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Helght readlngs at 500mb and 700mb} were taken‘ long'

350N and -sson latitude from 1ooow to 150°W longltude to

| "examlne the character of the -flov across -the Canadlan

‘Cordlllera..f The average’fiow at'700 andFSOOmb was fOUnd to

o

‘be ,essentlally dlffluent.- ‘The height 'contours show 'a' !

max1mum. spreadlng at about 120°W4, but max1mum dlifluence of

 _3x1O -6 sec-l occurs ‘some 10° farther upstream, near - 130°9% -

C . y .- . .

longltude. , v : S

5 y . _ L
. N

Examination of’ the ’synoptic 'maps; of Western Ndrth

Amerlca for a flfteen-month ferlod revealed 125 :cases of .

. 1ee cyclone act1V1ty. Host of thlS act1v1ty 1s/concentrated

" in three dlst1nct frequency max1ma 1ocated in the lee of the;'

Canadlan Rockles. | The f}aghest frequenC1es are assoc1atedi

-wlth the Southvestern Alberta Range, the hlghest mountaxns,t~

N thef second 3 hlghest frequen01es ' wlth "theug Northern

' B. C. Range, the second hlghest mountalns, 'and~.the.'1oves£/f

vfrequenc1es wlth the nacken21e Hountalns, the lowest range.

This[suggests that'the 1nC1dencefo£ lee .cycloge3651s is a -

;gfunctionnof7the'height‘9f the mounteins.

«Nrnety : percent of the 125 cyclones -etn ied'_werev

assoc1ated wlth only four dlfferent types " of ‘npper' flow. _'

Lo
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Because~ the flow patterns 'change wlth t1me, a glven lee
rcyclone can be assoc1ated ulth two or moQre. -flow patterns.
'VfThe ba51c patterns,'lu order of 1mportance, are: 1) an upper

’

ol \
trough wlth bonfluence east of the trough llne, changlng to -

dlffluence further downstream, and the surfa;e_:pyclone'
'usually *lpcated’::at_ the 'inflection p01nt some 750kn "
»\downstream;.Z) andupper trough'\jith dlffluence' downstrean
and. the surface low 51tuated approx1mately 600km downstream‘
,from the trough 3) an upper trough_rfollowedv some 1600km

} dovnstream hy a, ridge, uith' the ksurface 'lou below‘the

inflection pointr ahout halfway between .thes_trough\.and;
pridge: and 4) a dlffluent upper rldge vlth the surface low
. some 300km upstream. The remalnlng 10% of h' veases* vere .

‘too dlver51f1ed to warrant cla551f1catlon.

.upper guind maxima oan, play an 1mportant part lndlee
cyCIogenesis. In partlcular, the/dlffluent 1eft exit _oflea
' wind* ‘maxinun is the reglon most favourable for cyclogenesls.
However, the' cyclonlc vort1c1ty generated in\‘the lowerlf

(\

levels as the a1r mass descends the lee slope of‘ the‘,jjcky'
es

'vnountalns 1s also an 1mportant factor ln lee cy log

5catter dlagrams were plotted of 1nten51f1cat10n versus

S

:dlffluence to 'examlne ﬂhe .relatlonshlp between' the two

‘;:phenomena.{ The results 1n%~§ate that ¢ 51mpre, one—to—one

. (Df7

oorrespondence . exists . I,between dlffluence :and ‘ 1
e/" . .

ncyclogenes1s. In partlcuiar, 1t vas found that dlfﬁluence'

: _ . / - ¥ ,



is ‘assopiated' with'foqu 80% of the'cychnESl-— 50% viih
.inteh§ifying cygibneé~ana 30%‘ with . digsiéating 'cYcloneﬁ.
Confldencejis asSdciéted Qithftﬁe;eméiﬁing.ZO}.of the lows,
10% with inteﬁéifyiyg 'cyclones 'and‘ 10% w?;ﬁ_dissipating

cyCIOnes.v :The valués -of diffluence and . confluence

associated  specifically = with cyclbnic7:develmeent are

considerably 'larger) than ~ the values of diffluence and

(3

cthluénCe associatéd&yithfthe mean fiowkl' ‘_, o .
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1.1 Introduction

- S S sean

———— e e o e e e Y e P e e e o

&y

The topography of modntalnous reglons imposes ‘certain
iretarding» and acceleratlng effects on the alr motlon, both
near the surface and in the upper troposphere.r In the lover -

levels the orographlc features gan trap shallow masses of

cold air, produce varlatlons in recelved radlatlon, and set

up local circulation systems #l:Ch modlfy the’ dlstrlbutlon'

of weather. Higher up in the atmosphere, the effects are

not so obvious but nevertheless very important.

It is observed that, on many occa51ons, the'upper flow

Hover the Rocky Mountalns 15 from the southwest and that the

LY

»1sobar1c contours dlverge as the alr crosses the mountalns.
Since' diffluence meams dlvergence of the~1sobar1C'contours;
‘.it‘can be stated that cdiffluencehfiso‘a .common pheuomenonﬂ
: asspciated .utth.the RockyanountaimSe' It is also known that
theﬂlee of‘the Rocky;hountains is a _preferred iplace- for -

‘cyclogenesis to occur.

¥ o

Slnce these tuo phenomena occur at the same place and‘v

I

“time, it seems reasonahle to eXpect that there mlght be some_
| ‘Trelatlonvbetween them. It 1s the purpose of thls studyw to -
examlne the* upper 'flow over' the Rockles for an extendedi

per1od to determlne vhether or not the flou, in- the mean, ls'



diffluent. nPartiCular -CaSes. will be used to"test the
hypothe31sfthat dlffluence and lee cyclogene51s ‘are . related

It is hoped that a relatlonshlp between lee cyclogene51s and

‘dlffluence can be establlshed emplrlcally through the use of

- scatter dlagrams. Lee cyclogene51s and its aSSOCIathR wlth_

1

EY)

"orographlc features wlll be examlned in the llght of various

‘ development_ schemes . proposed and . descr;bed‘ in the

literature. Only the gross -features lof_ the development

schenmes dof. Scherhag; Pettersseﬁ‘ and ' Sutcliffe will be

considered. At the present tlme there is no "theory which

purports to explaln all the complex1t1es of cyclogene51s.
.. _

Nevertheless, 1t is hoped that thes% theorles will provide

t‘an' adequate ba51s for ‘the examﬂhatlon of thevrelatlon"

between. d;ffluenCe and lee cyclogenesis.

'1;2‘gi£§luence,and'Conf;uence A

Whlle most meteorology books talk about dlffluence ‘and

‘-_tconfluence, they do it in a rather general way. MOSt auth-pf-

-

ors seen loath to deflne dlffluence mathematlcally or to de--

scrlbe 1t in adequate terms.;

L

'Accordlng to Nam1as and Clapp (19&9), confluence is the‘_rﬂ
AFlowlng todether of two radlcally dlfferent mld-
- troposphere  air.streams into the zonal westerlles
= one stream flowing  from . ‘warmer southerly

1atitudes, the other from the colder north.n~ o
*'The?patternrproduoing“the'flowfresuitssfrom.the'uotion.



of lurge soaie troughs and ridges in the wupper westerlies,

often leading to waves in higher latitudes out of phase with

the wvaves in the'-lowerw.latitudes.‘ Confluence thereby -

concentrates the energy of'the vesterlies in fairly narrow -

bands where they/attain their maximum speed. .>§;

Confluence results“mOSt Commonly'vhere a strean Of warm -

.

mid- tropospherlc air ﬁrom the south curves antlcyclonlcally

-and' meets a cold cyclonlcally curved stteam from the north

such as (a) and_(b) in Pig. 1.1.

~Tel

—T+2
, Te3

T+ 6:

'Flg. 1.1 Confluence of warm southerly air (a) wlth -cold

northerly air (b). vDashed lines are. 1sotherms 1ncrea51ng 1n]"

value from north to south
4 .

At hlgh latltudes the cngracterlstlc mld tropospherlc
5flow patterns 1nvolv1ng confluence requlre dlfferent place-l‘,

'ment« of trough and rldge systems than at low latltudes, andf

'_hlgh—latltude rldgeﬁe Th154results ;from- ‘the' dlﬁferentlgl:'v'

7

- ~usua11y requlre low-latltude troughs Hh1ch are surmounted by; L

‘wane‘lmotions;of‘the1westerliesfin7dif£erent létitude*beltsi_,‘



o

i.Flg. 1. 2 ‘A low—latltude trough surmounted by a hlgh latltude'
.rldge. R- rldgé ?-trOUgh : _

T p/

sich a flow pattern is illustratbd in Fig. 1.2 which shows

o7

‘confluence of northweSterly_¢and southweSterly air streams

just‘veast of the . trough. This' confluence is. usually
associated vith an 1nten51fLCat10n of the mean mer1d10na1 .

temperature gradlent and leads " to an 1ncrease of the zonal'

“winds;' To the west of the trough the converse occurs, wlth o

;dlffluence of the 'vesterly flow into southvesterly “and

northwesterly components. . ..

YRR S .
Another bas1c approach to the concept of confluence and"

,edlffluence 1s glven by. Gordon (1962). ﬁe comblnes the cur-i

f.vature of a 51nu501da1 Mave pattern vlth the shear in a wlnd

B

maxlmun to show where development of cyclones and antlcy-:

lclones is llkely. Thls wlll be con51dered in greater detall”

'1n:honnectlon vlth Sutcl;ffe's Development Theory.

N



- left of the w1nd dlrectlon, and:

‘According 'io'- Palmén and Newton (1969, . p;2u5),_

: . o IV S0V ’ -
confluence is defined by 5_3> 0 . and 5_3<<0" ~where the
DR X y
: J

x~axis is downwind the y-ax1s 1s perpendlcular and to the

PV are the =x- andg
9 9 .

o y-components of the geostrdphic wind (see Fig. 1.3).

o

. Fig. 1;§-Cohfluence pattern 1llustrat1ng relatlve magnltudes"
of x- and y- compouents of the geostrophlc wlnd.

L.

'-This defihltlon requlres that the geostrophlc wlnd,_'
A

1ncreases in the x-dlrectlon for confluehce and decreases 1n.Vf

:the x-dlrectlon for dlffluence., Moreover,:ithe y-component -
:decreases toward the x-axls for confluence, and 1ncreases‘ﬁ“
’-away from the x-ax1s for dlffluence.' Paimen and Newton do"

'not con51der the relatlve magnltudes of the tvo- terms._(’
/ .}‘v , L o .

-

?f all the authors,vpetterssen (1956) probahly treats o

‘ confluence and dlffluence most fully. : Accordxng to Pet-‘"

i’terssen,.:confluence and dxffluence refer to the geostrophac'fy'

’

’iigfs;;;7



= €M, o

uwind‘ or to flow Ain 1sobar1c channels. The flow. is ]udged
. confluent or dlffluent, dependlng on whether the isobars {or

-contour llnes) converge or dlverge in . the dlrectlon of the

geostrophic‘wind. Confluence and dlffluence musx not be

“confused with convergence and dlvergence of ‘the wind which
fhave to do with the accumulatlon or depletlon of - air .in a

- layer,

To obtaln a- deflnltlon and a measure of confluence and

o d&ffluence con51der Flg. 1. u Z,1 ,and Z .are neigthUff

1 2

1ng contours of an- 1sobar1c surface. The dashed llnes are
-the orthogonal trajectorles 'of the contours, 1 e. llnes

vhlch are everywhere perpendlcular to the contours._

.»[
.

| if-'/f_

*%

,the separatlon of the contours, then

C e

- Fig. 1 Q Illustratlnq confluence of the contours and
,’geostrophlc transport. : : - o

Slnce the geostrophlc vlnd is 1nversely proportlonal to. n
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V DE = V AC -= (AB + BC)
9, 9 fff%?rrsf .
: 91 _ . .
X £, : o : . L
port across BD since the flow is . geostrophic and cannot

cross_gthe_ contours. If AV* 'is the geostrophic component
across'BD,vthen _

V5BD = ¥V AB
S g1
. Clearly, Vs = 0 ‘when the curyéture of the‘orthogonal trajed::,

btory AC is éerb.Q
If the x-ax1s is along the geostrophlc wind and K »de- .

notes the curvature of the - orthogonal trajectorles of the s'
contours, then K 1s 9051t1ve lf the contours qonverge _and
fnegatlve if. they dlverge. ,Thls is 1llustrated in'Fi§.1;5.l_

Vlth the x-axls chosen along the isobar SO that the '

Y

'y-axxs p01nts _in the dlrectlon of the horlzontal pressure

‘force, Petterssen (1956) has shown that' 'f" -
axay n-ay S R (1 1) =

The' helght 7 of the 1sobar1c surface may be used 1nstead of

"the pressure p Vlth the resu1t°

~ :
-

"*'235_-= Y S |
Wy Ty

Usingjthe'geosrrophic:relaiionshiu_

The geoStrophic frénsport_vrvAB,muSt.be equai to the trans-;Jil' '



NOTE:

gig_1_§ Illustratlng the 51gn of the- radlus of orthogonal -
'-curvatu:e K for various 1sohar1c flow patterns.."

<

T ,5' g
RTINS B -

-5
_-<[N

wheref f 1s the Corlolls parameter and g 1s the acceleration

f“ rof grav1ty, equatlon i 2. becomes .

oy l'_-7'fQ’_'f - (1 3

‘_Q 'ghichV*isf also7a7measure eficohfluence;_ Note that the axes



@ : &}
are chosen so that éé.-g and 3§< 0. ©3%Z_ s’ then
: ‘ : : : ax 3y . IXdYy . '

negative. or p051t1ve accordlng as the contours converge or

diverge.
' B8
e 10 ' X
- H—>
C D s
Fig. 1; Overlay used for the determlnatlon of 1diffluehcég"
H = 3°Lat1tude = 333km. L _ R G

Since'the'fLOV through contour channels is cbnsfant,.

. av: : o . . . ,

M -—g_ Ce K V = - .9. 822 L : ’ .

. . 9s ng - foxdy - (1.4)
uhere =3 is measured along the contours.- Using the finite

.

dlfference grld shown in Flg.1 6

322 ~
~dxdy

.:":J.—.

(2, -z, + zc_fvgﬁ)_
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Thus equatien‘1.h expressed in finite difference fornm is |

el

55 Knvg " (Z, - 25+ 2, AV (1.6)

The ‘amount of COnfluence‘or'difflueuce’can then be de-
-termlned by u51ng an overlay such as . that shown in Figqg.
y v

1.6. Numerical _values of ‘confluence and dlffluence have

been determined through the_use of this overlay.

'Prohabiy the single mostuimportant factor‘in‘the devel=-

_opment of pressure changes is the dlvergence. . The diver—

L] .

gence is a measure of how much alr 1s enterlng or leaving a

column, and»thus can be usedidlreqtly as ‘an lndlcatorv of1
intensification. . Neglecting small terms, the vorticity

’equatioufuayfbe'iritfen'in the form

b

L @ - - @we el (1.7

arf Q>

: here v 1s the three dlmen51onal velocxty and Q the absolute,'
vort1c1ty. /In th1s form aQ/ag may be use&vés ‘a ‘measure of}

'local development

. The horizout@lvdivergence'is defined by

R Vufi B A R eT Y

;Zs'ﬁere V  is the wlnd speed s and n are’ coordlnates in the_iﬂ
-natural coordlnate system vlth s measured along the contonrs ;
1and‘nePQS;t}Ye:to the Left. of the glnd, o 'is>\the wlnd*

LIRS
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Ea

" L S &

~direction measured anticlockwise from the x-axis. 1In

gen~ral, it is_oftenfpossiblel to réplace derivatives and

finite. difference expressions of tﬁe.real wind V by similar

quantities obtained from the _geoskrop ic wind. Thus, in

equations 1.4 and 7.8, it can [be .'seen that there  is a
relation between divergence and diffluence given by
s g_azg Vaa o (1.9)
H- { Oxay  on :

.= divergence is theﬁfesidualiresulting from the con-

‘binatior of two quite large terms.z‘Undet quasi-geostrophic

condltlons the wlnd decreases downstream when the“'spacing

s

fbetween contours 1ncreases' and, <conversely, the wind

decreases. | This means vthat the two’terms in equation 1.9

Hence it is very dlfflcult to measure the' divetgenCe

’ .accurately. K-A small error in one term may ‘change the'sign

of the resulta?f/filgﬁgenCél

\':A simple exampie will illustrate this (Panofsky,.1958

»_p.35 36) Let the digkance between adjaéent- contours ' mnear

,speed at P be 40 knots._ Also, let the w1nd dlrectlon along

. most caseSf.anﬂm =~ 3V/3s with negligible error. Combining

‘increases. downstredm when the spacing between. contours

"are of opp051te 31gn and often of nearly the same magnitude.

"p01nt é (see Fig. 1 7) be" 200 nautlcal mlles and the wlnd"

tbe streamllne to %be' sguth of P be 2700 and that to:the~

north oﬁ P be’ 280o Plnally, let the ulnd speed be lncreas-

. 1ng along the stream at the rate of 10 knots in 300 nautlcal_
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Tvo confluent COntours showing the .wind = increasing
ontours become more confluent" - o ‘ "

~

miles. Suﬁstitutinq these_values into equation‘1.8 give

V. -1
*a—s——- .033,hl" )
1 ﬂ) ' o -
V—g—oi= - 035 hr 1
.The dlvergence 1s thus -.002 h;* Am error in ' the
. ' )
wind - dlrectlon of only one degree ‘Can reverse the 51gn:/¢;j;;4/

‘the dlfference between the two u1nd dlrectlons had b%é;/ 90
.—/
1nstead of 10° the second term would be_-.031 hr- aud‘the

‘net dlvergence would be p051t1ve and}equa;uto .002 hr-t .

Since winds,cannot motmelly be measured to‘1° accuracy{

it is very difficuit to use this method for determlnlng dl-
hvergemce;»' Other methods for determlnlng dlvergence are now'.
;;avallable whlch do not make- use of wind data, but twese w1ll;“
‘not be com51dered in thlS study.xf |

r'd

s

is 1t is thought that dlffluence 1s assoc1ated wlth de;
'-yvelopment 1t seems reasonahle to calculate dlffluence by the -
_huse of equatlon 1. 6 ani try to_ ;elate tﬁls ,dlrectly “to
developmenta | | | s

L



(i) Early studies

The word "cyclogene51s" has‘-been‘ used by different

**nesis" will  be used to indicate both the initial formation

i

and subsequent development, if any, of.Cyclones,.‘i e., 'an‘

J PO

4ail-encompa551ng term. If elther the initial formatlon or»

later development is meant, it w111 belso stated explicitly.

The basic probiem,in the formation and_‘development of

lows 1is the removal of .air from a vertical column. ‘“Air

g

..calumn of  air of unit crosg-section extending from the

 surface to the outer limits of the atmosphere.

‘J; Bjerknes' (1918)'was probably‘the'first to inttoduce
a realiStic nodel of a low. He: noted that extratroplcal cy~

clones often appeared at zones of tran51tlon between uarm

and cold masses. By rhtroduc1ng a strlct surface of
dlscontlnulty of order Zero wlth respect t0§&Fn51ty, temper-'
ature and ve1001ty he con51dered cyclones as. 1nstab111ty

;uaves at‘nlncllned .frontal surfaces, “Statlc ,stab111ty7

.

vexisted‘becauSe'of'the density‘ discontinuifyf‘and shearlng_-
Alnstablllty vas - produced by the veloclty dlscontlnulty. The -

y baroclln;01ty of - the adjacent a1r masses was’ assumed to be

small. Based on these conslderatlons,ﬁ J. Bje;knes- found

that the cold air formed a.wedge under the warm air vith_;he

Y §1§log§7<i_n sis T - ot

uthors to mean dlfferent thlngs. In this study, ‘'cycloge-

N

_preSSure at the surface is equal to theaweight of a vertical .



‘slope of the surface of - separatlon being about 1: 100. (see

Flg 1. 8)
y

S Co - 3 n4~,%'
| . . ’ COLB ;miinllii“ COLD

f777777777/7/////7////7?77/////////////77/7

9

',
.
- Y . . _
( T . _
o Fig. 1.8 Bjerknes' cyclone model vith -some nodifications
y ’( after Petterssen 1956 P 216)._. D ' :
" The typlcal dlstrlhutlon of clouds and pre01p1tatlon
. 'could then be accounted for as a. result of adlabatlc _Cooling *
. of the warm alr ascendlng over the ‘warm»}and cold fronts.
. .

I'Shortly afterwards J..J~ Bjerknes and V Solb;rg (1922)”

mained,.

'-_modlfled thls model bnt the essent1al features

) Hypotheses concernlng the fundanental mechanlsm‘of cy-dfﬂ
clone‘ development and emp1r1ca1 results of the polar frontj1

?'1nvestlgat10ns were Strongly supported bx the theoretical
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 studies of V. Bjerknes (1921). 1In the polar fromt theory,

.-the mechanism of cyclogenesis is the "development of‘ an

: unstable wave on a pre- ex1st1ng or recently formed front.

