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ABSTRACT

Events at sea level and aloft over the United States are related to the
approach of a speed maximum in the jet stream. In the left hand portion of the
area downstream from the jet maximum where air at the jet level is decelerating,
frontogenesis, oyologenesis, and spread of precipitation ocour. Other indica-
tions of high level divergenoe to the left of the advanocing jet maximum are
civen by oianges in the struoture of a nearby oold dome. “Insofar as the ohanges

‘n the oold doie are precedent, they constitute a means of foreocasting oyolo-
genesis.

INTRODUCTION

In a previous paper (Riehi 1948) the following oomment ooncluded a #tudy

on the relations between the jet stream in the high troposphere and oyslore
formations

"It is suggested that the jet stream appearing in oonnection with a
pattern of very long waves in the westerlies provides a meohanism for the
initiation of oyolone development and an inorease of wave number. But it
should be emphasited again that only one speoies of oyolone formation has
been considered hers, namely, that asscsoiated witr ini.ial westerly flow aloft
withou: pronounced streamline ourvature. Nor is it suggested that the jet
elone oan oreate oyolones. It is evident that the jet is effeotive only if
it 1¢ superimposed on a disturbanoe of the lower atmosphere. Clearly, the
amount of oyolonio development to be expeoted, depends in large measure on
this faotor. Therefore, when jet stream, long wave pettern, and low tropo-

spherio disturbance ooinoide in a favorable sense, ensuing oyolone develop~
ments will attain the greatest intensity."

l, Partioipated under research oontracts between the Offioce of Naval Researoh

and The University of Chicago.

2. Partioipated while on assigmment to the Advanced Forecasters Course

sponsored by the Weather Bureau a'd The University of Chioago.
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It 1s the objeotive of this report to determine more precisely some of the
favorable oiroumstances mentioned. As in the previous paper, we shall do this
with an example whose salient featurez .re typical of a large group of oases,
though not of all cases.

In the course of an experiment in forecasting carried uvut jointly by the
University of Chioago and the U.S. Weather Bureau we observed that strong
cyologenesis frequently followed the appearance of elongated and nearly isclated
00ld domes alof't as shown in figure 2, The observation of these domes as such
is not new, und few synoptic metenrologists would dispute that, in the absence
of the domes, the ensuing surface events would be quite different. But the laws
that determins the oourse of the surface developments in relation to the thermal
and wind struoture aloft are far from obvious. We propose to bring out some
pertinent faots of the oase to be disoussed that may provide somes suitable hints
ooncerning the routes to be followed in the search for the ocorreot laws.

SURFACE EVFNTS

The setting of the period studied, November 12-14, 1951, in the hemispherio
nicture is at a tims when, subsequent to several days of a westerly oiroulation
with weak amplitude (high index or Iadex Stage NII, Riehl et al 1952), a relu-
tive maximuam in the westerlies was shifting northward into the higher latitudes.
Uver the United Statea two typical high index troughs had patsed eastward prior
tc November 1l when a large low pressure area formed over the western half of
*he oontinent and when, with inoreasing southerly flow, a preoipitation area
:.oread rapidly from Texas to the CGreat lakes. I

On November 12, 1830 GMT (fig. la) we observe this large low pressure area
east of the Rocky Mountains. The oiroulation is quite disorganized. There are
soveral weak centers, and the frontal analysis is oomplex and rather uncertain.
Organization of this diffuse pattern begins within 12 hours (fige 1b) and
proceeds rapidly around 1830 GKT on November 13 (fig. lo). The low pressure
canter that emarged from Kansas travels slowly toward the Great Lakes on a
path with strong ocounterolockwise ourvature. Deepening steadily, it moves
toward the NEW late on November 13 and finally beoomes nearly stationary south
of lLake Superior az a great vortex with eentral pressurs near 976 mb (fig. 1d). '

THERMAL STRUCTURE OF THE MIDDLE TROPOSPHERBE

A 500 mb, the isotherms over North Amerioa initially exhibit the rela-
tively unorganized pattern (fig. 2a), typioal of “high index" conditions. :
Then there travels aoross the oontinent a line of maximum spread of the iso- :
therms (minimum temperature grndient), followed by a well marked and nearly
isoimted elongated ocold dome with a great isotherm ooncentration on its south
side (for oonvenient reference on studies of such conoentrations see Palmen
1948, Palmen and Nagler 1948, and Palmen and Newton 1948).

