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‘The Problem of Cyclogenesis From Helmholtz
Tlme to the Present

By Je Bjerknes

University of California, Los Angeles

It was in 1888 that'Helmholtz'pregehted the principle of "dynamic
instability" which contains the key to the understanding of frontal
_cyclogenesise I will here re~state the principle in a Simplified form

and try to adapt it for the use in synoptic meteorclogys

The upper part of Fige 1 Sﬁdws.a ﬁodel of the baroclinic westerlies
w:_th an 1sentroplc surface rising nortiwards from its :mtersectlon with
the ground, whlch is tdken as the x—a31s. The y-axis p01nts horlzontally
northward§ and another ax;s, denoted 7 s “is pointing northwards along the
upslope of. the isentropié éurface. 'The-air curreht fldws along the x=~
-dlrectlon, but it is assured that 1nd1v1dua1 sample partlcles may oscillate
(wlthout frlctlon) in the,x,, —plene. Wh1le-keep1ng‘to the 1sentrop1c
'surface, the partlcles automatlcally adcptxthe temperdture of the environ-
ment at each new:location, and are not subject to ahy buoyaﬁcy forcess
The oscillation of the sample particle is controlled by the joint action
of the pressure gradlent and theVCorlqlls_erce. The acceleration of the
particle injthe )7-ddrebtidn under'that.joint influence is
(1) | //ﬁ - i ?‘ / L
where ZGJL z /,ﬂ A, thc Coriolis faétor and 4, is the geostrophic wind,

‘
The x—component of the accelc1atwon of a perturbed partlcle is

: -%t = 4 f/_ _/‘47 ),
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Fige 1e Upper part: Model of baroclinic straight westerliess
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and the change of environmental geostrophic wind seen by an observer

following the travelling particle

(}{M | /{9 _4,1.4 .

(3) ,
= A ee—
ﬂ/t o /‘7 "-1.'1/;‘.
- {
A iy
If / )>’ V(:"/ that is :* 4 > ZJ' 3 the particle would acquire

according to (1),. an acceleration component in y,—direction of the same
sign as the initial perturbation VElOCltY “1r 4 hence the current would

be dynamically unstable in the sense of Hnlmﬁoltz. The relationships

(L) //3/% = Z 1/
D 7 < L

define, respcctively the unstable, the indifferent, and the stable cas

of inertial oscillations-in_the_isentropic surface.

The_ p:oséibility of’ checking the Helmholtz instability criterion
under real atmospheric conditions-has-only recently materialized with
the creation of good nbtworks of upper air stations. Fige 2 shcws one
such evaluation of the quantity zﬂ 'q—')/ on the basis of Palmén & Nwrton's
average cross—section throuah slow mov1nL winter time fronts over the
eastern United States. The most unstutﬂc region, by the Helmholtz defi-
nition, is just- south of the Jet stieam high above the frontal surfacc,
The air at the frontal surface itself is not dynamically unstable, but,
relatively 1@55'stable than the air masses.on either side of it., The main

: i .

reason for.the diminiéhéd stdbilitv at the front is the fact that upgliding
_1n81de the frontal cloud tQkPS plqco nomst—adiabatically and hence at a

greater angTe with the horizontal :Ln the profile, which in turn results
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in greater/Br ?values. The Margules equilibrium at a front is therefore
more-easily dloturbed by an 1mpulse upward than downward ﬂlonc the isentropes
of the frontal-zonef ‘An upsloepe 1mpulse_1mparted to the.saturated air on
a-qaasiatationary front can be.consldéred as the.most.likely initiation

of frontal-cyclogenesise

From the. checking ithié 2,.and in ﬁaﬁylother indivldual frontal
:sltuatlons, 1t appeers that dyn?nlc 1nstaowllty as deflned in (4) is too
infrequent an occurrence to be respon51ble for the very frequently observed .
frontal cyclogcneszs. But a Sll"ht ch;pne 1n the modcl from parallel to
confluent westerlies improves the chancos of frontal cyclogen031s greatlya
That case is 1llustrated 1n the lownr part of Flg. l. The sample particle
in that model experlenceu a change in the env1ronmental geostrophlc wind

both by its dlsplacement in x-and %:-dlrectlon

o (1’1/..‘ o .'." Ilr‘./l . 7, A -
(5) (72? T AL S+ ;,I e
K 1.

and the case of E%ﬂ i will oceur thn J(u j,iffj, or (approximately)

o o 7% _' ) i
ORI 4/ NN PULSES Pl

That conditicn of un-aécelerated-cross-iscbaric flow at the rate Y occurs

when Y has the adjusted value oku ined from (6)

C YA
S M Ax
(7) ar, ‘:“—:"~~wnilell :
. ] 4.(22'.,‘ : .
7

‘5ﬂ- the upg11u1ng component 'I{ will oscillate

In the normal case 417 ,

about its adgusted value in (7) Thqt upgliding is favored by great values
/44

of a "confluence parameter" i and by small values of the Wstability

SRR 7P
parameter"Zjl;—iS%? s which is the‘same ong’ that measures’ the dynamlcal



—6-—

stability in the sense of Helmholtz, -

- It is the experience of this writer that equation (7) is a good
guide in indicating the location and probable intensity of impending
“cyciogenesis. The maps in Fig. 3 may serve ds a typical illustrations
For each date, January_lSVend'17,.l9h9, the 500 mb map hes been supérposed
on fhe surface ma§; The young cycione which was over the-mid—Atlantio on
the 16th and traveled to a point east of Ioeland the next day, while _
_deeoening from lOOO.mb-to'9ooomb, had the ideal growth conditions defihed ‘
vy (7). The-sharp preéexieﬁing front is a sign of lessened dynemic sta=
biiity, and- the conflubﬁce of the'up“er current over the region of
cyclogcnesis 1s cloarly evident from the 500 mb map. Similar conditions;
although not qulte_as_pronounced, favored;the deepening of the next young

cycione over the mid-Atlaﬁtic on the 17th..