‘He recognlzed that the klnetlc energy for cyclogenesis'=1s'

obtalned from the air mass contrasts across the dlscon-

trnulty surface d1v1d1ng polar from equatorlal alr.

_Fron‘these'early works a SChenatic‘picture of the gene-

ral circulation evolved with families of‘cy010nes' occurriny

. along 'the‘ polar 'frontz Little was knovn of the upper air

b
structure at that t1me, but the few balloon soundlngs vhich

vere avallable supported,the earlyrtheory that-the motion of

' the cyclones was largely controlled by the upper air

patterns.

Since a change in atmospheric pressure at a given place'

7represents'a gain'orﬂloss of air ufrom a vertical column,‘ :

1theories of cyclogene51s attempted to explaln how thls mass

-transfer was accompllshed. As a consequence of the general

:;motlon of the atmosphere and of temperature changes 1n the'
a1r mass, there are accumulatlons and depletlons of mass in
the_ column thCh to a large extent cancel out, 1eav1ng only”
v'a small, re51dual change 1n surface pressure._ Thls 1dea was'
-f:flrst enunc1ated by nargules 1n 1904 uhen he . stated that @a_»'~
_:snall net dlvergence or convergence fiS [a measure of the B
bersurface pressure change" Dlnes (1919y extended thls not;one

'Hlth the 1dea that dlvergence or convergence in the lower_

o

h]troposphere 1s conpensated by convergence or dlvergence__in -



the upper troposphere, a very 1mportant Cconcept in cyclone
’development.

(ii) Development Schenes’

The early’cyClone, theories eventually ‘gave rise to

several .,well-known and Aoften controversial ,development.'

schemes. The best known of these are "due to Scherhag c

(1934,1937) , J.  Bjerknes and . Holmboe (1944, Sutcliffe
(1939‘1947 1950) and Petterssen (1950, 1955) | Common to
call these theorles is the idea that pressure change results‘f
"from removal of air horlzontally or vertlcally from the air

1,

‘column.

'écherhag foruulated‘the divergence theory of low level
development w1th the postulate ‘that dlvergent upper winds
‘Hlll produce a f@%l in surface pressure, if not compensated

by low level convergence. He empha31zed that dlvergence ‘in,
. v

_-the- upper 'troposphere 1s both necessary and suff1c1ent for. -

‘cyclone development ThlS would suggest that cyclonesv de-
'velop most frequently in areas vhere net dlvergence aloft is

:prevalent.

L R ST
Bjerknes -and Holmboe - (1944) carried'.out a thorquh
_ analysis'of‘the motion”‘of }cyclones"ané assoc1ated upper -

vtroughs 1n a barotroplc atmosphere and then trled to extend'

<‘thls theory to a barocllnlc atnoSphere. jIn the course “of -

'.thelr analysxs they derlved the pressure tendency eguation,_."

b
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) ) v
(5{?) = - )/‘ (VHﬁ(ov))d¢ + (gow)é._»~
..~' ”The first term is the pressure tendency at some, level ¢ ,U

the horlzontal veloc1ty and L] the vert1ca1 veloc1ty. Bjerk-_

A

’7 nes and Holmboe belleved that all large-scale preSSure

.changes should be'explicable finv,terms of~lthis‘ eguation.

~: From this equation'they'deduCed'that‘

The wave  will travel with such a speed that the

pressure tendencies. arising from the displacenent .
of the pressure pattern are in- accordancepwlth the

field of. horlzontal dlvergence.ux

In. other ‘words, _the pressure tendency 1s a dlrect conse~

quence of the dlstrlbut1on of horlzontal dlvergence.

In con51der1ng a barocllnlc ~atmosphere, Bjerknes

and

‘Holmboe came -up wlth the most reallstlc model of a cyclone

- yet developed. The Bjerknes-ﬂolmhoe model is shown in Flg.

1 9.

The usual cyclone. of temperate latltudes has closedip

'isobarsguppto 2 Or 3ku,¢ and uave-shaped 1sobars 1n

higher*'levels. | The dlagram represents a schematlc plcture';

:;of the processes whzch produce the pressure changes ‘1n

luordlnary eastward mov1ng cyclone._ In the lower layers wheref7o

-theﬂfpi

-“Athe isobars are closed there 1s horlzontal convergence aheadf"

' of the cyclone and horlzontal leergence behlnd the cyclone.]-»e

l*f’ngher ]up there is dlvergence ahead of the trough and con-lp‘.{nf

'f'vergence behlnd.-;r.he- colunn at A w1ll ga1n~ mass by;}

- conrergence ,rn;bthe loner layers,, but lose more mass by’

I

. s\’.
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R CENTER
o S PROPAGATION | |
Fig. 1. 9 The Bjerknes-Holmboe nodel of a cyclone.. At top of.

'dlagram,‘ solid contours depict an upper- tropospheric wave =

. -pattern; dashed lines are. 51mp11f1ed '$ea level isobars.. The
“lower part of the ~diagram. represents the dlstrlbutlon of
dlvergence in a vest-east vertical cross~section.. The. layer

" next to the surface is the’ frlctlon layer. (after Bjerknes- .

Holmboe, 19&“)

*_dlvergence aloft, so that the preSsure v111 fall .ahead"of o

"_the lou., The column at B wlll galn more mass by convergence

'aloft than ‘1t wlll 1ose by dlvergence 1n the lower levels,

:,so that the pressure wlll rlse behlnd the low.gﬁf

There 1s a phase dlfference betveen ithe“.uppef7'troughv'

-Aand the surface center, wlth the upper trough lagglng a llt-

I

v»;tle._ Because of that phase lag, dlvergence takes place 1.'

,uvertlcafly above the central area of the cyclone.~ If the_,ll
fupper-alr dlvergence is strong enough to overcompensate the -

t'fconvergence of a1r at the cyclone center, there ulll be'

S
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‘ ~ . L
- falling - pressures aroynd ‘the low, i.e., the low . wlll be .

v 1nten51fy1ng. Deepening'is'most likely to _occur' 1f the
' pressure pattern changes from closed 1sobars to wave-shaped
‘ 1sobars at a falrly lou level. This is- characterlstlc of
“young cyclones. As~cyclones mature they-develop closed iso-'}
bars .to-hlgher levels; The level of tran51t10n from closed :
--to_ wave;shaped isobarsh rises .as, the cyclone develops.-‘

Although thesev 1deas are some-thlrty years old, they st111

'enjoy wlde acceptance.

Sutcllffe (1939 19“7) ‘and Sutcllffe and Forsdyke (1950)

- formulated what has come to be known as’ the Sutcllffe Devel-

opment Theory thCh stressed the 1mportance of the vertlcal
'wlnd _shear ~in the ﬂevelopment of, cyclones.; Sutcllffe
applied the vort1c1ty changes 1naupper‘and'loueri levels .to’

Q
the determlnatlon of dlvergence, where the compensatlng

. fvalues of - dlvergence in the lower and upper troposphere glve

" a me sure of vort1c1ty change. _ Develo ment ;i then ex- -
gﬁ ; P

‘,',fplalned 1n :terms of the geometry of the thlckness pattern,

‘Hlth the 1000 to 500-mh thernal wlnd fleld 1nd1cat1ng the |
lvertlcal varlation of vort1c1ty’ transport Development

| fxelds assoc1ated vlth thermal troughs ‘and: rldges,tvéndf.
e

- 'confluence ‘aand:a d1ff1uence patternsv'are 'of partlcular f”

-).

'w<11nterest..~ These patterns and Petterssen's develOpment

.f_theory w111 he con51dered more fully 1n Chapter 2."
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The conditiqns favcureble‘for_the fordation.andbiqted;
"sificetibn Of'cyclonesfhare beehfnotedbabote; In,tde Iee'of_;
7the Rocky ﬂohntaihS‘conditione*-favourable to cyclogenesis
must be created and enhanced by the exten51ve massif of the'
'fmountalns 1tse1f.. It is well known that theA mountalns»dcan;
1nterfere.»w;th the flow( of air in many eays,and on all
| sceies of‘mctiOh._ It ‘was orlglnally thought that ‘the- effectJ
‘of a barrler on the air flow decreased v1th helght, as shown

in. F;g. j.lO(ay <belqw.‘,AHovever, Queney_(19u8) theoretv' "

?g;g. 1&_0 (a) Assumed decrease of the effect of the mountalnt

“",barrler with. helght,v(b) Queney's predlctlon of the effect_-‘;'d

fof the mountaln ‘on the upper flow pattern.if}g

. 5 -

'°Q.51ca11y predlcted an area of hor1zontal convergence 1n thé*”

flee .of the mountains,x produced by a’ flov pattern sh%:niw'w
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schemetically in Fig.%1.10(b).'

-Hese and Wagner (1948f-checked Queney}s predictionsldhy
vdoing- an’ anaiysis7of'iSentropic‘surfaces.ouer the.Rockies.;
fThey found that the 1sentrop1c surfaces Vwere crowded rover
the peaks of the mountalns and more wldely separated ln the
1ee; Horeover, there was- a,.nodal,-surface in‘ the mid-
i tropOSpherev~and a reverse conflguretlon above 1t. ThiS'iel
sxmllar to what Queney hnd predlcted : Wear‘ the mountalns
‘there is descendlng air in the 1ee below the nodal surface;
and ascendlng a1r above 1t., The dovnward notion corresponds
. to low level convergence while: the upward notion correspondsl

_ to. hlgh level dlvergence. This 1s~a situation favourable to

- the formatlon of lows. -

‘The presence of.a lee 'trouéh ‘isddaleo conduc1ve_ to"
{‘cyclogene51s.“ In_ the ‘mean there is a trough in the lee of';
- -the Rocky-hountains. Thls may be explalned on the baSlS Of‘v,
'}the potent1a1 vortlclty equatlon . | | |

:p'f + q
= Q-

;;S,conetent' "‘_c*}i 4:” t -?.h ?(1;1j)
) where f 1s the. COI.'].OllS g)arameter, q. 15 the relatlve _ vortl-"

'c1ty and D 15 the depth of the column of a1r cr0551ng thed-
‘mountalns. I o | B -

Con51der a stralght, broad current of a1r ascendlng the_

,esslope of a north-south nountaln range from the west.ﬂ As 1t ﬂt

'*(}ascends,' 1t undergoes horlzontal dlvergence and vertlcalfi

';shrinxlng.. Since £ is. 1n1t1a11y constant, thls leads toﬁ_a,

¢ -
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,decrease in relatlve vortlclty, so- thatb(f + q)/D may remalnﬁ'
constant. b‘h"The ~ decreased vort1c1ty means antlcYc103191
curvature offthe‘fiov_and a vind'component from the -north.
Once ;thev column “paSSes. the mountaln ridge and beglns to.
ddescend, 1t stretches vertlcally and converges horlzontally/<
'thereby lncrea51ng the relatlve vort1C1ty once more. At
' thlsi'p01nt the varlatlon of the - Coriolis param@ter £ wlth\
latltude wlll tend to change the absolute vort1c1ty.' The
air 1s travelllng southward angd the decrease in the COIlOllS'
"parameter must be compensated by further 1ncreases in rela-
1t1ve vort1c1ty. The 1ncrea51ng cyclonlc curvature turns the.
.current northward aga;n, thus completlng the formatlon of d

‘lee trough._ h

Hess and Wagner (1948) 1nd1cate that the development of: 'f

Ieef cyclones _is ,1nt1mately connected vlth mlgratory lows~

-.from theAPaclflc. One effect of lovs enterlng from* the o

PaCific‘.ls to 1ncrease the flow over the mountalns and

-'thereby cause 1ntensrf1cat10n (1ncrea51ng the amplltude) poft-~

'*:ﬁhé‘ standlng 1ee trough Another effect 1s that as the lou'r“

"passes over the. Rockles the pressure .falls. ' The: comblned o

o effect of pressure fall and - 1nten51flcatlon_ of the lee

~}"trough by increased upper flow can produce 1ee cyclogene81s.
‘f, Colson (1949, 1950) developed a theory of a1r flow overf s

‘a mountaln barrler and solved the, equat10n§ numerxcally.d

";Colson found that a 1ee pressure trouqh exlsted betveen 90°wli'h

"fl and 1oé°w longitude,-vhlch agrees Hlth ohservatlon. i
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Petterssen_'(1956) found dlStlnCt frequency max1ma of
cyclogene51s 1n both winter and summer, to the east of the
.Rockles 1n Alberta and- Colorado. A study;of orographiqally
1nfluenced lows assoc1ated with intense: upper cold~;10ws'
;durlng ‘supmer was done'by Hage (1961) . ‘Palmén-and‘ﬁewton
(1969) summarlzed ‘the results of case 'studies' by ﬁewton
"(1956) and McClaln (1960) to glve a good explanatlon of the_

'formatlon and development of lee cyclones. '

Cons1der the dlagrams of Flg- 1 11(a-d) l[Palmén"and_-f

Neuton (1969) descrlbe the_process-oﬁ lee cyclogenesis‘aS'e

:lfollows' -’

o Typlcally, ‘at the stage of Fig. 1. 11a, a well-
,developed frontal cyclone is approaching. the west cdast;
an antlcyclone overlies the: plateau region. . Sone tlme
before the frontal system enters the west coast (at
- which tlme ‘the Pacific cyclone rapidly - f1lls),v surface
 pressures will usually have. begun falling in the lee of
" the mountains. . This occurs in. response to " adiabatic
“warmlng, owing to westerly or southvesterly winds with a
component  down = the - lee slope.: At the. tlme of
Fig. 1.11b, a thermal ridge will normally have .bequn to
form in the lee of the mountalns, with a deepening sea-
-level trough that, in some cases, 1§\already of moderate
]1nten51ty at thls tlme.- .

: Formatlon of thls trough is commonly under vay when.
the. upper-level ridge is still ‘somewhat  to ‘the west.
Thus, = durlng the initial stages at least," the vorticity
. 'changé in- upper levels may act  against' - sea-level
ﬁdevelopment.l" S SRR S -
' flThe.vortlclty tendeney‘eQuation'applied‘to;an isobaric layer =
"’h,isaf : _ . _

’..t

_“-O ="_‘-_],_ —g- 2 dh. .
at o9t 0 f RN T R (1 12)

Buﬁherefq is the relatlve vort1c1ty at a lower level and~ql- 1;
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J40

.30 5

Fig. 1.11] of a,lee cyclogenesis 1is traced on
.these cof diagrams."The-maps‘areAapproximately at .
12=hr intée F1000-nb contours are solid ~and- 500-mb
contours ¢ fkhed. Shading represents, in simplified
fori, the g§ g region where ‘terrain is higher than 1500m,
including in for basins where the terrain is lover. gpper .
. .trough .line JNEN dotted; :idge'line,-zigzag.‘ (From Palméhl[_,
" and Newton (MNE9)) R

R

o f e o e
is the re. tive vorticity at an upper level. Palmén and

‘Newton (1969} go on to describe the process: as follows:
. . In terms of equation 1.12, the increase :'of ~sea=
»;level'ﬂgeostrophic'vortidity is due to generation of the
warm tongue in the lower. troposphere: east ' of ' the
‘mountains.  This' is in harmony with an increase in the .
'vorticitY'ofw:the']reay:fvind “in - low levels, ‘due - to -
vertical ‘stretching as the air descends the slope at the

surface, with veaker descent higher up..

' The process ‘of genératidn*df'a_ieé tr9hgh*cbntihn§s1 j'

~



~ After tge-stage of Flg.

" lies

'flnal 1ntense cyclogene51s will "~ occur, Hlth tbe maln

="fluence to the vert1ca1 c1rcu1at10ns vhlch produce

|

as long as the low-level winds have a component down the
mountain slope. East. of the trough, there is warm

advection (indicated by the <crossings between_"1000emb

and 500Q-mb contours). Hence the air warmed by descent
spreads . eastward and the  lee trough broadens

(Figs 1.11¢c), while the orographlcally caused pressure

falls eventually diminish when cold advection to the
rear compensates the - warming due to descent. At this
stage, the upper-level ridge will have moved east of the

- lee trough, and positive vorticity advection aloft will
.. have  started to . contribute to further «cyclonic
development. = As the upper- le%el trough advances .

eastward, low=level convergence in response to

- increasing upper-level  divergence intensifies = the"
vorticity in 1low levels. Rapid low-level development.

normally continues only until the surface cold front has

moved into the lee trough. “At this time, the ‘orographic

contribution to development stops abruptly, or reverses,
owing to a shifting of surface winds to northwest ' with
cessation of surface downslope motion. As a result of
the development itself, the: reglon of - orographic

production of low-level vorticity is transferred to the -

south side. .This largely accounts for the. commonly

observed 'movement of such cyclones with, a component—

equatorward ‘across the ' upper-level ‘"steering" -flaw,

eeuntll they have moved far enough eastwvard to  be free of
'orographlc 1nfluences. o : :

The overall process is one in which \vorticity is
generated in the ‘low-level | lee trough which is held
fixed ‘to the eastern slope, and is finally overtaken by

_',the divergence region aloft as the upper-level trough
-~ approaches.. e

A comblnatlon of the merldlonal extent of the wester-

_vthe normal cyclogenetlc processes.

e e

dlver-

in low-levels and upper dlvergence determlne where the‘

o gence qenerally occurrlng someuhat north of the jet stream.'

1 11d the lee cyclone develops by-

'-“fBosart‘ (1910) attempted to relate dlffluence and con-_,fﬂ{-"
cycloge- X

nesrs.' He‘,used equatlons derlved ,byp.ﬂxller_ (1948) to
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express the rate of frontogene51s or frontolysis as a func-
tlon ' (among other. thlngs) the horlzontal‘confluence or
dlffluence. He noted that,'as_frontogenesis prbgressed',thev
contrlbutlon from confluence reached a_ naximum throughout
the baroclinic ;zone._; As a1r moves through the barocllnlc
zone, 1t 1s ugdergoxng frontogene51s 1n upstream reglons and -
| frontoly51s in downstream reglons. The horlzontal var\atlon
of vertical veloc1ty normal to the flow, wlth the stron;ESt
subsidence .on " the warnm. boundary is a55001ated ulth early\\
intensification..lThls effect is reversed as tlme 'goes on,

but a stroneg~ confluent west~ southwesterly flow helps to

naintain the 1nten51ty. S S m

'Eliassen (1962) used qua51~geostroph1c theory to obtaln
numerlcal results from a barocllnlc zone OVer Europe. 'He
"1mp11ed that dlffluence and confluence are assoc1ated v1th

.thermally 1nd1rect, ‘and direct transverse c1rcu1at10ns, ‘re= -
/ .

- Spectlvely.
[
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CHAPTER 2

> St s S e W
o e — S

2.1 Qg 51-Geostroph1c Assumption

Geostroph1 \f#fids are calculatédvusihg-the tacit as-
sumptlon that the pressure-gradlent force balances the Co- bh

"~ riolis force in the equations of motion and no other forces
aCt. If atmospheric"flow' vere >trulyf geOStrophic; there
would be no- lows and ‘no hlghs, and the pressure 1tse1f could

1
/

not change. This <can be readlly demonstrated in " the
following manner: Conszger,the hydrostatlc equatlon in the
} . = < . o . . - .

“form

bl

'-gp'dz‘ o R 4 (241)
If this exhressibn' isb integrated' fron some . helght . Z

'throughout a vertlcal column in the atmOSphere then

-

P = j[:.gpdz ce | - S ;

) Taklng a mean value g for the acceleratlon of grav1tyw and_
tdlfferentlatlng w1th respect to t1me t the local pressure

ChQﬂgE\ls

o (2.3)

Using-the COntinqityiequation-in theafore




‘2.3 gives
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T NN R AT ST S,
BT 3 (OU) iy ov) o (ow) o (2. 4)

and substituring'for.the local densityf change . in . equation

el
[ » ©

. -,.;_}[.( 3, .8 ) i ;/’ ¥ T
== = -3 — (pu) + = (pv)] dz - — (pw) dz s
ot a ox T - dy o .gz 3z " (2.5)

- where u,v,v are the X, y, and szOmponeuts of the vind " vel-

‘Whence

ocity, respectively. The two components of the geostrophic

vind eQuation multiplied by the density are.

4

o g o
_pug = T Fay - (2.6)
Vg T T S(2-7)

Differeutiatingutheifirsﬁ‘eguation with respect . to -X;. the
second with respeet»tb"y,:and substituting in eQuation 2.5

leads to

‘ i » B . e
9_2_ .3 - a_2p . 32p ] .
ot f/ ( X8y T axdy dz * 9(°W) (2.9,
S Z .- o R S

’3".a';
5t = Glow),

S1nce, at the surface of the earth, w 0 at z 0, then.

T

C T | L

_'and ‘there can be no. change 1n surface pressure uith geostro-_

phlc flow over a level surface, (Note, houever, thatfv # . 0 ae,~r
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at Z = 0 in nmountainous terrain and, in general, over

\slopingbsurfaces.)'

