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ABSTRACT

This report is concerned with the theory and confirmation of a
stratospheric-tropospheric exchange which accompanics a
tropopause. Air irom the lower part of the cyclonic stratosphere is
extruded to form a thin inclined layer in the troposphere. The SPRING-
FIELD data prove that the extruded tropospheric layers contain radio-
activity concentrations typical of the stratosphere. Concentrations
exceeding the tropospheric by one or two orders of magnitude were
measured aboard WB-50 and RB-57 aircraft on specially vectored flight
paths. The sharp change in concentrations at the boundaries also con-
firms that the folding process is predominantly laminar, so it is appro-
priate to refer to the exchange as a transport rather than a ditffusion
process.

The agreement between the radioactivity and meteorological
mepsurements is remar!
and meteorologist is the high correlation between the concentrations of
radioactivity and the potential vorticity., Since the latter can be deter-
mined from conventional radiosonde data, the three dimensional

distribution of the former can be approximated. The distribu :on 15 not

simple but the presence of the layers cannot be ignored in the fallout




prob'em. Each layer acts as a low altitude source for both wet and dry
fallout,

The report comtains as complete a description of the folding and
transport process as is possible to date.  Physical processes capable
of mixing the radioactivity from the layers to the ground are also
discussed, including their probable distribution with respect to the

extruded layers,
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PREFACE

Nature of Report.

This document is a special report on Project SPRINGFIELD, a
research program funded by the Defense Atomic Support Agency and the
Atomic Energy Commission. The U. S. Weather Bureau and several
universities and industrial groups have cooperated in this project, the
overall goal of which is to document and explain the spring fallout
maximum by use of sampling aircraft and intensive collection and
radiochemical analysis of rainfall. This report documents the {first
major undertaking of SPRINGFIELD: the verification of tropopause
folding as a method of stratosphere -- troposphere exchange of fallout
material.

A large store of information is now becoming available on the amount
and location of radioactive debris injected into the stratosphere by nuclear
weapons tests, and as-a result, stratospheric transfer processes are
beginning to be understood. The least understood facet of world - wide
fallout has been the method or methods by which debris in the stratosphere
enters the troposphere. That portion of Project SPRINGFIELD reported
in this document is the experimental confirmation of the theory of tropo-

pause folding and its importance in the transfer of radioactive debris.
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CHAPTER 1

INTRODUCTION

Project SPRINGFIELD was organized to test a theory of mass
transport from the stratosphere to the troposphere. As the tropopause
folds, air from the stratosphere is drawn out to form a thin layer in
the troposphere. If the exchange process is indeed a transport, the
radioactivity and ozone concentrations of the stratospheric air should
be approximately conserved during the layer forination. It follows
from this that the distribution of radioactivity in the troposphere should
be layered, with one or more distinct maxima and minima.

It is generally assumed that radioactivity enters the troposphere
by diffusion -- either across the tropopause itself or along so-calle”
"break lines' in the tropopause. I is further acsumed that the tropo-
sphere is characterized by vigorous mixing which would dilute the con-
centration of any radioactivity or ozone once it entered the troposphere.
From this conventional viewpoint, high concentrations of radioactivity
would be found only in the stra.osphere, some twelve {0 scventeen
kilometers above sea level. 1In other wordc, the earth's surface :iiould
be insulated from the stratospheric radioactivity by the complcte depth

of the troposphere except for an occasional short circuit produced by

the most intense cumulonimbus clouds.




The theory to be tested challenges both this viewpoint and its as-
sumptions. It relates the folding process to cyclogenesis and predicts
transport, almost to the carth's surface, when intense cyclones are
formed. The transported radiocctivity then acts as a low altitude source,
of stratospheric inteasity, for both wet and dry fallout. It is not difficult
to imagine a variety of physical processes which could tap these sources.
Several will be discussed in this report.

it would be misleading to leave the impression that testing the
theory was the only purpose of Project SPRINGFIELD. It was its cen-
tral purpose because of obvious implications to all aspects of the fallout
problem. The project was also organized to coordinate air {ilter
sampling with radar measurements and precipitation sampling. The
relative imporiance of the numerous physical processes involved in wet
fallout cannot he unscramblied without a coordinated measuring program.
We sy well find the data obtained in Project SPRINGFIE LD insufficient
is certainly necessary.

