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ABSTRACT

An intense uppsr—tirepospheric front located over the south-
sastern United Statis on 20 Fobruary 1964 is oxamined in the
horizontal and vertical planes. Dus to the extreme dryness of
the regicn, the adiabatic assumption is considered valid. Tra=-
Jectories ending in the barsoclinic zone are constructed using a
total energy equation and conssrvation of potential vorticity as
guides. Then a study of the change in frontal intensity in the
horizontal is made.

The rapid intensification of the front is not coincident with
any surface deepening, but appears to occur with a marked inerease
in horizontal confiuence. The barcelinic zone crosses the 300-mb
level beneath the jet core and extends below 700 mb, but it is not
asgociated with any surface front. Alr is descending throughocut
the region, and an indirect circulation is noted everyvhere except
at 800 mb. The trajectories and high potential vorticity values
lend support to a stratospheric origin for the air parcels in the
front. Potential verticity incroases along the trajectories at the
higher imentropes through most of the frontal sone, and this i
attributed to diabatic effects rather than to fricticnal torgues.
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Both horizontal confluence and vertical tilding effaecis ars present
in the rapid frontogenssis; and it is suggested that the former pro—
dominates in the frontal zons and the latter predominates at the
entrance to the front.

Thesis Superviser: Frederick Sanders
Title: Associate Professor
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I. INTRODUCTIOR

A. Historical Background

Man has looked at the sky for centuries and has observed
phenomena existing far from the earth. The stars and the motions
of planets were two of the features that drew his attention up-
ward. Barly in the twentfeth century man again looked toward the
sky, not for extra-terrestrial purposes, but to observe the cha.
racteristics of weather patterns. Before 1920, Bjerknes (1919)
postulated the existence of weather fronts simply from obeerva-
tions. A front was defined as a sloping boundary between adjecent
and differing air masses. Margules had developed a theory of
fronts, using geostrophic and hydrostatic conditions, just after
the turn of the century, but for the first time surface observa-
tions were bearing out thefir existence., Bjerknes postulated the
exigtence of a steering line {(warm front) and of a squall line
(cold front), the classificetion depending upon which air mass was
advancing into a region.

This was the start of the Norwegian school in early meteor-
ology. Later Bjerknes and Solberg (1921, 1922) used empirical re-
sults to develop the polar front and wave cyclone theories. 1In eall
these cases a front was thought to be & sharp discontinuity in tem-
perature. Eventually vast amounts of surface and upper-air deta

showed that fronts were not sharp boundaries, rather they were

often broad zones of transition. Although intense baroclinic
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regions near the ground can be considered as temperature disconti-
nuities, those zones found above the friction layer are mainly dis-
continuities of temperature gradient. Many persons becawe skepti-
cal of the polar front theory when these broad transition zones were
found, and theoreticel meteorologists have abandoned them éomplezely
in their dynamicel models. The role of the front has decreased in
modern meteorology as the theoreticel branch has increased, but
nevertheless fronts are still basic to the weather forecaster.

Sanders (1954) has discussed two types of frontal zones. One
type is the surface front which reaches its maximum intensity near
the ground and becomes rather diffuse above 700 mb. 1In this case
warm air is forced to rise due to the presence of denser cold air,
and extensive cloudiness and precipitation usually result. With
the advent of & widespread radiosonde network, another class of
fronts was found—the middle and high tropospheric type. Palmén
(1948) noted that these fronts were found well above 700 mb and
often crossed the 500 mb level vertically below the jet stream.
Sanders has found them to be different from a mere extension of sur-
face fronts. They seem to be manifestations of subsiding masses of
air and reach their maximum intensity near 500 mb. Evidence has
been obtained that suggests & thermally indirect circulation near

these zones. This is the type of front with which we shall be con-

cerned; and it is characterized by strong vertical wind shear, by
pronounced temperature gradient, and by high stability and vorti-

city values.



B. Importaence of High-Level Fronts

It must be made clear at the start that these high tropo-
spheric fronts are not rare occurrences. They are often found on
the western sfides of vigorous atmospheric disturbances and initially
are located near the tropopause. As the storm matures, the froatal
zone appears to descend and to move in the direction of air flow.
During this time, the jet intensifies and air parcels flowing
through the baroclinic zone are continually subjected to fronto-
genetical and frontolyticel processes. As the front moves to the
south and southeast sides of the trough, it attaing strong inten-
sity near the 500-mb or 600-mb levels. At no time in the history
of one of these fronts does it geem to be a mere extension of a
surface front.

One of the prime reasons for studying these transition zones
is to confirm or to deny the existence (in these fronts) of a mode
of mass exchange between the stratosphere and troposphere. By
tracing back in time air parcels that constitute several of these
fronts, Staley in 1960 and Danielsen in 1964 have shown that there
is often air of stratospheric origin in these zones. Air mass ex-
change of thie type is important in modern studies of atmospheric
motions and high-level radiocactivity.

The mechanics of the general circulation of the atmosphere is
e probiem that has long confronted earth scientists. Meridional
air motions have been postulated since the time of Hadley in the

seventeenth century. Recently, several studies, including those
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of Newell (1963) and Oort (1963), have been made using ozone as a
trecer, end it seemsa that three meridionel cells exist. A thermally
direct (warm air rising) cell exists in the tropics and e thermally
indirect cell exists in middle latitudes, but the expected cell in
the polar regions hes been difficult to observe. High-level fronto-
genesis may simply be a manifestation of the air exchange between
stratosphere and troposphere that is necessary for the existence of
these cells.

Since the advent of nuclear testing, movement of air through
the tropopause has been given more ettention. Radioactivity that
i{s injected into the stratosphere must pass into the troposphere
before it eventually reaches the earth®s surface. Danielsen (1964)
and others have found high concentrations of nuclear debris in these
high-level fronts, and thus further proof of air mass exchange via
these zones is established.

tmother important reason for studying these fronts is the exis-
tence of cleer air turbulence (CAT) associated with the strong ver-
tical wind shear. 1t is difficult to assess the various atmospheric
perameters in relation to turbulent processes, but it seems that a
knowledge of these high-level fronts could be of assistance in deter-
mining vegions of CAT.

A& final possibility for examining these high baroclinic zones

is simply to compare them with surface fronts.
Thus we see that the field of frontal study is still quite ac-

tive, and although this investigation will not delve into all of
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the above problems, it will add another case study to the record.
There are three general roads that we shall follew. Fivst, a (-
description of the temperature structure of the front will be made
in the horizontal and the vertical planes, while iés evolution in
time and space is being displayed. Second, the possible strato-
spheric origin of the air in the frontal zone will be examined.
Finally, the charscteristics of the frontogenetical and frontoly-
tical effects induced by the accompanying motion field will be
studied.