" According to’EliaSsen'(1962), pure gebstrophic mbtiod
is incapable of produc1ng vert1ca1 wlnd shear, and cannot'
generate jet streams. For_these«phenomena, vort1c1ty pro-

Y

ductlon . is necessary thCh, in turn, requlres convergence»

and vertical motlon.,

One solutlon to the problem _of"atmosphefic ‘preSSure}

Achange; is ‘to assume quasi*geostrophic' flow; Iunder'Such

‘conditiOns d;vergence Can _occur. By requiring : guasi-] o

._geostrophic fiow a nd - hydrostatlc balance, vlnd shear and
' temperature changes can. be brought about by (1) géostrophlc'

badvectlon - of vort1c1ty and temperature, and by (2) vertlcal o

motlons wlth the assoc1ated dlvergent wlnds.

031ng the gua51 geostrophlc assumptlon, Sutcllffe was
'able to. produce a’ useful theory for. the development of hlghs
.and lows.' o .“'gf~_ V*’f; o :- A“-Y.E"I”,
"2.2 sutcliffe's Development Ehsgzx“ s

stfsutcliffetf(1947) stated that the dlvergence of the.f'

pthermal wind V' wlll, in general have the same .horlzontalf';f”

U:dlstrlbutlon .at all hexghts., The value of (-v v ) at SOOmbj;}'A

.thll ‘be 51m11ar to the fleld of dlvergence at the surfacet;t‘*u

' and ulll,' therefore, give 'a- reasonable estlmate of the :

3 development at the surface.'
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. Divergence in the upper atmosphere is associated"withg

»p051t1ve vort1c1ty advectlou, and favours cyclogenesis.
Convergence occurs with negatlve ‘vorticity advection -and

‘favours-antlcyclogene51s;

The therual vorticity term of Sutcliffe*s;Development

0
‘Equatlon may be lelded 1nto,p component due to. ‘curvature,

and a component due to shear. . These components may ‘then be

"applled to varlous thlckdﬁss patterns,_ The ‘ followlng

_abbrev1atlons_uill’be used: SR ",r, . L ”'m:‘

-4 X )

Ac 5'anticyclonic}vorticity,duefto:curvature
As -.anticyclonic.uorticityfdue'to shear_ 
- .C& = cyclonic¢ uorticity-duejtorcurueture

- Cs = cjcloniC,vorticity'dué.toeshear

1_Let \us consxder a- 51mp1e 51nu501da1 thlckness PatternV”“

(Flg. 2. 1) of equldlstant 11nes hav1ng curvature but ‘no_.;‘

s\ear. u;

' Cyclonic vorticity 1ncreases (Cc) result of

T 1ncrea51ng cyclonlc curvature fron rldge to trough (A to B),ttffiV
' and anticyclonlc developnent is a’ maxlnum at the p01nt of ff:
-“{'inflectionu_f Between trough and ridge (B to D) the cyclonic
}_ vortlcity decreases '(Ac) due :7t decrea51ng cyclonlc,-b"

’fcurvature and cyclonlc development predouinates.- HenCe the;*'.f

"general rule that cyclonic developneut occurs ahead of »a"“

%
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Fig. 2.1 A sihu$OidelethickneSS'patternvhevingiQﬁrYQfﬁfef

7cold' trough, 'and antlcyclonlc development occurs behlnd a
- cold trough but ahead of 5' warm rldge. wa »cons;der',a"

-1thlckness pattern ulth shear but no curvature (Flg. 2.2).

:J2i9=}2;2 A‘ﬁhiCknese.patte;g:hgﬁiﬁgjghéar;_f*j‘“'

o

Thls_ pattern approxlmates'condltions at. a jet maxiuun. g

tflt must be noted here that a negative shear nakes a posxtxvee‘f

> contrlbution to cyclonic vort1c1ty.“ At the left entrance to f_tlf.

©

the jet, cyclonic vortiC1ty lncreases donnstream because' of

"E?eincreasing cyclonic hear,' ud antxcyclonic development 1s LS

;*e{gfavoured 1n this reglon._ At the left‘ exit the cyclonic -

. ‘ ) }. . ‘ Ce ot
PR
- v

AT T
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shear vdecreases, and so cyclonlc development is llkely tod

occur. On the rlght slde of the pattern_ the~ development
' areas areoreversed as shown in the,diagram. -

.

Curvature and shear may; of course, occur together.

Such patterns are then sald to be confluent or dlffluent, in -

/—\\-

the manner deflned earller ‘.-Chapter I.A” The yrlnCLpal .

features of confluent and dlffluent troughs w111 be con51d-;f’

'ered here 1n terns of curvature and shear.

© B 2.3 ) confluent trough in the thickness pattern.

The entlre pattern 1n Pig. 2 3 can be considered as the

B (Cs) on the left and increasing anticyclonic shear (As) on f~'v

‘;:fentrance to a wlnd uaxinuu vith increasing cyclonic shear fjcﬁ'n
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}rhe_rignt.  Thus anricyclonic developmentoie iikely' onm‘tne
‘leftlfuhile vcyclonic developmenr iS“favoured-onfthe rigut.‘
.5A1so if curvature alone is con51dered the entrance area hasa
-  1ncreasxng cyclonlc curvature upstream from the trough and

'decrea51ng cyclonlc curvizure downstream from the trough'

".‘Thus antlcyclonlc developme t-due to curvature 1s preferred

upstrean from the' trough \and cyclonlc development due to -

:curvature,prevallsvdovnstream from thewtrough;- Where shearif"

. WARM .

'~i.12;2;@2;&'aﬂdiffiuenta(?oubniihftheirhicknees;patrern;7, |

Ca

.‘f )

lfu}and. curvature reinforce each other development is 11k91Y t°ﬂ;@7;:%

"?ﬁfat the left entrance vhile cyclogenesis (C) is lzkely at thef Qﬁiff

o ‘,!}rwht exit'ﬁ,f:‘
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Slmllar reésonlhg can be applled to other. comhihatiops;-
of .shear qu curvature. ‘These are 1;1u§trated.ih Fig. 2.4~
’to_2.6. Elg. 2.4 éhdwé‘a‘diffluéﬁt'thermal'trqhgh.'fo.coh-'
jsidering.the'individﬁél;cohtrihutéohé due to Sheat.andicufv—'
‘ature,v£he'reinforcéd‘afea$ aré:as shdwn, i‘e};'anficyclonid
‘development at: the rlght entrance and cyclonlc -dé&eiopmeﬂt :

at the 1eft exlt.., 1  o

o Pig;:é.ﬁ ';$hdws  ~a confluent :tﬁermalz_ridge. The

(Eid: 225 A confluent ridge in the thickness pattern.

'lfinﬂ;vidual cont:xbutions shou that the left ex;t is théff?f;’

Lf};?faVour*a. area of anticyclogenesistwhile the right entrance f ?‘”

Lolerns




1

.is the preferred area for cyclogenesis. .

Fig. 2~6"sho§s a'fdiffluent\ therma1. ridge;.',In' thlS;

| 51tuat10n, cyclogene51s is favoured at the left entrance and -

antlcyclogene51s is llkely at the rlght exlt.

-COLDe’

o Fig. 2 6_A drffluent rldge 1n the thlckness pattern. B

..

ThlS then 1s the ba51s of Sutclrffe's Development The-'fx‘ﬁ

:’ory applied to thickness patterns., The preferred .areas ofi?-”'

“'@_cyclogenesis and anticyclogene51s are as indicated 1n Flg._f“:_f*

".-"‘-i"2.3-2 6.;‘ Righ

-v:’:‘ g
,»;streanlines and found that the preferred areas for cyclone

| et al (1954) applled 51m11ar reasonlng toJIf o

V7:ﬁintensification and dxssipation are exactly the same as for{*i! i

”E;“the thlckness patterns. Therefore,'sone relat;onship shouldf'777“”

'{'exist betveen diffluent contours and lee cyclogenesrs.}jirf}?arf”;

}fﬂis one, - °£ the Obje¢tives of this ’stndy to test thisaff“'T?”

.ihypothesis-;,;e
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2.3 Petterssen's Development Theory

The PetferSsen‘ Deeefopoent Scheme is an ekteosion of
Sutcllffe's work wlth empha51s on the development mechanlsm.ﬁ

1955 Petterssen derlved the  so-called‘o”deye1opment‘
'equatlon which. can be wrltten as: A |
dg Q . o N T
a-_‘_°_» . a",i,;- »/_\q - % v2 %AT + s+ H) . ‘(.2..1'.0)-‘
.hehefe Q 1s the absolute vortlclty at 1000mb 'Aq 'iS‘.the'w
vort1C1ty advectlon at ‘the level of nondlvergence, Af'ls the.h“
:;thlckness advectlon 1n the layer from 1000mb to the 1evel of"

- nondlvergence, s is the stablllty, and H 1s the heat.
| The development at sea., level is’ then due .fojihe_
1mhalance between the vort1c1ty advectlon at the leVel of'

ﬁtfnondlvergence .and .qﬁe Laplac1an of the thermal components'

- AT' . »al?@ s R

Using equatxon 2 10, Petterssen ”(1956,*’fotmdiéfédhhal_l“

:f:ﬁhypothe51s vhlch states that.

- mCyclone development at’ sea level occurs when and'g.”:f;
" ’'where an area of- appreciéble pos;tive vortlclty_,'If
;advection in . ‘the ~middle - and -upper. troposphere
“becones- superllpOSed upon a’ slowly-movxng or.
L guasi-stationary frontal zone at sea-level. clm

i

”Thls rule was tested enpirlcally on a- large nnnber of_7i’

l cases of cyclogene51s in North Anerica by Petterssgn, a“dfff,}*"

| later by many anthors and forecasters. The tests confirmed:;f“;“w

that almost all cyéiogene51s at sea-level occurs in advanceef_:3ﬁ"
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of an upper trough under an - area of dlvergence and p051t1ve»

:vort1c1ty advectlon in the upper troposphere. This rule

will also be con51dered in Chapter 4

Accordlng to Petterssen (1956), the vort1c1ty advectlon .

(A ) is- 1mportant in flndlng preferred areas of cyclodene51s
‘and antlcyclogene31s. “The ahsolute.vortlclty Q is given hy:
3V ' T (2411

Q =qu+f =;inKS' -,5—+f

v

Thie- equatlon may be applled to contour patterns.:-Ihe

' vort1c1ty advectlon AL is given by'h-

e oveg Tsoavy |
TR 4"(?’ as+.Ksa) S ‘2 12’

':uhere ,s<'neasures length.along the contours. Although the

shear can be qulé% large, 1t doesn't normally vary a greatjj~
o'rdeal along the streamllnesi and 'S0 here 1s onltted , The va-v'
\vrlatlon of the Corlolls parameter v1th latltude 1s not con-_ :

:_51dered In Chapter I, 1t was shovn that QV/as ,'*a measure-f

",‘of the confluence or diffluence,,may be wrltten as VK where7'

'f;:Kﬁ;lS the orthogonal curvature.: Hence the vort1C1ty advec-}"‘ﬂ

“’tlon is

aK'

.-"f\q , _.Y (a s ‘f;K K) T e f (2 13)

1nsincel the vortic1ty advection 1s proportlonal to the square

’of the vxnd Veloc1ty, large values of advectlon should be}fn

T

R mhls s not true where a strong current spllts 1nto ‘two

- branches.. ‘These cases are . easily - 1dent1f1ed apd the;f.ﬂ.

}iijfvarlatlon 1n shear can then he included.-_y,

. { ..,.
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found near wind maxima and jet streans.

In a 51tua5-.

there streamlines are sinusoidal;and.pa-
rallel, 3K /gs ? Rive downwind and positive upwind from
.S . 1

a trough; it:H; flcal max1mum at the 1nflex1on p01nt{

’halfway b£7in il .;gh and rldge. &{ is small every=-
where. .
y
The. TQf confluence and dlffluence 1n a 51n0501~’

ﬂdal:pattern seen ‘in Figq. 2. 7. The VOIthlty advectlonf

is'ConCentrarE ’ar troughs and rldges whlch have confluent”

 entrances and | ffluent exlts. ,

fj’:n' Pig 2 as. the rldge is approached the flow be-vf

"cones more anti -;ionlc, 1 e., K becomes more negatlve and

rhence”~aK/ask'6.; K > 0 and K K <0 and so there is 9051*2

_tire vort1c1ty aﬁ txon upstream from the rldge.‘ Slnce K'
3; tends to have i i

ge, the maxxmum value of vort1c1ty advectlon
R 1s just upstream from tne rldge._; Plow out ,of the rldge°.
:lincreases‘.the value of K 'and hence aK /as:>0, l( <0 vhile \
fﬁ K K > 0 and there is negatlve vort1c1ty advectlon vdown-"f
"fstrean fron.‘the rldge.» Thus :cyclogene51s 1s favoured»n<
fupstream fron the rldge and antlcyclogen951s 1sm favoured'.f

‘;downstream from the rldge.‘J PetterSsen notes that the-v'

% st value here and aK/as'goes through'-"

'{decrease in curvature in advance of the trough (-aK/as) @is}Li,“

y.usually The donlnant*tern here.if

. stallar ceasoning can be applied to Tig 2.7 to show



39

LR , (b)“

-F;g‘ 25 7 Trough-rldge patterns comblnlng curvature and shear
to give a confluent ridge (a) and a _confluent .trough (b).
(adapted from Petterssen, 1956) e I

1‘62 .

7fthat antlcyclogenesis 15 favoured upstream from the trough;

\

- ‘and cyclogene51s lS favoured downstream from the trough

o z;g.gpgg;‘ .us 1:19.1{23@.' ‘the .«z’g; 7§§:sém

At the same tine that uork u?s proceed1ng to explaln'j* 1

:?fsnrface pressure systems, theorles to explaln the upper flow:;i

f7patterns were belng dev1sed One of the flrst of these

11;5due to Rossby (1939). 'He used the sxmpllfylng assunptlons i""'



- was carried»out by Cbarney“(19u7) f He assumed an undlsturb-’

.phere..

s

of homogeneity and incompressibility in a barotropic

atmosphere -together with the couservation of vorticity

principle to derive what 1is known 'as the _Rossby ‘Wave

’ equation:

2
.C.zu——BL.

"where U is the zonal wind, c is the speed of the pattern of
*wave -length L. and B 1is the varlatlon of the Corlolis

pardmeter with latitude, ‘i.e. ~ the Rossby .Parameter.

'Although thlS eguatlon was der1Ved 051ng rather. restrlctlve

assumptlons, 1t stlll has many useful appllcatlons."

¢]

The firSt;theoretiCal_inVestigation of baroclinic waves

ed westerly current whlch 1ncreased with helght.. 'The tem~

perature decreased tovards the pole and llnearly up to the'

trOPOpause.b Isothermal condltlons preva;led in the stratos—

These assumptlons 1ead to eguatlons thCh produce mete-'?

'orologlcally 51gn1f1cant waves., The rldge andééﬁough llnes ;v

7found ahead of the trough dovnward motlon behlnd rt., Low-u

.0

iahead of the trough and the ;reverse occurs behlnd thehﬁ*

PRRE

”trough For sufflciently long and short vaves, Charney

'H*found that ampllflcation was not possxble but for waves of

"filnternedlate length anpllfication was possible.:ﬂ Theseqf

T g

2 o (21u)i

”tllt westward vith 1ncreas1nnga1t1tude, upward motlon 1s o

'level convergence :1s surmounted by h1gh level dxveﬁafnce”d'

&



.1ntermed1ate length waves are typlcal of those found 1n the

latltudes of the vesterlies. Charney shoved that the

prevailing westerlles are ‘'in a region of »oontinual

instability. c | ¥
./ ' ’ -

Another important study vas carrled out by Namias and
Clapp (1949). They detalled a mechanlsm whlch would explaln
the presence of jet streams. - This mechanism was the conflu-

ence of two radically different ymidrtfopospheric air

'streams, one from the varmer south and one from the colder

north. \The\fiow patterns'were a resnlt of the differingd

tates of motion of ~large-scale troughs and ridges in the
upper westeriies.v Nanias and-Clapp pointed out that:
Confluence thereby, cancentrates energy (of the

westerlies) in fairly narrow bands where the peak
speed of the westerlles is reached.

Itvuill'be(recalled that Fig. 1.1 shows a  confluent

zone wlth the axis of confluence at the center. This

-corresponds to Bergeron's hyperbollc deformat1on fleld vhich
' leads to klnematlc frontogene51s. Hence_'frontogene51s.-can

"be a55001atedvv1th jet streans.

- .
) . - -e o a

—{‘, . - . . . . O . N ' : )
Palmen and Newton {1969) indicated that upper-level di-

vergence and conVergence assoc1ated v1th waves ln the atnos-

phere are. nost prononnced 1n reglons of strong wlnds.f Slnce

4

: lovs and highs are characterlzed by apprec1ahle d&vergence
' and vertlcal lotion, one would expect thel to show an~d
‘”affinlty f0r jet streaus. Rlehl (19#8) found statistically:

e

that intense cyclogenesis occnrred ,along . the front f?l'

&

o




associated vith a jet"strean. If a jet stream vwas not
present, the cyclogenesis was not as intense, or did not

occur at all. _ : \

Riehl and Teweles (1953),foundna definite relation be-
tween surface cYClones and jet streams. ‘They note‘thati
'ﬁhenbijet jstream,"long 5iave pattern and 'lon
tropospheric disturbance coincide in a favourable
sense€, ensuing cyclone - developments will attain
the greatest 1nten51ty, i - ’
',The favourable condltlons 1nclude the presence of a cold
dome (not necessar11y very close to the surface lou) and -
‘that the low is located downstream from the naxxmum wlnds on

the left-hand 51de of the jet core 'where the wlnd is.o

'deceleratlng (see Fig. 2. 8)

“Referring to Flg.2 8, Godske‘ (1957) renamed »tne'
'entrance reglon the 'confluence' .and called the exlt reglon,'
‘the’ 'delta' ‘.d The’ area wﬂere_ the flow changes from’
confluence to dlffluence may. be . conSideredf the ‘point‘iof‘

' klnflectlon!; .Accordrng” tolfGodske, a low 1n1t1ally forms

':under the confluent zone, is steered downstream by the upperlfn

current and nay .nndergo 1nten51ficat10n on reaching the

o dlffluent area of the flow pattern.‘ft

J Reiter~ (1963) found that the naxlnun of dlvergence e

“'occnrred at the jet-strean level. In Fig.‘2 8, a

o cyclonic vortxcity (#) is located to the no':h f‘ theﬂ;jetl.-f“

'and a nlnlnnm of cyclonic vortlcity (0) 1s located to theL ff -

:;tsouth of the jet. By cons1der1ng the vorticityv~equation~~
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- = STREAMLINES
— ISOTACHS
,«-~—AssowT£ VORTICITY

;g; 2 8 The} entrance' and ex1t reglons of a Hlnd maxinum
shov1ng isotachs -and. absolute vort1c1ty ‘isopleths. . The-
favoured areas of. dlvergence (DIV) and converqence (CON) are.,

 also lndicated (adapted from Relter, 1963 p.136).

Tet1;7{; preferred areas of divergence and conVergence can be:'

7;'fednd- Rewr1ting equatlon 1 7 1n the fora..Q

.aQ

_;3ﬁ§et

B. X + v VQ - -QV'V .‘ , O .

at

f};it.c5n be een that in quadrant I, VQ<'0, which ueans that,£
1:;divergence (DIV) v v > 0, is expected hete.. Another vay of?e

_5say1ng this is that positive vorticity advection indicates-;“



un

,'divergence.t1 Similar reasonlng can be applledago the other
quadrants to glve the 1nd1cated dlstrlbutlon ‘of drvergence

b

and convergence.
"Reiter~_noted that the dlvergence and convergence areaslf
" to the south of a jet are . not nearly asv well deflned as

those to the north and thus the development to the, south of

the jet 1s not as marked as the development to the north."

qu. 2. 8 shows the lou at the left ex1t of the jet vhlch is '”

"the favoured p051t10n for cyclogeneSLS.‘ It 1s one' of the

aims of thls study to check these crlterla. o

‘ It'_is generally agreed that orography plays an 1mpor-_*

tant role 1n the 1n1t1a1 phases of lee cyclogene51s and that

the VOEthlty advectlon is an 1mportant factor -durlng‘ the»d""

'perlod of cycione 1nten51ficat10n..

?The vwork of 1nvestigators of nountaxn waves seeus to,"
'3’suggest that situations condncive to the production of"
gsynoptxc scale nountaln waves are. ?lso favourahle for leei"

»cyclogenesisl. Queney (19“8) found alternaté zones 'ffﬁ'

'fystretching and shrinklng iu the lee of a. large broadf7,” -

“°““t51° range of size conparable to the Rockies.‘ I£ strongifi7

L

“ﬁh;vertical stretchlng with enhanced cyclonic : vorticity,;;-lff

: production occurred downstrean, one could expect a trough or'xf,”“

ueak cyclonic &evelopueﬂt in the lee ofé;he barrier.i7ﬁ
.;These stndies also tend to support the vvieu that for the:f"

[
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formation of mountaln waves the air 'flow'”across, the,
-_mountalns must be essentlally perpendlcular to the rldge and
move wlth con51derable speed and-in_ deptha " Colson .(19u9)

i developed a theory for flow ‘over a uountain ‘barrler, '

numerlcally solved the equatlons and found that a lee-pres- .