The sigrificance of programs of this {ype is8 also not restricted to
the problem of world-wide fallout. Metecrologists are continually hand-
icapped by their inzbility to trace an air parcel's movement through the

three dimensional atmosphere. Many misconceptions have developed

because the meteorologist is conditioned to view the motion two



dimensionally or quasi-two dimensionally. A few measurements made

in the right place at the right tim
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CHAPTER 1

THE THEORY AND IMPLICATIONS OF TROPOPAUSE
FOLDINCG B '

Historical Background.

The concept of a folded tropopause appeared in the literature as
early as 1937. Bjerknese and Palmer (1) considered a folded tropopause
as the most logical interpretation of certain high level temperature and
stability changes observed during the European Serial Ascents Program.

Sawyer, (2) in his 1946 study of the iropopause over Great
Britain, also felt the data occasionally warranted this interpretation,
but only occasionally. He attempted a Lagranglan analysis of the tropo-
pause, i.e., an analysis of the changes iollowing the three dimensional
trajectories of the air parcels. However, his trajectories were com-
puted from constant pressure charts and therefore offer little assurance
that the computed trajectories corregpond to the parcel's trajectories.
The 1nability to trace and identify the same air parcels as they move
with time limits his conclusions to an interpretation, perhaps correct,
but not demonstrably correct.

In 1955, Reed (3) presented a rather convincing body of evidence
to dernonstrate that the tropopause actually does fold. Studying one
case of tropopause folding over North America, he traced stratospheric
air along descending trajectories into the troposphere. The trajectories

were reccusgtructed from the steamlines on isentropic surfaces and
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veritied by the parcel's consistently large values of potential vorticity.
His evidence, although internally consistent and physically meamingful,
did not receive wide acceptance. It is ecasy. of course, to dismiss

the results of one case study.

Support for the concept of tropopause folding, based on several
cases, was presented by Reed and Danielsen (4) in 1959. They published
a composite or mean cross section, oriented orthogonal to the flow,
showing the distribution of potential vorticity in both the stratosphere
and troposphere. Thelr mean cross section showed, as did Reed's
study ot 1955, that the large values of potential vorticity extended down
and southward from the stratosphere into the troposphere. The tongue-
like extension joined a tropospheric front at its lower limit and, except
for its large value of potential vorticity, was indistinguishable from the
tropospheric front. Since reasonable physical processes would require
days or weeks to create these large values of potential vorticity from
tropospheric air, the authors argued that its origin mu <t be the strato-
sphere,

In the following year, Danielsen (5) published the results of a
compichensive tropopause study based on isentropic trajectories and

the original radiosonde observations over North America. The

original records processed in detail contained many thin layers or




laminae of high stability. Isentropic trajectories demonstrated strato-
spheric sources for many but not all of these laminae.  The evidence
mphed that the folding process was frequent, and also implied that the
folding produced thin layers which were climinated from the processed
radiosonde data -- unless two or more laminac merged to form a deeper
lamina.

During the same year the author analysed in detail one case of
tropopause folding to evaluate the mass trangport from stratosphere
to troposphere. This was found to be of the order of 10 grams per day
per storm. The research was conducted at the Deutscl.c Wetter Dienst
and the results were presented there at a seminar in October, 1959,
The data and results were not published because strong objections
were raised to the methods of trajectory computatiorn., Since the answer
depended directly on the reliability of the trajectories the author turned
his attention to developing a more objective method of trajectory analy-
sis.