Before we cen begin to investigate the specific case in Feb-
ruary 1964, the theory behind the construction of air parcel tra-
jectories, which will be important {n the second objective of this
thesis, is presented. Most of the techniques for attaining the
first and third objectives are basic enough to the resder so that

they may be employed with little explanation in the text.



ii. THEORY BASIC 70 CONSTRAUCTION GF TRAJECTORIE:

If one assumes that the aimosphers is an inviecid fluid, the
only work that can bo done 48 expansicn agsinst the pressure fLorces.
Therefors an amount of heet, dQ, added %o & unit masg of air must

balance both the internal emergy ( C, dT) and the work doms (-PA"‘)g

dQ = ¢, dT + pd= W

vhere C, 18 the specific heat of sir at constant wolume, T is the
temperature, p is the pressure, and < 4ia the specific volume.
Note that dQ is not an exact differential. By making use of the
agquation of state for a perfect ges, the First Law of Thermodynamics
for sdisbetic flow becomes: .

zfgé? -0 (2
This implies that the potentizl temperature is conserved if one
follows an air parcel. In our cass, the front is located in a very
dry region far enough from the surface of the earth and from layers
of heat absorbing or heat radiating clouds that the adiabatic assump=
tion is valid. Although low cloudinoss exists below the northeranmost
portions of the zone on the final day, we shall assume it ig a guf~

ficient distance under the region of interest that adiabatic motion
8till holds. Thus, isentropic flow will be cur £irgt comstraint on
the trajectories.



Ba . Monigoesary Sizesa Damstion
The gevatropic wind £ield on an isentropiec murface (Appendin 1)
vill be depleted by analyzing values of the Montgomery stream func—

tlon, y o
b= o7 +4%,

e is the specific heat of air at comstant pressure, g ie
P

the acceleration of gravity, T o 8ud 2, sre the temperature and

where

height of the specific surface. As Danielsen (1958) shows, ¢
mugt be known to four significent figures 1f the geostrophic wind
is to be relisbly determined. This means the temperature must be
known o tenths of a degree and height to tens of meters, which
seens imposaible. However, as Danielsen further shows, ¢y cag be
calculated with 1ittle error depeonding on the accuracy with vwhich
wa know the pressure of the isentropic surface. If To and p, ave
determined independently, them large errors may result; howsver,
vhen Poigson's eguation 43 used to obtein one from the other, the
error i@ found to be amall up into the middle atmosphers. This
latter cperation has besn performed in the computaticn of ¢ for

our case, 80 it seoms the orrors involved will not invalidate the

g8tirgam function analyais.

A firvst approximation to the initial locations of trajectories

ending in the frontal zone 18 the following kinematic relation:

D::. \/'+\/Z A-& (¢
2
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Here D 42 the distance traversed, V; is the velocity uzed in the
firat time period, Vg is the velocity used in the second time
period, and A1 s the time difference betwasn the inttial and
final points. Since a twelve~hour time interval is invelved, one
traces the path backwards along the V= field for the last six~hour
pericd and then along the ¢ = field for the first six~hour period.
In our case study, the gecstrophic dirsction of flow and the actual
vind spesds (ehich were sub-geostrophic) have been used in con-
Junction with (4).

To improve the accuracy of the trajectory oblained by (4), an
equaticn is developed below vhich accounts for the change in kinstie
energy of the parcel by giving it a deviation from its geostrophic
path., 1f the parcel simply follows the V= lines for the two time
pericds, it may start with a velocity of forty knots, but it may end
with a velocity of eighty knots. The incresse in welocity is a
result of the horizontal pressure~gradient force acting on a parcel
which has a non-geostrophic path, and in the example above the in-
crease is accounted for if the initial point is at a higher V- value
than the final point.

Now let us look at the simple definition of the total derivative

of }& o Using x, y, 6 as co~ordinates,

O(¢— oF +$‘.V}Z+deéﬁ

c‘{?“‘é’g Y €))

d
In this systenm a?e iz like the vertical welocity, since '%‘ is
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ths horizontel velocity. In our case the last term on the right
ic z8r0. On an isentropic surface, the wector egquation of horizoutal,

frictionless motion i3 written as followa:

f: —V%-—‘F(@X;}) @)

whers 'l\: is the unii vector in the vertical direction. Now take

the dot product of ¥V with equation (6), and get

:713 (lfzbi’lz) - :tAI’OV}L )

Adding (8) and (7),

(g ¥)- %

z

where 11_,\_'1 = \/
The term on the left~hand 2ide is a measure of the anergy of an
alr parcel, eince ¢ i# a sum of internal and potential energies
and V3/2 4a the kinetic energy. The term on the right-hand side
is the change in the (- field at s fixed point. Now integrate (3)
with respect to time over the length of the trajectory,

_ /3 \/z.l,SL?;%f
T ae“[

2 2 (§:))

whare ( )t is at the final time and ( )i is at the initial time.
The integral on the right can be approximated by the twelve—hour
difference in { at the initial, middle and f£inal points of the



1.
trajectory. Theose values are found by graphical subtraction of
the Y~en2lyses. Therefore, an squation which can be called a total
energy equaetion, has been developed to help us cbtain more accurate

trajectories

2t A +AL 2404,
%‘%**-\2/’-_‘:- —‘YZQ &= e 7 10

Bcre,A implies a twelve~hour change and ( ), fa the value at the

middle point of ﬁs particle path. Equation (10) is 2 means of
measguring crogs-contour flow, which impliss that work is being done
on the parcel by the snvironment or vice versa. In applying this
oquation to the presaat study, it is found the Y=field varies so

much in space that ¥ 4 is consiralnad to a narrow region on an ison~
tropic surface. 8ince most of the air parcels in our cese study are
being accelerated in tims, suppose as an example, we place & final
point in the jet stresm. By using (6), a firet approximation to the
initial point is determined; however, vbl will not satisfy (10) becauss
it io so low. By wmoving the initial point towards higher j-values, (10)
iz satisfied, as s (¢), and the air parcel curves more anticycloni-

cally than the P-fisid, from higher to lower values of the strsaem function.

There is still arother mesans of determining a more accurate tra-
Jectory; that is by the conservation of potential vorticity. The

theory behind this guantity is develcped bolowla The theoren

i. The proof is due in part to notes obtained in courge 18.634
at M. I.T., taught by Pediosky.
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ii.
wiil bs proven for the standard %, ¥y, = co-ordinste aystem and then
will be trensformed into an equation on an isentropic surface.