'sure trough exlsts betueen 90°% ‘and 100°W longltude, in.

agreement with the observed posxtlon,dp A three-dlmen51onal )
view of a low pressure system would normally shov that the
vertlcal axis of the cyclone slopes from east to vest. ;"1f'
. the regxon of the upper wave was con51dered to be an area of,‘
| N cyclogene51s then the maxlnum surface cyclone act1v1ty uould‘

)

'-be further,dovnstréaMy ,'ﬁ‘ '"'-"Ql*

Polster (1960) carried out an. extensxve study of the :

) relatlon between confluent and dlffluent flov, and the for- S

nation and developnent of surface cyclones in. the Atlantlc*,
v and Western Europe.~ Polster observed that 73% of the cases
- of deepenlng -cyclones vere found under dlffluent upper.;;

| contours. predoninantly ahead of upper : troughs. Thél

renainlng cases of developing cyclones occurred beneath-f,*f

%

parallel or confluent flov aloft. Althouqh 1n1t1al wavef;~i

- forlation took place 1n about one—fifth of the cases undera{_}f

; confluent flow aloft, subsequent devalopuent vas a rareg

: eveut._f Polster also noted that (a) the leadxng side of

. _.4%

‘e diffluent upper trouqhs jfavours- deepening and E(hj thef,

leading-' side of »confluent upper troughs favours the:t'

o

fornation of new sunface lows.. This uork covered nearly onef,ffvg

thousand cases and the results vould appear to be qnlte_lﬁfﬂ”h



”significantg'

Chung (1972) carrled out an examlnatlon of.the case hl-‘vl
stOry of dlfferent types of lee cyclones.  He noted several |
'factors relatlng orographlc features, dlffluence,f and -leel”
'cyclogen951s. : Anong these are . (a) that an. orographlcally-ic
"1nten51f1ed flow dlffluent ‘inf_ mld-tropospherlc 1evels ln

-superlmposed on low—level convergence and orographlc descent :

'favours the 1n1t1a1 fornatlons of lee cyclones, and (h) that

) changes “in the SOO-mb flow patterns were more signlflcant .

and 1nd1cat1ve of 1mpend1ng lee cyclogenes1s than any otherg
'evldence of flov} change. Chung also found consxderable'
”fagreement wlth “his cases 'and the c1a531ca1 developnent-af:

',_theorxes of Petterssen and Sutcllffe.‘:d_e,

: It 1s hoped that thlS study 8111 extend ‘some of theﬁl

’ uﬁ'work of CHnng, particularly as 1t relates to dlffluence,*'-

"liorography and lee cyclogenesis.’[d,;
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CHAPTER 3 .
RESULIS
. 3.1 Imtroduetion” . . h

:~The'prinoipa1'aimﬁof this sfuay is»the examlnatlon of

r’lee cyclogene51s asf;itvrelates to dlffluence 1n the upper5s4'

fair. A secondary goal is the 1nvestlgatlon of lee cyclones,.z‘

to determlne how well the prevxously dlscussed developnentf'f

| “theorles apgly to synoptlc sltuatlons ln the region of the ?ﬁ
'fRocky nountalns.:‘ Leef cyclogene51s was con51dered to havef
’(f raken.'place,;ifs_eirher. of “the. tvo folloulng phenomena
.*ocenrred;TA{Jff‘n*feiolone formed ‘east of or i the.Rockylov“

_-i'uountalns between southern uontana‘,and the moth of the

rﬁfﬂackenzie Riverfif(zy‘fa 1ow fron the Pa01f1c crossed the‘_“

'-;Rocky Hountalns and redeveloped in. ‘the lee of the mountalns.j[n

Tthe area covered by this 'study is 1ocated approxlmatelyoﬁliffeo

‘ between Q0°N and 700N, latltude and hetween 80°w and 150°W}f"'x‘

";longitude'v On occa51on these boundarles uerex extended as~if.7~ -

fsnecessary to SUlt a Partrcular sitnation.vfe;f";;f -

‘A5:3@252&9;sesﬁifﬁﬁégiéiaéﬁﬁf5i?a{ .

R

-

The Rocky uonntnins lay be considered to be nade up ofe 7['“'

n Wfour uajor ranges. Pron north to sonth.J they re theﬂﬁef

| ffnackenzxe nountains.i the Northern Brltish Columbia ori1g ﬁff'7

f"fcassxar Range, the Southwestern Alberta Range and thefﬁ’~fi




‘.Qg Skl,,and a: mean. helght of over 1 Skm. :: o:

ihtconsidered further.:ff@

l.gthe Brooks Range in northern Alaska and the Alaska Range inel

f;fthe south.; The Brooks Range rnns east-vest and the Alaskal'

J R
;;Qof their easteuest allgnnent, the Alaskan nountain r‘99e5*951“=’““

_lt8'_'

: inmense' Anerlcan Rocky"nountain block made np of §everal -

ranges extendlng through Hyomlng and Colorado.'f“

il

o Three najor passes cross the _Rocky Monntalls.- .They are-‘

: r:.:”;”

‘ .located at the Alberta - uontana border,‘ Hest_v f Dawson"Vf
Creek, B C.,and _ near } Hatson Lake,' xin: vthe Ynkon,

},respectlvely._ ;;_“uf'f_

| The Hacken21e ﬂonntalns, .thé; Smailest-*cf‘ thet najor‘_

",ﬁranges, has »peaks over 2 7km  high, although thelr mean v

U

}fhelght 1s cons1derably lower. , The broad B C. Range -haS»"’
.;peaks over 3. Okm hlgh and’ a mean helght of about 1 5km. The»
('Sonthwestern Alberta Range has a wlde expanse of peaks overf

. Okn hlgh and is probably the. most 1‘“P°‘ta“t t°9°9r‘aphlcal

Alberta Range are the Columbla Mountalns nlth _peaks over

R

T e Amerlcan Rocky uountain Chain, Vhlle very 1nportanth
fulth respect to cyclogenesis of COlorado Lovs, 1s outside:ﬁ

,:“fthe area of interest of thls 'study -and vlll not;;be'. ,

L

h“thlasha has a great deal of high terrain, lncludlng thesﬁ'

R

'Ranqe is orlented southuest to northeast. 90551bly because; )

'-hffeatnre '} thls St“dY' ‘ f the west of the Southwestern”’hf‘

e

»;highest peaks in North Anerica.; The princlpal vranges are ]ff"
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1;interact strohgly wlth cr0551ng veather systems. vHence it_s'
'-is‘oftem very dlfflcult tod track mlgrant fous throughm

“Alaska.'r Because' of thelr 1rregu1ar motlons. the p051tlons7.f

 of 1ows are. d1ff1cu1t to f1x apd often in doubt

| It has 1ong been 'recognlzed that synoptlc-scale alr'

: motlons do not follow the complex, 1nd1v1dual topographlcalﬁ'”

"features (e, g, .:;A Bjerknes et al., 1?11) but teqﬂ rather 3

¢

1‘rto follow a” "smoothed" terraln._ Hence a’ smoothed terraln. S

-profile is desmrable for the con51deratlon of mean motlons;'_V

. across the massif A smoothed topography of Western Northﬁv]

Amerlca, prepared by Schram (197“), is shown in Flg 3 1...

3.3 meaaiﬂesigms-ﬁné-Lss Qiglgssms§i§57'

Petterssen (1956) ~has publlshed maps of the freguencyf

i*of cyclogenesis for the_fnorthern hemlsphere._‘ These mapsg-"

‘Q;show that the 1ee of the Slerra Nevada, the Colorado and"

df'Alberta Ranges are a11 preferred areas of cyclogene31s, bothf’

\

"5;summer amd wlnter.v'On uany OCC&SlOHS the f1°" a°r055<%the*'

i.ROCkleS 1s from the southwest 1.e., perpendlcular to the';:f‘,<

B hmountain range, and appears dlfflnent.~vfi Of the major':

/

’ 1prenises f' thlS.= stndy 1s that there should be aﬁd :

) relationshlp between these two facts of observatlom, both ;n .

'ehthe mean and for partmcular cases._a
To examine this preuise, helght data were* taken along_ﬂ“-

i"the 35°N and 55°N parallels of latitmde betweem 100°H amd,dii- S

};f1soow longitude. _ This area was considered sufflciently;;ffftg‘h'
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_fvf;g;Bl Smoothed terrﬁln ﬁéxéht contoﬁrsbéf IWesfefn North"
‘j;Amerlca.y Helghts are in meters.¢ (after schram, 197&). b
' f;iatgé to shov up any dev1at10ns .1n the flou due to the? u5'f
7giBockies.. If the d;fference in helght hetween 35°N and 55°N§ﬂ[i
f??i less over the mountalns than over the Pac1f1c 0cean and ﬂ

fh:the Pralrles, then the geostrophic u1nd equation 1nd1cates _ii
';5that theA flov speed is also less over the nountains.\ Thef

3fheiqht data vere abstracted fron 700-ub and Soo-nb naps for¥

d The results of thxs analysis are ﬂf

L

'fffthe years 1959 an
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‘dthe maps sho%n in Figs.3. 2*and 3.3. FOr hoth 1evelsl.it ‘is‘
seen ‘that :diffluence does occur over the mountalns wlth a
maxlmum spreadlng of contour 11nes at about 120°w longltude.
The mean lee trough 1s beglnnlngpto show up between 90°H# and 7}
100°W longltude.r It is reallzeg that the wlnds between 35°N “
‘and 5§°N -are ‘not u 1form and thus drawlng eguljspaced.'
contours' wls an over51mpllf1cat10n. . Nevertheless the
1d1agrams do show that dlffluence does exlst vith nountainsl
: :,present. f S | | B
»usingj;theSe).data'.a mean value of drffluence at 500mb
was calculated» With the data at 1u00w and 130°w longitude,
.the diffluence was calculated to be -BX10- : sec-l - These
;t longltudes were chosen because they produced a maximu\
| value of dlffluence for a1r cr0551ng the mountalns.
i:sllghtly smaller maxlmum value of confluence (Sx10°° sec*l)

vas calculated on the. eastern slope of the Rockles hetveen%

/110°w and 100°W 1ongltude.‘

fé 2‘§- &.2. 2£ QQ

7; o Petterssen's maps 'of ‘cyclogenesis frequency 1ndlcate

/o

that lee cyclogene31s occurs 1n Western’ Canada? summer randa'i“

wlnter-_; It was necess%ry,‘ therefore,‘ to :study cases.
‘throughout the year.: The principal s;noptlc charts 'used

Hff*were the surface and 500-mb charts prepared by the Edmonton

~lﬂ-Weather Offlce.i Initlally 1t vas thought that the maps for

N}

“gfj1959 would comprise a';reasonable ha31s for thls study.v;”'”



- sy,

fAfter analy51s of the first three uonths' data, fit ,gas'
..”reallzed that the 500-mb analyses vere subject to certaln;
.dlscrepanc1es based on ‘the analysts' ablllty, experlence,
"and"other personal factors.‘ It became clear that SOO-mb—f
'obJectlve analyses would have to‘ be used to obtaln 'more

con51stent data. The maps used for the main part of this
» “ .

. lstudy were the CHC “Complete" 500-mb objectlve ana1y51s “and'

i surface ana1y51s supplxed by the Edmonton Weather Offlce for

'the perlod from Hay 1, 1973 to Aprll 30, 1973.

Ki lee cyciogenesis uas flrst 1dent1f1ed on alsurfacee
" map and then 1ts h1story was traced backwards and foruards”
cn consecutlve 6 hourly synoptlc charts. Concurrently, the
’hlstory of, thef 500-mb clrculatlon; assoc1ated vlth‘ the
surface . feature wasj recqrded'duitﬁzpartlcular'emphasisﬁon

fidiffluencegaloft, o

o The' follovmnu crlterla'vfcr the existence of 3ee__
'cyclones, _ adapted f from Chung ’ (1972), were applied"
“con51stently to low pressure systems\appearlng 1n the lee ofd'

:'lthe Rocky nountalns-:' L o T

| il,i; A low pressure centex was present va?the 'center‘fwas:‘

fflenclosed by at least one lsobar on a surface map dravn'at;

‘;four-milllbar 1sobar 1ntervals., | |
‘11#41 The closed 1sobar demarcat;ng the lov had -to pérsist“
'sfor .a perlod of . at 1east 2u hours on a set of consecutlve?l

: “charts,», _' t:_vf~d ;g. f"“”

CPor | the 15-ionth data sample considered,’ 125 cyclomes - -
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satisfied these criteria and were investigated moreé fully.

The central‘ pressure bof addyélone does not by‘itself:
give a true indication-ef the intensity of the circulation
~about a lowr’ ‘dpuore realistrc méasure can be obtained by
cdusidering theiintenSiﬁy'as defined by Petrerssen (1956) .

\ .

He defines thée intensity as.

Py ¥ Py v pytpy, - bp ;

2
\ihey‘:el'u2 is the horizontal LaplaCian'operator, p is the‘seaw
-levei pressure, ,H‘ is the grid"interval and the.subscripts
denote the p01nts of a standard flnlte idifference grid- as
, shown in Flg 3. u An overlay was prepared based on this
‘ grld and adapted to rhe 1:10,000,000 scale map of the

-

surface analyses used.

- - The value rof any"quantity.’calcuiated ‘using fiuire
‘difference: methods depends to ‘sdmed exteut pdnv‘the grid
1engrh._' ;hteuSityr values. may 'vary quite ccbsiderably(
depeuding: on the erientation éf.the grid. This, of eourse,
is due toi the non-symmetric 'nature -of uost Asea-levelii
‘cpclones. 'Ihe? flnlte-dlfference readlngs do not take 1nto '
acgount the 512e of the 1ow but give .only the. relatlve"
rnten51ty of the"c1rculatlon in the area covered by the
4grid For con51stency, the axis of the grld uasf orlented .

north-south for all 1nten51ty measurements.

\
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(R

Fig. 3.4 6rid used to evaluate _ihiensity; Grid iemgth_
chosen vas 3°lat1tude—33‘km. ‘ B .

As - "noted. in the prev1ous sectlon, the central pressure_

and the 1nten51ty I are often not very. good estlmates of the&‘
¥

o strength and extent of the 01rcu1atlon of a. cyclone._‘It was

thought that some comblnatlon of 1ntensxty wlth the ~area
covered by the 1ow mlght be more worthwhlle. To thlS end
the’ 1ntensity as determlned by the finite dlfference grld,

'eias  multiplied hy the _number of closed 1sobars ‘(ny

assoc1ated vith the lov. The isobars con51dered had to be“_:

d1rectly a55001ated ulth the low and could not neénder avay .
.-from the center of the 1ow.. Hlth thls coPstralnt, the lowsiv
were, cla551f1ed accordlng to the maxlmum 1nten51ty attalned:f
(during thelr 11fe span. Three classes of lovs were obta1ned‘f
as follows. ; N n , ‘4  | _ 'l

BT wwn-nﬁx ‘:"o‘-f-s nvzpﬁs“'sow.(33’3){&-)42

da
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2. MODERATE - 60mb (333km)=-2 < nv2p ¢ 120mb (333km)-2
o R o SR )

3. STRONG. ~ ny2p > 120mb (333kn) -2

Based on this classification nthe"125 lows grouped as

]

B follows"
1, Weak 42 cases
o .
2. Moderate 41 cases
3. Strong - 42 cases ,f
‘The ueak‘ 10ws f' generai vere not easy to- trace on -
surface maps, and the upper ai features assoc1ated with

them“ vere not ‘as well deflned as wlth noderate and strong_w
i flows. - W1th strong lows,' the upper 'al features verer'

soneuhat eaSLer to follow on the SOO-mb maps.

of the 125 lovs con51dered in thls study, v1rtually all

R noved out of thélr source reg1on. of the lovs formed ‘in or:

to the lee of the mountains, several had only short trajece

\‘,_

torles before dlssipatlon, but, for the most part, theseff

'__7lous also had 51gnificant trajeotories.}f Thus it vas ;ﬁot"

- 'considered necessary to categorlze the 1ows accordlng to.
‘1ortbe1r source region and notions. o Qa °,- |
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3.6 F_egssnsx of Lee ISLQSQB§§l§Al he Canadlan Rocka._ ;

' The occurrenCes of cyclogene51s were counted in a"grid'
of square sampling areas 1.5 by 1 5 degrees of latltude in

size. These occurrences .are plotted ‘and  contoured in -

‘Fig.3. 5. It 1s seen that the max1mum fregnenc1es of 1nit;al-if

f_formatlon of cyclones occur 1n the lee of the three major

":,nountaln chalns. The 'cyclogene51s ifrequenc1es-*associated.~

wlth each range. are correlated wlth, and ‘are apparently a' jo..

i functlon of thelr;helght iThe,-Southern Alberta Range is'

1

*hlgher’ than ,the other’ tvo major ranges, and the’number of.

- cases df lee cyclogene51s assoc1ated vlth thls range %’s

: hlgher than Hlth the other two ranges. 'Moreover, the number‘
of cases of cyclogenesls occurrlng inv'the lee' of thej
,rNorthern B C. Range is greater than in the lee of the lower |
viuackenzle Range. There 1s a secondary ‘maxlmhm ,fn uontana
whlch would most llkely merge wlth the Southern Alherta

'max1num 1f a 1arger data sample were employed.‘
| S A ""; s ,
These results compare favourably ulth those of Chung,»

(1972) although the actual numbers.a "é: smaller 51nce theA

Qfdata sample cons1dered here 1s smaller than that surveyed by;”
A R o

%f_e:chung. _=$he maxina appeared somewhat farther to the eastl"l”

Vthan in Chung's uork, nost likely because he also ’analyzeddld
fhlanternediate synoptic naps, so that the 1ee cyclogene51sf_

‘"Hwould be discerned sooner and closer to the mountains.,
: . .,./, o o

.{ It should be noted that virtually all cyclones ﬁhich
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z;g; 3&§ Frequency of cyclogenesxs ,1n 'the lee of the' |
~Rockies. . Isopleths indicQte number of cases of cyclogenesis

 ‘ contained therein._“
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orlglnated 1n the pac1f1c moved to the northwest or north as

-they approached the hlgher terraln of the Cordllleta Thls

occurred in spite of a predomlnantly westerly flow aloft B

offerlng evldence that cyclones cannot ea51ly cross large,
. A -
broad mountain ‘ranges wlthout sufferlng sone . degree of -

cyclolysis on the'way. of course, there is the odd case of

a large, fast-mov1ng system cross1ng the 'mountalns wlthout

\

'belng weakened perceptlbly.‘

a

'3 l sugzglenee-énd Upper éiz le »étkern

7 To 'exanine the relatlon betveen 1ee cyclogenesxs and

‘,dlffluence, 1t was necessary to determlne and cla551fy flov

‘:.vpatterns favourable for lee cyclogene51s. To thlS end the

dlffluence assoc1ated wlth every 'cyclone ,iasfkdetermrned
. vhenever possyble.,"””

'JThel dlffluence of an upper flou pattern vas determlned
.:as follows- The‘ location :of the surface low (whlch on

occasion had to ‘be re-analyzed) uas noted from the surface

;#analysis and transferred to the 500-nb : ana1751s.~~f.n.y“f; y

."rfdiffluence overlay vas prepared based on the grld shown 1n

”{‘rlg.1 6. and adapted to the 1: 2o ooo ooo scale of the cHe

: fSOO-nb map.. Thls diffluence overlay was then applled to the |

'contonr ‘pattern. The contour chosen on whlch to. center the

-5gr1d was always the contour which best -reflected the flou

:over the low° thls yas nornally the contour closest to the “ X

Al;fposition of the low.b USually two sets of two readings ‘uere'='f
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-

taken,” at ~interuals of 260km both upstream‘and dovnstreama.-

~ These readings wvere then ‘substituted in equatlon 1.6 to

obtain:the diffluenee. If the flou pattern uould not permltdf

".this, then only one set of readlngs vas taken. The actual

value of dlffluence 1s the arlthmetlc mean of these 1va1ues.r’

~ When flve determlnation were 'made, the extreme values

upstream and dovnstream vere givenr less weight than the

central ‘value and the two hadjacent. values .so that a .