These two features of the isotherm fisld propagate eastward at a mean
sate of about 26 knots. The aurface low pressure area lies intermediate
between thom end initially is olosar to the line of minimum temperature
gradient. s observe three interesting facts.

(2) The surfacs low crganizes a great distance from the 0o0l3i dome
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(fige. 2b, o) -~ as much as 1,000 miles distant. Whatever the role of the dome
-~ whioh is pre-existent ~- in helping to organite the vortex a% the surface,
it oannot be simple superposition by means of height falls aloft. Aoctually,
the 12-hour height changee at 300 mdb were zero over the area of largest surface
pressure falls. A more subtle meohaniam is required, ocapable of downstream
trx~imission over long distames.

(2) The Low deepens not in the region where the Polar front at 500 mb, as
seen from the 500-mb isother= gradients, is strongest, but far downstresz in an
aroea where the 500-mb temperature gradient is weak and nearly unifdrm along an
axis drawn through the low center at the time when organization b gins (fig. 2b).
I4 18 not possidble to regard the development as ocourring wi thin the zone of
strongest baroclinity of the troposphere. 1Indeed, it has been our observation
that only weak and atable frontal waves form when an intense frontal gone at
500 mb extends aoross North Amerioa with nearly uniform strength.

These observations corroborate the work of Ryd 15923, 1527, Pogade 1938, and
Soherhag 1948 who point out that deepening preferably ocours in the lett hand
portion of “delta" regions of the upper wind and thermal field. Sutoliffe 1947
derived an analytiocal expression suggesting oyslozenesis in regions where there
is maxiamum adveotion of oyoclonio thermal vortioity.

{3) It is poscidble to traok the cold dome over the two-day interval.
figure 2a shows its path. The velocity of the dome 1s approximately the same
29 *rat of the winds in its oenter. These winds also varied little with height
acove the mountains so that a vertiocal time sectior following the oenter of the
‘~me (fig. Sa) shows substantially the same air paroels as time progresses.
.~nstruotion of this seotion presented some diffioulty since the center was
never situated preoisely over a radiosonde station. KNevertheless, we preferred
to draw the seotion with use of the nearest sounding at eaoh observation time
~ather than interpolate from anslyses. We consider this procedure as most
straightforward in tuls oase, since at esoh sounding period there was at least
ouv alternate station with preoisely the same indioations.

The seotion shows a rise of the tropopasuse, in this area defined as the top
s the oold dome, by 3J0-40 mb until Novembe:r 13, 1950 GMT when it levels off.

In che upper troposphere, the isentropes asoead through the period and the

lapse rate, initially moist adiabatio (fig. Sb), steepens to become dary

adiabatio. Table 1 shows, in millibars, the mmount of asoent of eeveral isen-

tropio surfaces during tho 38 hours from November 12, 1500 GMT to November 14,
0300 GMT.

Table 1
Asoent of isentropio surfaces in the oold dome.
9 ap (mb)
290 -30
292 -60
294 .80
296 ~9%5
298 -96
300 -66
3056 «10
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The observed cooliag particularly in the lowest part of the stratosphere
is too large to be explained by non-conservative proocesses. It follows that the

cold dome is rising through the period as may also be conlirmed by noting the
inorease of arsa covered by the -30°C. isotherm un suocessive 500-mb oharts. I.
view of the steep lapse rates, the ohanges ir thickaess between isentropio sur-
faces, which ocan be computed from table 1, may not te sufficiently sccurate %o
warrant a diagrem showing divergence and convergence as a funotion of height.
But the table does suggest that in tho troposphere thers is a deep layer of
gradually convergirg air, that this air ascends at rates with magnitude of about

ona oentimeter per second and that it is evacuated laterally in a narrow layer
under the tropopause.

The forezoing observatione do not acoord with the viewpoint (Margules 1903)
thet 0cld domes must eink as a whole during surface cyologenesis. As just seen,
far from subsiding, the occld d'me oenter sctually spreads upward during the
period of deepering. We are not suggesting, of oourse, that siaxing of oold
domes does not take place in Lhe grea’. majority of oases. But we do obtain the
impression that -uch sinking is not uniquely necessary for oyolonic development
(Spar 1950) and that the role of the dome in the oyologenetio mecharism may be
other, at least initially, than the simple sinking usually visualised.

