional
of fects in the lower levels clearly negate to a considerablse
degree the otherwise quite significant contribution of the
lateral transport of absolute vorticiuy. The fric+ticnal
effects in the midile and upper *ropospher2, however, ace
insufficient to cffse+ the vorticity gaznarating mechanisms,

and allows more rapid dincreases in absolute vorticity a<

these lavels.

F. RESIDUALS

Vorticity tudget residuals arise £from in*erpolatiorn and
truncaticn errors, as well as from un-zsolved physical
processas not incorporated into <he vorticity budget egua-
tior. The residuals serve to m2asure the inteqiiy of +he
vorticity budget calculations. Positivs residuals indica-=e
a vorticity excess, or vorticity that is not accoun%ted fe:r
by the calculations with the present data set and this feor-
malation of the physical rrocsssses (2.3. the parameteriza-

tion of the frictional processes). Similarly, nega+iva
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values indicate smaller values of absdolute vorticity than

Y
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computed.

N
-

At radius four (Fig. U5a), a complax pattern of residu-

. als is illustrated. In the upper levals, a dual-center max-

T E
L

P 2o

ima is located near the 250 mb level. A similar pat*tern in

the upper troposphers was calculated by Calland (1983)

iR il

during a period of rapid intemnsification of a western
Pacific Ocean cyclone. Calland suygested that <+hesa
excesses are the rasult of dimproper —representatica of
intense mesoscale convective activity, and a subseguent
underestimatior of vartical redist-ibutisa processes. It
must be noted that it is extremely diffizult to isolate spe-
cific causes for the residuals within <+the budget volums,
However, misrepresentatior of mesoscala convective activity
ramains a plausible explanation for ths vorticity excesses
observed in the upper troposphere and the deficits observed
at middle levels. No appreciable rasilduals are observed at

the outer radius (Fig. 45b).

G. SUMMARY

The purpose of this section 1is to intercelate many of
the procasses discassed iz tha previous sections. The sunm-
marize <+<he vorticity budget, +the following results are

noted:

K
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Re. Lower trorposphere

w3 e The _mean convargent <flow (mean adde) dominates the
+otal lateral transport below 800 mb, Howevsr, +his

. low-level lataral_ *ranspor+t of  absdolute vortlg;tz is

ﬁe rearly offset by frictional dissipation of vorticity;

?eg;

%% . e Significant 1lower <tropospheric absolute wvorticisy

g rcreases war showa to occur primarily f£f-om the source

vergence tera; an

§f e The wvertical divergence componeant of <the vertical

e transport is thg primary mechanism _in tha t-asspert of

o abgolute vorticity from the lower 1levals tc “he middls

and upper levels.

Opper %toposphace

e Ths most rapil increases in absoluis vorticity occur at
2706 GMT in thi 250 _to 300 mb layer, which correlates
vell to a period of rapid surfaca prassure falls and
vigorous circulation increases;

g e FAady mode transport and PVA transpor: compoasnts are
L the dominant contributors of absolate vortici*y in tke
#, upper levals, and are associated with the incursion of
;; . a jat streak into ths budget volume;

. o Upper tropospheric increases in absolute vorticity due
S BN t0 jet sirsak pr:pagation into the budget volume ard
& ver ifal redistribytion processes sffse the strongly

regativa contcibations of apper levsl divergence;

e Tha largest surface pressure falls and circulation
incraaseg are temporally coincident with the occurrence
K of the eddy m>de and PVA maximum; and

A e Ths eddy moda and PVA contributiorn aloft dimin
¥, géggyocc usion and the polar low begins tc £3
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VIII. GSQONCLUSIONS AND RECOMMENDATIONS

Dynamical and physical processes involved in a rapid
intensificaticn ¢f a polar low vwere invastigated using gquea-
si-Lagrangian diagnostic techaiguss. Specificalily, mass aad
absolute vorticity budgets ware calculated <for a Nor:h
Atlantic polar 1low u*ilizing ECHWP FGGE level ITI-b dat*a
fields. Signifizant budget features were examined and
correlated to observed synoptic patterns. |