"representative diffluence vas‘obtained, A.mean suchﬂas'this,

vas fine as long as there ‘was éonfluenee {or diffluence)

' both _upstream and downstream."If the'fluence changedvsigne

(confluence_ upstream and dlffluence- downstream or V1cef"

jversa),. then the arlthmetlc mean would be near zero whlch,f""

_1n most cases, vas not representatlve of then'actuals flov

pattern.l~Th1s problem has-yetyto-bebclarified._-

Thls procedure uas repeated throughout the 11fet1me of'

"?all the lows So that they could be classifled accordings tojf
' the flow patterns assoc1ated wlth them.._hhs:vwould beu’

"expected, the flov patterns 1n many cases chanqed throughoutv;;‘f

5.,.the1r history. Thus it vas possible for an indlvldual lovﬁ

'fffto' belong to two or perhaps three types of flow pattern,fg

‘The principal flow patterns are descrlbed belov.,f"

et -'.Grom’f 1 it‘flev,‘- ?attéﬁn.,'--_.- e

‘"~_T?he; Soo-mh flov pattern assocxated ’Qith . cyclonicv‘:_'

hi;actlvity observed iost ofteni-was that 1n which there was7fp‘tf

v'i'



62

confluence 1nto the trough and some dlstance downstream from'
~the trough line. Further downstream the confluenCe changed
'to;ldiffruence. Theylou‘was1fregugntly 1ocated_at the point"

. of'inflectiOn»where confluence:changed toe'diffluence; Thé‘

"vridge upstream from the trough was normally far out over the

'.;Pac1f1c. "'The downstream rldge ’uas veak - and usually S0 -

ol

--dlffuse that the rldge-llne could not”‘bel'frxed Hlthmj .y o
nidegree “ of‘ certalnty.,- Thlsb 51tuation;g-illustrated in
"iFlg. 3 6,'occurred 53 tlmes. Generally, the '1nten51ty oﬁ.
hthen cyclone- u. determaned by the amount of confluence or
'diffluenceliass001ated wlth it;\A The best examples't:of_"
"1nten51f1catlon took place where there vas: strong confluence}

.downstream froml'a: sharp- trough -llne--changlng to»strong

‘dlffluence further dounstream wlth the low. 51tuated ‘at .the‘

1
1

tran51t10n from confluence to diffluencé. :u.a

""_«:': SRR

\

g;g; g&_ Group 1 ?1ov Pattern 1nd1cat1ng the trough (T) and £
the predomlnant position of the low.nﬁg- : : , S



E ﬁ*the’cases exauined, the mean trough-low separatlon was 750km}j,f“

fdounstream, the low elther formed or 1nten51f1ed.
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~In most of the caSes ‘this flov' pattern produced

| formation or 1ntens¢f1cation of lows: There vere 17 cases.

of formatlon and 35 cases of inten51f1catlon; - In . nine-

cases, there was also f1111ng a55001ated with thls flow

_”pattern.- Six of these cases. in which f1111ng occurred hadi<

the - low mov1ng through the mountalns S0 that the vort1c1ty,

changes produced by the stretchlng and shrlnklng of the -air

"column were probably lmportant here.

‘_If confluence upstream, and dlffluence downstream from .

- a cycIOne favoured formatlon' and development,v then' the

\‘ ",7‘

”'ﬂureverse E pattern - dlffluence upstream and confluence’

»1downstream'-- should favour f1111ng of 'cyclones. ‘ This .rm

i

fact occurred in. the case of 8 1ows. Unfortunately thlsi:
'analogy cannot be carr1ed too far, s1nce ¢ino the’ case ‘of

’,lelght other lows wrth dlffluence upstream and confluenced;‘

.P

In1t1a1 formatlon of cyclones 1n the 1ee of the Rock;esv_;

;;assoc1ated wlth the Group 1 flow pattern most often occurred‘
’~7vith the trough located at or near the West Coast 'ahd'

xf’allgned more or less parallel wlth the coast 11ne., Based onﬁﬁ}_x""'

‘¢tu1th av range varylng from 200km to 2000kl and a standard‘ff”

"deviatlon of QOOku. on. several occa51ons, the cyclone movedddf -

"7ﬁfthrough the nountains much more rapldly than the 'upperf"‘

B trough, and lee CyclogQDESlS occurred Conversely, A’ﬁg*

'"ﬂ~»several occasxons the trough moved nore rapldly than thef
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”tsurface-low,'and lee cyClogenesis_still took place.

:It_ was tﬁoUght that for moderate to strong lows the
amount of confluence and dlffluence would be larger cend"
ea51er‘ to.neasure, thus fac111tat1ng the determlnatlon of a’

| relatlon betveen dlffluence and 1ntenslf1cat10n. Based -on |
‘; thlsg'reasonlng, only- the moderate -to strong lows were
econsidereo; There was nothlng 51gn1f1cant1y dlfferent for~

thls group from the results obtalned wlth all the lous.

For formatlon of avcyclone, the trough was located near

}the ‘coast and parallel to. 1t “In general the troughs vere
well deflned and produced falrly strong southvesterly' flow.
'oner ‘the . m0untarns.-p' This flow t qu- more or_ less_
Ji-perpendicular'totthe~mountoins,\an orlentatlon favourable to7
ccyclogene51s,.as noted by Chung (1972)»and others.._The nean

~itrough-low separatlon was agaln 750knoot_the time tne~tlows'

'vere formed.

Ciis s_roup'_z_mdw., p'attefrn[j -

The second-most numerous upper flow pattern assocxated.;'
f“'lth surface cyclonic actlvity 1s deplcted 11 Fig.;3 7.‘f[n[

»,;trough in the flow was present with diffluence downstream.‘ 4

'“nfThe cYclone vas located downstream fron the trougn nf'thepp

: area of d1ffluence.‘. The upsjﬂgan rldge was norually well;,,

. jnto the Pacific and oqt of\ the ‘area of 1nterest. ' iheff:"

', ownstrean rldge vas so diffuse thatfit was not1pos§§ble toifﬂz

'fiflx the position of ﬁge rldge-line.
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@

1

sFlg. 3 7 A Group 2 Flow Pattern is deplcted showlng a trough
N - (T) wlth dlffluence downstream and the predominant location
. of cyclones. S ’

Thls 51tuat10n occurred 48 tlmes as follows~ There were.~f-

11 cases of cyclogene51s and 37 éases of 1nten31f1catlon.
For 51x of the lows, 1nten51f1catlon was soon followed by :
"d;551patlon, ’:In: several of the cases, the lnten51flcat10n |
-waS'very slléht. Hovever, care was taken to be. sure that

"fllllng d1d not occur.l

’Tte mean trough-to-low separatlon‘ was approxlnately

,600km v1th the range extendlnd from 100km to" 2000km .and a
‘fstandafd deviatlon: of 370km.- ThlS value of 600km 1s not
- 51gnif1cantly different from the value of 750km determlned
tfor Group 1 ' As 1n the case of Group 1, the faVOured trough
!Tﬁp051t10n for lee cyclogenesis vas near the Hest Coast Ulth

;:;avthe trough lined up essentlally parallel to the coast..and:



bfthej rldge._ On rare occa51ons lee cyclones were’”‘
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the low forming approrimately 600kn downstrean,

DiSsipation either 'occurred in the mountalns or vhere
the dlffluence was weak, and-« hence of lesser 1mportance than
other factors.

;iii;h'Group 31Flow»Pattern o

The thlrd-most common SOO-mb flou pattern observed is

: the trough-' rldge conflguratlon deplcted in Fig. 3.8, This
'conslsts of an upstream trough and’ downstream rldge wlth the
'_surface cyclone located in between.. The trough-rldge system
‘ had to be deflned well enough at any glven tlme so that the
'trough was. outllned by at least two contours and the rldge

‘was deflned by at least the same . two contours. If the rldge

could not be so deflned then the system would be'.class1f1ed'

’as a. Group 1 or 2 flow pattern.' The flow from trough to

rldge vas generally elther completely dlffluent or confluent S

downstream from the trough, changlng to dlffluent ahead of,'

_at,ed ; -

S Hlth confluence from trough to ridge. Based on 38 cases.

f'_ exanlned the mean trough-‘rldge separatlon was 1650kn, Hlthh

a'. range" frOm 00km to 3000km. | The mean» troughfloy

fseparatlon vas 850km wrth a range fron 0 (low directly‘under -

 the t trough) to 2500km..ﬁ_'

Thls trough-rldge conflguratlon often evolved 1n the1";

‘73,follow1ng manner. A trough wvas located 1n the Pac1flc Ocean;~

'~L'iﬁf a; north-south orientation.r The ridge Hould be situatedf_7

’;;/j.“
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‘lPig. 3.8 A Group 3 Flou Pattern is 1llustrated ‘showing a
trough (T) and ridge (R) with  the cyclone ‘(L) located
.betueen. ' : _ S

ovet fhe- mountaihe 'end'.aiigned -parallel to. thém.:'eThe‘
;tfoogh-iidge‘ eyetem- moved eastward. as a whole and when the -
f'r;dge‘ doveq_ eéSt of the mountalns,y‘ iee-"cyclogene51se
oceurted  ‘Th passage’ of the mountaln chain by the ridge
»appeared to be an 1mportant factor in the process of lee

 cyc1ogene§;s. Another,simllar patternlkas that_invwhich the

'trough-ridge='isystenl advected across the,‘Pacific; 0n

5apyroach1ng the coast, ~£he‘ 109' recurved - norfhward"’ nd . .

?weakened as 1t moved through the mountalns.v After cr0351ng'; '

~41%1fmbunta1ns the low vould redevelop on the lee slope.'

The favoured conflguratlon for the formatlon of lee
cyclones vas that 1n whlch the trough-rldge system straddled,'

1“the mountalns wlth dxffluence from trough to rldge.. InltTalf‘



*fornation . of lows took" plece 14 times under these
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~ . . N

conditions. Cyclogene51s also 'occurred eight' times ‘uith,

Uconfluence downstream from the trough and dlffluence ahead

of the ridge. On rare occasions lee cyclones formed under

~confluént upper flow.v

With the trough ridge pattern, 1nten51f1cat10n occurs'

~

three tlmes as often as filling. Inten31f1cgt10n is just as'

llkely Hlth dlffluence from trough to. rldge as  with

confluence changlng to dlffluence between trough and rldge.

”cyclones ‘varied~ Hlth the dlstance from ‘trough to rldge. If o

-

1

It is ‘rare to flnd 1nten31f1cat10n wlth confluence aloft.

¥

It uas‘interesting‘to observe how theiilnten51ty of

the _trough-rldge -separatlon decrqued, 1nten51f1catlon‘
P : o — o
occurred  three times as ofteQ::E; when ‘the.‘separatlon-

'-increased;_ Similarly7.thé‘intensity'uas' observed to vary

v1th hef' trough-lou . separatlon.e ';ﬁ this situation

11nten51f1catlon occurred twlce as oftéh when/

separatlon decreased than when it 1n¢reased
: ‘ : 'o-‘m?

.The trough rldge conflguratlon uas hlghly favourable to

_,, -

fhe formatlon and intensif1cat1on of lee cyclones.-‘ifv

»'diss1pat10n'was to.occur,f the. trough-rldge pattern would

normally break down prlor to or durlng d1551pat10n.-

iv._‘Groub"uirlouquttern

Vo e

the trough-low.

This is the._situation 'uhere a{ridge“has‘diffluence
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.
upstreau and rheklow forms 'upstream from the ridge (see
Fig. 3.9). The 'upstream trough with this flpw pattern was
too diffuse to be flxed with any con51stency. A Group 3
flow pattern could become a Group 4 flow patrerh'if the
trough of.the_Group 3 petternc,ie no 'louger"recognlzable.

: : N
Polster (1960) con51dered this quite an 1mportant means: of

- \

cyclogenesis. Durlng thlszstudy 27 such cases were. found

with the low formlng in the mean sonme 350km upstream, in a .

range from 0 to 1000km. As far as the actual formation sof‘

.ggg lows is concerned thls is a very 31gn1f1cant group,

con51der1ng that some 20% of the total sample vere 1n1t1ated

under these condltloDS-_

“‘-'I.-.....

Fig.3.9: n Group 4§ Flow Pattern is ‘shown ‘with. dlffluence
. upstream from ‘the ridge (R) and the cyclone forns in the
dlffluent area.'_ PR ,

.
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-

Usually the rldge wvas just east wof the: mountaias ~and
-the low formed elther in the mountaxns or on descending the
eastern slopes of the sountains. . Lows did Aform' in the
~Pacific under> similars circumsrances,» but only on rare

occasions.

Approximately 90% of the cyclones exahined belonged to _
one of these four flow patferas; The remalnder of the 1ows"
wwere difficult to classify; and short of _descrlblng the
_cases_'individaally,g a :claSsification -scheme weuld not be.;
vorthwhile. |

1

" 3.8 Lee .C.xs;..seae.eae and Upnss ind Maxina

| iavwasinefedvin seetiean 3 that‘jetn'streams play an
important7 part ia ‘tﬁe formatieﬁ andA ihteasifieation‘of
sarface'cyclones.a One of the alms of thls study 'vas' to
‘,exahiae' the relatlonshlp between lee cyclogene51s and upperv
‘wind maxima. | | "

. All cyclones other than the 1959 sample 'were examlned

b

for assoc1at10n' wlth vind maxima. To, thlS end an lsotach o

analysis at 500mb ‘was -carried°‘out i-Because the SOO-mb

-'ﬂanalyses have a rather sparse ‘data coverage, there vill be

1nconsistencies 1n the 1sotach locations.. If a ulnd uaximum»j,

‘ greater than us kts could not be located, _it‘-vas~_assumed ;:7

“‘that a vind naximum did not exist.-5

raécOrdinéf‘to;Riehl'ep ai;(QQShy, the’favodred areawar;

9




7
the foruatlon or intensificationvof 'cyclones.Ais.‘the left‘
exitfiorA right entrance‘ of jet_streamst while the 500-mb -
';lnd naxima are not- tru1y>-jet-Stream ?maxima,'vit>‘uay " be
assumed‘-that ‘the flou' patterns at. the 500 mb level are
51m11ar to the patterns prevalllng at the jet-stream 1evel. |
In the data sample conSLdered 74% of the cyclones had wlnd.a
maxima assoc1ated v1th them. Con51dering the rlght entrance

- . ) i
and left exit of the wlnd maxlma as preferred places for -

cyclogenes1s,' then 73% of the tlme cyclones vere located 1n :'

a p031t10n favourable for cyclogenes1s. Most of these were

located .below the left exit bf wlnd“makima; ThlS uould-;_ TN

" indicate that wlnd maxlma are 1mportant 1n the formatlon and :

1ntensxf1catlon of cyclones.

Riehl et al (195&) noted that the rlght exit region dof :

;cyclonlcally curved jet streams wvas favourable to the

- formatlon of cyclones., Pive cases of the sample vere found'

_in' the rlghﬂ exlt reglon, which would indlcate that thls is

- a. favoured area of cyclogenesis."‘
_.ihgsﬁw'LSQ SICLog ge§;§ ;gd -'Difﬁlﬂésse; - éd j§95§£i9él' ;*\
;gvestggggjggAf.‘ e . s R

‘ Pron the beglnning it had been hoped that ‘a numerical '

B relation could be established between intensification and‘i”

;n Vdifflueuce. Since such ‘a relationship could neither be‘“

”'_.establlshed directly nor uniquely, it vas, thought that'“

- 5. _
scatter dlagrans of these two pataneters niqht give_an,

"u,. :
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1nd1cat10n of such a relatlonshlp. ‘As far as is "known, no

publlshed results of thls sort ex1st.
For comparlson purposes, the data sample uas broken up

~_into two parts. ‘The .flrst -of thesev was] con51dered the o

orlginal sample' aha- the second vas the test sample. The
1ntenS1f1catlon ‘values were obtalned by u81ng the overlay'
"descrlbed 1n sectlon 3 u on the surface analysis at tlmes TA
and T+ 12hrs. By taklng the dlfference of these values and
'd1v1d1ng by the tlme 1nterva1 (12 hours) an average va;ue ofd
f.1nten31ficatlon at T + 6hrs vas obtalhed. : Theh dlif'c'LI.uexxcr:e".~
: was determlned as descrlbed 1n sectlon 3 7, at tlme T and T
. 12hrs., A 51mple ayerage\of these values:gave,the value‘ofs

s ) s

, diffluenqe at’ tlme T + Gh#s. 3

3¢tabhs.' wese_ plotted of . change of . 1ntensity'A

‘(intensificatiou)'aas Qa» function‘ of diffluence for five

' _dlfferent grouplngs of data these are shown 1n Flgs 3 TO tof

v

3. 1u The flrst is based on the six-month perlod from 'Hay;e.

]i} 1973 to 0ct. A31, 1973 ‘and the second on data from Nov. 1,,A
wg1973 7to .Apr;30,"197u. i These two groups are of about thef”
fsame size, and 1f the analysis is cousistenu the results-uis

1ushou1d be similar.”»~‘

"11 Pig 3 12 is based on a sumner sample frou June 1, 1973;

"_tO Aug.31 1973: and Pig. 3 13 is ploteed fron a winterﬂ5~k

-'sauple "_-f;or'  the _period Dec1 1973 to Feb.28, ERTI I

Z~Pig. 3. 1a is constructed fron the 1959 data.{ Theffésuits”of,,»-v

f:these graphs are sunuarized in Table 1.,




TABLE<1. Summary of scatter dlagrams shown in Flgs.- 3.10

to 3.14., a is the percentage in the quadrant of diffluence

vith intensification. B is the. percentage of diffluence

vith' dissipation. C is the percentage of confluence with

nten31f1catlon.¢ D is the percentage of confluence with
d1551pation. ’ . R ‘

oy

‘The :generaiVlresults. of all the graphs are con51dered,.

;_rfirst;o"The; graphs show that dlffluence occurred wlth_.'
approximately 80% of the cyclones studied. Breaklng thlS .‘
"down, dlffluence aloft vas assoc1ated wlth»«inten51ficat10n “i

' “almost half of the tlme. N However,< dlffluence was also-”q

o

-Na58001ated Hlth d1551pation about one-thlrd of the tine.p1; 
'vConfluence’;',gas almost ‘ egually . assoc1ated : wlth‘a

»ﬂintensiflcation and dissipation, a result vhich ;was ratherffef
?.unexpected "The, results for the 1959 data sanple weree ff
Vﬁsomeihat dlfferent fron the. remainder,_ probably reflecting];7'
fact that the SOO-mb analyses _were the SHbjéCthe{l: .
e;fanalyses of the Ednonton Weather Office and vere not of the;:’" V“ ”

‘saue consistency as the objective analyres prepared by cuc.'f

f It }ca be seen that the .naxinun absolute value ofV

tgdi%fluence (-3SX10~° sec*l) is larger than the naximun valuef.

| S_AM:PLE[CONSID- - | ToTAL | 5 | ¢ b
ERED -~ | numBER| % 0 % | %

|mAv-oct. 1973 | 128 | wy [ 28 | 4 }_9[

|Wov.1973-aprc1970 | 138 | w3 | a7 F R EI
sur‘m}ER-’sauer. R T 49 " 30 ) 13
WINTER SAMPLE. | 76 | 49 30 | 8 | 10
IAN,-MARCH 1959 | . 86 36 | 31 | 22 s

>y

’L;onfluence (19x10°6 sec‘l). The average magnitudes off*friff, -

a
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'fc0nf1uence> and 'diffluence-fwere }calculated;for the entire.
~ sample. ‘These "calculations Showed that the average,’
hagnitude;'of' diffiuehceu (-8. 4x10—6 sec-l) is con51derably

Nl

- 1arger then the average magnltude of confluence (u.8x10’ -

sec*l) : 'It can. also be seen that these values are larger“
than those determlned in sectlon 3 3 for the mean uothn. -
/"vr"éw
' ‘.
.
@ |
j‘ o . i
. TN hf?’
» , ';'.4‘.V
B
. \" v
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.. The mean values ' ,of diffluence calculated for
intensification and dissipation 'are the same (8.4x10-6

" sec—!) indicating thatfthe amount of diffluence does ‘not

- deternihe whether or not cyclogene51s will occur. .The mean

e

‘.'va;ue of ccnfluence _ assoqlated- vith 1nten51f1catlon

;(QQBX10—6 _sec~1) is smaller than that assoc1ated_ Hlth:.

‘-diSsipatiohi(5;6X10f° sec*}).w

.‘may ‘be summarlzed as f0110H5°'For ~the orlglnal ,samplé (May

" time. ‘lefluence was assoc1ated Hlth 1nten51f1cat10n half-

"cf. ‘the t1n3,c and Hlth dlSSlpatlon sllghtly nore . than one~

.:quarter of “the t1me (28%) o Confluence ’was obserVed less

a ft£an &’e-guarter of the tlme. Of ~ these . cccurrencesl'.

sllghtly more (1&%) vere >assoc1ated Hlth‘ ;ntensification

ethan wlth dlss1pat10n (9%) '

{

'EPOr_ the *restfsduple (Nov; 1, 1973 to Apr.} 30 1974); .
f,the results were not greatly dlfferent., lefluence occurred ‘.f?
"80% of the tlme. On u3% of the occa51ons .dlffluence wasgs

o assoc1ated “,wlth _ 1nten51f1cat10n 'vh;}e }qn _37% .oin'thejiu

focca51ons d1ffluence uas assoc1ated ulth f disSipatiQu;

e {COnfluence f occurred onﬁ;; §f'3:£heﬂ tlne, f12iuj uith f§l7_ '

. lnten51ficatiou and 8% with dlssipation..sf;7-“‘

\

These tuo sanples vere then suhdividea to obtain both aufic57f

Hs7summer and a winter sample.r Using these two subgroups it isﬂ;,ﬁf

Lo E

' The-resulfs implicit'iu the‘iudividual scatier diagrans

‘ ’1973 to Oct.’ 31; 1973) dlffluenceroccurred 77x-of<£hé

kf]possﬁhle to test for a seasonal variation of diffluenge and;s*:v
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_intensification.

