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ABSTRACT

An intensifying upper tropospheric front is examined over the
period 10 December 1863 at 1200 GMT to 20 December 1963 at 0C00 GMT
with particular regard to e validity of the conservation of the
Ertel potential worticity along trajectories ending in the baroclinic
zone. The adiabatic assumption is justified by the extrems dryness
of the frontal zone. A total emergy equation is used as an aid in
the trajectory coastruction.

with only one excapticn potential vorticity either increesed or
was conserved following the trajectories over the twelve hour period.
These traj h@gﬁn terminated iz the central and western portions of
the frontaltas the eastern and probably most intense portien was over
the Atlantic Ocean on 20 December 1963 at 0000 GMT. The potential
vorticity incresses were dus to a large positive relative vorticity
change on the northern periphery of the frontal zone and a marked
stability increase on the southern periphery of the frontal zone.
Diabetic effects could not explain the observed increases in poten-
tial vorticity. Rather turbulent processes in the atmosphere seem
important. In particular, mescscale motione may be exerting an in-
fluence on the synoptic features. Finally, an observatioa linking
possible surface developmenis with the intensification of upper
tropospheric baroclinic zones is presented.
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I, INTRODUCTION

A, Historical round

What is a front? The question is not acked to be facetious but
to indicate the often widespread differences of opinion about them
azong meteorolcogists today. Surface fronts were first postulated by
Bjerknes (1919) school just after the first world war to mark boundaries
of air masses with different characteristics. Since then they have
brought both joy and disillusionment to synoptic seteorclogists searching
for an infallible tool to foracast the weather. Yet, despite evidence
to the contrary scme meteorologists still insist that the cbserved
weather changes can be explained by frontal movements. Lven teday,
ons often cbserves fronts moved asbout on surface maps like oppoasing
armies in all the war games played in the varicus world capitals.

With the advent of good upper air coverage fronts have been found
in the middle and upper troposphere. For better or worse we are stuck
with the name 'front". However, vhat one means here are baroclinic
zones of varying intensity. These baroclinic zones are characteriszed
by strong vertical wind shears through various stable layers. Othaer
featurss of these barcclinic zones include an often large nixing ratic
decreass in the wertical and high potential vorticity values., Thowe
baroclinic zones or fronts are not rare phencasna inm the atwosphere
but are almost indspendent of the more familiar surface iront as Sanders

{1954) and many others have shown. These upper level frontal zomass

usually firet appear on the western eides of troughe and then intensity



Ze
as they descend sround to the scutheast side of the trough vhere they

are strongest at 500 and 600 mb.

Reed and Sanders (1983) and Sanders (1984) have found that thess
barécltulc zones are characterized by the largest subsidence at the
varm edge of the frontal boundary. This resulted in an inteasification
of the horizontal temperature gradient. Reed (1988) in a case study
found that the intense portion of ths frontal zone consisted of a thia
wedge of stratospheric air which had descended down to 700 and 800 mb.
He considered that the fromtal boundaries were & folded portion of the
original tropopause. The circulation within the frontal zone wasz
thermally indirect. Reed (1988) further noted that "surface cyclo-
genesis accompanied or slightly precedsd the strengthening of the upper
level front.” Inspection of Reed’s figures disclosed that the fromt
was sssociated with the first upstresm 500 mb vorticity meximum from
the one associatsd with the strong surface cyclons. More will bs said
about this fsature l1atoer.

The Ertel conservation of potential vorticity theorem following
an air parcel along an isentropic surface has proved to be anm invalusble
eid for studying upper tropdiphcrlc fronts. Nen coaservetion of this
quantity will result if a vertical gradient of diabatic heating existis
or 41 a component of the curl of the friction force exists mormal io

an lsentropic surface. Staley (1960) has ovaluated these two effects.
His results show potential vorticity incresses in the lower stratosphers



and upper troposphere on the cold side of the fromt. Negative poten-
tial vorticity changes occur within the fromtal zone and around the
entire periphery of the poiitive area. Staley finds that the poten-
tial vorticity changes are everywhere due to the vertical gradiemt of
diabatic heating rather than the curl of the frictionai force.

Additional support for the stratospheric origin of the high poten~
tial vorticity air within a frontal zone came from Resd and Danielssn
(1859)., Danielsen in a detailed study in 1660 showed that the original
radiosonde traces contained many steble laminae which tended to persist
in time. In addition, isentropic trajectories eztablished a stratospheric
source for many of these stable laminae. This tended to support the con-
cept of a folded tropospause. Further support came in 1981 when Danielsen
used a total energy relation es an aid in the coanstruction isemiropic
trajectories.

Campana (1065) investigated an intense frontal zons through the use
of isentropic trajectories involving satisfaction of the total energy
equation and potential vorticity conservation, Like Reed, he found
descent everywhers and evidence for an indirect thermal circulation,

In addition, potential vorticity values increased along the higher
isentropes through most of the froatal zone vhich Cempana attributed to
diebetic offects rather than frictional torques. Thip is in contraast
to the poteéntial vorticity decresses within the frontal acme found

by Btaley in 16860.
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Ca Goanls of thiaz Study

Many avenues for further study lie open. Among them are tropss~
pheric stratospheric mass transport vhich has been studied by Uanielsen,
Stalay and others and the problems of clear air turbulence for example.
The main goal of this thesis vwill be to investigate the question of
potential vorticity conwervation during the formation of a sirong upper
tropospheric baroclinic mone. This issue is important becsuse, for
example, if potential vorticity incresses with time in the frontal
zone than the explanation of the foldad tropcpause with stratospkeric
air may not be eatirely persussive. In addition, it would be hoped
that if non conservation is significent then some measure Of disbatic
or frictional effects aight be attainable. In any event, it is hoped

that this case study will add a further centribution to the record.
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iI. THEORETICAL BACRGROUND

A.__Adisbatic Assumption
Lot us now consider scme of the fundamental theoretical back-

ground for this study. Most of the particulare have been elaborated

by Campana (1668) and will not be considered here. Uince proper tra-
juctories are so0 critical to this study weo will first examine some of
the necessary constraints in this area. First of sll, ve will assume
that the first law of thermodynsmics for adiabatic flov may be written

as:

40 = o©

& (L

This states that potential temperature is conserved if ome follows

an air parcel. Of critical importance here is the adiabatic assumption.
Any upward motion with subsequent condensation would ruin our efforts
before we could start. Fortumately, the intemsification of upper tro-
pospheric fronts is generally asscciated with subaidence in relatively
cloud free regions. Furthermore, the process takes place sbove the

lower turbulemt boundary layer and surface condensation effects.