The fcllovwing key results are presentedé

e The incipient cyclone develops within a2 low level baro-
cliric zcne overlying a sea-surfacs temperatuce gradi-

« ., No appreciable mid-lavel positive vorticicy
advection was observed;

e Initial destabilization of the lower troposphere pre-
cedifg ripid int nsification is attributed %o strqng
low ve advaction of cold air sver relatively hig
sesa surface tenperaturss. The r=asulting low Static
stabili«ies and enhanced 1low-lavel barcclinity_ supnort
a shift of m2xinum growth <rate to shortar wav2lenghs,
as prescribed in theory.

e The polar low 4is initially small in horizontal scale,
rd undergoes ar2al expansion concurrent with crapid
evelopaent;

e Rapid surface ressure falls and vigorous circulation
increases correlate well with *th2 observed _maxima in
%8:£ig:el nvard mass transport and upper level mass

e Mean convergent flow dominates the total lateral trarns-
gort of absclute vorticitz beéow 8)) mb, however, fric-
ional forces seriously r2tard this contrzibution. The
more sigi fiiant gains ir_, low leva2l absolute vorzicity
occur piimarily ffom the divergence source term;

e The most rapid observed surface prassure falls and
circulation increases are coinciian:t temporally wi<th
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the incursionp cf the forward divergenca guagrant et a
jet streak into the budget vclume. This fundam2n<al
contribution of shear vorticity, coabined with vertical
redistribution of absclute yor ‘city from lower levels,
offsets the s+trong upper leval losses due td> diver-
gence; and

e An oscillatory “emperaturs pattern with sgurious vaca-
in% and coolifq regions balov 350 ab in the 06 and 18
GMT ECHMWP analysis was discovered.

Recommendations for further ressarch:

e Further efforts should be made to isolate the diabatic
heating contributicns such as sensible h=at ZIluxas
through the air-sea intarface and latent heat r=lease
due t6 convect.on;

e A broad climatological study should Dbs conducted to
gain more copclusive correlations bacween jeo: strcak
superpositionirg and rapid maritims cyclogenasis; and

e An in-depth investigation should bs conducted irto the
oscillatory ma*turs of the ECMWFP FGSE temparaturs analy-
sis. ‘
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APPENDIX A

FGGE DATA RELIABILITY

Major inconsistencies discsosverad in tha 06 and 18 GMT
ECMWP FGGE temperature fields precluded 2f£forts to study ith2
evolving cyclone 3in 6 h time increments. Therefors, QLD
mass and vorticity budget analyses (Chaptars VI and VII), as
vell as synoptic illustrations refereancad in Chapter IV,
vere prepared u%tilizing orly *he 00 and 12 GHUT PGGE da*a
fielads. These data were found +to b2 suitable for this
research effor*+, and no major discrepanciss were noted.

The 06 and 18 GMI data problem was firs<t discovered
during analysis of the 6-h area-averag2l poten-=ial tempera-
tures (Pig. 46). WNotice the oscilla*ory pattaras of warming
and cooling below 350 mb, especially at the innzr radius
(Pig. 46a). Pcllewing the inn2r volume 275 and 280 O isen-
trcpes wvould suggest spurious warmiag at 2706, 2718 aad 2818
GMT interdispersed with pericds of rapid c50ling a« 2806 and
2906 GMT. Other incorsistencies are sesn tiircughout tha
ianer volunme time section, bu% perhaps *he most glaring avi-
da2nce of erroneous temperature iata is sagygesied by the sud-

dsn wvarming near the 450 mb level at 2906 GHT. Similac

76




vavelike patterns of warming and cooling are s2a2n ia th?2

outer volume (Fig. 46b), and are particularly evider+ in the
temporal variations of the 275 and 295 % isentr-cpes. Therce
are 5o plausible physical explana*ions for these undula<ing
thermal tendencies from the synoptic pat:erns.