The vector smuaticn of motion for the earth's atwmosphere may

be written agc follows:

- K A
%—12’+/?‘.V4'}‘*+(FX$’;)=-—-?F;_,J£ +F (11)
vhere {l: iz the unit vector in the local vertical direction, g is
the acceleraticn dus to gravity, ?‘ ic some frictional force wvector,
and ¥ 4s the earth's rotational vector.
Now substitute the following identity

S |A®
2

- v..;__ S /_.\_ __;I;_x‘&\)
v V:VE"’U‘XC«;R/V‘-— Q12

into (11) and take the curl of the resulting eguation to get

%—E—;U-+Vx[(é‘\u+i)""ﬂ= V;f + VXE (13)

N
Hare (v is the three—~dimensional worticity veector. We have slszo

mede use of the fact that ? =l V@\ and

VXV( )‘-‘—O (14)

V@ is the apparent gravitational potential, which is dirscted
norzal to the gecid. V¥e teke the following identity,

Vr[@+F)x 7] = 5. 9(@+5) - (@+F). v
() 7D -3(v- ) o
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and substitute 4t into {13). Noting that the last term on the
right of (18) is zero, we cbtain,

5’([1@ +F) z+F) V%’—@ﬁ)(v ) P xVp

f)z (18)
-
+ VxF
This is the Helmholtz vorticity theorem. It is not a conservation
equation, dut it does tell us the vorticity of a particle can
change by tipping the vorticity wvecter, by three dimsnasional di-
vergence of the air motion, by a baroclinic effect, or by frictional

torque. The continuity equation (17) is used to simplify (16).

V”’.;z"']lf%tﬁ' Qan

Now tske the dot product of VO and the Helmholtz equation

(16), and get
o .d /= 1d -.T7) _
Vo % (8+F)-p5k vo-(B+f) =
o v . —_ (18)
- Ve —%.?:f+ ve. (ashﬁ)-v«’?;{ +VO « VX F
Noting that 5’?():: %—(2 +4U--V( ) o it can be show by

this simple expansion,

@HT):?{:L VO :[(CG\L-—F\)'V] 9‘% - Ve -[(&’H?)'V/zﬂ

“19)

Combining (18) and (19), and noting that the baroclinic term in



igd.
{13) vanishes sincs @ is oniy & fumcticn of pressure snd deusity,

we ohtain

= T *
o {(w $)-ve _,_[(w 2. V]o/f 70-7XF
el TP f
The quentity in brackets on the left-hand side is the potential
vorticity. For fricticnless, adlabatic flow, thin. hecomes a eon~
servation theorem; ststing that as VO 1g decreased (the isentropss
are spread spart), vorticity is produced by a stretching of the air
columms betwsen the potential ¢tempsrature surfaces.

By taking the component of absolute verticity in the direction

of the O -gradient, equation (20) becomes
AR S

vhore Fn iz the component of frictional torqus in the diraction

V

} S, \Ve‘ (21

of V@ » 8ineo e changes mozt rapidly in the vertical, this
part of VO will dominate, and we obtain (using the hydrostatic

epproximation)
IRl BICHST - {EE A A,

In cur case study adiabatic flow will bes assumed, o the conserva~-
tion of potential vorticity, P, mey be used with (4) and (10) to

improve the accuracy of ths trajectory.
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The terms comprising the potemtial vorticity now will be dis-
cussed. 7The %’; tern is a meagure of the stability of an
air parcol that is subjected o vertical displacement, and it is
alevays negative. In this theajs it iz evaluated by & centered
finite-difference approximation using a © ~-interval of four

degreses Xelvin :

e(._n{ - e(l-‘f

Ap

The other term in P is the absolute vorticity, (59 + 'FQ ) )

(23)

on an isentropic surfece. Tho difference between £ and £ o (the
vertical compenent of the earth's rotation on an isentropic level)

is on the order of 1o'° uc-l on the more steseply sloped isentropes,
s0 f will be used in place of £ g throughout this study. The rela-
tive vorticity, 5, , 1s computed from the pattern of wind flow

on the O- surface,
L _x U
6= Or, Rg (24)

vhere v 1 the wind spesd and r , 1z the radius of curvature of _
the streamlines. The shear ters, %3{9 o 18 evaluated in units
of sec ! by mesns of a finite-difference technique similar to (23)
(using 120 nautical miles as the diatance increment almost everyvhere),
The curvaturs term, 1.{9 + 18 evaluated as /U‘%%e ‘s where L

is parallel to the stresmlines and ¢ is the wind direction in radians,
Using 120 nautical miles for the distance increment, thie tera is
also evalusted by finite~difforence methods. It must bo noted that
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arrors in the cempuiation of 5@ will result, since the transg-
mitted wind data has bDeen rounded off to the nearest ten degrses.

One should sieo realize that the vorticity on an isentropic surface
is different than on an isobaric surface. The difference occursz
principally in the wind shear term, and it i3 a result of the sieesper
glope of the © surface. 3In some cases its possible to have oyclemic
shear on one of the surfaces and anticyclonic shgar on the other.

in the computation of potentiml vorticity for thias case study,
it became apparent that the stabiiity term was the moazt important
in detsrmining the size of P. Simply on this basig, high values of
P must bs found in the stratosphere, and in fect they can exceed those
in the troposphere by cone or more orders of magnitude. If we con-
s8ider the case of men—-adiabatic, frictionless flow, the wvertical
variation of heating ie the most imporiant term gontiributing to a

change of P in equation (22).
dP _ _ xS 4o

Thus, over a sufficient time period, heating above & region and
cooling below it will incresse P. In the stratosphere the "heating
above'' part occurs in the cozone layer and the ''cooling below' part
occurs in the uppar tropocphere. Hence, the atratosphere will have
high values of potential vorticity. In tropospheric regions far

enough from the ground and far encugh {rom condengaticn processss,
%{? is a small quantity and P iz spproximately conserved. Thus,
it is reasonable to attribute stratospheric origin to air parcels in
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the dry, middls~tropospheric fronts 12 they have high walues of
potential worticity.

In the next two secticnz the particular front found in February
1964 will be desoribed, and its evolution in tims and spece will
bo examined. Then in the follewing section the kinematic rela-
tion (4, the energy relation (10), and conservation of potential
vorticity will be used to develop air parcel trajectories. Finally,
as a direct result of the ¢(rajectories, the important frontogenstical

procezses occurring in this case will be explored.



111, SYNOPTIC SITUATION: 18-20 February 1964

In attempting to verify the existence of a high-tropospheric
front, it was necessary to sift through weather maps at the 500-mb
level. A particularly intense tempercture gradient was found to
exist along the southeastern coast of the United States on 20 Feb-
ruary 1964 at 0000 GMT. Noting that this gradient at 500 mb im-
plied a strong high-tropospheric front, the suthor decided te look
back in time to see if its origim could be determined. In entici-
pation of the existence of the front at higher levels at :earlier
times, a5 Sanders had found in several cases, the author decided
to observe the events starting on 18 Februsry at 1200 GMT. By
using methods to be explained in later sections, a distinct frontal
zone could be easily observed only on 20 February (0000 GMT), while
vague frontal areas seemed to exist twelve hours earlier.

At 1200 GMT on 18 February a rather weak trough was located
aloft over the central United States and s small surface wave was
appearing on the Florida-Culf coast. Cold air was beginning to fil-
ter out of Canada over Minnesota, and cold advection through the
disturbance alcft implied a rapid deepening. In twenty-four hours
the surface storm center had deepened from 1000-ub to 984-mb and

was located off the southeast New Jersey coast (figure 1). Aloft,
a pinwheel shaped height contour appeasred over the northern Mid-West
and seemed to show two separate disturbances (figure 2). The eastern

prong was associated with the intense surface storm, whereas the
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southern prong (over Arkansas) was not associated with any organized
surface system, although light precipitation was falling to the east.
By now & rather intense temperature gradient was associated with
this latter portion of the trough. Just an observation of the winad
field shows that a great deal of kinetic energy has been put into
the system, as wind speeds in excess of one hundred knots were
observed over the Southeast. Methods employed in the next section
will show the front was not very distinct.