B, Homn atr Fun
Since we will be working on surfaces of constant potential tempera-
ture tho Montgomery stream funcliom, \V s will prove invaluable for

determining the geostrophic motion fisld. The Montgomery stream function
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ie defined as

W= Ve ~ oo (3

vhere Cg is the specific hsat of air at constant pressutrs, q‘ is the
acceleration of gravity, (o, and Z g ars the temperature and height
of the specific isentropic surfsce. Danislsen (1961) notes that if a
reiiable estimate of the geostrephic wind is to be made than 'V
must be measured to four significant figures. 7Thia would involive
measuring | o %0 within 4 0.1°C which is not possible with present
radiosonde equipment. Danisleen suggested es an alternate approach
the use of Poisson's squation which relates g to Py , the pres-
gure on an isentropic surface. The latter leade directly %o Lo .
In this manner the error in the computed U(' up to the middle tro-
posphere vill be no worse than the error of the computed height of a

constant pressure surface.

€. _Totsl Energy Equation

In order to study potential vorticity changes during the intemsi-
fication of the froat isentropi: trajectories will be meeded. Initially,
| in comstructing trajectories tho best one can do is to make use of the

ambiguous kinematic relation

D = N, N, N 3 s

Here D 4is the total distance traverssd by the parcel, N is an
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average geostrophic velocity for the firat half time pericd, \V_
an average geostrophic velogity for the second half time puricd
and AKX the total time puricd.

The essential roughness of (3) led Danielsen (1981) to develop a
total energy equation as an aid ia trajectory construction. This
involves a deviation from the geostrophic path for a parcel. Buch
deviations will cccur when the V- fiqld changes over a given time
period such that the parcel is accelerated or decelerated. Now, in
%, A © gpace tho total dsrivutive of Y mey be written as

A = B AT Oy o+ ¥ D)
= w0 RN

(4)
Under our assusption of adiebatic motion the last term in (4) 1s
zero., The vector equation for horizomtal frictionless motion on an

isentropic surface may be sxpressed as:

¥F - — - D v
3L = AvALY -‘:‘\&.vu\ ®

~

vhers = 4is the Coriclis parameter and 3= is the unit vertical
vootor. Following Danielsem (1061) take the dot product of A with
{8) and add 3t t® (4). The resulting squation is iategrated over the

length of the trajectory to yield:

2

*\):..\);__%.:oi& @
= )
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vhere the subsoripts X snd » refer to zonditions at the 2inal and
initial times respectively. In this equation “V i3 a sum of the

potential and internal energies vhile N 15 a measure of the

pe———

, 2
kinstic energy of the air parcel.

The right bhand side of (8) can be approximated by a still to be
specified time interval in Y at the initial, middle and final
points of the trajectory. Graphiocal subtraction of the analyzsd N
fiolds will do the trick in this case. Thus a practical form of

Danielesn's total energy equation is:

w“_\\,_"_*\‘_]__,:_‘ “\EI_.: = A% v QW 2 AN
2 2 Lt

shere the subscript ma refers to the value at the mid point of the
trejectory and O refers to a Y change over s fixed time period.
Descent must take place along the trajectories for otherwise (7)
sould have to include e term involving the imcrease in © due to
the release of latent heat. In addition, @8 Danislsen notes, care
must be taken for parcels which originate on the anticyclonic side
of the jet because more than one point may satisfy (3) and (7). This

arises because the gradient of ¥ and N are negatively correlated.

Da © Vo
The crux of the trajectory anclysis will depsnd upon the concept

of conservation of potential vorticity. A theorem for this was first
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eateblished by Brtel in 1942. Ratber than stating the theoren a
proot baged partly on physical reascoing will be included « The
fluid is sssumed inviscid and a wcalar quantity © is postulated
such that © 4s e funciion of pressure, P , and density <
alongs This scalar quantity will satisfy (1). Consider a surface on

which © i a constant. A curve C encloses an area ©\ as showm

e e B e e B et

TG\

in fig. b3

The circulation, | , around this clossd curve is defined by:

r :gx w0 (8

<

wvhere 1> 4i8 the veloeity vector. Now we may write

»
Based in part on M.I.T. 18.61 course notee of Frofessor Joseph
Pedlosky.
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%E? = %%R-&'s = %\%U%R-T\ An (®

D o- - YR €10)
35 % %

Here G»o = “Ux . 4e the relative vorticity and 48 the unit

or

normal.

Let ue now examine Kelvin's theorem. Noting (8) we may write

D = %txm.&%j:%'&-%‘é “ %G“-*.‘F\ s an

N
<

vhers the subscript in refers to the inertial frame and the other

symbols have their usual meanings in that case.

A R %1 A5« Xg‘n - &on Cm,x*r\\ N (12)
T R Rt
| -5 (9 S
Thus

.= Rh-%"s -+ RR A -R dAa (14)
But,

RIS %\ AT - S €18)

Thus, ignoring friection,
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AL = -3 -0A0 - ¥ I -2
. = RQYL SRS %..g;_ s (18)

S0 W0 = - Ku"u-“n&n+%%ﬂ *xp o N6 an
A% o V3

Noting (10) we are led to a statement of Kelvin's theorem:

%\%‘&&&%\ z -%i\%i'n_-'a&ﬂ-w \\99,’%73?\ A as

Consider now a \' which lies completely in a constant © surface
and moves with the fiuid. We kmow that along U X~Uyp both
Q and P are constant. dince D = @\'{.:{\ only QQ‘KQ-_?

eust lie in a constant © surface. Thus,

%g T xIp -0 %&\ €19)
i}'
and (18) may be written as

%5 \@5*%\-—‘\ YA -0 o
wvhore =< = ‘D.-hﬁ. . Cone:ldcr ﬁo' two closely spaced constant
surfaces as showmn in fig. 2. The meos enclosed by the oylinder

which is constant following the motion is given by
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{(a1)

But,,
A = X8 AS Y = Lhe y
= or ..% ~3 €22)
AS = B9 and S = o (23)
R TN DS

Substituting imto (30) we have:

‘.Aﬂ-n.'g e ™ - O (24)
(et

vhere W, and X_  are parsllel to © . since ™ and Bo

are constant we have

Blla)n )
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S K_&gﬁ_w Qe-X = O (20)
e a3

Taking the compsment of absolute vorticity in the direction of the ®

of finally,

gradient and making use of the hydrostatic approximation with

ge = S % we moy finally write:

%&S\- q 7s S —l 5%:% =0 (a1

Here 7¢ 18 the relative vorticity on an isentropic surface and
we ignore the difference between X and N g which is on the
order of 10~° sec”’. 1f the frictionless and adiabatic assumptions
are not made than a formal derivation (Campana 1968) ylelds the

following results.