It follows that the 06 and 18 GMT daca problem will als»
lsad to a misrepresen*ation of stability tsndeacies. This
misrepresentation is clear when comparing the 6-h stability
trace (Pig. 47) to the 12-h traze (Fig. 29). The 6-h trace
suggests a marked stabilization from J) GMT =<0 06 GMT 28
January, followed by an equally strong destabilization
period over “he nex%t 6 h. Similarly, 2an anomalous pattern
of rapid stabilization and destabilization is suggested
during *he 00 *o 12 GMT 29 Jaruary parioi.

These problems snconnteread with th2 )6 and 18 3MT dasa
prompted <he decision to employ a 12-h time incTemens for
budget analyses, <thereby eliminating thz 06 ard 18 GMT data
fields from the budget calculations. Howsver, a 6-h
vor+ticity budget was run tc document th2 impac:t 0f ¢h= arro-
nsous da+ta on budget foraulations. Cozparison 9 the 6-h

absolutes vorticity time tendency (Fig. 48a) “o the 12-h time

tendency (Pig. 33) reveals som2 similaritias, but she *rends




that ara evaident in the 12-h plots are obscursd by <ns
oscillatory components in the 6-h plots. The iacorporation
of the 06 and 18 GNT data int> budget calculazions has cre-

N ated a checkerboard pattern 9f absolute vorticizy gains
(naxisa) and losses (ainima) in the 6-h time terdancy. This
pattern by no means accyrately describes the volumetric
gains/losses of absolute vorticity axpected in this study of
a rapid cyclogenesis. Similarly, an oscillatory pattara is
observed in the 6fh budget residuals (Pig’ 48by, vhare
alternating periods of vorticity excessass aﬁd deficits are
ssen throughout tha time section. A :asidgal pattezn such
as this in the bulge: calculations and anaiyses has li%+le
credibility.

A brief investigation was conducted toideternine a pos-
sible cause of the temparature bias at J§ §pd 18 GMT. There
are few temperature observatisas in tha-ﬁlowe: and niddle
lavels of the trcp>sphere due to +he folléwing:

e ¥o ravinsonde soundings, which ars/only relzasad a* 00
and 12 GHMT; N

!

o lack of aircraft reports, sirnce aﬁécraft normally tran-
8i* the Nor*h A*tlantic at much highar altitudes; an1i

e Temperature soundings from polar orbiting sataliites
are sparse and interaittent.
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Therefora, only a few temperature obsecvations are availabple
in +he lower and middls *+roposphar2 as input +o0 adjust <h2 '

first gquess from the model. Calland (1983) 21 Paegle

BRI G ol ey
g A

(1983) have also documented 2 FSGE temparature bias, and add

d

support -0 <+he 06 2ani 18 GMI +emperatura inconsistencises

ks

R

sancountered in this study.
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APPENDIX B

JET STREAK INTERACTION

As described in Chapter VII, an inner volume maximum in
91dy mode transport (Pig. 38a) occurs in the 250 to 300 mb
layer, and correlates well to rapid surface pressuc2 falls
and vigoroues circulation increases. Adiitionally, *he eddy
mode transport and +he vertical redistribution prcocesses
offse* the strongly negative con*ributiors from upper level
divergence, and th2reby snhance *he developmen: of the pclar
low. fc further investigate tha fundamantal -ole of upper-
level forcing, a aore detailed analysis of the 300 mb winds
and isotachs was parformed. Special attention is given 2o
the superpositioning of the je+ streak f2atures Iin rela<ion
+to0 the avolving polar low.