On the twentieth at 0000 GMT the upper-level front has greatly
intensified. The 500-mb trough has deepened a bit (figure 3), and
the temperature gradient has increased, being about twenty degrees
Celsfus in 230 nautical miles (line AB); yet the surface storm has
had no decrease in central pressure and has shown little horizontal
movement (figure &4). The fact that the high-level front has in-
tensified long after the surface Iront (now over Cuba) gives us &
hint that there is little or no connection between the two. The
cloudiness that is noted in the surface observations below the high-
level front is in no way a reflection of the moisture associated with
it. These are low level strato-cumulus clouds formed by daytime

heating in an unstable air mass.



Iv. METHODS OF LOCATING THE FRONT

A, FPlotting Radiosonde Data

Now that the general features of the frontal situation have
been discussed, radiosonde data must be plotted for the four time
periods1 so that the baroclinic zone can be located in the vertf-
cal. A feature of these intense mid-tropospheric fronts (other
than the marked temperature gradient) is the occurrence of strong
vertical wind shear. The large, dry temperature inversions deter-
mining the vertical extent of the front are seen over Tampa and
Jacksonville on the twentieth (figures 5 end 6). An eighteen knot
wind shear between 9000 feet and 10,000 feet at Tampa is coupled
with the increase of eight degrees Celsius above 700 mb. Similarly
a £ifty knot wind shear between 12,000 feet and 14,000 feet at
Jacksonville is tied with the strong temperature inversion at 600 mb.
This coupling of temperature and wind is simply & result of the
thermal wind relationship.

1f we obgerve the change in direction of the air flow at both
stations, we see & backing of the wind with height, which implies
cold advection through the pertinent layer and therefore descending
motion. However, this is on the eastern side of the trough where

vorticity advection would imply ascending motion. Thus we cannot

1. 18 February, 1200 GMT; 19 February, 0000 GMT and 1200 GMT;
20 February, 0000 GMT,
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infer the vertical motions from the wind profile, but since the
air parcels are relatively warmer than their surroundings, we can
say that they have been descending during a large portion of their
journey.

An inherent problem in using trenshmitted radiosonde data has
been the ioss of some information from the original record. Wind
directions are rounded off to the nearest ten degrees and eignifi.
cant points on the soundings are determined by the observer. The
reprocessing of raw data might be advisable for a detailed studyl,
but we are observing a strong feature that will be discernible
despite errors in the data. Also, since we are concerned with
large variations in spzce and in time, a detefled analysis simply
is not feasible.

Now that one has determined the importance of vertical wind
shear {n locating the barociinic zone, the radfosonde data for the
region where the front exists (found by inspecting the thermal
field at 500 mb) then is sorted to find these strong vertical shears
(twenty knots in two thousand feet is arbitraerily chosen as a criti-
cal value). The pertinent stations are plotted on pseudo-adiabatic
charts, along with a ring of stations surrounding the region of
probable frontal activity. In trying to determine the number of
pseudo-adiabats to analyze, it is wise to choose more than are ini-
tially necessary, since most of the radiosonde network will be

needed eventually.

1. Danielsen (1960) has performed just such a study and has found
meny stable layers on the order of 1000 feet in depth.
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B. Potential Tenmperature Analyses

in regions of adiabatic flow, we have seen (11,4) that the
Pirst Law of Thermoedynamics can be expressed as the coneervation
of potential temperature following an air parcel. Since we are
discussing sn extremely dry region, the above statement of the
First Law can be used to trace air particles. This is a good rea-
son for using potential temperature as a dependent variable.

Now that all the radiosonde data has been plotted up (IV,A),
the front will be located on quasi-horizontal pressure levels by
means of isentropic surfaces. The reason for analyzing the poten-
tial temperature surfaces is to locate the front more accurately
in the horizontal by using the information that we have in the ver-
tical. 1If we had used the actual temperature gradient in locating
the front, atout all we could hope to see between stations would
be & uniform change in temperature (as along AB - figure 3). By
using the isentropic analyses, we have employed the stability
values at the various stations to give us a more accuréte location
of the front and a more realistic picture of its intensity (compare
figures 3 and 10).

A discussion of the development of the isentropic analyses
follous. Since our front is probably located somewhere between
300 mb and 700 mb, the highest end lowest potential temperatures
at these pressures, respectively, are determined from the pseudo-

adiabatic charts. 1In order to visualize what is happening in the

vertical, 2sentropic surfaces plotted at every 4°% from the lower
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limiting value are sufficient. On each such level for every ste-
tion, the pressure and the mixing vatio for this particular poten
gial tempereture are plotted, along with the difference in pressure
between this - surface and the one ebove. For each of these
isentropic levels the pressure is analyzed in fiftyemillibar in.
tervals with the aid of the difference field of the lower level.

A map of the pressure on a © -surface is now obtained, and it is
quite trivial to plot the & -field st a specific pressure level.
This results in a map of the thermal field at each isobaric sur-
fece. Levels 300 through 700 have been chosen in this study. A
spot check on the analyses may be made by using the following rela-

tion:
%% ) —%%o(gf)e

The term on the left is evaluated on an i{sobaric surface and the

(26)

last term on the right is evaluated on an isentropic surface., Fi-

nite difference methods are used,‘where __9_9 d - ___Ae A )
ACIRES 2y

A :;s set equal to eight degrees Kelvin, and noting that (Af))e
and Af are different, the terms on the right side of (26) are
evaluated at the middle point of the distance increment (A%)g .
Equation (26) should be satisfied if the analyses are correct.
The temperature analyses on the isobaric surfaces for 18 Feb-

ruary, 1200 GMT and 19 February, 0000 GMT have not been presented
since the thermal f£ields do not show any definite frontal zones.

In several places two potential temperature lines came close together
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for a little distance, but two isentropes do not constitute a
strong front. On the nineteenth at 1200 GMT, the vigorous zone
has not yet appeared; however, & bunching of the € .lines is evi-
dent over Arkansas and Louisiana (figures 7 and 8). The thermal
fields for 400 mb and 500 mb have been included mainly as a com-
parison for these fields twelve hours later.