The mechanism by which the cyolone.inteneificetion‘ishtied to the
upgliding can be aemonetratea'throufh vorticity considerations:' the
stronger the upglldlng the more convergonco at the ground to feed the
.upcurrent and the more cyclonlc vortlclty must result from the convergences
But enother questlon rema;ns:to be answered: W1th all the convergence in
low layers into the central oolumh of the cyclone how can the pressure be
falllng there durlng the deepenlng process? The.anewer is of course known
to be. upper level dlvergence ovcrcompcnsates the low level convergence.
That upper 1evel dlvergence has been shown by Holmboe (19hb) to be an
" inherent featuro of the forward half of uoper air troughs up beyond a

"level of non—dlvergence" as ‘{1lustrated schematlcally 1n Fig. e If
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Fige lis Model of cyclonc with closed isobars in low levels and a trough
in upper levels lagging behind the surface center (Holmboe and
Bjerknes 19LL)s Pre=trough upper divergence overlies the sur-
face center,



ﬁhére is a2 phase difference between the surface center and the upper
level trough, in the sense that the upper trough lags behind, the upper
divergence will-be'operéting vértically above the low level convergence
in the cyclone centers This does not yet assure the deepening;lmaﬁy
cyclones with the right lac'of the-unperrtrough do not deepen, because
the pre—trouah upper dlvergencc is not strong enough.to pvercompensate

the low lovel convergence.-_7

.One.imporﬁént pbint in the férocastiﬁg of the formation of deep storm
ceﬁters-iS'ﬁherefore tq decidé-garly whether the upper air divergence will
have optimuﬁ chances 6f deVeldpment. A partial answer to.that question is:
‘available from the thebrj of the waves in the westerlies: the stronger
the - upper w1nds stroamlng tnrou h the upoer trough, the strbn?er the pre~
trough upner dlvergence, in:-other Words, the more stroncly barocllnlc the
1n1t1a1 51tuat;9n is, the_greatcr the chance for deepenings In w1nter
nérth‘of SSoﬁ; when the'barOClinicity continueé in the sam¢ sense in the
knovm part of the strét&sphere as’'in the-troposphere, thé strong westerlies
éxtéﬁd higher uplthan in other iatitudes and seasbns, and presunably pro-
v1de for the strongest upper divergence effects available above any extra-

tropical cyclones.

Another typlcal featﬁre aqsocnatcd with the max-imum. p0551ble upper
air dlvergence can be seen in Fige Be The young cyolone was born the 16th.
under the upper dlvergenoe gast of a pre-~cxisting upper trough in SSW-NNE
orientation, but the new upper:trough that'develops together with the

" deepening cyclone center takés on the SSE-NNW orientation seen on the 17th.
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(The'corfosponding upper trough behind the preceding Iceland cyclone on

¢

the 16th shows an even more obvious SE-NW orientation).

The reason for the SE-W orientation must be sought in'thé initial
meridional shear/ﬁip, north of the latitude of maximum upper westerlics,
A -

Waves superimposed’on a current with that kind of shear move faster in

thé south than in thé north and eventually attain. the SE-NW orientation..:

SE~-NW troughs in the ﬁésterlieS'are by kinematic necessity "difTuent
troughéﬁ, that is, the_isobaré_énd streamlines combine the éyolonic curva-
fure in the trough with a spreading downwind, Particles overtaking such
a trough mst undefgo fetardation, and therefore mqst move with a 6ompoﬁent
téwéfds'high pressure‘while making the cyclonic turn., Movement towards
high pressure in a cyclonic bend of a current involves horizontal divergence,
and we are thus 1éad to state.that in diflueni troughS-the zero 1iﬁe between
pre;tfough divergence aﬁd ﬁostQtrough convergence must lag behind the trough
1iﬁe.. That kind of a trough, extending through all 1ayers above the level
of non—divérgencé)éhoﬁldiéontribute-strongly to the general dcepgning of
the cyclones It is.probéblyla mattér.of'dynamic significancé that both
of ﬁhe two full-groﬁn'cyclones-in Figse 3, andimosﬁ other big_ﬁyclones) are
associated with difluent upper -troughs, undoubtedly a more efficient flow
pattern for removing ai? éloff ﬁhan that of the symmétric upper wave in

Fig- ho

Summing up the characteristics of frontal cyciogenesis, we sece two
main processes invol?ed, (1). the isentropic upgliding (and low level in-

flow) at a front under a confluent upper current whose dynamic stability
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is weak, and (2) 'Vthe removal of air above the cyclone through the diver-
gence in, and aheadjof, the upper difluenf trough which forms together
with the frontal cyclone, and whose stricture and orientation (SE-HW)

is due to the.cyclonic shear north of the jet stream,
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