A+ 12 GMT 26 January, the polar low is a shallow dspres-

ion located immediataly +o the southwast >f Icelaad (Pig.
6c). Analysis of 300 mb winds and isotachs (Pig. 49a) irndi-
cates straight, northvesterly <€flow ovser the incipient
cyclone, and a W) a/s jJet streak ups:iream across western
Greenlani. By 18 SHT 26 January (Pig. 49b) the leading edge

of this Jet s<raak extonds to <the southaast coast of

80

WO, { \ N o M ™M ) ‘Cs."\}_:.{b" C&ﬁ;}‘\"\‘fsﬁ{ckfx A

.

P e "ata.'a”

‘e \




N I S S DL NN B R e T N N W e Bl N 'yt a Py - ) AW Ead N ey e e e PP

Greenland, and a decrease in horizontal iistance between the
surfaca low and the jaﬁ streak is noticed. This approach of
the upper level jet streak is also zeflscted in significant
increases in eddy mode tramsport (Fig. 38a). During +he
next 6 h, the jet streak continues to propagate downstrean,
and by 00 GMT 27 Jaruary (Fig. 50a) *h2 maximum is osver th2
east ccast of Greenland.

Duriag the period frcm 12 GMT 26 January to 00 GHMT 27
January, the surface lovw has avelved a closad circulation,
and has experienced a 11 @b decrease in central pressure

{Pig. 10¢). The ensuing 12-h time period marks ths mest

N
e
Y

)
M

ranatic central pressure falls (15 a@b) and irculation

R increasses. Addi*ionally, a maximum in positive vor+ici+y
+endency cccures ip the 250.to 300 ab laysr (Fig. 33a) during

this time interval. This can be explained hy th2 zapid

approach of the jet strsak and, consequen<+ly, 2 s=rorg 24dy

mode transport of absolute vorticity in tae upper leovels,

By 06 GMT 27 January (Fig. 50b) the jet streak has continued

B to propagats rapidly to the south- southeast with zhs polar
low located below the lef+ front quadranat of the jet st-eak

”ﬁf at this tims. The strong cyclonic shear and divergarce

X assoclated with this quadrant erhanc2s mass coampesrsation
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(increas2d vertical velocities) from lower levels, which is
corsistart with the surface przssur2 falls. 3y 12 GMT 27
Jaruary (Fig. 51a) the strong polar low has moved ip a mere
easterly directicrn away from the jet s<reak, howevsr, sub-
stzantial upper level cyclcnic shear aloft is still observed.

By 18 GMT 27 January (Fig. 51b), the polar low has coxn-
<inued to move *o the eas*. The pclar low is occluding a=<
upoer levels and the corresponiing abat2m2nt in =43y mode
transport of absolute vorticity ir+c “he uppe- trcposphere
(Pig. 38a) is observed beyond this tine. The polar low
matures 2nd becomes vertically stacked (Figs. 15 and 52a) by
00 GMT 28 January. Beyond this time perisd (Fig. 52b), th2

polar low drifts % +he east and begins to decay.
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AEPENDIX C

TABLES

.-‘
% . TABLE I
r Fields Archived in the ECMWF Level III-b Data Set
f" (From Benasston, 1982)
l". Z g v T W RH
j‘ 10mb X x X X b 4
- 20mb x X x x X

30ab b ¢ X x 4 b 4

50mb x x x X X

- 70mb x X x x x

100md x x x x x
<1 . 150mb x x p 4 b 4 x
‘ 200mb b’ x X X X
{:‘S 250mb X x x X x

300abd X x b 4 X x x
; 400md x X x X x X
’:: 500mb x X X X X X
B 700mt X x x x x X
- 850mb X x X X X x
5 1000ab x x x x x x
B
3 .
-
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?n TABLE II

o3 Pravious QLD S+tudies

1 (Extracted in part €from Wash, 1978}

i

2]

3 PRORERTY RESEARCHER (35)

§‘ Available potential Energy Spaste 1974

;ﬁ Circulation %ash 1975

% Mass Jchason and Downey 1976
A Absolute Angular Momentunm Johason and Downey 1976
gt Kinetic Energy Chen and Bosart 1977

! Absolu+s Angular Moamentun Wash 1978

§§ Mass Roman 1981

- Mass Tallaan 1982

§ Circulation and Argular Momentum Conant 1982

g . Mass and Circulation Calland 1983

%

-
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TABLE III
Generalized Budget Fqua<tiosn

(After Wash, 1978)

100mb £ 2n
F= [ f [ -;-f.l.-2 sinB dadBf (-dp)
1000 mb 0 O

vwhere F is the volume integral of the desired budget property f.