An objective method was developed and published in 1961,
Danielsen (6). When the method was applied to the case previously
studied the former results were confirmed. But application of the

method led tH a better understanding of the folding process. In

particular, it clarified the roles of the geostrophic and ageostrophic




velocity components.  The lmportant ageostrophic components are
frequently too small to be measured, but their iniegrated effects can
be determined through the trajectory analyses. Many of the concepts
to be presented 1n the following chapters were derived from the appli-
cation of this method.

In the Spring of 1960 the Weather Bureau conducted a special
radivactivity sampling program to {est the validity of the theory of
tropopause folding. They flew B-5T aircraft in the vicinity of the
tropopause over southwestern United States and obtained approximately
130 reliable filter samples between March and June.

In 1961, the author, with tae assistance of several graduate
students, determined the meteorological conditions appropriate to 126
samples, The number and locations of filter samples for any particula-
case were not sufficient to prove or disprove the theory. PRut it is
possible to check on one aspect of the theory. As mentioned carlier |,
it was argued that the large valucs ot potential vorticity had their
origin in the stratosphere. I correct, this implied a posgitive corre-
lation hetween the concentration of radioactivity and the potential vor-
ticity.

9, W185,

The activity of several isotopes, such as Srgo, 81‘8 and

|9}
Be !, were plotted using potential temperature and potential vorticity
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as orthogonal coordinates. The results appear in a wechnical report by
Danieclsen, Bergman and Paulson (7) published in 1962, All of the
samples extracted from air with a large potential vorticity had high

30 185 7

Sr”7, W and Be' activities and no measurable sr89 activity.  Since

89 activity should have remained from the tests which

no measurable Sr
preceded the moratorium, the assumption was confirmed. On the other
hand, high Sr89 activities, unambiguously attributed to the French
Sahara test of February 13, 1960, were extracted from air with
intermediate values of potential vorticity and within a restricted potential
temperature range. These samples came from stable layers on the
anticyclonic side of 4 jet, and it is now known that the activity was
deposited in stable layers, of approximately the same potential
temperature, on the anticyclonic side of the so-called ''subtropical jet. "
This lends credencc o the assumptions that potential temperature and
potential vorticily are quasi-conservative atmospheric quantities.

in the chapters immediately following, both of these quantities will
be defined and discussed. They are fundamental tu all remaining
discussions; therefore, the author included these chapters to assist the
reader who may not find thera familiar.

Potential Temperature, The potential temperature of an ai

parcel is derived from the first law of thermodynanics by assuming a




negligible heat transfer bhetween the parcel and its environment. As the
parcel's actual temperature changes by compression or expansion, its

potential temperature remains constant. It is computed {rom Poisson's

o=T fPop & 1
p

where T and p are the actual temperature and pressure and @ and Po

relation

are the potential temperature and reference pressure, It 18 customary
to choose 100C¢ mb, approximately surface pressure, for the reference
s0 that Q is the temperature of an air parcel compressed to sea level
pregsure. The exponent, k = . 286, is the ratio of the gas constant to
the specific heat at constant pressure.

In the atmosphere @ increases with height, therefore, © can be
used as a vertical coordinate instead of the height itseld. If a parcel
moves without any heat transfer, its © coordinate is invariant; con-
versely, a change in its @ coordinate requires an energy transfe:
either by conduction, radiation, a phase change, or by mixing along
the © gradient.

For radioactivity studies, the © coordinate has more physical
significance than the usual height coordinate. If the radioactive
particles are sufficiently small to remain in suspension, and this appears

to be the case, at leasi for the products of air bursts, then they move




with the air molecules which suspend them. They are subject to the
same physical constraints as the air parcels. The thermodynamic con-
straints can be interpreted from the @ coordinate. Values of 6 » 400°
exist only in the stratesplicre. This air can neither enter the troposphere
nor reach the earth's surface without a diabatic process. Values between
300 and 4009K extend from the stratosphere into the troposphere.  Air
with a coordinate in this range may move from the stratospiierce to the
troposphere by an adiabatic transport; i. e., no diabatic process is
necessary. At the lower limit of this range, between 320 and 300°0K,

the air may also be transported adiabat:  ly directly to the carth's
surface. What is implicd here is the pussibility of a direct transport
from the lower stratosphere to the earth's surface. Dynamic constraints
control the probability of this transport but we must recognize that
thermodynamically it is possible.