On 20 February at 0000 GMT, the beroclinic zone has intensi-
fied {mmensely and is located on the southeast side of the trough
at 500 mb. The © -fields for pressures from 400 mb to 700 mb
have been included (figures 9, 10, 11, and 12). The first thing
to notice is how the intensity has developed in such a short time.
At 1200 GMT on the nineteenth the maximum gradient to be found at
500 mb is approximately thirteen degrees Kelvin in seventy nautical
miles over a small region in eastern Texas. At 0000 GMT on the
twentieth, the maximum gradient has become sixteen degrees Kelvin
in seventy nautical miles over a much bigger region. This gradient
has been verified using (26); and the zone has become much longer,
thereby implying that some strong frontogenetical process has
occurred in this short time. By looking at each pressure analysis,
one may see that the cold air boundary to the frontal zone is pro-
bably the 303°K isentrope at 400 mb, and it is the 295°K isentrope
at the lower surfaces. Similarly the warm air boundary changes as
each pressure level is observed—being © = 315°%, 3119K, 307°K,
3039K, respectively, at the four pressure levels starting at 400 mb.

Thus there appears to be & shift towards higher isentropes at higher

elevations.
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The study of the frontal life cycle can no longer be continued,
for it now moves out over the Atlantic Ocecan where data is sparse.
However, & quick check at 1200 GMT on the twentieth reveals a rem-
nant of the front at 800 mb over Miami and Key West. Comments
concerning the frontogenetical processes and the origin of air par-
cels composing the zone are deferred to & later section.

C. Potential Temperature Cross Section Analyses

Since the front has been located quasi-horizontally, it is
desirvable to see what it looks like in the verticel. Vertical
cross-sections using potential temperature are perhaps the best.
Actual temperature cross-sections become very complicated, whereas
the potential temperature cross-sections are relatively smooth.
Both the thermel wind relation and the isentropic analyses (1IV,B)
have been utilized in the construction of vertical cross-gections
perpendicular to the direction of air flow (analyzed for every two
degrees Kelvin). As expected nothing striking was found in those
analyzed for 18 February et 1200 GMT; however, on the nineteenth
at 0000 GMT several stable zones were found over Texas between the
2939%K and 2999K isentropes (figures 13 and 14). Since these poten-
tial temperatures are clearly the same as those found on the cold
side of the baroclinic zone twenty-four hours later, &t seems that
the esmaller temperature interval used has exposed possible begin..
nings of the front. 1If this is the case, then the frontal zones

certainly are travelling more slowly than the air parcels that are

flowing through them. If the location of these zones is arbitrarily



25.
taken as central Texas, then they ave moving at approximately
forty knots, whereas the air parcels are moving through them at
rpeeds often over one hundred knots. Since only the 295°K and
299%K isentropes are found in these zones, it is easy to show how
the “front" was missed in the isentropic analyses (1V,B).

On the nineteenth at 1200 GMT several relatively strong zones
have been found in the cross-sections. At 500 mb between Corpus
Christi and Lake Charles an intense front is observed from the
303°K isentrope (figure 15). We note that these potential tempera-
tures are higher than those compesing the front twelve hours later.
This zone may eventually dissipate, but it seems more reasonable
to associate it with the higher portions of the intense front on
the twentieth. Further east on the nineteenth a less intense
frontel zone is found between Tampa and Montgomery at 700 mb between
the 2919K and 301°K surfaces (figure 16).

On the twentieth, the strong baroclinic zone observed on the
isentropic charts is displayed in a vertical crosg-section {(figure
17°18).1 The isotach pattern (figure 19) and the moisture pattern
{figure 20) have been included. There are several significant fea.
tures of these analyses. First, the frontal zone is actually a come
bination of two potential temperature groupings. As noted in sec.
tion (1V,B), between 700 mb and 500 mb, the 295°K and 311°K isen-

tropes bound the zone., Above 500 mb, the baroclinic gone shifts to

l. Pigure 18 is analyzed for every 49K so that the essential fea-
tures of the front can be presented in a clear manner.
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higher isentropes (around © = 315%K) until it reaches into the
stratospheve near 300 mb. The fact that a portion of the front
extends into the stratosphere will be important in relating the
tropopause boundary to the frontal boundary in a later section.

We note how the frontal isentropes curl upward over Key West and
spread apart to the south, which seems to be more of an indication
that this front is not en extension from the surface. A second
feature of this situation is the location of the front at 500 mb.
This 1s near Charleston and is vertically under the jet stream,

8 fact discussed earlier by Palmen (1948). The final point to be
made concerne the moisture analysis. The extremely dry air that
constitutes the front is vividly shown over Tampa and Jacksonville.
Moisture streaming in aloft over the very dry layer at Tampa im-
plies that the flow at these higher levels is probably coming from
a more southerly and more moist region.

In this section various methods have been used to analyze the
intense middle-tropospheric front. It has been shown by an exami-
nation of the attached diegrams that this baroclinic zéne is rather
diffuse until it reaches the southeastern side of the trough. Many
and varied stable layers exist prior to the twentieth on the western
side of the trough. Of course, a fairly strong zone {s found north
of Corpus Christi on the nimeteenth, and it may extend over the
Gulf of Mexico; but these isentropes are of different values from
those on the twentieth and therefore may not be part of the frontal

zone, Using the methods of analysis of the previous section, we
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have further shown that the baroclinic region is characterized by
a large horizontal temperature gradient and an associated strong
vertical wind shear. This region is vefy stable and very dry
which may suggest descent from higher elevations. 1t is this last
point that must be verified by a trajectory anslysis using the

methods of section 1I.



V. DISCUBBION OF RESULTS

As_Trajoctories
In order to make a systematic study of one of these high-level

frontel zonesm, specific issntropic surfaces must be chosen. An
exenination of the potentisl temperature crosg~gection for 20 Feb~
ruary at 0000 GMT (figure 18) reveals that the 205°K, 303°K and 311°K
iseniropes are the approzimste boundaries and mid-point of the front
(espscially scuth of GS0). By using (3), the }-field for these three
surfaces was computed at 1200 GMT on the ninetesnth and at 0000 GMT
on the twentieth, and the winds at these levels were determined by
a linear interpolation of the transmitted teletype dats. The end
points of the trajectories were chesen ;p ths frontal =zone for 20
February (0000 GMT) and are labelled on the igotherm fields of the
800, 600 and 7007-m1111bar surfaces (figures 10~12). Other than
aligning the pointe perpendicular to the front for eech isentrope,
the cholce of positions was completely arbitrary.

Igentropic trajesctories using (4) and (10) were then constructed
(figures 21~20). In all cases it was found that simply wsing (4)
did not suffice, for the initial points of these trajectories had
to be moved to the scuth and west in order to satisfy (10). In most
cases the air parcels remained on the cyclonic side of the jet; how-

aver, those trajectories ending at 300 mb om the 311°K surfsce were
found to have come from the anticyclonic side. There is no possible
wvay to keep these trajectories on the cyclonic side of the jet without
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violating either (4) or {10). Thems Zive particle paihs imply that
& substantial increase in abzolute vorticity occcurs, and this will
meke it difficult ¢o conserve potential vorticity (see V, B).