5179 0 59 >§1= - et ) @
- a3 T,

where . 4s the component of the ourl of the friction force in the
direction of U O and the first term cn the right takes into
account that the verticsl veriation of heating is the largest contri-
bution to diabatic eoffects.

If we consider (27) for the moment we see that }\:% represents
the stability of an air percel in up and down wotion. This term is

always negative. After some thought and experimentation it was decided
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to svaluate this term by a centered finite difference approximation

with a © interval of eight degrees Kelvin such that

9 = Oui3 —9i-w (29)
P Oop

Compana (1968) used a © interval of four degrees Kelvin but it

was felt that the eight degree interval was less sensitive to uncer-

tainties of analysis end was still a good measure of the gross char-

acteristics of the front. The relative vorticity, 7o , on Ill

isentropic surface 13 computed in the following manner.

= A3~ * S
7e }_—N"e = (20)
vhere > 4is the vind speed and v, 49 the redius of curvature
of the streamiines. A similar finito difference technique involving

e horizcntal increment of 120 nautical miles is used to evaluate the

shear term, 2. . The units involved here are sec 2. The curvature
2Ty
term is evaluated as A 2D where Sg 4s perallel to the stream-

2Se
line and <\i is the wind direction in radiens. With 120 nautical

miles as the distance increment this term is again evaluated by finite

- difference techniques.

E. Factors which Infl PO Vortic
Since the upper level wind directions in data available on teletype
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have besn rounded off to 10 degrses errors are guite likely in 7o -
The saving grace here is that wind directions in the area of interest
are pretty much uniform. Because of the steeper slope of S sur-
faces compared to isobaric surface the relative vorticity measured
on the former is often enticyclonic and the latter cycloaic for the
game area at the same time. Danielsen (1064) shows how vhen a froat
forms in the troposphere 7, increases, the stability increases
but Fg  decreases. Thus there must be a divergence of air on
a constant © surface for Ty to decrease. Note that these
changes are compatible with the conservaticm of potential vorticity.

The results of this study and many others generally established
that the stability term was the most important in determining the

size of P wvhere T i@ defined as:

¥ = -ch(?e**\_\% (31)

Simply on this basis we would expsct to find Y values in stra=-
toopheric air to exceed ¥ values in tropsspheric air by one or more
orders of magnitude. Let us now examino what effoots can lesad to the

non conservation o2 T . Ve have from (28)

= - ~ _ \a“ ""l‘:l ‘33
Fn Nn-<Ix T K‘Sf: , \‘5\6 ]

shere - 48 the stress vector. Now, Staley (1960) has made some
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rough estimstes of both terms om the right hand side of (28). He
found that the vertical weriation of heating term was approximately
10““ deg om su-l while the normal component of the curl of the frie-
tiomal force to the imentropic surface was spproximately 10" to 10720
dog c@ gnl. It should be emphasized s Staley notes that these esti-
mates may be off by several orders of magnitude. The effects of
griction in the free atmosphere, radietional processes, eddy heat
conduction snd latent heat relesse are so poorly known as to make
any estimates quite speculative. Yet later on we shall f£ind it neces~
sary to make some additional comments about these effects. Let us

pow turn %0 a consideration of the synoptic events for the case of

December 1863,
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115, SYNOPTIC SITUATIUN: 18-30 DECEMBER 1063

This particular cese was chosen because it had one of the strongest
500 mb temperature gradients in Pro!_.mr Sanders' survey of the 1863-84
sesson. The 500 mb maps for this psriod revealed the existence of a
sharp temperature gradient from the Great Lakes eastward through New
Esglend on 20 December 1963 at 0000 GMT. The front was at its sharpest
on 20 December at 0000 GMT in comparison to relatively weak fromtal
boundaries twelve hours sarlier and later.

At D000 GMT on 19 December 1963 the 500 mb map revealed a large ridge
anchored over the Rocky mountains and a deecpening trough centered over
Virginia. A secondary vorticity maximum was centered just north of Lake
Superior. The surfece map at this time showed a weakening 89 =b storm
centered neer Syracuse and a deepening 1006 ab secondary forming southeast
of Nentucket. An east-west dry cold front was located just north of
Minnesota in comnection with the upper air vorticity maximum there. By
19 December 1200 GMT the deepening secondary storm was cown to 974 mb
and was located 400 miles east of Boston. 8ee fig. 3. The good cold
adveetion into the trough aloft foretold of the despening off the east
coast as can be ssen from fig. 4. By this time the 300 mb vortex was
almost pin wheel shaped with the next upstream verticity maximum
centsred near Ssulte Sainte Marie. The sharpening upper level fromt
was associated with this latter vorticity maximum. Reference to the

synoptic details at the time of fig. 3 reveals the complete absence
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of precipitation with the surface cold front except for mioor activity
along the lee shores of the Great Lakes.

On the twentieth at 0000 GMT cur now sharp upper level front is
aesociated with a barely distinguishable cold front at the surface
(see fig. 5) and & moderate vorticity maxisum at 500 mbe Yet despite
these innocucus features the tempsrature gradient has increased to
nearly 20°C in almost 240 nautical miles (line AB in fig. 6). Mean=-
while our surface storm has deepened to an almost fantastic 860 mb
centered over northeastern Nova Scotia. The 500 mb trough in this
region 13 difficult to discern bscause of the absence of data, not
surprising in view of the hurricane force winds. Thus, at first
glance the comnection betwesn the surface storm and the upper level
front seems minimal. The partial low level cloudiness bensath the
front seems to reflect daytime heating by the ice free and relatively
warn Great Lakes of the bitter cold air mass rather than any extensive

moisture asscciated with the upper level front.
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IV. LUCATION OF THE FRONT

In order to locata the fvont the pertinent radiosonde date for
mlﬂmmr._mwmeﬂulmm‘lmd
on carde to be run by the MIT meteorology d-pnrﬁont isentropic pro-
grem. The mumber of individual radiosonde stations to run for each
timo pericd was determined on the basis of the area of significant
vertical wind shear. A shear of twenty knots in 2000 feet wmas
arbitrarily considered to be significant. This vertical shear was
usually associated with a significant change in the vertical lapse
rate and a repid decrease in mixing ratio through the frontal zone.
A fairly substantial ring of stations arcund the critical wind shear
area was then chogsen in order to assure data of enough horizontal
extent for the trajectory analysis.