From this viewpoint a stratospheric injection of radioactivity in the

<]

300 to 3200K ronge may have as short a residence time as tropospheric
injection, while the concentrations of radioactivity may be higher for
the former than for the latter. The high latitude Russian explosions
must be considered in this context. The usual distinction between a

stratospheric and a tropospheric residence time may be misleading.

From thermodynamic considerations the residence time should be a

10



function of the @ coordinate. Dynamic constraints would be expected to
modify but not negate the @ dependence,

The above discussion indicates one advantage derived from the use
of @ coordinates. Another advantage is realized in the use of @ suriaces
for trajectory computations., The author, Daniclsen (6), lLias shown that
trajectorics computed from the conventional constant pressure surfaces
are subject tu extremely large errors where vertical motions are large.
Vertical motions in the atmosphere correlate positively with temperature
advection and the latter correlates with a turning of both the wind and
the pressure gradient with height. When these correlations exist, the
curvatures of the parcel's trajectory are always more anticyclonic than
the curvatures of a constant pressurc trajectory. Thus, the parcel does
not remain in vertizal alignment with the constant pressure trajectory.
The horizontal deviations are not negligible. Even in twelve hours they
may become extremely large -- of the order of 1000 kn . Also, on the
pressure surface one usually cannot distinguish kinetic energy changes
due to actual speced accelerations from changes due to the vertical
advection of kinetic energy. The significance of speed accelerations
will be illustrated later., Considering both sources of error, constant
pressure trajectories are only reliable when vertical motions arce negh

yibly smail, but these cases are trivial,
gioly s



Since the parcel's @ cocrdinale is a slowly varying function of time,
except in certain easily identified situations, both sources of error are
eliminated by the use of @ surtaces. The horizontal vector cquation of
motion yields two scalar equalions, one governing the speed accelerations,
the other the curvature accelerations. Speed changes are incorporated
directly i1nto the trajectory computation. The independent curvature
equation can be used as a diagnostic equation to check on the reliability
of the analyses. The method breaks down only when mixing occurs. It
is important, therefore, to be able to detect the regions of mixing.

Potential Vorticity. FPotential vorticity, the quantity Reed used as

a tracer for stratospheric air, can also be used to detect mixing. It is
a quasi-conservative scalar derived from the vector equation of motion,
the continuity and energy equations, and is defined by

P =avo: (VXV + 20)) 2
where a is the specific volume, VO is the three «imensional gradient of
potential temperature and the term 1n parenthesis, the absolute vorticity,
is the sum of the curl of the velocity and twice the angular velocity of
tl  earth.

To an excellent approximation equation 2 can be reduced to

Pg=-¢ 36 (5g+ 1D 3
ap o
where g is the acceleration of gravity, 39 s a measure of the
S P
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stability ol a parcel subject to a vertical displacement and Z@ i f (the
sum of the horizontal curl or vorticity measured on a @ map and the
vertical component, f, of the carth's vorticity) is a measure of the
stability of a parcel subject to a horizontal displacement. Pg combines
as « product of the two parcel stability criteria, namely, hydrostatic
stability and inertial stability. It both terms are positive, a displaced
parcel is forced back to its equilibrium position. It either is negative,
the displacement is amplitied and mixing develops,

As shown by Reed (3) and by Reed and Danielsen (4), the values of
Pg in the stratospherc exceed the tropospheric values by une, two or

threce orders of magnitude. In the absence of mixing,

dPg = _y (B g + 1) & (@O) 4
g ( + 1) Q. ;
di ® ap (dt)