The initial and finsl pressures given on the trajectory diagrams
show that in all cases there i d@seaﬁt. The 311°K 4sentrope represcnts
the warn air side of the frontal zone at 500 mb and the S03°K igen~
trope reprezents thie seme sids at 000 =mb and 700 mb. For the three
pressurs levels the 288°K {agntrope is the cold air boundary of the
frontel gzone. At 500 mb and 700 mb an indirect thermal circulation
is clearly wieible; thuz confirming en observation by Reed (1953).

At 600 mb there appears to be a direct thermsl circulation for the

two trajectories presented (figures 28,24); howsver, a similar analysis,
vhich hag not been included, shows a slight indirect circulation for
trajectories ending over scuthern Alabama (at this same level).

In order to zee if the trajectories were reasonable, several of
thene were studied in conjunction with radiosonde data. The tra-
joctory ending st point B near TPA at 700 mb on the 303°K surface
is obssrved to start at 549 mb near CRP on the nineteenth (figure 22).
The 303°K surface vhich is found in the middle of an intense front
over TPA (figure 5) is observed to be in the middle of a weaker front
ober CRP {(figure 30). Taus the front existed on the nineteenth, even
though it may have been difficult to observe it at these isentropes

in the isotherm field (figure 7,8).



B. Conservation of Potontial Vortieity

A good way of asgoseing the validity of the trajectories is %o
icok at the potential vorticity of the initial and finasl points.

In the cagse of adigbatic flow, the conssrvation of P implies that
ag the abgolute vorticity on an iseniropic surface increases
(decreases), ths stability of the air parcel must decrease (in~
cropao)c The poteutial vorticity of the initial and finsl points
of the trajectorics are presented in appendin Ii., In almost all
cases potential vorticity is incressing. There iz some negative
change of P on thé wentern end of the front at €3 = S03°K, end thip
is borne out by the trajectory ending over southern Alabama on this
isentropic surface. 8taley (19€0) found large positive potential
vortieity changes in the upper troposphere on the cold side of &
2ront and large negative changes in the frontal zone end around
the scuthern periphery. In ocur caese pesitive changes of P ocour
throughout the baroclinic zone.

On the 205°K isentropic surface potsntial vorticity is conserved
quite wall aleng most of the trajectories, and the absolute vor—
ticity and stability changs in the requirsd sensez. However, con-
servaticn of P becomes more difficult on the two higher surfaces.
At the 303°K level, the trajectory ending at D iz particularly non-
congerving. The absoluts vorticity has increased slightly, but the

stebility hes increased tremendously. By shortening the trajsctory
about 250 nauticel miles we might conserve P, but then {4) would be
wiolated. Thug gome non—adiabatic or frictionsl effect must be

osourring.
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On the 811°K surface.thera i a huge disercpancy between initial
and final values of P. In all these ceases the vorticity has in-
crazsed beucause the parcsls started on the anticyclonic side of the
Jet and ended on the cyclonic side. At the same time stobility
valuea have beocome much larger. The potential vorticity on the
311°K surface (figures 51, 32) has increased markedly in tvelve
hours over the ssstern United States, especially over the southern
Appelachains. P-values consistent with those of the later time
may be found on the ninetsenth; however, those values in the 70's
and 80'c on the teventieth certainly are not represented at the
earlier time. A diegrem has beem included to show the inability
%o conserve potentisl vorticity, energy (10), and kinematics (4)
similtencously (2igure S3). The trajectory om the 311°K surface
represonted by line MN is the ons determined by using (4) and (10),
vhile the dotted linn‘detarninoﬁ the location of a potential ver-
ticity value that agrees with ¢the f£inal valus. The line ON depicts
a trajectory which will conserve P and energy, but will not satisfy
(4). The average velocity mlong MN 15.100 knots and the average
velocity along ON is 60 kmots, clearly implying the existence of
some diabatic or frictional eZfect.

Conservation of P is a mors stringent requirement than the Snergy
eguation {10), since %0 ( é{?) and Fn must be zero (see (23)) for
the formesr to hold, wheroaa'only é;%? and friction must be zerec

for the latter to be wvzlid. There are three poanibie resazcns for
non-censsrvaticn of potential vorticity. First, air parcele can be

moving adiabatically on a particular surface, but disbetic motions
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may exist on adjacent surfaces. In this case the isentropie
trajectory is correct, but diabatic offscts cause the potential
vorticity of a parcel to change. Second, the flow may ba adia-
batic, but the frictional componsnis normal %o the isentropic sur—
faces (F n} may not be zero. Agoin the trajectories we have con-
structed are correct, but P is not bomo?véd- Finally, we may
eimply infer that the flow is non-adiabatic, the trajegtories arg
wrong, and P probably will not be conserved.

We note that the diabatic effects have a dirsct bearing only
on ntability changes, wheveas the frictional effects influence only
tho_rolatlw vorticity. For the five trajectories on the $11°K
surfacs, the movement from the antioyclonic to ths cyclonic side of
the jet causes the relative vorticity to increass from vory small
negative valusa to large positive onss., At the seme time the ste-
bility greatly increases, so naturally P 1s not conserved. Through=
out mogt of the lengthe of the trajectories the relative vorticity
is positive and changing in the positive sense; 80 1f frictionm is
thought of as a dissipetivs wochaniem, such increases would be
opposad by these frictional terques. Since the relative vorticity
increasss by necesaily, friction appears 0 play a small role in
changing P. Altsrnatively, if the change in stebility is a result
of the motion field, then 59 would necessarily decresse. This

does not heppen. If wo use the sbove two arguments, disbatic effects
sgew to be more important in chenging P than frietion on the 211°K

surface.



-
28,

For twe trajectories (5,8} on the 30E°K surfzce, alosg which
there 15 & otrong increase in P, the rsledive vorticity iz positive
and changes slightly ia the positive sense, vhile the atability
grows imaensely {(from .12 %0 .47°% (mb)"l along D; from .26 to
+41°K €mb)-1 elong Gj. The main csuse of the increass in P is
found ©2 be the stability change, thus impiying that diabatie
effecte might be {mportant. If the @tability imcrease is s result
of the motion field, then this sffect plus friction will cause a
decrsase in vorticity along the particle path. Bince the vorticity
incresses, it seenms that discbatic influences ave also the major
cauges of changos in P on the 303°K surface.

Recelling that low clouds oxist below the frontal region, we
note that the resultant radiaticnel cocling mear their tops can pro-
vide & positive diabat;c contributicn to the potential vortieity
changss. By using eguation (25) ws attompt to attribute all of the
potential vorticity changes to diabatic sffects. Taking the largest
chaage in P (about 40 units) and using the asscciated abaolute vor—
ticity we can solve for §%(§%?) and get a cooling rate on the
order of 10°C per day (per thougand fewt). Moller (1981) notea pos~
sible cooling rates on the order of 2°C 20 %°C per day esbove clouds,
thup meking ocur computed value gquite high; howsver, diabaiic effects
of this magnitude can enfs? in most of cur cases, if we obssrve the
averege change in P ie less than 20 units.