The computer program evaluated the pertineant data at easch station
for © surfaces at 4°K intervals ranging in general from 267°K to
827°K. All the essential information was to be found betiween these
surfaces. PFor esach station on every © surface the progrsm computed
the pressure in mb, mixing ratio in g/kg, relative humidity, wind
direction to the nearest whole degree, vwind speed in = uc’l. Y in
a? sec 2 and the total emergy in n? m-'z- Errors may rosult because
pignificant tempeorature points on the sounding are left to the dis=-

cretion of the radiosonde operator and teletype wind data are rounded
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off to the nearsst ten degrees. In particular, the height of the
intersection of the measured lapse rate with a given © level may be
in slight error. However, we note that we are dealing with a strong
fsature vhose V-pa.cisl and temporal varistions cccur over a large area
such that winor little errors will be relatively insignificant. Of

more concern will be the analysis problem in southern Canada due %

the sparcity of data.

The first order of businoas is to display the fromt on constaunt
pressure surfaces. 8ince the front is most likely located hetween
300 and 700 &b bounds on the necessary < levels were determined
from the ﬁ:lghut and lowest potential temperatures at these pressure
levels respectively. In order to visuslise what is happening in the
vertical on sach S level the pressure and the differsnce in pressure
between this surface and the one 4°C higher is plotted at each statica.
Now, on each © level the preasure is analyzed in 50 mb increments
along with the help of the difference field of the lower level obtained
by grephical subtraction. Once a map of the pressure on a © surface
ie obtained it is very easy to get a picture of the O field st a
specific pressure level. In order to insure that the analyeis is as

good as possible we 1ake use of the relation.

CREEN
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Here (ﬁ\ is evaluated on an isentropic surface mhile %Q is
- ®
svaluated on an iscbaric surface. The right hand side of (33) can be

written in finite differsnce form as:

_.}_% Q&)e - -—%% KQE?JG (34)

A9 s arbitrarily set equal to four degrees Kelvin and Dp deter-
mined from the plotted sounding. BEquation (34) should be satisfied
if the analysis is correct. Thus, information that we have in the
vertical is used to more accurately locate the front in the horizomtal.
Using the sctual temperature gradient in locating the front would only
enable us to see a more or less uniform change in temperature between
stations vhereas by employing the ucntwu enalysis the stability
wvalues at the various stations have besn used to obtain 2 better ides
of the fromtal intenaity and its horizontal location. Compare figs.
3 and 8.

Figures 7 through © show the fremt at 400, 500 and 600 mb reaspec—
tively on the 19 December 1063 at 1200 GMT. The fromtal zone is
weakly defined at all three levels with 2 maximum gradient of about
8°K in 40 nauticel miles. The orientaticn of the frontal sone is pretty
much parallel to the flow. The situation 12 hours later om 20 December
0000 GMT for levels 400 through 700 mb is shown by figs. 10 through
18. Ve do not see the marked strengthening of the froant that Campana

observed in his case. Yot overall the frontal zone sharpened up somewhat.
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The strongest gradient on 20 Decembsr at 0000 GHY is 12°K over 60
nauticel miles at 500 =b. Untuﬁ_:unatsly. ve are only locking at the
upwird and a portion of the middle part frontal zone. The eastermost
part of the front extends out over the Atlentic south of Long Island.
The data hints that the frontal zone may be even stroager here but
the actual analyeis s unccrtain because the Nantucket radiosonde

observation was not available on 20 Dscenber at 0000 GMT.

Two cross ssctions of the & surfaces and the isotachs wers com-
styucted on 20 December at 0000 GMY. Lines AB and CD in fig. 14 show
the extent of the cross sections. It was felt that the data was accurate
enough to drav direct cross sections normal to the flow imstead of re~
storing to the necessity of a cross section based on radiosonde loca-
tions only. The thermal wind equation was used as a check on the
analysis. Figure 15 corresponds to line CD and is an attempt to depict
the conditions in the vicipity of the entrance to the fromt. The familigr
packing of the ieentrxopes vithin the front zone and the steepening of
the isentropes in the region of meximum vertical wind shoar is quite
evident. The shift of the front to higher © values with increasing
altitude is noticeable also. The jet is located above the region of
strongest horizontal temperature gradient im the vicinity of 500 mb.
Furtheormore, the strong cyclonic shear north of the jet soupled with

the expscted stability indicate a rapid increase in potential vorticity
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values. Figure 10 corresponds to lins AB in fig. 14, Line AB was
not placed any oloser to the coast because of the data uncertainmly
close to the ocean. Thore is very little differencs im the isentrope
packing and isotach pattern bstwsen the two cross sections. This
indicates the rolqu.y steady state situation at lesst over the

western half of the front at that time.



VY. DISBCUSSBIUN OF RESBULTS

A:__Trajectories and the "X Fields

The task of constructing trajectories was by far the most time
consuming and tedicus. In ordor to improve the accuracy of the tra-
jectories all end points on 20 December 0000 GMT were chosen at
regularly reporting radiosonde stations. Unfortuhately, all observa-
tions at Nantucket and the upper winds at Flint were unavailable for
this time period. The winde and YV vslues at these two stations were
determined geostrophically with the aid of the surrcunding anslyses. A
small connection factor based on the anslysis wes applied because the
winds were genorally subgecstropbic in the ares of interest.

The © eurfaces chosen for the trajectory analysis were 209, 291
and 2683YK. These surfaces best represented the top, middle and lower
part of the frontal zone as can be seen from figs. 18 and 18. In general,
the frontal zone stretohed from the Great Lakes to New England at the
higher elevations and stretched southward through Illinois to Virginia
at lowsr elevations, This area plus periphery boundary values dictated
the choice of stations for the end points of the trajectories. Next, a
very careful analysis of the ‘Y flold was made at each O level. In
drawing the “Y isoploths most sttention was paid to the wind fisld.
The genorally uniform wind direction lent confidence to this decision.
Values of ‘Y wore drawn for every €00 m° @ec 2. A geostrophic velocity

based on contour intervals for this increment is included in Appendix I.
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The valuee of ‘¥ selected for the contours wers ideatical to the
ones Compsna used for consistency. At several statioms, expecially
on the © = 2909°K surface it wae impossible to draw for the wind fisld
and satisfy the ‘' value at the same time. In these situations the
contours wers drawn 30 as to satiasfy the wind field. At the same time
since graphical subtraction of the -\’ fields was used to get the right
hand side of (7), the computed energy valuee on the left hand side were
modified by the appropriate Y field changs in order to be comsistent.
The time pericd involved in all computations was twelve hours. Similarly,
the appropriaste isogon and isotach fields were comstructed for each level.
The spacing of the X isopleths was used {0 get geostrophic wind
values as an aid to drawing isotach contours between the reporiing
radiosonde stations. The isogon analysis was constructed over thp W
field on a light table. Every effort was made to sort out the systematic
errors.