The point has ocome up here that the ascent of the dome takes place while
it orosses the mountainous regions of western North Amsrica. A possible
"mountain effeoct™ enters into almost all detuiled eynoptioc studies that oan be
iade over the contineat. We do not sve how this oan invalidate the inferences
just drawn. The point is that the oyolone deepevne while the ocold dome assends,

~resnpeotive of the reason for such ascent whioh ie not a topic of inveatigaticn
i1:. this reporte.

STRUCTURE OF THE JET STREAM

We shall now investigate the structure of the high~tropospheric wind field
as & possible oonnecting link. Figure 4 shows the 300-mb oontours for the
period and figure 5 the 300-mb isotach analyses, prepared with aid of the
observed winds and with computations f.om the oontour field. As is generally
the case, this analysis is least certain in the area of strongest winds. We
oanaot olaim that we know the strength of the wind maximum and the gradients
around it with precision. However, we believe that the analysis represente
as fair an approximation to irue conditions as oan be seoured with the avail-
able observations. Many features »f the wind field as anslyzed accord closely
with p: ;vious descriptions. The vortiocity distribution near the maximum, for
inetance, is very similar to that ocomputed by Palmen snd Newton 1948. To the
left of tho maximum the absolute vortioity is between 2f and 3f, where f is the
Coriolis parameter. To the right, the antioyclonic shear amounts to -1.5f;

but this is offset by a curvature term of +0.5 f, so that the total absolute
vorticity is very nearly tero.

On November 12, 1500 GMT, & strong jet maximum is situated nsar the West
“s>ast of the United States, osntered about 600 miles south of the cold dome.
arther downstream the organited jet decomposes into the “fingery" struoture
common in “delta®™ iones (Riehl et al 1952). This sccords with the open and
irregular isotherm patterr at §00 mb (figs. "a-b) over central North America.
Ws also observe that in this area the 500-mb winds across th- isotherms at
large anzles ranging up to 50°; and that winds and isotherms are nearly
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parallel only in the tone of grsaat isotherm oconcentration in the west.

02 the subsequent maps, the j;et maximum propagates ecastward parallel to the
0old doms and, in the mean, at the same rate. The leading edge of the jet maxi-
mum, initially situated a little west of 102°W. (fiz. Sa). reaohes the st-tes just
south of ths Great Lakes on November 13, 1500 GMY (fig. Bo)e It is at tao time
of arrival ¢l this leading edge that the surface oyolone ,rganizes on its left

haud margin. We can see this clearly froum the surfeoe maps and from the throe-

ourly surfaoe pressure tendenoy ocenters enternd with dashed lines in figure
Sb, [« I

In consequence, we oan regard the downstream propsgation of the leadic
edre of the western jct stream as a 1ink connootling the 00ld dome In tThe west
and the oyolone formation in the Central States. ere may be other sush links.

If so, we have failed to notice them. But the sorollary evidence whioh follows
suggests that the proposed conneocting link is realistio.

ADVECTION OF VORTICITY

As brought out in the literature of recent years (for reference see Palmen
1948 and Riehl et al 1952), it is likely that the surface pressure falls in
areas whers adveotion of more oyolonic absolute vartioity takes place in the
apper troposphere. This statement is based on mixed dynamio-empirioal reasoning
that horitontal mass divergenoe is ocourring in regions where higher absolute
rortioity 1s imported from upstream and that this mass divergence exoeeds any
compensating oconvergenoce in the lower levels.

Although vortioity adveotion oharts are not presented, we oan deduce
readily from figures 4-5 that the relative vortioity deoreases downstream at
300 mb to the left of the jet stream axis over the area where the surfaoce
pressure is falling November 12~13, and that ther~with higher vortioity is
brought into this area by the wind. The ourvatur~ of the oontours changes
from oyolonic to anti-oyclonic as we go downstrerm at a partiouler tims, and
the oyolonio shear veakens as the gradient .. the isotachs beoomes less (of.
fig. 40, 5¢). The downstream variation of the Coriolis parameter is small and
may be neglected. We see then that the adveotion of absolute vorticity has
the requisite sign for pressure fall. If the 300-mb surface may bs taken as
representative for the upper trcposphere, as is generally the cass, it follcowe
that tho law stated initially holds for the present case.