Of course these covling rates apply close to the cloud tops, and
sn examination of the radiosonde date for the twentieth reveals that
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the cisudiness 1s probebly sevaval thousand feet below the frontal
sone. However, 4f such onoling rates are sssumed to exist, dif-
fusion and turbulent mixing will extend such radiational effects
upvard-affeoting the 2053°K surface more strongly than the higher
isentropes. This reletive cooling of the cold air boundary inten~
pifies the tamperature gradient and thus helps to cause frontogenesie.
This disbatic effect altc wmeans that air parcels have descended
from higher levels than simple adiebatic trajectories show, possibly
making obssrved indirect circulationg less intonse (and dirsct cir—
culations more {utense).

From this discuasion we can see that the igsentropic trajectories
w2y be in srror. However, since the strength of the disdatic effects
can ngver be known, we chall assume that the non~congervation of P
(and all ita attendent problems) will not provent us from obtaining
reasonable qualitative results on the three potential temperature
surfaces. Although several trajeciories were altered slightly inm
an attempt to conserve P (42 (4) wes not violated by vaery much),

the majority were loft ss they were before the potential vorticity

anglysis was started.

Since several of the alr parcels have come from lavele above
400 =b and have high P-values,it ie puspescted that they bave descendsd

fron tho stratosphere. The exact location of the tropopsuse is un-
krown, oo the identification of air parcels with the stratosphere
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may be ¢ifficuli. From the verticsl cross~sections it is apparent
that many shallow stable layers exist in the high troposphers, sach
of vhich might be mistaken fer the tropopsuze. These layers arse of
differing phase and amplitude snd may be far apart at one station
end cloge together at the next; causing thé conventional tropopause
to oseillato in the oross~soction. Difficult as it may seem to label
the origina of air parcels by using the reported tropopause, we
aszune that high potential vortisity values will signify stratospheric
air. As an ezample of the problem of defining the actual tropopouae,
the intszeaection of the reported tropopauss on the 311°K surfsce for
the nineteenth {5 compared with the potential vorticity values at
thin isentropic laevel (ses figures 31 and 34). P-velues exceeding
20 or 25 ave definitoely stratospheric, yet Jackson, Mississippl with
a2 potential vorticity over &0 (at 394 md) on the 311°K surface re-
poris the conventionsl tropopause at 100 mbd.

Ag & firet approximation in dstermining the origin of the fromtal
alr parcels we can simply compare the {nitial peints with the re-
portsd tropopsuse. Using this method, only air parcsls ending at
points E, F, G on the ZBU°K and S03°K surfaces and the one ending
at point 3 on the 303°K surface (all at 500 mb) are initislly found
akove tha reported tropopauss. If this were the only meens of
identifying aly percels, all the others would have a tropospheric
origin, unless they had heen in the stratesphare at an sgarlier time.

Ag a geoond approximation in determining the origine of parcsls,
we oheerve their potentiaml vorticitly wvalues. A study of the reported
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tropopause on the twantioth roveanle that nove of the final points
of the trajectories ars shbove this boundary, so that high P=values
at the end points vwill imply 2 stralespheric origin. In addition
to the trajectories notad above, this method shows that pavcels
reaching points D and I on the $03°K surfaco and points G, H and I
on the 312% surface have a stratospheric beginning.

1% i3z interesting to note a potential worticity maximum in

the middle of the front ( © = 303°K) at points E, F and G (appendix
I1). Although this is a partial result of higher stability on the
303°K surface, 1t doss suggest a tongue~like sxtrusion of stra-
tospheric air that has been noted by many authors (Resd, 1983;
Danjelsen, 1664). Howaver, 1t is ditficult tc simply ssy that the
tropopeuse haz subsided to & low elavation and bocome a frontel
boundary. This does not explain the sxistence of the upper frontal
boundary, above which the air ie trepospheric. Danisloon (1064) and
others have postulated that the tropopause has become folded and a
wedge of stratosphers air has slipped into the troposphere. Daniel-
sen further explains how this felding can result from a suitable com~
bination of geostrophic winds and vertical velocities near the tro-
popauze. In anticipation of ceeing this tongue of stratospheric air,
potential vorticity and absolute vorticity values hawve been analyzed
on the vertical cross—ssotion for the twentieth at 0000 GMI (figures
33, 36). We will not see the stratospheore extsnding dowm into the

front, mince we have values at only three izentropic levalz, but an

sxtruded appesrance is clearly visible. The sharp change in the
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Peyniues outlines the frontsl boundaries in the lower and middie
tronogphere. HRepscially high velues of potentisl and absolute
worticities are noted betwson 400 mb and 500 mb. It sseme that
stratospherie air can be idontified aimost dowm to 700 ab in the
frontel sone nsay Tempa, then the front hecomss assccisted with a

stable laver in the tropical air over southern Florida (mee Figure

8},

¥hile we have attompiled to discuss the front in the middle
tropoaphere on the basis of fisentropic trajsctories, it becomes
necessary to delermine the various mechanisms at vork. According
to Miller (1948), the intensity of frontogenssis in the horizontal
may be aexpressced as,

4 (L), 9.(@) WwW A Wl
A\ Y/~ "ot/ By T gy

vhere the y-axis is directed toward the cold air, parallel to the
temperature gradient. The left side of (27) will be positive for
frontogenesis. Ths first term on the right ie the cffect of dia-
batic heating and eooling, and will be frontogenetical 1f there is
more intenss heating in tho warmsr air than in the colder air. The
positive effect of this term has been noted {V, B) in relation to

radiational cooliing at the tope of cicuds. However, since we have
agsumad the fiow tc be adisbatic and since any disbatic effects are



XE.
iupesoibio %o msasurs, this ternm ghall beo neglented. The second
torm on the right is the tRlileg effoct, and it expresgss the in~
fiucnce of vertical wmotion. The third teorm on the right is the
confivence term, and it represents intensification due to the
horizontal wind field. In cur case the size of this final term i3
very sensitive to the wind analyses, eince strong winds are blowing
nearly parallel to the frontal =zonsg.

The effects of the various tsres waere observed at the mid~-
points of the trajectories ending in tha wmiddlie of the frontal =cne.
For those ending at E, F and G, the trajectory chosen was along the
303°K surface; howswer, for the other trajectories, intermedicte
paths were interpolated hetwscn thoss along the flanking isentropic
surfaces. The vertical velocity was determined from the initial
and final pressurea over the twelve hour period. The stability
at the mid~points was computed as 2 simple average of the values
at thess points for the two time periods. 8ince the y~axie must be
perpendicular o the isothorms, an intermadiate tempsrature field
was constructed &t the appropriate pressure level by averaging the
initial and final patterns. This field was corrected by using
sevsral radiosconde siasticns that reported at 1800 GMT on the nine~
teenth. Velues of %31 wore obtained from the wind field at
1800 GMF for the trejectoriesz emding at E, F, G, H and I; but an
averageo of the initial and £inal values of this confluence term wag

uged for the otheor trajectories, since their mid-points wers close
to or cver the Gulf of Msxice. The % term had to be evalupted
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by aversging the indiial and finasl veluss of the temperature
gradient. The walucs of the varicus terms were then calculated as
twolve hour averages. I1¢ muet be noted, before the computations are
started, that this anelysis is quits guscaptible to srror, since it
depends upon the positioming of the trajectory amid-points.