The first trajectoriss were constructed to satiafy (3) end without
reforence to (7) or (27). The procedure iavelved here was to trace a
path backwards parallel to the ‘Y’ isopleths for the last six hour
period. This point was transferred to the \Y snalysis twelve hours
earlier and the trajsctory ccmtinued parallel to the \\’ iscpleths for
the firat six hour period. The results are shown in figs. 17 through 19.
No attempt was made to smooth the trajeciories.

The smoothness and steadiness of the wind field over the twelve

hour period is evident from most of the trajectories. The trajectories
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terminating &t Great Lakes stations are cpon 1O doubt indleating large
locel changes of wind velocity. This &5 in the wore intense ares of

the front and hints that trajectory cuw'rections may have o bs made

in ¢this aresa.

Trajectories at the expected pointas of interest were them cca~
structed g0 as to satisfy the energy equation (7). Figures 20 through
22 show these trajectories. The supsrscript € after ssch letter
indicates that the trajectory satiefies (7). For referance the snd
point of the trajectories which satisfy (3) bave been labeled with the
appropriate letter. Note that the trajectories in fige. 30 - 23 also
satisty (3) based on average geostrophic winds over their length. These
figures also reveal that the air om the southern periphery of the frontal
zone was accolerattqg in view of the less oyclomically curved trajectoriea.
On the © = 201°K and © = 209°K surfaces trajectories ending at
stations 637, 648 and 747 which satisfy (3) and (7)differ considerably
from the trajectories which only satisfy (3). Station 637 is at the
extreme entrance tc the frontal zone while stations 645 and 747 are
located more or less in a region of weak © gradient {(zee fig. 1il).
Thess thres trajectories at each level initiated in the light wind ares
of a cold vorticity maximum at 500 wb so it is not surprising that they

are much more anticyclonic as they underge acceleration.
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C. Congservation of Potentiasl Vorticit

Obvicusly, the next step was to calculate T values uelag (27)
subjoct to (29) and (30). PFigures 23 through 25 show the T~ values
at the final points of the S = 283, 291 and 200°K surfaces respec-
tively., In addition, on the © = 209-K surface (fig. 26) values of
T  were calculated over New Englend and New York State at a number
of pointe between rewinacnde stations. This was doune, as vill be
explained later, bacause of the suspectsd low Y value at station 486.
8imilarly, figures 26 through 28 shov T values at the imitial pointe
of the t;-adoctortn on 19 December at 1200 GMT. The superscripts again
refer to the trajectories which satisfy both (3) and (7). In all cases
.'P values are given in units of °K/mbd o/ sec® % 107>, In figs.
2¢ and 26 P values were calculated at extra points to give a detter
reszolution of the field in the vicinity of the potential vorticity
maximum. These extra points are labeled by an K with a numerical
mbnértp;. ﬁajoetorlu are again constructed but this time o as to
satisfy (27) subject to (29) and (30) while hopefully satisfying (3).
These trajectories are showm by figs. 29 through ~31. The superscript
Vv refers to the fact that they comserve potential vorticity. Again,
for reference the initial points of the trajectories which satisfy (3)
along and (3) and (7) together are included. Unfortunstely, no tra-
jectory satisfying (3) and (27) could be drawm for ACK (306) because
the ebsence of data made it impossible to calculate the final T value there.

Examination of figs. 20 through 31 clearly show that geveral of the
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trajectories which satiofy (27) et al cannot even spproximately
satisfy the displacsment relation, (3). Overall, there seems to de
a potential vorticity incresase over the twelve~hour period. In
particular, attention should be paid to the areas with T  values
in excess of 15 units since this represents a lover bound on air
that may be of stratospheric origin. Now, let us examine what hap-
pens on esch of the © surfaces before asy attespt at an explana-~
tion of the behavior is made. Note appendices II through IV. The
initial and final values of ¥ as well as the factors %QP and
(e '\"") are presented for sach type of trajectory for the more
interesting stations at each © level. Also presented is the
twelve hour pressure change which is a rough measure of the average
vertical velocity. If there is adiabatic descent everyvwhere along
the trajectory than the mixing ratio should be conserved fellowing
the parcel.

Firet, let us examine the © = 283K surface (fig. 29). Clearly,

~N

eragoctories T o &V , N~  and OV csanot satisfy (3). Wnile
LY  satisfies (3) the difference between the initial location of L
versus \.  makes these trejectories questionable. Now, if 1 were
to satisfy (3) by pulling it back to 1 oF 1"  then 4t would be
necessary to postulate a potential verticity decrease. A slight
stability decresse slong with a 3o  decrease sccounts for the v
decresse. Similarly, if K, N’ and O are to sstisfy (3

then fig. 31 indicates that 'P must increase. Here the mechanism
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geems to bo & near doubling of tho stability valuss over the twelvs
hour period without a commensurate decrease in 7o o In fact, 75
decreases only slightly alemg X' and increases somewhat along QY
and N vhen these trajectories are corrected so as to satisfy (3).
Any attempt to raduce the differcnce between L and \..v by re-
locsting the initiel polnt mearer to L = will result ns ©
decrease through a large /o decrsase and a slight _\% decrease.

On the © = 201°K surface (fig. 30) it is immediately clear
shat T,V L, &, N, 0 R, ed D camet
satisfy (3) and conserve T at the same time. Growth of T must
take place if (T, wY, M\’, Q" ,R\’ 2nd XY ) are to be drawm so
as to satisfy (3). similarly, e slight decrease in + will take
place 12 1 is redrawn 2o as to satisfy (3). However, this latter
change may be due to an inadequate isotach analysis. On the 20
December at 0000 GMT station 486 is just north of an isotach maximum
vhile station €05 is juet scuth of this mexicum. With the isotach
gradient ag strong as it is the relatively large distance betwssn
the two stations is eignificant. From the geostrophic winds cal-
culated from the Y field analysic it seems guite reasonmable that
a stronger wind maximum than analyzed lies betwsen stations 438 and
405. This would csuse the shear term in 7, to increase enough
20 as to raise the final 1 value at station 488 thereby bringing
about conservatiom of this quantity. A point to be noted is that

the horizontal increment of 120 nautical miles used ir evaluating
derivatives by finite difference methods may not be accurate for the
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data resolution in the vicinity of isotach mauima whose true positions
are comevhat dubious.