DISTRIBUTION OF VERTICAL MOTION

Altnough we have just mentioned that a good relationihip appears to exist
between the signa of surfece pressure ohanges and hign iovel vortioity adveo-
ti.a, the oorrelation between the magnitude of these quantitiss is poor,
exoept for short period flustuations. The surface prescure fall is a smsll
residual betwesn low lsvel mass oconvergence and high level mass divergence.
Mass oontinuity is provided by vertiical motions which under the oonditions
.o080ribed must be directed upward over areai of surface pressurs fall. Such
oroad sonle asvent should be reflected in the preoipitation pattern, exocept
perhaps in the lee of mountain ranges. We observe the heaviest precipitation
near the threv~hourly surface pressure fall oenters and this precipitation,
in the mean., lies to the lef% of the 300-mb jet strcum axise Thus the relative
geograpnic positlonas of jet strsam ocore, ragion of surfaoce pressure fall. and
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regicn of preoipitation correspond to that observed by Starrett 1949 and that
demanded previously on the basis of dynamio reasoning (University of Chicago
1947 and Riehl, Norquest, ahd Sugg 1952).

CRO8S-8TREAM CII.CULATION

It is one of the assumptions in the derivation of the relation between
mass divergenos and advection of vortioity, stated sarl'er, that the flow and
vortioity patterus move mush more sloely than the wind and that we oan negleot
local ohanges compared to adveotive ohanges. The validity of this assumption
is borne out by figures 5a-o. Although tne winds blow et (oomputed) speeds near
200 knots in the jet stream core, the pattern propagates at little more than
25 knots. The air very rapidly mowves through the pattern, and it must suffer
axtreme deceleration when leaving the area of highest wind. (Barlier oase
studies, Wobus 1950 and Teweles 1960, have descridbed this phenomencz.) This,
following the equatione of motion, is accomplished mainly by motion toward higher
pressure, i.e., by a ocloockwise oross-stream oirculation looking downstream aiong
the jet ocorees To the left of the axis this high level oross-stream oirculation
is likely to be assooiated with mass divergernca, as we i.ave already established
tor the present oase from the vortioity adveotion pattern. We see the sumula-
tive effeots of this oirculation in figure 6a, a vertioal oross seotion taken
iormal to the jet stream axis from Lake Charles, la. (LCH) northward to Inter-
a-ional Falls, Minn. (INL). The time is 0300 GMT, November 14 -- 12 hours
‘u>saguent to the time of (igure S50. The prinoipal wind maximum still is up-
stream from the section, and the pertinent portion ot the isotaoh pattern has

>t changed appreoiably excapt for sontinued gradual downstream displacement
.~ the jet ocenter. Choioce of the seotion shown, rather than an eirlier one,
was prompted by a very suitable station diutribution and availadility of data.

On the seotion, whioh outs through the forward edge of the cold dome near
Omaha (OMA), we locate the oore of the jet at 260 mb, slightly north of Little
Rock (LIT), and about 400 miles south of the deepest portion of the cold dome.
The section is drawn so that we face upstream. The winds which blow out of
the seotion toward us are deoelerating near the jet oore s&s mentionad. Aacorg-
ing %o ocomputations made from the equations cf motion, the angle tetween con-
tours and streamlines in this region must have attained 20° to allow the
observed deceleration of the air. From there northward, the rate cf decelera-
tion must deorease and evontually beoome small near the cold dome sinoce, as
seen earlier the dome moves with the speed of the winds. Bven here, huwevor,
some divergenos has been taking placs as brought out earlisr. Comput'..g an
arprox -ate vaiue of this divergence from figure 3a and table 1 for the layer
betwe: .. the jsentropes 298°A. and 305°A. with the formula

l dADP - .
-—--5- _—JTE -dxvzv

wo find that divy “~5 x 1076 se0™!, a rather amall value.