In the summer. sample,.diffluence occurred 79% of the
-ime, 49%' associated  with intensification and 30%. with
.1551pat10n. These 'percEntages are~virtually identical.to,

//fthose determrﬁbd for the orlglnal Sample. Confluence -

_‘occurred 21% of the tlme, 8% aSSOC1ated With 1ntens1f1cat10n
and- 13% wlth dlSSlpatlon.' These results -are sllghtly-'
dlfferent from the orlglnal sample but the dlfferences are

: probably not slgnlflcant.~-'

. o R _
}._Fora the fwinter_sample,hdiffluence occurredeZ% of the
‘.time; ﬁS%ipaSSOCiated. with»'lnten51f1cat10n' and 37% 'withV
| d1551pat10n.\f‘These fesults are very close to the results'
'calculated for the test sample. Confluence dccurred 18% of-'
¢£hé tlme, 8% wlth 1nten51flcatlon and 10% vith d1551pation.

The results for confluencé are someuhat dlfferent from the}
| R AR A L
‘test ,Asample ~ but *:théi dlffereuces.;‘are probably not

:isignificant}l
For the 1959 sample, the valldlty of the results are ‘in

doubt for reasons already glven, and. hence thls sample .Hlll

- not. be cons;dered further.v"‘~- R

. . y R
o Ao
. :
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‘4,1 Introduction

3

In thlS chapter it is 1ntended 'to glve case- histOries L

of lee cyclogene51s under ‘much the same grouplngs as in the’

‘_prev1ous chapter. ‘An 1deal case” hlstory of 'the Group I

¥ _
’Pac1f1c Cdast, confluence downstream beyond the trough 11ne

: changlng to dlffluence further dovnstream. A cyclone would

to'bdlffluence. }vThls low would deepen and nove eastward

c1a531f1cat10n. would show a trough near and parallel to the )

]

be formlng on the eastern slopes of the Rockiés 1under the

',lnflectlon porﬂt 1n the . 500 mb flow where confluence changed

R

e .

_under thisifloh._ ‘In practlce,tthe atmosphere does not often

:nece551ty, "the _ a§:s dlscussed vlll show foverlapping-:n

_‘characterlstiCS with

i

"fprov1de such ready-made "textbook" examples, ,and ehus, of

v'helped and 1n some uays may be a useful feature.

w2 case 1 ,(__ogz.,. Lg-:..f.r 1333 80 12008, Mag.16s 1973,

»whiCh subseguent development took place.; Thls was a summer

)

o

The;first case to be COnsidered'iS‘onelin“”

3

was initiate# under c1rcumstahces dlffe,ent from those under--

4

(mld-hugust) 51tuat1on where two ueak lows formed and co- -

4

)

ther groups. : But 4this” cannot_"bef

<

tf exlsted for a perlod and thenA under c1rcumstances to be :f,;>'
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described;'became a‘well—deﬁéloped cyclonic systeﬁ,
.. : ' \ : ‘4 :
Before the discernabl? formation:of = any .lows (12002,
Aug. 15, 1973), theié was-a 500-mb trdugh on a line running -
from northyestern B.C. southwest into the Pacific (see
Fig. u.1); Downstream.from the trough,'a;wesi-southwesterly
fIOwMCfossed the Roékies‘with a vind maximum over central
B.C. and into Saéka;chewan. The flow downstream from the
| “trough was.cdnfluent acpbssfthe'mountains into Alberta and

" then becane distinctly.diffluent OVef Saskatchewan.

By 00002, Auguét 16, (see Fig.'§.2) the 500-mb trough
had swung around £o a north-south orientation énd  the floi‘
had become more soutﬁvéstérly -(ftom 2006) acrossg the
moﬁntains. At least two weak lows formed in'and‘to the lee
of the wmountains. It will be noted fhat the 2400 flow is
eésentially'pérpendiculdf té-the' Rbcky~:nountaiqﬁ, .a con-
 dition whichV-is__favourable, ﬁo cyclogenesis{( “The wind.

'm&ximum~was weil to the.ndrgh:and did noiiappear fo-havélany,
‘.éffect at this tine. There-vés signifipantanld-air.'adVec-
tion‘:in the area, indiCdting that_aVVOftiéity ﬁékimum, and
/'poéitive Vofticity'advectibn (PV1) was .present. - At the
surface a weakvffonfél-éystem séparatgd maritime Arctic ffom_
)maritihe‘§oiat air. | | |

Petterssen's hypothesis states that cyclone developnent
at sea ’1eve1, 6ccﬁr§';where"an rarea.vof'PVi‘in-the upper
troposphere is.igperimposed on a slow-moving frontal system.

-

These cohditions:were,satisfiedvhére and a low ddiy‘ fotmed o
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in the nmountains. Since there was llttle or no ‘PVA to the
. east.-of the mountalns, 1t lS belleved that the change from

confluence to diffluence in the upper troposphere, comblned

'wlth vort1c1ty produced by Vertlcal stretchlng of. the air‘

column on descent produced thlS weak low.

Twelve hours' later, -an upper low had formed off the

West Coast . with the trough runnlng southward Excludlng the

formatlon of the upper low, the 51tuat10n had changed 11tt1e
and the sea- level cyclones persrsﬁed ~weakly with llttle

‘ mot1on or development. . ' \;

" The 1n1t1al formation of- the-l%vs vas 10w complete,“

A,Petterssen 's hypothe51s prOV1des the 'explanatlon of the

Veasterly low whlle the change from confluence to dlffluence
h

‘overrldlng the vortlclty produced by stretchlng of  the ‘air:

~column could laccount for the low\near the Alberta-Saskat-

- chewan border.

- - 0

By OOOOZ,‘AuguSt'17' the’leadingf-trough had> weakened,

and was dlfflcult to place. Another trough was swlnglng

around the upper low thCh had up to thlS p01nt shown little

notiOn. A con51derable area of PVA was. also present , ThlS._

e

then was the 51tuat10n vhere a surface frontal system was_r
‘belng overtaken by an. upper trough wlth PVA _ahead whlch,'f

accordlng to Petterssen (1956) "is one of the most. rellable

1nd1cat10ns of cyclone development at sea level"l’

jg- yDounstrean from the trbugh,»tthere vas . southvesterly

N T

A
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diffluent flow across'the mountains and, since the gradient
" had tlghtened, a wind max1mum could be located Ther most
easterly cyclone was at the left exlt\of the wvind max1mum,xa

\ .

place where development could be expected
, R

’

‘At 12002, August 17 (see. Fig. 4.3) the upperflow had

,uoved sllghtly 1nland with a trough still anchored*off the
coast, while’the~1eading trough-wasbaligned southeast}of'the'
upper 'lou.  The surface low was just ahead of the leadlng‘
| trough and just to the left of the wlnd max1mum ex1t, 1n‘ a

©.good PVA area, w;th 51gn;f1cant dlffluence all around. With
, _ : k , .
}

allbpthese_ favourable'!factors present forydevelopment, the Ny
.surface cyclones cohbinedd'into gd fsingle fairlyd intense
'_ center. Wlth pressure ~falls offﬁmb/Shrs,theyisallobaricf
;field'indlcated thatlvthe‘ low'bwas"deepening rapidly and

i

moving.nort’h-_northeast.~ S

Twelve hours later, the upper low had moved’ 1n1and but

5

tha:.maln trough remalned anchored of f the West Coast ‘The -

leadlng trough had weakened qulte con51derap1y. The low'&as*g_'

located at the left ex1t of the wlnd maximum in an’ area'sofia
',PVA, 'and malntalned - itself under a ,weakenlng 'area- of_
; diffluence, Slnce the only ba51c change ‘in the flow pattern
vas decrea51ng‘dlffluence,\thls suggests that dlffx?ence is:

1mportant in the development of lee cyclones.

‘. . f;-

By 12002, August 18, (see F;g._u 4) the surface 10w had‘

-vmoved under the upper 1ow and was now drlftlng very slowly.’

_ In d01ng this, ‘the surface low had moved away from the areas_”
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oenerally"assOCiated uith developmentr The surface low ~ vas
- now -well away from the left exlt of the wlnd max1mum. it had
advected out of‘V;he area'_of' drffluence and‘lt was alSO‘
\%" outSﬂdedoftthe “th,karea; hThe upper :lon -was #eakenfng
\\\toncurrently and_:soon became -a sharp trough with good PVA ‘

and assoc1ated diffluence aloft. : o :». . .
% ‘ '

‘SubSequently,[the surface.iow-noned;aheadfofpéhevtrough..
:kinto the.PniHarea,-just to the'leftvof the windrmaxinum exith
'Iand into' a good harear, of diffluence, .‘intensifyind
ddramaticaily 'ascfit moved‘ into the Arctlc Islands.‘ ThlS
..example showed the gene51s of .a cyclone under a Gr@up 1 flou’

pattern and 1ts subsequent development under a Group 2 floy ;’

pattern. vy

Senerai thlngs were noted from.thls example"(1) A lee'

" low was 1n1t1ated where the flow, ‘1n1t1ally of . GroupJ‘1,
changed to a Group 2 pattern.* (2) Petterssen's deveIOpment"

- crlterla are appllcable in 'a' mountalnousl'area., (3)‘1d'“
southwesterly flow across the nountalns and dlffluence aloﬁ

p are' conduc1ve .to,~:ord'at least assoclatedhwlth 1ee_cyclo-
‘genesis. v | | o

\ -

4.3 Case 1.__.q.z.r ...1 1. 1973 te gggg.z.r day 21, 1973k
The second cyclone to be- con51dered formed 1n southern
.-Alberta.v It was. assoc1ated wlth a trough-rldge system and
'moved slowly north-northeastward. Later 1t came under the

o [
_1nfluence of an upper lov and drifted northeastwﬁrd.
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At OOOOZ, May 19, before the formatlbn of the\sugface
dloe,‘ a north-northwest to south‘southeast trough .“35
situated off the’ West Coast (see Flg. 4, 5) Approkimately
‘1000km downstream fron thls trough was ‘a ridge, lloceted
Wdlrectly over ’the B.C.-Alberta borderf ,A-soutbwesterly
diffluent flov of coldermeritime air led».to conSiderabIe.-
'oold 'air advection-between trough and-ridgeg 'A-significant
area.of\PVA'ﬁas present over northvestern B;C.. but well
ﬁaway,from'the area where Lee cyelogenesis aCtually occurred: '

kN

A“ weak 'surface low was assoc1ated ulth this PVA. No wind

N

max1mum was present. , - \'

t
° N

By 12002, May 19,7a‘weak'1owo had formed» in southern
Alberta‘ (see Fig.'h.ﬁ). A weak wave eas essociated-uitb
another weak 1ow‘innBr,G:"which had noved to nortbwestern
'Alberta. : Ther ridge at SOOmb had moveddeastudrd to'theb~ f
Alberta—Saskatchewan border. -Other than tbis' there.'vas |
b»»llttle change in the flow pattern from tha% observed twelve'

; hoﬁrs earller. The trough-rldge separatlon had increased. to h

..

‘1600km whlle the trough-low separatlon vas 1%50 m. There -

‘was st111 cold-alr advectlon, PVA at the Hest Coast, and no
dlscernable- wlnd max1mum. . Under these- condltlons, the
) exlstlng low, in; northwestern' Alberta .developed sllghtiy-
whlle a new low formed 1n southern Alberta.* 'This cyclo-
"gene51s must have been assoc1ated Hlth the dlffluent flou
over the Rockies and the passage over the mountalns ot the

"500-mb rldge.

'
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ePrior“ to the 500 mb ridge mov1ng over the mountalns,
‘the flow was generally northwesterly, after the passage of

the rldge, the flov _was ba51callyx southuesterly. The

comblnatlon of southwesterly flow and dlffluence apparently

.was sufflclent to generate the weak lee cyclone.
“ v :
* ¢ .

C By OOOOZ, May 2@, the southern low was more. organized

(see Fig. u 7) than the northern';low"yhlch» was weake;;ng
falrly rapldly, "and had dlssipated'hy.OéQOZ. The naritiue
A-otzc front was assoc1ated only wlth the southern lou' at
thlS tlQEPq The trough rldge system per51sted through this
period °wlth the trough remalnlng off the west-coast and the
rldge pushlng eastward TheB trough r1dge} separatlon was
‘ over™ 2000 km, whlle the trough-low separation vas 1450 ko.
Ttere vas a 51gn1f1cant area of PVA and cold r advection
a. the .Hest Coast-' extendlng through B.C. _into Alberta.
BT f;ow .remalned southwesterly and strongly dlffluent

Loughout the perlod It was dlfflCult to analyze a w1nd

P

ma11mum in the area because of ‘the . pauc1ty of reports.

Durlng thls perlod the cyclone became better.:organized.
‘but shoved 11tt1e 51gn_ of motlon. ”hby »Petterssenfs
. fﬁfhypothe51s,‘as an area of PVA becomes supetimpoSedv on a
Asurface frontal system, deve10pment can be expected. The-‘»
,'ifdevelopment did come about and, »as:kshdung in, Pig. 4.8, a
falrly inténse wdouble*centered jlouiuas'observed at 1200z);f§
May 20. . | | B

LI

‘tThe.'trough-ridge'.systeua”moved' -eastward and the .
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separation - was . reduced to 1650 km. The'_trough-loy
separatlon\was reduced to 1000 km by this tlme. There was
strong dlffluence and 'PVA in the area of the low, both of'

whlch contrlbuted to the deepenlng. a wind imax1mum “vase.

'analyzed across the western‘ USA, extending -up to the

'Canadlan border wlth the lou belng downstream from the iexit

of the w1nd max1mum. It 1s not clear whether or not the ;

5

wlnd max1mum played any part in 1nten51f1cat10n.

At OOQQZ, May 21, the low hadlsplitlin_.tmo,'ynith one'

part mOV1ng north, kand the other to'the;southeast. There
were.fronts associated wlth both lowsﬂ An"upper low - formed
in Alberta vith a surface low almost d1rect1y under it. 'At
‘thls p01nt the low was no longer part of a trough-rldge

system and the analysxs was, therefore, dlscontlnued

This vsynoptlc case 1llmstrated several facts about lee
cyclogene51s. Flrst, lee cyclogene51s does occur vlth ‘the’
‘trough-rldge conflguratlon. Secondly, ythev change from
northwesterly to southwesterly flow, vthh occurs Hlth the
:’passage of a rldge over the mountalns, 1sl1mportant 1n lee
cyclogene51s. lefluence appears to be just as 1mportant asi
'the southwesterly flov. vAlso, Petterssen's cr1ter1a for the
development of a low hold in a lee cyclogenesxs 51tuatlon._
_ Lastly, ‘cyclogene51s can ‘occur wlthout the presence of ‘a

vind maximum.



Before this. low appeared in Alberta, an 1ntense quaSi-
statlonary -low pressure system was 51tuated 1n the Gulf of
-Alaska associated wlth a deep upper low. ThlS system
'veakened as 1t approached the coast, and eventually part of
»lt moved through the mountalns.. ThlS low occurred- durlngl‘
winter,»in.late February, and is an example of the formatlon

of a lee cyclone Hlth Group ﬂ characterlstlcs. '

Ate,uodoz,, ?eb. 25, an upper'low‘wasfpreseht‘in the
Gulf of.Alaska with”aAstrong 'southwesterly dlffluent lflow p
~ ouer‘ the mountalns up to a sha rldge located at the B. C -v
dhlberta-border. The ex1t of a falrly strong wvind maximnum
extended northward along the B.C. coast, but dld not appear
‘_to' beA 1nvolved wlth cyclone formatlon. A good PVh,area,
mov1ug along ‘the same path as the"wind“maximum(t did~_uot
partlclpate .in._cyclone’formation._ At:the surface, the'low  2//‘
in the Gulf of;Alaska'was ueakening ‘and -part of itv was{»
showihg signs of separatlng from the parent low (see Piq.
4, 9) although no closed 1sobars could be .found: near the
“:'B C'-Alferta‘ border at thls tlme. There was a'complex-
*frontal system .separatlng below ‘zero . temperatures -ilu‘

northern B.C. from above free21ng temperatures in’ southern

‘Bn C. :

By 12002, Feb. 25 the surface low had formed 1n uest-
‘central Alberta (see Fig. u 10) about 250km upstream from

the upper 4r1dge, whlch,had moved eastward. Again this was
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the situation uhere a ridge'had_pushed east of the mountain
- ridge, and a cyolone‘formed‘with’a’diffluent southuesterly
flow; The vind maiimuu at this. time vas ~also "crosss
" barrier" with its.exit_in the region of the.low. A good»PVh
area was also in the region, | |
Tﬁelue: hours'rlater, the ridge rananOrthfsouth through
central Saskatchewan (see Fig.{:d,d1)vbut’was'not neariyﬂ as
.pronounced - as preuiously.' _The southwesterly' flou‘=was'h
:weakening;:and the amount of diffluence vas also reduced.
There“ wvas a weak PVA area in the v1c1n1ty of the low- just
_dowhstream.from the left exit of the ’wlnd maximunm. Under-;
. . {
- these c1rcumstances, the lou was not expected to developh
very much.. Even though falrly vell~ defined surface frontal

N

zones exlsted development d1d not occur.

The rldge contlnued to push eastuard and by 1200&, FPeb.
26,.‘1t was in the eastern Pralrles Hlth the 1ow mov1ng 1nto

nanltoba. The low was 200km from the left exlt of the " wind

'max1mum,"} There .uas dlffluence in the flow, but much less»'”

than formerly. some PVA was-assoc1ated ulth the low whlch
b ST '
‘intensified ’under c1rcumstances dlfferent from those under

g.which'it vas formed Thls is, an example of the formatlon of 1

.a cﬁclone in- the dlffluent flou ahead of‘a rldge.

The three cases presented in this' chapter- illuStratei

[

i)thé fonr” pr1ncrpa1~~flow patterns dlscussed in Chapter 3.

The_flrst case demonstrates the.fornatmon-of.a loy under a
Group 1 flow pattern, and intensification of this lov under

e
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a’Group‘Z type of fiow; Case 2 is an example of the Group - 3

- flov pattern whlle Case 3 1llustrates the

' Group u '”1 | : L S "

flowi

pattern

of

[
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The prlncxpal aims of thls study wvere two-fold 1)f to.

‘establlsh ‘whether }Orf not the mean flow over the Bocky

-Mountains is dlffluent, and 2) to attempt to determlne if ar

relatlonshlp ex1sts between dlffluence and 1ee cyclogene51s.
-

In addltlon, the development theories summarlzed in Chapter -

2 were to be examlnednqualltatlvely in | the llght‘ of the ,

. current findings.

. In consideration of .the flrst of these ainms, height

‘data at fixed latitudes for'the‘yea:s 1959 ‘and 1960 - were

.pe;amined on either side of the Rockies.

/.

To test the second 1premiSe, 5004m5 and surface naps

-

.were. examlned pver a flfteen month perlod 1n tetms‘ of" theau
upper flow patterns and the development of surface CYClODlC :

systems.f The.numerlcal values of dlffluence,; confluence,

and 1nten51f1catlon' vere determlned and plotted on scatter

'dlagrams~ these were then examlned for p0551b1e relat;on-;’f

.'Shlps between dlffluence and 1nten51flcatlon.:‘

o

‘‘‘‘‘
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g..:_z ﬂean Upper Motion = L

height, data at,i?OOmb uand SOOuS.wereitaken eyery ten
degrees'of.longitude}from.iOOQH to'fSO@ﬁ‘ longitude.  These
data .were'vread 'along 350N and.55°N latitude,vthe'standardv_
latitude circles used in the,:determinationd-of' many i%nal
indieest(éetterssen; 1956, 9;581). e E \

. ¥
= \ reasonable estlmate of the probable error. in readlngs

of. geopotent1al helght is 50 ft Slnce the typlcal he;ghts‘
.dealt with were 10 000 ft at 700 mb and 18 000 ft ab 500 mb
:'thls represented qu1te a. small error. . 'The; mean . value ats.
'each p01nt is .au. average of over 1400 readlngs and hence

- even a 51gn1fican,a;rror in an 1nd1v1dual readlng would have

'.1ittleneffeet_on.“e result. ThlS, plus the fact that some
'fcare \vas"exercised in the extractlon of each data p01nt

would 1nd1cate that the varlation of height dlfference fin\

"ebcr0551ng the Rocky Mountalns 1s real As stated in Chapter-

3; lt was probably not reallstlc to d1v1de the helght dlf-'
ferences over 20 degrees of 1at1tude 1nto egual 1ncrements_

'51nce thls suggests unlform flow over that 1nterval *VThere.