The 1+ increases for trajectoriez ending at stations $20,
637, 645 and 747 (K,N,0,S) iz predcainately due to a large
stability increase as can be seen from appendix 1I. At the samo
time, however, there are also varying small incresses i 75 . On
the whole these four trajectories end in the western part of the
frontal zone and tend to be located on the southern periphery of
the zome between 500 and 600 mb. For the trajectory ending at 73¢ (W)
the P growth results from a large increase in 75 and & small
increase in stability. Sinmilerly for the trajectory ending at 518 (T
the P growth results more from a 7, increase than a stability
increase. However, the difference is not as proncunced as for tra-
jectory R .« These latter two trajectories terminate on the northern
periphery of the frontal =zone between 400 and 500 mb.

Gn the = 299K surface we sgaia note that trajectories L. ,
0 , RY and W’ are incapable of satisfying the displacement
relation. Of these four trajectories only IV corrected so as to
satisfy (3) would show a © dscrease. Again, as in the case of
the same trajectory on the © = 291°K surface the result seems
spuricus. On the 20 Docember at 0000 GMT on the © = 209°K station
486 has the highest wind spesd at 58 m sec ». Again, the ‘Y field
analysis supporte an argusent for a 65 to 70 m sec & wind maximum

just south of station 486. This difference would be encugh to
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enable one to draw an | vwhich satisfies (3) as well. However,

N
¥ and R ars drawn oo as to

there is no doubt that 42 W', O
satiefy (3) than a 1 Ancrease must result. In the case of the W
and QO trajectories there seems to bo a large and aluost unressonsble
horizontal difference betveen the initial points of Q versus Q
and N versus W . Yet, in both ceses there is clear cut ©
growth. The differemce is that N and QO show the © grovth
as the result of a :5%? increase with only a very slight posi-
tive change in 7o while N end O show the P growth as

the result of & 7, diacrease vith only minor changes in % .

1f the trajectories which satisfy (7) and (3) are accepted (W' ,O%)
then we again have the suggestion of 1 growth on the southern
periphery of the frontal zone due t0 & marked otability increase

with only a very azagit 7o increasc. On the cther hand the definite
P growth found vhen R’ e drawn so as to satisfy (3) is mostly
the result of & large and positive 7, incresse. 6tability changes
are nil with RY in very good agresment with W . Thus, as on

the 201K surface there i@ the suggestion for © growth on the
northern boundary of the frontal z¢me, due to an incresse in 7. .

It should be emphiwiszed that these changes are along an isentropic
surface and not along a horizontal surface. Not shown in the figures
are the many trajectories which were drawn 20 as t0 conserve <

m satiefy the enorgy @quation at the same time. It wns imposeible

for the same trajectories in figs. 20 through 31 to satisfy the
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displacement relation (3) az well. To satisfy (3) 1t was necessary

to postulate Y+ growth.

< Mo is
The next step iz to stand back and take a good look at the
entire analyses. First of all, after some thought it became clear
that the mixing ratic data was generally unreiiable, due to ths
large number of motorbosting values in the very dry air within the
frental zone. In a few cases, howsver, we were able to obtain use~-
ful resulte. For example, on the © = 283°K surface a mixing

E~)

ratic incresse occurs along N , W ® ’ = and L.V despite
slight to moderate descent. Motorboating and saturation problems
are not important here. On the © = 201°K surfsce it seems diffi-
cult not to postulate an increase despite descent along the N and S
trajectories. A slight incroase mey also take place along the \_
trajecteries. Similarly, on the © = 200°K surface there may be

a slight increase with descent along the \_ trajectories. Wide-
spread motorboating ain the other ceses makes comparisons imposaible.
Thus, we have a good exampls of sn arsa of meglect in metecrology.
The conservative natura of the mixing ratio is a very valuable fea-
ture under conditions of adisbatic descent. Unfortunately, until
just this last year the standsrd radicsonde instruments had a low

relative humidity bias and vwere incapable of measuring humidities

below -~40°C. This bias has beon eliminated by new carbon elementes
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on the radiosondes in use for the last yeer. A recent article by
Masterson ot al (1986) indicates that water vapor meagurements by
balloon-borne frost-point hygrometers have provided very accurate
relative humidity measurements im the upper troposphere snd lower
stratosphere. In fact, & moist layer with maximum relative humidities
close to 50% has bsen discovered below the tropical tropopause but
above the cut off of the vonventional Weather Bureau radiosoindes.

Mixing ratios of lese than 0.008 gm kg -

have been messured accurately.
it 4s very important that accurats humidity measurementa like there
become routinely available. Thia would lend a groeat deal more con~

fidence to trajectory analysis and would probabdbly be useful to

diffusion and turbulent mixing studies.

There i3 very little doubt that a definite increase in potential
vorticity occurred with one exception througbout the frontal zcne as
1¢ intensified over a twelve hour pericd. Tho most stringent require-
mont on the trajectories is the conservation of © because %_% , §? K%:\
and ¥_ must be sero for this to hold wiereas omly %& and friction
must be zerc for the energy equation to be satisfied. Now, we can
think of the nmon-conssrvation of  as the result of three effscts.
One, the normal component of the curl of the friction force, T e
to the isentropic surface is not zero but the flow is adiebatic. The

trajectories are correct but P is not conserved in this case. Two,
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the flow is adiabaiic on a given isemtrepic surface but disbatic
potions sxist on adjecent surfacez. In this case, even though the
isentropic trajectory is valid, disbatic motions on adjacent sur—
faces yisld P changes. Three, the flow is not adisbatic so that
the trajectories are wrong and Y will not be conserved. In addi-
tion, stability changes are going to be affected mostly by diaebatioc
motions vhereas relative vorticity changes will be influenced
meinly by frictional oltoct;.