If wo oonbine «ll the evidenoe addu. 'i s~ the deceleration of air near
she Jet ocore, the decrease of this decelerstion toward the north, tne presence
of divergence in the upper troposphere some distansce north cf the jet ccra
a8 given by the ocld dome oomputation and the vortioity adveotion pattern,
finally the chower aotivity under the oold dome - it beocomes plausible to
suggest that the oonfigwration of the isentropes in figure 6a indicates ia
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part the acoumilated effeot of verticel displacements upstream. The sense of
the vertical motion and oross-strnam ciroulation pattern (fige 6b) would be that
suggested in an earlier publication (Starrett 1949). We shcould like to empha-
size however, that the arrows of figure 6b are not meant ¢o suggeat closed
oirculation orbits. If air evacucted laterally from the top cf the occld dome
were to pass to the other side of the jet core with tlie cross-stream oiroculation,
it would first have to agsume the very high vorticities of the zone just north
of the jet center, then the very low vorticities to its south. Clearly, this

is most unlikely. Besides, we note in the present case that the thiok isen-
tropic layers south of the jet lie between 324° amd 340°A., those north of the
cold dome “stween $12° and 320°A., whereas the potontial temperature of the air
evaouated from the cold dome ranges from 298° to 306°A. It is more lixely that
the psrt of the jot stream core downstream from a maximum is gradually displaced
toward higher ocontours on any isobaric surfsce and this indeed is observed in
many cases (Sawyer 1950).

VERTICAL VARIATION OF J8T STREAM AXIS

In the jet stream publication mentioned initially much emphasis was placed
on the marked reversal of temperature gradient aoross the jet siream axis above
the level of strongest wind. It was shown that a band of warm air extends along
this axiz on the poleward side at 200 mb, and that a narrow band of very cold
air parallels its equatorward margin (fige 7). The axis itself was situated
1ithin the sone of strongest 200-mb temperature gradient. Such a position is
requisite if the geostrophic component of the wind is to decrease with height.
Farther poleward and farther equatorward the temperature gradient again reversed,
thereby proving that the 200-mb temperature field found in the jet stream zone
could not have adveotive origir but that vertical motions as shown in figure 6b
hed to account for its existence. Palmen and Nagler (1948) have reached the
same come lusions.

Figure C shows the 200-mb isotherme at the time of strongest deepening,
November 13, 1500 GMT. In several respects, this chart verifies the desorip-
tion of the 200-mb temperature field given earlier. Relatively warm air is in
evidence everywhere at the tropical margiu of the chart, and from there the
temperature deoreases toward the jet axis. We find very warm air on the pole-
ward side of the jet center (of. fig. 5¢c) and very sold air on its equator-
ward side. Indeed there 1s a suggestion, partiocularly north of the jet maximum,
that the ocentars “f greatest 200-mb temperaturo anomaly are closely asscciated
with the area of highest wind. In view of the discussion of figures 6a, b
this s.zgestion appears quite raasonable.

We also ncte some interesting differences between figures 7 and 8. Along
the jet axis the 200-mb temperature wvaries much more in the November 1851 than
in the January 1947 case. In faot, the temperature gradient reverses along
the axis damstreanm from the sone of strongest winds. This is alsc brought
sut clearly in graphioal form in figure 9. It folluws that the lovel of
strongest wind must rise domstream above the region of surface deepening.
“cutheast of lLake Michigan i reaches the 2CO-mb surface. Over the eastern
mreat lakes, it must aoctually lie adbove 20C mb.

As the intense 200-mb tcaportturo gradient north of the jet axis over
the north aentral Plains is dirsoted nearly parallel to the ocontours (mot
reprod ased but -1:11«: to thzsoaot fig. 40), and as the air ever st some
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distenoe from the axis moves at a rate several times greater than the speed of
the system, we caa safely oonclude that ascending motion is taking place through
the 200-mb surface. Here, the schematio verticel motion picture of figure &b
cancot hold entirely. The ascent in the rain area of figure Ss apperrs to extend
to very high levels, a conolusion similar to that reached by Fleagle 1947 in his
studies of upper troughs and ridges. South of the jet axis, th tempersture
gradients are muoh weaker. We can only state that the region w... subsidence,
compensating for the upward mess transport through the 200-mb surfecs tekes
place, is not ocompletely delineated by the charts presented here.

We can verify some of the conslusiona drawn from figures 6-9 by construct-
ing isotach oross-seotions along tho axis of the jet stream, a representation
which we have not yet emsountered in the literature. This is done in figure 1Ca-c.
The seotions shown in these figures follow the axis of the jet stream, and tiok
marks refer to points along the jet at 300 mb as given ia figure ba-o. It is to
be noted thzt the seotions do not portray conditione along the vertical but that
they pass through the axes of a strongest wind at all levels. For the oonstruction
we first analycesd isotach oharts at 700, 6500, 300, and 200 mb, and in part also
at 250 mb. We then drew lines oonneoting the points of highest speed on eaoh
surfaoe and projected these lines to coinoide with the 300-mb axis. Finallywe
plotted the wind values so oriented on oross-section paper and drew isotachs.