'isv almost certalnly a reglon of maxlmum ulnd between 35°N“] -

and 550N uhlch vould 1ndlcate a tlghter gradlent ‘at some
»p051t10n7 i ~»thls'.20 degree of latltude _region. However,ﬁ

”there ‘can be 11ttle doubt that these helght dlfferences are"

- real and representatlve of the variatlon in the mean flow.

_Therefore, 1t may be asserted, u1th soue 'conf1dence, that3vl

7there - is dlffluence at 700nb and SOOnb v1th the maxlmunh
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:separation of coptours'near 120°% longitude and’ the maximum

diffluence further west, near 130°W longitude.

5.3 Fre uenﬁx'ova1clbgegesis and Intepsification

e D s v o e - e e e v e @b mw G e GED B e S e e A A T S ey i S S e e ow S0P SR anm

' The frequency of ‘occurrence of lows was plotted in

- Fig.3.5 and shows three:maiina, ‘These maxima were ‘locéted

in the 1ée ‘of the three principal mountain‘ranges.\‘Thé‘

vhlargest maxidum was in thé' lee' of the Southwest Alberta

Range' , the second latgest maximum was in the lee of the

Northern B.C. Range.ahd.the,smailest maximum gaé'in the lee

of the Mackenzie Mountains. It is. significant: that -these

“frequency' maxima decrease as 'the"height of,the¥mbuhtain_.

ranges decreases. _Thié_ ‘strongly "suggesté that 1lee

cyclogenesis is a function of the height of ‘the barrier.

The: Rocky Mountains prbduqe'foréed“vettical motion on =

an impinging air pass. The fotcedvﬁettical.‘mdtioh ~op the

windward  side 'prbduces_ vertical'fshrinking and ~ the ‘ air
particles acquire aﬂtiCycloﬁié“Cdrvatqré,,cyclonic vorticity -
‘decreases and cyclolysis ensués.  In the lee of  the

'_mountains,'.tﬁe air column descends the'élopesxand_nndéIQOes

vertical strefchihg. 'To compensate for this; horigontal -

convergence takes place in the lower levels.. The vertical
‘stretching combised _withishoriiohtAI,'coﬁverg@hce produces

~cyclonic curvature, the ‘cyclonic vorticity increases and

i & ]

'cyCLdgéneSis,occuis';dnﬁ;the"lee 'slppes;f”'Thef éiqunt“ibf S

_vcy¢L0qic}‘vbrtiéify p;qdqéed dependslonfthe?sxééthszdf'ihe:fg7ﬂ

¥{. 
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lee slope and the speed of.the upper flow, i.e. the farther

and faster the stretchlng of the a1r column, the greater the

Rockies where the ‘highest frequency maximum occurs in the

lee of ‘the highest range, and the lowest maximum in the. lee_

~w

- of the lovest mountain range. However, other factors may

and p051t10n of the vesterlles vary with season,v and - the

frequency of strong southwesterly wlnds wlth jet maxima is,

_in . the mean, less over the Macken21e Mountains than over the

;two more southerly ranges;

‘catlon 1s to use the Laplac1an of the pressure field, .as

LY

fhe determlnatlon of the 1ntensity and intensification:

of a cyclone is a dlfflcult problem. One Jay of measuring

W1ntens1ty 1s to use the central pressure value and its

variatlon vlth t1me as 'a measure of 1ntensxf1catlon. .This

is not very satisfactory, since " 1t Cis based on’ only one

o estlmate of the. central ’yalue, ‘and thus cannot glve an .

adequate plcture of the flow pattern around thv/low.

- .o R A

Another way of determlnlng the lnten51ty and 1nten51f1-

:tgnoted :i : sectlon 3.4, ThlS method ‘is better, since 1t
"jlnvolves flve ueasurenents and glves some 1ndlcat10n of the
1n;;flow pattern around lthe low. The 1nten51ty calculated by

"gthls method 1s to some gxtent a functlon of the _grld; 51ze'

. H
R

and orlentatlon ‘of the

.'itlkcan,-work,nell_hntviS'

“

" frequency distributionnof lee cyclogenesis in the  Canadian

,also influence the OBServed diStrlbutlon. Thus the strength
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|

»

dependent on -the area covered by the cyclone.

A metho8 which ‘includes -some measure of the area
.covered by the cyclone would 1ikely.serve to describe the

characteristics of a system more satiSfaCtonily; In the

‘present study, cyclones vwere 1assxf1ed by the product ofe‘

A

the intensity (as determined Py the Laplac1an) and the
number of closed isobars-aroun the low. In practlce, thls

is sometimes difficult, because the - isobars may, on

N
O

~occasion, meander far from the center of the low, and becone

- associ- 2d with a neighbouring'system,

Wherv a cyclone develops rapldly, 1t probably does not
matter greatly whlch method of measurlng 1nten51ty is used,

»but " in less clean-cut ‘cases of development the result

obtained will depend on the method used. In many cases, it

was 'found that the intensification as determlned by one

method would be of opp051te sign to that determlned by the

) other method. . A more objectlve .method_ is ‘required to

1produce consistent 'results.:v Any future work ~on  lee

.cyclogenes1s should con51der thls problem in detall.

5.4 Lee stlgsengsis §bé:922ér Flow Patterns

The large majorlty of lovs studled belonged to four

.different types of flow patterns, as 1nd1cated in- Chapter 3.

hThe flow pattern whlch’gccu?red most often ﬁas that deplcted,r'

- in Flg.o3 7 the confluent trough ulth dlffluence further

o do‘nstrean; | A'surface low was freguently located-below the

/.
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point where confluence changed to diffluence.-  This

 situation'was observed 53 times in ﬁhe course of ﬁtis.study.

On most occasions this configuration favoured. formation or

Il

intensification but in a small number of cases, the low

- filled.

It is quite 1likely that most lows observed'in this.

study behaved in the manner noted by Godske (1957), but it

was 'not alwayg p0551ble to fix tﬁé\p051tlon of the 1ows

prec1sely wlth respect to the 1nflect10n p01nt of the 500-mb

contours.

The'inflection point is often located'above the Contin-

ental Divide, wlth dlffluence downstream, ‘in the lee of ‘the

nountalns._ The development of these cyclones follows, in .

‘essence, the sequence of events descr1bed by Palmen ~and
Newton (ﬁ969), quoted‘ in detailyln'Chapteru1. In Summary,

the nechaniSm'of such "dewelopment is thought to’ be the

..following: a1r flowlng down the lee slope acqulres cyclonlc_;

vort1c1ty due to _stretchrng of ' the descendlng ,colpnn, _'

Descent also’ .causes :adiabatics‘warming of  the air, apd

produces weak lpressure falls at the surfade. _ rntense N
cyclogene51s and deVelopnent depends, however, on. vort1c1ty_'

advectlon and upper—level d1vergence, and usuallyl conngncesfa

N

wa;th the arrlval of the upper,trough. p, o --~f\_

Thé_ charactlstlcs of Group 1 and 2 flpw patterns are

”wery 51n11ar,A In~both cases,' cyclogenesxs« occurs 600 to

800kn downstream from an upper trough 51tuated along or near

Fad

B N
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ﬁt;?he West Coast. Since cyclones form not only underdpatterns

¥ of diffluence, but also in regions downstrean where conflu-
:ence changes/Zo diffIUence, it is not clear that diffruence
.aloft is the predomlnant factor respon51ble for development

ﬁflt:-seems that the Cyclonlc vort1c1ty generated as the a1r_

>§s descends the lee slope is also 1mportant,_ ‘and  contri-’

bhtes 51gn1f1cantly to the total vortlclty in the column.‘

"“;Thez appllcatlon bof these _ideas to the thickness
patterns of Sutcllffe S Development Scheme must be done with
some reservatlons. The Group 1 flow pattern would appear to
be_some comblnatmonpof Sutcliffe's diffluent and -confluent
thermal: troughs thus making_ it difficult to apply
.S:toliffe's Development Theory to this flowtlpattern. The

A,Group 2 flow pattern can be llkened to the dlffluent thermal
‘trough. If a wind maximum is assoc1ated wlth a dlffluentw
thermal trough-then cyclogene51s is- favoured, at. the-‘left
'{exit;. .ihis,} in'fact, ls.whatuvas obserVed in the majOrityi

of cases with‘difflment contours. -

’Petterssen shows that, vith a  diffluent contOur

pattern,' cyclogenesis is expected just downgggeam from the

trough llne. Both- Group 1 and -patterns favour cyclo¥

h genes1s downstrean from the trough llne, and thus would ‘seem

Q

to correspond to Petterssen's dlffluent troughs‘
The Group 3.<f10ﬁ pattern-with an upstream trOugh and_'
downstream rldge is also 1mportant,‘ although itf OCCUrs

..

sllghtly 1ess frequently than the flrst two patterns.
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Riehl et al (195uy'states that:
‘In cases vhere the relatlve vorticity gradient is
given mainly by the - downstreap variaiions of
curvature, the principal surface-pressure falls ®
should occur in the region where the curvature of
the streamllnes changes most rapldly from cyclonic
to anticyclonic.  This explains the observed
tendency for cyclones to deepen below inflection
~points downstream from. Jlong wave troughs- and
- upstrean from ridges. The fact that the most
intense deepening does not always.occur exactly
belovw the inflection point but a 1little distance.
~upstream or downstream from-it is a consequence of .
the apprec1able effects of the shear term. ‘

In this study the nmean trough-ridge‘separation,uas
1650km while the mean4separation 3S'trough and low .was 850
km, at a dlstance very close to ‘the 1nflect10n p01nt. This

agrees well_wlth the results obtalned; by other investi-~

' gators.

- ihe' favoured 1ocat10n of the Group 3 pattern had the N
"trongh ‘i_ the Pac1flc' and the rldgev justn-beyond the:\
:COntinental Dlv1de. "hs the .rldqe moved east ‘of the
mountalns, cyclogene51s occurred . With the passage ‘of the
ridge over the Contlnental D1V1de, the flow became dlffluentf:
a«and southwesterly. These tvo factors, as noted earller,'

Cappear to be very 1mportant for the process of cyclpgene51s.

Sevéral. otheri-factorSf were-~nbtedx about thls flow
fpattern., ‘It wvas found that 1nten51f1cat10n took place three
ftines vaS- ’often as ».dissipatlon when the trough-rldgeﬁ
separation,decreased. For the trough-rldge separatlon tOp'

‘decrease hthe _trough- is probably "dlgglng" and it is. well-,A
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known that.digging troughs'favour cjclogenesist A"similar
situation. wasiobserVed'for tne troughflou separation. When
the'troughfloy separation decreaSed, intensification' toot,
place. twice as doften' as when the trough-low'separation
'increased . This agaln indicates 'the-}importance,_of‘.the

\trough in lee cyclogene51s.

Petterssen' (1956) states that, wf%h confluence hetween

trough and rldge, cyclogene51s should occur just ahead of

' the -rldge. In thxs -study,. ’cyclogene51s was observed}td§

ioccur Vlth confluence on only a few occasions and.never-very

close to % rldge.' Petterssen also,-notes that; uift tdif—

fluence between trougu and'ridge, cyclouenesls is favoured‘

‘juSt downstream from the trougn: ¥hile cyclogene51s -did
o . L : 3

occur. dounstream 'from the'trough llne,,lt dld not usually

occur very close to the trough llne.

, Appllcatlon of Sutcllffe's Development Theory to the
| Group 3 flou pattern was ‘difficult since Sutcllffe only
~cons1ders 1nd1v1dual troughs gand':ridges, but noti their

comblned effects.

~ ~Polster,’(1960)"considered‘ the Group 4 pattern of. al*

rldge with dlffluent flow upstream to be qulte 1mportant t0'_

cyclonlc‘ developnent. Approximately 20% of the cyclones

Q

| surveyed in the course of the present study vere formed in

close prox1m1ty to, but upstream from - an[ upper‘rldge.

;Frequently the rldge had just passed the Rocky Hountalns' in

thls respect the pattern uas 51m11ar to Group 3 where: a



13
troudh-ridge ‘system» straddled the mountalns._ TheaGroup 4
'pattern is 51m11ar to Sutcliffe's dlffluent thermal ridge;
l'Sutcllffe. assumes - a wlnd maxlmum to be present and then_
'dcyclogenes1s is favoured at the left entrance to the _rldge.‘
Hlnd maxlma "were f_not necessarlly' requlred here but
cyclogene51s did occur /upstream"from tne ;ridce.‘: It:'is
dlfflcult to reconc1le thlS pattern wlth Petterssen s ridge.

v
pattern which favours cyclogene51s upstream from | a confluent

o frldge._‘ In thlS study, no‘ cyclogene51s whatsoever was -

/ : .

observed upstream from a confluent rldge pattern.

1

Although' therei,is some agreement b!tween Sutcllffe s
__thlckness patterns and the contour patterns examlned in the
present context, a sultable test of Sutcllffe's Development.
'Theory would have to be based on an _objectlve analysis of

i

thlckness data.t

~,;§‘L§§f§i.l.3§2§§L Q Opper ‘Hind Haxima

VhItf ya d1ff1cu1t to determlne the precmse po31t10n of
the 500-mb v1nd maxlna because of the spar51ty of data and"
_varlous '1ncon51stenc1es in the map analyses. Horeover, as'

'noted earller, these w;nd maxima areﬁ not of thi” same'
strength : and 'character'ias‘ the trueb jet-—stream cores
_encountered near the tropopause.ﬂ ilth these reservatlons,

) it was found that three out of" four cyclones were located at

vlelther the rlght entrance or left exmt of v;nd,maxlma.r

:Accord1ng to Relter (1963), these“are‘,"the'A-preferred,
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’positions of cyclones ~with respect to wind maxima for
intensification.a However, being in ~these «preferred

_p051t10ns did not necessarlly mean that 1nten51f1catlon took

place. Pressure falls in excess of 8mb in 12 hours uould~‘

N

denote falrly rapld 1nten51f1cat10n.‘ In. all elght of the’
: cases where such deepenlng occurred the Jow was 51tuated at
he-left exlt of the wind maximumf ‘ "}' l" \ |
It WOuld appear from these-results that cyclbgenesis
:‘kcan occur wlth or wlthout the presence of ulnd ‘maxima.o(see_
-'hcase 2. of , Chapter uy. However, rapld intensification
.-requlres that the cyclone be at the left exitl'of_ a-,vind
‘maxlmum._p_rn five lovs which’ forued at the right ex1t of
'cyclonlcally-curved vlnd maxima support. Rlehl' - hypothe51s

.‘that. the[urlght exit is. a favoured place for the 1n1tia1"

fdrmation of,cyclones._v" S g

It is well known that wlnd maxxm? can play an 1mportant’5;’

‘ _role in. cyclogene51s.: However, ‘it -is also apparent that the.”
';effects of dlffluence and orographlc. vortlclty _are. of at .
" least 51m11ar 1mportance in the formatron and development of

lee cyclones¢w.; SR ».,1"- \;a; ‘

5.6 Diff lugnce ut §99 29

In Chapter 2 1t vas stated that perhaps the SLngle most=h»f'

"vlnportant factor 1n lee: cyclogene51s 1s the dlvergence.ur

'”-;According to Scherhag (193#), a large value of dlvergence at'fx

‘ lSOOnb 1nd1cates t%at cyclogenesxs 1s almost certaln to
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occur; -Butt since_ there is no . one-to-one correspondence
“betveen dlvergence and dlffluence, thls is not generally
true * even - for flow patterns with 'marked dlffluence.

';lefluence per se’ 1s not suff1c1ent cause for development

| Thls is clearly brought out on the scatter-dlagram plots of
't-diffluence versusilntenslflcatlon. |
For every dlffluence calculatlon, four helght vreadings‘t~'
,.are -requlred -Great care was; exe;c;sed 1n taklng these
ﬁeadlngs as the calculatlons 1nvolve taklng the dlfferences _‘
iof ‘large,.numbers, glvlng results prone to 1arge errors.'
‘ Since the data were of nearly the 'same magnltude, the
:differences could be abstracted and checked very qulckly. B
It is posslble to make errors of the order of 10 meters' in :
.calculatxng‘ the dlfferences. hlS corresponds to an uncer-"’
1 tainty'~in"the dlffluence of some 10 5, sec*1 i. e. an
ahsolute error of the same order of magnltude as the results
“.themselves.-i However,iVin” most cases, the’ eLrLOrs were much

3smaller‘than thls and should not serlously affect -the

results,°

All five scatter dlagrams have much in. comnon. They

show that dlffluence occurs over the Rockles wlth 80% of the

'f,'cyclones considered In chapter 3,_1t vas shovn that the )

‘nean flow over the ROCkleS is diffluent. Hence‘tt—ss_n~__,/

3 too surprising that the flow assoc1ated with individual lows

= is also diffluent. But this does not prove, of course, that

1}d1ff1uence is a- necessary and suff1c1ent condition sfo;.f
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'cYclogenesis.

The scatter diagrams show only that diffluence aloft is
1assoc1ated with 1nten51f1cation for almost half of the time.,
»Several. authors (e g.,i Chung, 1972) have ‘stated that_
B diffluence'favours intensification without giving'a quantié ’
'-tative estimate 'of this relationship. The results of this
A'Study 1nd1cate that the relationshlp is quite complex e.g,v
diffluence is also assocxated with d15$1pat10n about one-
thlrd .0f the t1me, a rather high value.v Moreover, although
'-confluence occurred with only 20% of the cyclones examined, .
it waS' a55001ated almost equally with 1nten51fication andh

diSSipation,‘a surprising result

e : o
The average magnitude of dlffluence (8 Qx10- seC°1)

assoc1ated w1th lee cyclones is almost twice as large as the_‘v

' average magnitude, of confluence' (4 3x10‘6 seC'l) These_f’ .

. values .are'.both muCh ,larger, respectively, . than‘»ithe

‘:diffluencer (2x10— ] sec-l) and confluence (1 3x10'° sec*l);:

. val, es deternined for the nean flow.f The average vali",{of E

”diffluence assocxated vith cyclones 1s almost the ‘same’ as Lo

aHPetterssen's' (1956, p.293)»2value of diveggegce (8x10'”~'
fﬁ__sec~l) requ1red for development of a "medium synoptic motion;
h.QSYSteln," ' ; \ o
g.Theﬂ' nean values'».0£gf diffluenqe a550c1ated with.|
;‘:inten51fication and d1551pation are egual (8 ux10~77 sec l);

.whthls stronqu snggests that diffluence is not ‘the sole causeﬂ'*

'”";of'ﬁ”leé'~ cyclogene51s.-}g The mean .value 'of confluence -

o



117

N

assoc1ated Hlth 1nten51f1cat10n (u 3Ix10~6 sec-l) is smalleﬁv :
l _

.“than that assdélated Hlth d1551patlon (5. 6%x10-¢ sec*!)

“The results_ for _the orlglnal sample, Hay - 0ctober,
1973, were consistent wlth those of the ‘test »sample,
.November, 1973 - April, 197u ance-u1nter-time cyclones

frequently are much more 1ntense ‘than summer-tlme cyclones,

1t vas’ thought that there mlght be a seasonal varlation of -

'”dlffluence and 1ee cyclogene51s.,' ﬁowever, 3the' results;

-7-obta1ned for the summer and wlnter samples are very 51m11ar,

T

~suggest1ng that the seasonal varlatlon of dlffluence and 1ee

cyclogene51s 1s small.

These results [arev someuhat at . oddsfwith what other_
'1nvestlgators have found. Thus Scherhag (193&) states that"

‘dlffluence vis. a necessary and suff1c1ent ~cond1tlon for>

[y

development. ;In the‘preSent context, »thls could 1nd1catehvit

' - : : A .
one or both of two things:"1) "the.>mounta1ns play. an*f‘

Almportant role in overconlng the effects of dlffluence or 2)"

‘~:fdthev SOO-mb level is not fax sultable - level .lfor -theit

' ‘3.determination' of. dlffluence. ; It is llkely that both of

.these factors may have a bearlng on the problen.q

"-hThe7production7~and' destruction:=of‘ vortlcity dur1ng.7

_ascent' and descent of the mountalns must, on OCCa51on, bef

' isuff1c1ent to overcome the effects f dlffluence -in the o R

| fdupper troposphere.j It 1s known that the atmosphere must~.