The surprising feature of this case is the yenerally positive
changes in the relative vorticity, 7g , along the trajectories
vhere T increases. as the front intensifies and the isentropes
are squeszed together we would expect /o to decresse in order to
congerve © . This only sesms to happen in the middle of the
frontal zone viewed from above. To the south large stability in-
creases go along with slight g Aincresses while to the morth minor
stability changes go slong with large 7, increases. Since the initial
points 0f the trajectories were located between radiosonde stations
1t vas necessary to make a map of the stability on 19 December 12300 GMT
in order to calculats ¥ values. Wany of the initial points were
located just north of the U. 8. border in the data sparse region of
southern Canada. Now, errors in stability can have significant effects
on P calculations. With this error source in mind the necessary
soundings for the 19 December 1300 GKT were scrutinized to see if the

stability field could be remapped sc as to increase the stability
north of the Great Lekes. This would lead to higher initisl T values
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and reduce the ™ growih. The data did not justify doimg this,
however.

Another question to consider is the possible role of disbatic
effeots. Vaslues of % (31) wore calculated for various changes
of ¥ up to 20 units under the assumption that friction was un-
important. This corresponded to a cooling rate of 0.8°K per day
per 100 meters and was well within Moeller's (1851) cocoling rates
above cloud tops of 2 to 8°C per day per thousand feet. Cloudiness
beneath the intensifying upper front over the twelve hour period
was sparse with one exception. On the 19 December 1200 GMT cloudiness
and some light snow flurry activity over Michigan and the eastorn
Great Lakes area was associated with a weak low just northeast of
Green Bay. Cloud bages were in the vicinity of 2000 feet. The cloud
type was generally stratocumulus. Twelve hours later the weak surface
syetem had all but disappeared leaving some lee shore cloudiness and
snow flurries in the eastern Great Lakes regiom. It must be remembered
that at thet time of the year the Great Lakes were relatively werm
and ice free. Hence, they were able to supply meisture to the lower
levels of the overlying bitter cold air maes. This shows up im figs.
32 and 33 vhich are plots of the relative humidities on the © = 283°K
surface. Note the 40% relative humidity at €37 in fig. 32 and the
49% value at 528 in fig. 33.

The stratocumulue clouds at best are probebly a couple of thousand

fost thick and sxtend up to arocund the 850 mb level. This is woll
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balow the 800 %o 300 mb position of the © = 283 °K surface ovsr

the Great Lakes for the twelve hour period. Thui, the influence of cloud
tops for radidtional cooling and the associated stability changes cesms
minimal, Now, Staley (1968) has showmn that the distribution of mixing
ratio through a barcclinic zome in the upper troposphers can bave a
marked effect on the radiational coocling rate. The émversion is main-
tained or strengthencd eomowhat for mixing ratios which decrease
rapidly upward from the inversion base. iJimilarly, the inversion tends
to be weakened if this condition is not met. We will mow try to show
that this latter condition mey have played a role in our case. Examins-
tion of the Buffalo (538) sounding for 20 December at 0000 GMT reveals
& fairly moist layer Up to © = 207K with a relative humidity of
aheut 80% at © = 283°. The mixing ratio falls off only evay 80
slightly upward through the inversion and wind shear layer. Um 19
Dacember at 1200 GMT at stations (837) and (734) there is a slight
hint of the relatively moist layer extending up to and alightly Beyond

the © = 283°K surfsce. Unfortunately an incomplete sounding at
(837) and temperstures in the region of interest at (734) colder then
~40°C make it impossible to be certain of the humidity structure.
This area includss a large part of the region through which trajectorics
I and L peze on the © =283°K surface. Thus aue can only speculste
that the T decrease alomg I and possible decreaso along L on this
surface is dus to a slight destabilization. Otherwise, diabatic effects

sesm unimportant in this study. Reference to Appendix 11 shows the
deoremse in stability along 1, 1°, U and \_" to be the chief
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reagon for the 1~ decresse. MNote that while \_V satisfiass (3)
end (27) the largs horizontal difference botween O amd U (fig.
290) arouses suspicion in the trajectory.

The posifive relative vorticity changes stood out ths most on
the northern fringe of the fromtal zone., Owerall, the behavior was
to merkedly increase the stability of the frontal zone along the
southern boundary while still increasing the relative worticity
there. As the front intensifies snd the stability increases we would
oxpect the relative vorticity to decrease 12 Y is conserved. This
doss not happen and we have seen that diabatic effects do not offer
much of a clus to the non-conservation of © . Our case would be
strengthened if data were available for the western Atlantioc ocean.
All evidenoce points to the strongest portion of the frontal zone being
offshore on 20 December at 0000 GMT. Comparison of figures 23 and
26 shows that the area of maximum T valuss increased over the twelve
hour periocd on the lower © surfece. A similar comperison on the
© = 281 snd 299 surfaces ie not possible because the maximum V-
region i somewhere southeast of Nantucket om 20 December at 0000 GMT.
Thus, one can only speculate that a similsar area increase would be

found on these surfeces.



¥i. CONCLUSIONS

A, Rele of Turbulent Processss
Thus, we are forced to the conclusion that fricticmal effects

through the catch all T . term (32) played a significant role in

our cese. This hes not besn previocusly found to be true for these
upper trepospheric baroclinic z0mes. The potential vorticity either
increased or was conserved with one exception within the frontal zome.
Staley's (1960) claim for a ¥ decresse on the cold boundary of

an upper tropospheric front was nowhere substantiated. in ‘addi-

tion, his assertion of T growth due chiefly to diabatic effects

is not valid in this case. In a way the results are quite disappointing.
So very little is knoen about turbulent processes in the free atmos-
phere that very few quantitative statements can be made. It may be
quite 1ikoly that mesoscale atmospheric motions are important enough to
sffect syncptic scale features in this case.

If turbulent processes are indesd playing a role here than we are
left with three possibilities, all somevhat unsppsaling. One, tur-
bulenco be it mesoscale or synoptic scale is somehow strengthening
the jet gradient over the twelve hour period. Thie can take place
either if the jet intensifies or the gradient across the jet axie
increases. The data only hints at either of thess possibilities,
however. It zeeas unlikely the friction Wt of in its disaipative

SenEe can accomplish the above. Two, turbulent processes somghow act
to form and strengthen temperaturs inversions within the layer of
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strong verticel vind ehear. This is en area in vhich meososcale
atmospheric moticne mey be important. For example, mesoscale motions
may be respensible for the bringing together of stable leminae of the
type found by Danielssn (1960, Viewed on a synoptic scale this would
have the effect of creating a temperature inversion or a noticeable
discontinuity in the lapse rate vheore one did not exist before. UZ
course, the seme result could be accomplished by synoptic scale ver-
tical motions but that does not rule cut the former poseibility.