The aistance projected did not exceed 200 miles and from 400-600 mb upward the

axes nearly coincided, i.e6. the jet stroam was almost vertical as is commonly
the case.

The first impression that one gets from figures 10a-c¢c is that they resemble
~ otions taken normal to the upper westerlies. Variations of wind strusture
.ong the ourrent have the sams order of magnituds in the present case as varia-
tions normal to the ocurrent, although the regions of intense barosclirity seen
in figure 6a of course are not present. Figure 10a-o verifies the upward dis-
place=snt of the jet axis downstream from the wind center (marked J) ae inferred
above. It will be an interesting problem for the future to drow corresponding
cross~seotions of isentropes and attempt to determine the sotual rate of
deceleration of the air particles. This deceleration would bs less than indi-

ocated by oonstant pressure oharts if the air ascends substantielly in the regicn
where the isotaohs trend upward.

Figure 10s=c reveals snother ourious feature. We have already noted on
figure Sa~c that a secondary jet maximum formed a% 300 mb downstream from the
nain maximm on November 13 and that it was this maximum which was most directly
oonneoted with the oyolone formation. The longitudinal seotions indicate how
this cen*er began to form early on November 1% (fig. 10b) and then becams a
separat entity later on thai day (fig. 100). Qualitatively, one gets the
impress<on that s “impulse™ becomes detached from the main maximum and propa-
gates forward at a more rapid rate than the parent center. If future synoptio
studies should establish a gensral cornection between such "impulses® and
deerening, a new approach to the problzm of the dynamios of oyoclogenesis would
indeed be provided (of. Riehl and Jenista 1952). At this time, further specu-
lation on this topio is not warranted.

CONCLUSION

In en attempt to enlarge on previous desoription of the relations between
oyologenesis and the ztrusture of the upper atmosphere, the followins has boen
noted. )
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(1) The developins surfaoe pressure fall in the case studied could not be
explained by simple superpogsitizn of an upper vressure f{all.

(2) The oyclone did not develop on an intense frontal zone but far down-
stream {rom this tore.

(S) WwWhile the deepening progrecsed, the oenter of the 0old dome upstream
asoonded. Therefore simple sinking of the oold air oould not scoount for the
deepaning.

(4) An intense jet stresm maximum looated to the right of the oold dome,
looking downstreum, elongated rapidly from the oentral Rooky Mountain area
toward the Great Lakes by means of sending forward an "impulse" whion could be
observed farming e new wind maximum on November 13.

(6) Downstream from the main jet oenter the axis of strongest wind
agsoended to ressh levels sbove 200 mb. over the zono of deepening. Tne asoent
of the axis is coupled with upward motion of the high tropospherio air to its
lof‘t.

The scheme of oross-stream oiroulation in the jet stream tone proposed
earlier (University of Chioago 1947) is suprorted by the data in the vioinity
of the main maximum. In the region where the jet sxis ssoends, some modifiocation
is required. Novertheless, the major part of the precipitation area is observed
-0 lie to the left of the axis, in socordence with the earlier findings.

(6) At the arrival of the forward edge of the "impulse™ above a pre-existing
weak surface Low, the latter began to deepen strongly. Dynamioally, this
deepening oould be related to the observed pattern of vortioity adveotion aloft.
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Pige 1la, Burface isobars (mb) Pig. 1b, Burfece isodars and
and fronts, Nove 12, 1961, 1830 GMT. fronts, Nov. 13, 1961, 0630 Gif.

Area of steady precipitation is
shaded.

Pige los Burfase isobars and Pig. 1ld. Burfeee isvbars and
fronts, Nov. 13, 1961, 1830 aGMT, fronts, Nov. 14, 1951, 0830 o,

o ——— o a— et = e e ot s o D g

X ! 4



1= r X

(3

S,

[

I"Mg. 2a. Winds and isctherms (°C) at 500 mb, Nov. 12, 1961,
1600 GMT. Progression of 00ld doms in 12-hourly steps, Nov. 12,
0300 GMT to Nov. 14, 0300 GiI, i{s maried by heavy line. Axes
of minimum and maximum tempsrature gradisnt are marked by dasimd
lines. "W" denotes warm center and "C® denotes 00ld center.