. contaln at least one level of non-divergence. qu‘ the free ‘f_}'f

N : S

atnosphere, the level of non-divergence 1s usually found

4



118

”near 600mb~ on tﬁetaverage.siouer mountainous %errain, the
levellzof non-dlveggence may ‘well be higher,{and peruaps
close to the 500-mb levell . If the d1vergence near 500mb is
{small and of uncertaln sxgn, then 1t 1s qulte probable that.\
the.. SOO-mb dlffluence is also small and uncertaln. Hencediti
is 11kely that the 300-mb level would be more sultable for

the study of dlffluence.‘

“

whilelxtheu Rocky' uountalns appear largely respon51ble
for'diffluence of the contours,' and‘.dlffluence may be

- crucial in'_many ‘cases *cyclogenesis,_'the atmoséherea"

]interacts wlth the mou}talns 1@ many ways. The productlon
and d15$1patlon vof vort1c1ty durlng ascent and descent of_f
the 510pes 1s clearly of- great 1mportance, and may often_

»foutwelgh the effects of dlffluence.v It would be de51rable.'
dand of con51derable 1nterest to deterulne_ numerxcallyv the

3amount.~of vort1c1ty produced at"seﬁeralfievels duriug aiv

_traverse of the mountalns,.and compare 1t to the auount of .

|

| d;ffluence present at the same levels.' Th1s would allov an. -
_assessnent of “the relatlve inportance g of these . two
_paraneters on cyclogenesis-~37

R | L L o
Slnce :a_ study of diffluence at SOOmb is open o’

‘questlon, 1t is suggested that future studles be carrled outfdv'
Y The ba51s of nany nunerlcal prognostlc charts 1s that the’u‘

vortic1ty equation  be applled at the level of non-dlvergence
}taken to be at SOOnb.: . : : R )
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'.ét@the.300-mb level.. HoreOVer, beqause of the uncertalntles.
, inroived.in ethe!‘preéent) diffluence qa;culatlons, future E
effert'shonldlbe'directédt0vard_the objeCtivevderermlnation"'
of  diffluence. It ehould be ‘possible to determine
difflhence numericelly froﬁ grid,peint:dara-.aﬁdl;print eefi

flelds of dlffluence. Thls vould seem to be far superlor to

. the nethodology employed in the present study.. f%



120

' REFERENCES TO LITERATURE
Bjerknes, J., 1918: on - the structure of mov1ng cyclones.:
Geofxs. Publ. 1,,No..2 ‘0slo, pp. 1-8.

P and Holmboe, J., 19uu- On the‘theory of
. cyclones. J. NeteoL... 1 r‘PP- v1r22Jf

and the polar front theory of atmospheric
A crrculatlon. Geofx__ _Publ., 3, No. 1, Oslo, pp.
- 18.' ' _ - '

g .

Bjerknes, V., 1921: on the dynamlcs of the circular vqyyex

S - with appllcatlon to the atmosphere and atmospheric

vortex and vave: motlons. Geofys. Publ.‘ 2, No.
4, Oslo, 88pp. a ’ .

. Hesselberg, T., and Dev1k, D., 1911 Dxnamic

- Mete rologi_ nd degograghx_ Part_II.“Kinematics,

o ——— " V- . o S

Carnegle Instltute, Washlngton, D. C.

 Bosart, L. P., 1970' Mid= tropospherlc frontogene51s." _
‘ '_Qg‘rt e Rox. neteo;_‘Sgggg_gﬁ, PP- uuz-u71.

.\Charney, J. G., 19&7 The dynamlcs of long uaveé’in aAbarF
~ oclinic vesterly current. ;J Heteo;.. u, pp.
135—163. o '

ri_Chung, r.,s.,.1972- ~Ll_gege§;§_;g the lee gf the Cagggign

‘Rocky Mountains , M. Sc. The51s, Un1vers1ty of
E Alberta,ﬁ156pp.5> ‘ o ; _

’ and Solberg, Ha 1922- L1fe cycle of cyclones

P

:f.Colson. D., 1949 Alr flow over a nountaln barrier. uéﬁ-J?vin

Qggggi Un;._L ran§.‘_§gigl, pp._ 818-830. ol

Ca,

.1950° Effect of a mounta1n range on’ quasl-‘

_._._____.—-———-'

'“\.,.

statlonary vaves.. Js H.geg;;‘__ pp. 279-282.‘jf5 e



121

w

.Dlnes, We. B., 1919 The characteristics of the free

S Ha:gules,

P.v

atmosphere. Geophys. _Mem., No. ._13, London.

~ Elidssen, A., 1962 On the ‘vertical. c1rcu1at10n 1n frontal

zones. Geofys. Publ.‘ 2u, Oslo, pp. 147=160.

Godske,\C. L.,‘Bergeron, T., Bjerknes, J., and.
o ' Bundgaard, R. C., 1957: Dypanmic. meteoroloqy _and
"!ggghgg_ggggggggigg. Amer. Meteor. -Society and
’ 1'_Carnegie Institute, 800pp. P

'VGordon, A. H., 1962 E;emengg_gg_gxng ic_meteorology.
E Engllsh Universities Press, London, 217pp.
SN . CRR .
: >Hage;~ D., 1961: on summer. c¥§logene51s in "the lee of the
A Rocky Mountains. Bull. _Agg;;»_gggggg; _Soc., 42,

l3v'pp. 20—33.

Hess; S. L;, and.ﬁagnet,gﬂ., 19“8:'Atmospheric'uaves/in.the
_ ~ northvestern U0.S. J. _Meteor., 5, pp-1-19.

pher die Beziehhng'iwlschen
thwvankung und Kontlnultatsglelchung.
;3§sehr1ft Le1pzxg, pp. 585-589.

W?: Some effects of the vestern v
B . of North America on cyclonlc act1v1ty. o
17, pp 10Q 115.-z . S

t;;.‘8 on the concept of frontegenesxs.
,flapp, P., 1949: Confluence theory of the .
hlgh*ﬁropospherlc jet stream. q. Heteor. _6, pp. .

Nevton, C. H., 1956"ﬂechanisns of circulat1on change ‘

‘during a lee cyclogene51s. "da getegg,,_lg, pp.'-~
528—539. _; S N . o N



Palmén, E., and Newton, C. w.,’1969 Atmospheric circu-”

- e -

interpretation. Interna. Geophys. Ser. EEER
Acadenic Press, 603pp.

) 'Panofsky, H. A.,. 1956: Introduction_to dynamlc meteor rology.
' "Penn State Unlver51ty, 2u3pp. :

Petterssen, S., 19Sb Some aspects of the general
circulation of the atmosphere. gggt; _2;99; _Roy.
- Meteor. [Soc._, pp. 120-155. ’

1955 A genmeral survey of factors
1nfluenc1ng development at sea 1eve1. Js

netgor., 12, pp. 36-42. ==

, 1956 !ggzhei_éugl1§;§_ga§_£gsegg§tlag-

‘Vol. 1, 2nd ed., McGraw=Hill Book Co., N. Y.,
~u28pp.:' - . : '

Polster, G., 1960: Uber d1e Blldung und Vertlefung von
- Zyklonen und - Frontwellenentwlcklungen an '
konfluenten Hohentrog. ‘Meteor., _Abhandl., Inst.,
Meteor, _ Geoghxs, _Freien_ Unlv. ~Berlin_14, WNo. .

’

'Queney,;P., 1948: The problem of alrflou over mountalns, A,
: summary of theorétical studles.v Bull, _Amer. .
.Heteg;; ~S9c. _22111, pPp- 16-26 y :

'

'?4ﬁeiter,tE.» R., 1963' Jet-stream meteorol ggx._*chicago'g
» ' , Unlver51ty Press, S‘ISpp.v~ ‘ o

S T L e _ 0 }
‘ ‘Rlehl, E., 19“8 Jet’ strean in upper troposphere and cyclone

‘formation. Am. Eegehxsa -QQAQAL_Tranﬁgg_i911IL.~
Ppe 175-186. 1

\‘ .

_ p and LaSeur, N. E., et al.. 1350- Forecastlng in
‘34'\;;'] middle latltudes. nggggga non_gggpﬁg ‘_3
‘ , pp1-80 U

Voo . o ’-fr '

” and‘févélés,’s.f‘Jr.;”1953 A further study on-
“the relation between the' jet streanm and cyclone
farmation. Toallve 541V on  AkeTQ & .



T S ﬂ 123

i‘
1E E L . o I
! i .

Rossby, C. G., 1939: Relation between variations in the
~ intensity of the zonal c1rculat10n of the
~ atmosphere and the displacements.of the semi-~
permanent centers of actlon. J. _Of Mar. _Res. .
. y :

a ' .
Scherhag, R., 1934"Dle Bedeutung  der Dlvergenz fur dle
Entstehung der Vb-Depre551on. . Ann. derograph,
Berlin, 62, 397pp. :

P
., 1937: Bemerkupgen uber die Bedeutung der
Konvergenzen und Divergenzen des Geschwindig-

- keitsfeldes fir die Druckdnderungen. Beitr.
+» Ph gs;k AtmosghareL 2u . pp.122- 129.

kY
\
A

—_—

friction_on _1nggt1c scale vertical motlons over

S e T A T S . S S S S S S S S e i e v

‘Schram, G. R., 1974% The 1nfluence of orogragg and_su urface

‘western Canada, M. Sc. The51s, Unlver51ty of
Alberta, 83pp. : s o {

0 ' - @

' Sutcllffe, R.,C., 1939 Cyclonlc and antlcyclonlc S
- developnent. Quagt _J. _Roy. _Meteor. _SQCs, 65,

: " pp. 518-528. . . T

‘,’19u7‘ A cantributioh to the problem of - -

. - developnent. Quart. g. Rox.. Meteor. _SoC...13, o
e PP 370-383. L L ' I
,'74 - and Forsdyke, A. G., 1950: The: theory and

use - of ‘upper air thlckness patterns in S
forecastlng. Quart. J. _Roys Heteor& SogLi 76, :
PP- 189-217.> » 3 ST R

o ‘ N ..o &

R



124

, @

APPENDIX

TABLE 2 Sunmmary of all the lows con51dered in thls study.

A is the date of appearance of the surface cyclone either at.
the West Coast.of North America or by cyclqgenesis in the
lee of the Rocky Mountains. . B is the date of disappearance

- of the surface cyclone either by advection from the area of

- interest or by dissipation. Intensity (I) is as deflned in
Chapter 3. ‘S-strqng. M-moderate. W-weak.

No of Low| A B ‘ I
1. |0000Z, May 4, 1973 | 0000Z, May 8, 1973 W
2 0000z, May 5, 1973 12002, May 8, 1973 ;.
3 0000Z, May 7, 1973 1200Z; 'May 8, 1973 M-
4 1200z, May13, 1973 0000z, May16, 1973 S
5 1200z, Mayl16, 1973 . 1zooz,'uay18, 1973 W
6 1200z, May19, 1973 | 0000Z, May22, 1973 s
_ 7 1200z, May31, 1973 - | ~1200Z, June 1,.1973 | W
b . 8 1200Z, May31, 1973 0000z, June 6, 1973 | S
"9 10000z, June 9, 1973 - 0000Z, June10, 1973 |. M
10. - {0000z, Junel0, 1973 1800%, Junetl, 1973 W
11 0000%, June13, 1973 | 1200Z, June18, 1973 | S
12 0000z, June18, 1973 12002, June20, 1973 S
13 |1200Z, June22, 1973 | 1200Z, June26, 1973 | #u°
14 . 0000z, June26, 1973 | 1200Z, June28, 1973 N
15 1200z, June29, 1973 | 0000Z, July 1, 1973 | W
16 . |1200Z, June30, 1973 | 1200Z, July 4, 1973 S
17 - |00002Z, July 5, 1973 -|.1200Z, July 6, 1973 | W
18 {0000z, July S, 1973 .p 12002, July 8, 1973 | S
19 osooz;-JulyW1, 1973 | 12002, July13, 1973 | 's
20 - 10000Z, Julyls4, 1973 | 0000Z, July18, 19733
21 1200z, July2y, 1973 12002, "Jaly24, 1973 f W
122 0000z, Aug. 2, 1973 ' | 1200Z, Aug. 4, 1973 | W
23 11200z, Aug. 2, 41973 |. 00002, Aug. 6, 1973 | M
24 - 112002, Aug. 5, 1973 | 0000Z, Aug.. 9, 1973 | S
. 25 ° {0000z, Aug.12, 1973 | 1200%, Aug.16, 1973 S
26 1200z, Aug.12, 1973 | - 0000Z, Aug.15, 1973 | W
© 27 . |0000Z, Aug.13, 1973 | 1200z, Aug.17, 1973 | #
28 10000z, Aug.16, 1973 06002, Aug.17, 1973 | W
29 10000z, Aug.16, 1973 | 0000Z, Aug.21, 1973 S
- 30 10000z, Aug.18, 1973 | 1200%, Aug.19, 1973 | W
¥ [1200z;, aug.24, 1973 | 12002, Aug.28, 1973 M
32 0000z, Aug.26, 1973 | ~1200%, Aug.29, 1973 | W -
33, 11200Z, Adg.27, 1973 | 12002, Sep. 1, 1973 | s
W

34 ]0000%, Aug.30, 1973 | 12002, Sep. 2, 1973 .
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Table i; ‘Continued: °
. . “\ : .
"[No of lo A B I
35 |1200z, sep. 1, 1973 | #boooz, sep. 5, 1973 |
36 1200z, Sep. 3, 1973 12002, -Sep. 7, 1973 | S
37 12002, Sep. 6, 1973 0000Z, -Sep.10, 1973 | N
38 12002z, Sep. 6, 1973 1200z, Sep. 8, 1973 N
39 © |0000Z, Sep. 9, 1973 0000%, Sep.11, 1973 S
40 1200z, Sep.10, 1973 1200Z, Sep:14, 1973 | W
41 0000z, Sep.22; 1973 1200z, Sep.28, 1973 | S
. -42 10000z, Sep.29, 1973 1200z, Sep.30, 1973 W
43 . 10000z, Oct. 2, 1973 12002z, Oct. 6, 1973 S
o4y 1200z, Oct. 3, 1973 1200%, Oct. 8, 1973 W
45 p0000Z, Oct. 6,. 0000z, Oct.10, 1973 M
46  |0000Z, Oct.17, 0000Z, Oct.20, 1973 | N
47 0000z, Oct.21, 12002, Oct.22, 1973 | W
48 90002z, Oct.23, - 0000z, Oct.26, 1973 | 'S
49 112002, Oct.28, 12002, Oct.31, 1973 W
50 12002, Oct,30, 1200z, Nov. 1, 1973 | W
51. |0000%, Nov.10, 1200Z, Nov.11, 1973 | W
52 0000z, Nov.13,\ - 1200z, Nov.14, 1973 ]
53 0000%, Wov.16, .\\Wzooz,.uov.21,,1973 N
54 0000z, ¥Yov.19, " 00002, Nov.22, 1973 S
.55 00002, Nov.25, 1200%, Nov.28, 1973 | - W
56 ~ [1200Z, Nov.26, ¥ - 00002z, Nov.30, 1973 N
57 1200z, bec. 5, 0000z, Dec. 9, 19713%| s
58  [0000Z, -Dec. 8, 0000Z, Dec.10, 1973 | A
59 1200z, Dec.15, . 00002z, Dec.18, 1973 | .
60 0000z, Dec.19, 0000Z, Dec.25, 1973 [ I
- 61 |0000Z, Dec.24, 3 | . 0000z, Dec.26, 1973 |
.62 |0000z, Dec.27, 1973 - |' 1200%Z, Dec.29, 1973 N
63 0000z, Jan.13, 1 1200z, Jan.15, 1974 |
64 0000Z, Jan.17, 4 00002, Jan.19, 1974 | N
- - 69 112002, Jap.19,: %{ 12002, Jan.21, 1974 )
66  [1200%, Jan.21, 1 1200z, Jan.23, 1974 | K -
67 f12OOZ,.Jah.25,, 1 0000z, Jan.27, 1974 N
68 . |0000z, Jan.28, | 1200z, Jan.31, 1974 | s
69 12002, Jan.29, - . 1200%,. yan.31, 1974 | s~
70 - [1200%, Jan.30, ° 112002, Peb. 1, 1974 | s
.71 |12002, Jan.37, " . 0000%Z, Feb. 3, 1974 | #n
72 ~|0000Z, Feb. 3, 1200z, Peb. S, 1974 | '8
73 |1200Z, Peb. 7, 1 | 0000z, Feb. 9, 1974 | s
{74 |0000Z, Feb. 9, .| 0000z, Peb.11, 1974 | .
.75 10000z, Pdb.10, | 1200z, Peb.13, 1974 | W
.76 . |0000Z, Feb.15, 1974 .| 0000Z, Peb.17, 1974° | W
'77. - 112002, Feb.15, 1974 .| . 0000z, Feb.21, 1974 | S
|78 ~ |0000Z, Peb.19, - ‘- 0000z, Peb.21, 1974 V.
V- 79 - |1800z, Feb.22, .19 | 0000z, Peb.28, 1974 | Ww-
| 80 . °]1200Z,.Peb.25, 19 12002, Peb.28, 1974 - | W
81 .  |0000z, Feb.28, | 0000z, Mar. 6, 1974 | s
__82 -.,OQOOZ;‘Ha§g~1) QOOOZ, Mar. ‘3, 1974 | M.




’Table 2.
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Continued: . o

Yo of Lo% A B I

- 83 | 0000z, Mar. 3, 1974 0000z, Mar. 7, 1974 | .S

. 84 | 0000Z, Mar.13, 1974 00002z, Mar.16, 1974 | 'S

85 . |-1200Z, Mar.15, 1974 12002z, Mar.18, 1974 | A

86 | 0000z, Mar.18, 1974 1200Z, Mar.19, 1974 | W

87 0000Z, Mar.28, 1974 .| 1200%Z, Mar.30, 1974 | ¥
88 | 1200z, Apr. 6, 1974 - 0000z, Apr.10, 1974 | W

89 .| 00002, Apr.'9, 1974 12002, Apr.11, 1974 S

90 | 12002z, Apr.14, 1974 | 1200Z, Apr,17, 1974 | ¥
~91. | 0000Z, Apr.17, 1974 | 1200Z, Apr. .21, 1974 | W

92 | 1200z, Apr.22,- 1974 12002, Apr. 25, 1974 | 8

.93 0000Z, Apr.25, 1974 | ~0000%Z, Apr.27, 1973 /[ A

.94 |.0000Z, Apr.26, 1974 1200%, Apr. 28, 1974~ S

95 - | 0000z, Jan. 1, 1959 0000z, Jan. 6, 1959 [ 'S

.96 1800z, Jan.10, 1959 12002, Jan.12, 1959 | W®
97 | 0000z, Jan.16, 1959.. 18002, Jan.17, 1959 | W .

98 - 1200Z, Jan.19, 1959 0000z, Jan.22, 1959 | .M

99 | 0000z, Jan.23, 1959 | 1800Z, Jan.24, 1959 N
100 | 1200z, Jan.24, 1959 | 1200Z, Jan.26, 1959 | ‘N

10t ~ |.0000Z, Jan.28, 1959 .| 0000Z, Jan.31, 1959 | S
102 | 06002, Feb. 1, .1959 12002, Feb. 3, 1959 | 's

103 | 0000Z, Feb. 3, 1959 12002, Peb. 6, 1959 .
104 12002, Feb. .4, 1959 | 0000Z, Feb. 8, 1959 | s
105 | 1200Z, Feb. 7, 1959 -| 0000%Z, Feb.11, 1959 | s

106 12002, Feb. 9, 1959 | - 0000Z, Feb.15, 1959 | M

107 = | 00002, Feb. 11,01959,.»"ooooz,‘reb.16, 1959 | s
108 | 0000z, Peb.17, 1959 | 1200Z, Peb.18, 1959 | 4 °
109 .| 1200z, reb.21,v1959» - 00002z, Peb.23, 1959 | "W
110 -|.0000Z, Feb,22, 1959 [ 1200%Z, Peb.23, 1959 -
111 - | 00002, Feb.24, 1959 | 0000z, Feb.28, 1959 s .
112.  |0000Z, Mar. 1, 1959 | .0000Z, Mar. 3, 1959 | S
113 .|.12002, Mar. 3, 1959 | 1200z, & nok . 5, 1959 | W .

V11u'-_;0Q002;{Hat;3uy.1959.' f-12002,_ﬁar. 6, 1959 S
115 | 1200%, -Mar. -8, 1959 | - 00002, 8ar.j0, 1959 v
116" - 12002, Mar.10Q, 1959 |  0000Z, Mar.12, 1959 { W -
117 | 0000Z, Mar.12, 1959 | = 0000Z, Mar.1S, 1959 | ¥
{118 - | 18002, Mar.13, 1959 | 0000Z, Mar.16, 1959. | S
119 - [ 12002, -Mar.17, 1959 | -1200Z, Mar.19, 1959 -8
0120|1200z, Mar.18, 1959 | - 0000Z, Mar.20, 1959 | W
121 | 0000z, Mar.19, 1959 ;‘,.1zooz,.nar.21,;1959 't

122 [ 1200z, Mar.19, 1959 |  0000Z, Mar.24, 1959 | S

-123 - 1200z, Mar.22,:1959 -| 0000%, Mar.28, 1959 | - &

| 124 - |12002, Mar.27, 1959 .| 0000%, Mar.29, 1959 .;;n'
‘|’ 125 .['0000z, Mar.29, 1959 | 12002, Mar.31, 1959 .