We know from cbservation that the varicus patterns in the atmos-
phere all have a certain degree of organization. Individual cumulus
clouds, for example, tend to be arranged im rows and the many small
cumuli of late morning are often a few larger clouds by late after-
noon. The dowmdraft from a thunderstorm cem result in a psuedo cold
front several times the diameter of the individual cell. A cluster
of storms may yield a peuedo cold front tens of miles long. This fromt
then pospesses many of the cbserved features of a true synoptic scale
front. The point here is that misoescale offects can cperate 80 as to
produce a system visible on the synoptic scale. By analogy, meposcale
motions may be oporating in a similar manner in upper tropoepheric
baroclinic zones, although on a scale of tens of miles to a synoptic
scale of hundreds of miles. The very dryness of these baroclinis
zones should not hinder ths analogy since, for eoxample, numerical
models have bsen able to genorate synoptic scale systems like squall

lines from mesopcale effects without incorporating the releass of
latent heat. Sse Sasski (1062), for eoxample. The latter, while
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important, has yet to be showm {0 bs boih a necessary and sufficient

condition for squall line development

B, ability o tire sia

The third possibility is the wost unappealing of all. Namely,
that the anslysis containe encugh errors to render the results
meapingless. It is hoped that thie did not happem here. Every effort
was made to make the analysis comsistent through numercus cross chacks.
in addition, the painstaking trajectory analysis gave the author a
good idea of the sensitivity of the various factors. Djuric (1961)
hec shown that the greatest source of error to trajectery analysis is
the sparcity of radiosonde data coupled with roundoff errors in wind
direction and inaccuracies in the wind speed as the result of the length
of the sampling period. Danielsen has also atudied these latter effects.
After working with the data the author agrees with the conclusions.
Undoubtedly, the trajectories still contain some errors but it is felt
that they are the best possible with the given data. In particular,
the sparcity of data in southern Canada lends uncertainty .ta the
field analysis there because of the marked cyclomic curvature of the
iscploths. Thus, tsotach and especially isogon analysis is uncertain
there. The only significant coutributions of the curvature term of
the relative vorticity to T evalustion occurs in regions of pro-
nounced Y curvature. However, a little experimentation in changing

the VWV 1field to get somevhat different trajectories failed to alter

any of the results.



C., Problem of Ciger Alr Turbulence
Perhaps the results of this study will {mpart momentum to the

developing studies of turbulent processes and in particular mesoscale
motions. The problem of clear air turbulemce (CAT) is likely involved
here algo. Lvidence has besn offered that occurrences of CAT have
boen associated with ﬁbpor tropospheric baroclinic zones. In turn,

the whole probl&n is connacted with the dynamics of the jet stream.
Also, topographic features at the surface may play a role. It may

be that the Great i’luno on the dowmstream side of the climatological
North American ridge is a favorable locatica for the fermation of these
intense baroclinic zones. Une cannot help but wonder if some con-
nection exists betwsen these zones end the dynamics of stratospheric
varzing phencmens with particular regard to CAT. Charney and Drezin
(1961) among others have shown that the western North American mountain
barrier and the associated climatological 800 mb ridge are able to act
as a source for a perturbation from helow to trigger baroclinic insta-
bility in the polar night vortex. This is by no means to suggest that
upper tropospheric fronts are related to stratospheric warming phenomena

but that a common factor may exist. For example, substantial vertical

motions are involved in both cases.

A further thought is indicated at this point. It has been shown

by Reed, Danielsen and others for the cases that they have studied that
air contained in the baroclinic extrusion is really of stratospheric
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origin. Thie forms the basis for the folded tropoupause argument.
The results of this study do not dispute this claim but they offer
another posaibility. Stratospheric air may still be present within
the frontal zone but the T growth over the twelve hour period may
indicate that such air does not reach as close to the surface as
obherwise thought. The whole peint here is that the folded tropopause
with air of stratospheric origin may not provide the entire explans~-

tion of high potential vorticity values within the fromtal zone.

B face ~ > here 1

One observaticn in conclusion that may be of interest. follows.
The formation and intensification of the upper tropospheric baroclinic
zone was associated with the next upstresm 500 wb vorticity maximum
from ons assocliated with a very intemse surface cyclons. The same
phenomenon oan be noted from Campana‘’s (1965) case. A quick check
offered similar evidence for Staley's case in 1980 and Reed's case in
1688, Finally, a further check through all of Profeesor Sanders®’ cases
for the 1963-64 winter soason established that the above were not isolated
obsarvations. The more intense fronts at 500 md were often amsociated
vith the vorticity maximum in the axis of the trough. The dnponinc
surface stora was associated with the immediate domstream 500 mb
vorticity maximum or at least are areas of positive voficity advection.
This suggests that some form of surface-tropospheric interaction may be

associated with the upper level baroclinic zones. In any event ths
presence of a deep 500 mb trough ssems to be a necessary condition for

the formation of these baroclinic mones. The oObgervations are of enough

interest to warrant further study.
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Appendix I

The following teble presents the vealues of a distance incre-
ment, 2 A , for various latitudes. It is used 1f tho contours
of W are enalyzsed at intervals of 800 5°sec °. The number
{and fraction) of contour intervals contaimed in 2 A is sulti-

plied by 10 to give the geostrophic velocity in m‘l.

Latitude (degrees) 2__ (dogrees of latitude)
25 8.8
30 7.4
38 . 6.9
40 5.8
48 6.2
1Y 4.8
8% 4.8
60 4.2

ag 3.2
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Q = 283%K

'p's. :P-P 5’; S"G ’ﬁ EN 4‘-{ AP

1 23.7 18.8 .133 .128 1.82 1.52 -17
h g 26.3 - .133 - 2.01 o -30
1\‘ = o 084 - ar - ~77
K 19.0 23,3 <102 174 1.80 1.36 -48
K 21.1 - 113 - 1.90 - «18
K" - - 119 - - «16
L 27.8 15.7 .143 ) 1.98 1.62 +63
e 23.7 - .119 o 2.03 - -14
L - - .108 - - - -48
~N 12.9 27.7 .083 172 1.60 1.64 -88
nf 1306 - 0083 - 10“ - -IO

> - - 243 - - - 0
0 10.3 2202 -072 01"‘ 10“ 1.53 -120
a* 9.8 - «070 - 1.40 - 117
ov - - +108 - - - =32

Subscripts > and ¥ refor to the initial end final values respectively

S = ‘;% in unite of °K mb *

M = 7o+¥  in units of 10™* sec”t

potential vorticity in units of 1074 x/wb  cw/sec’

v}
]

presgure change in mb, minus eign indicates descent

g
v
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