On wind veotors a long barbt denotes 10 knots, & short dbard 8
knots, and a heavy triangular barb 50 kmots.
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72ige 2be Winds and isotivrs at Fige 20. Winds and isotherms at
50C mb, EBov, 13, 1351, O3CC (M. 50 mb, Novo, 13, 1951, 1500 IMT.
Heavy dot maris position of surfice Hsavy dot marks position of surface

o

lxr orescurs senter. low pressure oenter,.
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Fig. Sa., Vertisal oross-section
of potential temperature (°A) follow-
ing c0ld dome on track given in fig-
ure 2a, Heavy line denotes tropo-
pause and shaded area indicates
adiabatio layer. Note that isentropes
in the stratosphere are druwn for
intervals of 10°,

Pig. 4de 308-mb oortours and
12=hour height ohanges, Nov. 13,
1861, 0300 GMT.

Fig. 3be Tephigram showing sound-
ings near center of 00ld dome. Hori-
sonlal lines are isentropes, vertiesal
lines isotzerms, sloping lines isodbars
(mb) and dashed 1ine shows the moist
adiabatic lapse rate.
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Pig. 4a. 300-mb coxtours (100%s
feot, first digit omitted) and 12+
hour height changes, (100's feet),
Fov. 12, 1951, 1500 GMT.

Pige 40. 300-md oontours and
12=hour height ohanges, Kowv, 1%,
1861, 1600 GMY.
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Pige 650 Isotachs at 300 mb
(imets), Bove 12, 1951, 1500 GMT.
Fsavy lines mark jet stream axeés.
Tiok marks along axis of prinsipal
ourrent serve %o identify the hori-
sontal axis of figure 10a. Preoi-
ritation areas ara shaded. Dashed
lines give 3-hour surface issllo~
bars (Ib)o

Fig. 6be Isotachs at 300 mb,
lave 15, 1961, 0800 GMT, Tiok
marks oorrespond to those along
herizontal axis of figure 10b.
Bogvy dot marks position of swr—
fave low pressure ocenter,

Pig. 6oe 3S00-md .3.';\"&0)\3.\ Rove
13, 1961, 1600 GMT, Y -oi maris
oorrespond to those alony the hori-
sontal axis of figure 10c. Heavy
dot marks position of surfase low
oessure oenter.
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Pig. 6as Vertioal oross-seotion
of isentropes (solid lines, °A) amd
isotashs {(deshed lines, kmots), from
Little Rook, Ark. tc "ternatioml
Falls, Minn., NBove 14, 1561, 0300 GMT.
Heavy lines deucte fronts and tropo-
pauses. "W" gtands for center of
westerly ocurrent, a=: "%* ror cemter
‘1 oksterly ourreut.

Pige 6o Isotherms (°C) at 200 md,
Nove 13, 1961, 1500.GMT. Jet stream
eenter at 300 xd marked by heavy line.
fiek marks clong jet axis serve to
1dentify the hearisocatal axisz of
figurs S
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Pig. 6b, "Probable meridiomal and
vertisal digplasemsnts associated with
intensification of sonmal wind maximum.
Arrows indicate direotion of displase-
mat of lsentropes. Isemtropes given
by thin lines, tropopause by heavy lime."
(Prom University of Chieago 19613

Pig. 7« "Isotherms (°C) at 200 md, Jan.
28, 1947, 0300 GMY:. Jst stresm ocenter at 300
mb maryed by heavy line." (From Riehl i248).
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Fige 9« ¥Wind speed at 300 mb (imots),
and tsmperat._. > gredient (°C) at 200 md
taken over distanse of 230 km normml %o
Jot axis (heavy lime) of figure 8,

Marks at bottom oorrespond to tick marks
along jet axis of figurs 5.
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Fig. 10a. Cross-seotion of isotachs (knots) along axis
following jet stream oore, Nov., 12, 1961, 1800 GMT. Marks
at bottcm oorrespond to tiecl marks of figure 6a. For details

of oconstruction of figure see toxt. "J* donotes jet stream
center.
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Pig. 10be Cross~section of isotechs, Nuve. 13, 1961, 0300
GMI., Marks at bottom oorrespond tc tiok marks of figure 5b.

Pige 100s 2ross-eection of isotechs, Nov. 13, 1961, 160C
GMT. Marks at bLotiaqm eorrespoand ¢c Tisk maris of figure bo.
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