The values of the wariocus tarms 2or gix of the trajectories are
included in table I. The computaticus for the other three (A, B ang
D) were extremely poor, probably dus to the lack of data over the

Guit of Mexileo.

Isbln 1
Finsl pointe C B F G B h ¢
Tiiting offect -§.3 .l 4.8 +8.0 +8.1 0.7
Conflusnoe effect 7.8 (o7 +5.2 +2.6 .2 +7.8
Total (computed) +8.3 +3.4 +10.0 +7.6 +8.3 18,3
Total (chsarved) +2.1 +3.8 +B.2 +8.3 +0,7 +8.0

The importance of the confluence effect for point C is certainly
necesgary 0 overbalance the frontolytical eoffect of direct circulas~
tien. The fairly close agresment betwsen the cbasyved intenaification
and the computsd intengification lends support to our entire analysis,
even though problems arose for the thrao trajectories noted above.

The mid-pointe of the trajectories snding &t K and 1 at 500 mb
appear to be in the Zrontal zoene, vhersesz the mid-polnts of B, F, G

geom to he near the entronce of the bareelinic zons. From this we

might surmise that the tilting term is relatively important in ths

entrance region end the confluence term predomisatss in the frontal
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zone $taslf. The mid-polint of trajectory C is prokebly near the
entrance to the front, but the strong confluence term iz ncoessary
due to the direct cireulation at 800 mb. For the two trajectories
ending et 700 mb (not iisted), the tilting e¢ffeoct was 50 strong that
the computed intensification was an order of megnitude larger then
the obsaerved intenaification.

Tha dynamical agpeoots of frontogenesis have been discussed, and
the repid development of cur front on the southeast mide of the trough
now oen be atudied. In an attempt to uncover the reaszon for the strong
growth ef the front, the 500~-mb charts and the 650-md vertical veloeity
mepe wors examined for the pericd, 18-20 February. Other than neting
the existience of & wvigorcus trough in the Facific Northwest that movss
dewn into Utah on the twentieth, the gonsrsl synoptic situations bave
beon discussed in section I,

The first term %0 be sxemined is the effect of horizontal con-
fluences It iz evident that any trajectory ending in a hypothetical
front over Texas (using 500-mb data for the first two time pariocds)
will be pagsing through a diffluent region caused dy thae trough in
British Columbis (figure $7)s It 15 only vhen the mejor trough in
the kast s fer encugh from Che disturbance in the Yewt (en tho nine~
toenth ot 1200 OMT and ezpscimlly on the twentioth at 0000 GNT) that
gtrong confluent flow can «iiset on its acuthwaest eide {(Ligures 2,3).

The directions and perhaps the magnitudss of vertical velocities

at highsr levels can be inierred from those at 830 mb, and thus ws

may ouserve the effect of the ¢ilting texz. In all cases the descent



die
ip strenger to the gouth, therefors givisg us confidence in the
indirect circuletions that wo chisined in wost cases by uoing the
trajectory analyses. In the first two time periods, trajectoriss
from this hypothetical front over Texss probebly will be rising tni-
tially and then descending. In such & cage the tilting term may bo
reduced. For the last time pericd, we are far snough frem the
weatern trough that there is descent throughout the particle paths.
Also, a zmall region of very streng descent exists over southern
Louisiana on the twentiseth, theredby implying good indircet cirou—

lation 12 the southernmost o2 a palr of trajectories passes through it.
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VI. CONCLUSIONS

An upper-tropospheric {rontal zone has been examined over the
southern and central portions of the United States for 18.20 Pebru-
ary 1964, Very diffuse frontal zones appear ovexr Texas on the nine-
teenth at 1200 GMT to the soutlwest of the 500-mb trough. Air par-
cels passing rapidly through this region are being subjected to
frontogenetical and frontolytical provesses. Rapid frontogenesis
occurs on the goutheast side of the trough {20 February at 0000 GMT)
only when the trough in the west is distant enough to allow the
various dynamical mechanisms to work in a strong positive sense and
increase the frontal intensity. The front, which exists over the
southeast, extends from above 400 mb to below 700 mb and its boun-
daries are shifted towsrds higher isentropes at higher elevations.
The rapid intengification does not appear to be coincident with any
surface deepening, although the 500.mb trough strengthens slightiy.
The baroclinic zone seems o be connected to a stable layer in the
tropical air, but does not appear to bs gsttached to the surface
eold front. The zone ig charasecterized by a strong vertical wind
shear, & strong temperature gradient and a high stebility; and it
is located vertically below the jet core at 500 mb.

Yery dry conditions and height above the gréund gives one con-

fidence in using the adiabatic assumption to analyze the front.
Three-dimensional isentropic trajectories, terminating in and near

the intemse portion of the frontal zone, were constructed using the



£3s
energy equation and potential vorticity as guides. Contrary to
Staley’s result in 1960, potentiml vorticity was observed to in-
crease through most of the frontal zome. The change in P has been
attributed mainly to diabatic effects, but it is assumed that this
non-conservation will not geriously impair our adiabatic trajec.
tories. Descending air exists throughout the region, and indirect
circulation is found everywhere except for those eir parcels ending
at 600 mb. The descent exists on both sides of the jet, and in
several cases it seems that parcels cross the jet before descending.
Evidence based on the trajectory analysis and P-analysis shows the
existence of stratospheric air in the frontal zone. The cross sec-
tion prepared for the twentieth displaye the tongue-like extrusion
of stratospheric air that has been noted by several suthors.

The frontogenetical processes at work in this case are both
the horizontal confluence and verticel tilting effects. This is
contrary to the results of Reed and Senders (1953) where the tilt.
ing effect predominated. From a quick look at the trajectories it
appears that the tilting term is relatively important at the en-
trance to the front, whereas the confluence term is important in

the frontal zore izseif.
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APPENDIX I

The following teble prezents the values of a distance incre-

ment, 2A, for various latitudes. It is used if the contours of

are analyzed at intervals of 600 mé/sec?. The number (and fraction)
of contour intervals contained in 2A1s multiplied by 10 to give

the geostrophic veloeity {n m/gec.

Latitude (degrees) 2/\ (degrees of latitude)
25

8.8
30 7.4
35 6.5
‘io 5.8
45 5.2
50 4.8
35 4.5
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AYPENDIE 1%

& = 295°% © = 303°K ® = 311%
Py Pe Py P P, P,
A 4 8 20 29
B A 7 19 19
c 9 12 i1 20
D 11 16 10 L4
E 26 26 33 30 4 16
P 26 28 41 43 5 19
¢ 22 31 30 63 3 25
H 36 L4 8 40
1 29 29 15 54

Pi is the inftial value and Pf is the final value. The

o
s B -3
units of P are oF sect x 10749,
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