The budget equation is
7/

%‘i = LT(F) + VI(F) + S(F)

where the lateral transport is

100 mb 2m
[ 1 ,
LT(F) = 3 (U-W), frsind da(-dp)g
1000 mb O

and the vertical redistribution is

100mb B8 27

VI(F) = / f / -;--g—t-,— (wf) rz sinB dadB(-dp) .
1000mb O O

The source/sink term is

100 mb
S(F) = [ / / L4f .2 oinB dudB(-dp) .
g dt
| 1000mb 0 0
85
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TABLE IV
Mass Budget Egquation

(Aftec- Wash, 1978)

The Definition

M~ / i— 1':2 sinf dadBdp

v
P

vhere £ = 1 .
The Budget Equation

. dM
EOLT-O-VT,

where

Lateral Transport

2w
1
LT = - j’f g @-Wg r siody dodp IBB
ng 9

Vertical Transport

8. 2nm
VT = f L w-w) r? sind duds |
g B P
0o o

WSS T 1.7 B TSI I
o .
8. $. 1.7, 0y, Wt “". :
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TABLE V
Circulation Budget Equazion

(After Wwash, 1978)

Section A
100 mb 8 2w

1 2 :
C, = f f[ -Ecar sinB dudB'(-dp)

1000mb O O
where C . is the absolute circulation and ;a is absoclute vorticity.

The budget equation is

cc‘ ) - . .
3 =TGR + DT + S

where the lateral transport is
100mb B 2r
. y ‘l
Lr(c,) = ] f f s (- g)s g T sind dcr.(-dp)lB
1000mb O O '

and the divergence of. the vertical tranéport is

8 2n
%;cnt;)r sin dadB .

mlo—a

0 o0

The source/sink term is
100 wd 8 2n
1%,
s = . dt r° sin8 dad8(-dp) .

000 O O
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. TABLE V,(Cont)
Saction B . '
. The partitioned form of the vorticity budget equation is |
ey . S - -
% - + LT (C‘) LR | £ § (1;‘)- + - s (C.)
. . — .
_ ~ ! vertical vertical
" mean mode | eddy mode - divergence advection
f 1 . o e v 1
.. . ) ~ divergence tilting frictional
horizontal horizontal =~ =~ " term term  dissipation
divergence advection oL .
The above partitions make use of Stokes' theorem
-/;.gogu-/fv-c‘gu,
. . . . A
sod the division of total flux (U.C .) into divergent and advective
components, =

. v.;. 9 - ;. (v.g) + g._v ;‘ .
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TABLE VI
Mean ard Eidy Modes

RS

N
4¢
o

(Aftar Corant, 1982)

100 mb 2n
1
m(Cc) - f f T C:(g—‘_i)s r sinB da(—dp)le
1000 mb O
: 100 mb  2n
& 1l -a——0
!,, m(c) = / T ‘a(g'-‘-')s r sinB dc?.,(--dl:»)lB
1000 mb O
e ' 100 b 21
‘. : ] ——————— . . !
_ m(c.) - . ] ry z;(.y-f)g r sinS da(~dp)| 6 ;
. 1000 mb 0 '
100 b 2n :
1l -a;——a ' :
m(c.),- / T 8:(E-E)B r sinB dm(-clp)lB
1000 mb O
EM is the eddy mode and MM is the mean mode.
- n .
Note that ( )% = "}Tr () d
, A 0 |
.. and (Ye=()- (—-)a. is the deviation of the property

from its mean around a lateral boundary. .
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