From this we can easily account {or the creation of large stratospheric
and low tropospheric values. Heating above and cooling below increases
Pg , thus the heating source of the ozone layer generates large values
in the stratosphere. Conversely. heating at the carth's surface generates
low values and leads to vertical mixing in the troposphere. When cloud
or moisture layers extend up to the tropopause the radiational cooling at
their top accentuates both trends,
do
Excluding radiational cooling at c¢loud tops, dU is a small quantity

in the free atmosphere, i.e,, above the friction layer and below the

13




ozone prediction layer. Therefore, Pg tends to be conserved as does
g Yor: riods both quantities approximate scalar invariants of
thefluid and can be used as stationary Lagrangian coordinates.

This property permits one to trace and identity air of stratospheric
properties. When the tropopause folds, tropospheric air with small
values of Pg folds over an extruded layer of stratospheric air with large
values of Pg . Since each parcel conse 'ves its value of PQ during the
folding process, the air of stratospheric origin can be readily identified
even after it is considered a part of the troposphere,

Tropopause Folding -- Two Dimensions, The process of tropopause

folding and the trajectories of the extruded stratospheric air will now be
traced out in detail through a series of two and three dimensional drawings.
From the many individual cases studied by the author characteristic
features have been abstracted to assist the reader in interpreting and
appreciating the results of Project SPRINGFIELD,

Figure 1 includes a series of vertical cross sections with north to
the right. In each cross scction the stratospheric air has been toned
gray. The lines sloping upward to the north in the troposphere, Figure
la, and downward to the north in the stratosphere are lines of constant
o - Since the g lines slope upward iu the direction of colder temper: -

tures both vHop and vHTp , the horizontal gradients of potential

14




temperature and actual temperature at constant pressure, are directed
southward in the troposphere and northward in the stratusphere. The
reversal in the horizontal temperature gradient coincides with the

tropopause which slopes upward to the south, Note that € increasces

7)1

southward along the tropopause.  In Figure 1b and 1c¢ the tropopause
steepens and folds as the © lines change their spacing and in certain
regions choange their slope.  Along the boundary hetween the stratospheric
and tropospheric air © still increases trom a low value in the north to o
Iarger value in the south but the boundary no longer corresponds to a line
of temperature gradient reversal, [ (soin the troposphere, a tront has
formed along a line extending southward {rom the fold. In the frontal zone
the @ surfaces have converged horizontally so the horizontal ten.perature
gradient and the stability, - _3@ ,-of the tropospheric air are comparable
3P
to that of the stratospheric air within the fold. The similarity in horvizontal
temperature gradient and stability between the tropospheric frontal zon -
and the extruded stratospheric layer has misled the mcteorclogin (o
draw no distinction between them as shown in Figure 2. A conventional
analysis wonld consider a tropospheric frontal zone extending up to i
smoothed tropopause. Furthermore, the frontal boundaries are usualls
disconnected from the tropopause. Obviously, Figures 1c¢ and 2 iniply

drastically different distributions of stratospheric air, radioactivity and
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ozone. As will be shown, the tropospheric frontal zone and the extruded

stratospherice layer stinguished by their distineily difierent
values of Pg .

Let us now consider the wind field and its changes as the tropopause
folds and the tropospheric front forms. It is the wind field; specifically,
the vorticity of the wind field, which will permit us to distinguish them.
Figure 3a corresponds to Figure la. The additional set of dashed lines
are isotachs, or lines of constant wind speed. In this case, they describe,
in knots, the speed of the west wind, or u component of the wind, The
black and white arrows represent the + and - v components of the wind.
They have been drawn large to permit a visual comparison of their
magnitudes but they are small compared to tlic u components. The
significance of this distribution of v components will be discussed later,
First we shall consider the u component of westerly flow. Note that the
speed of the westerlies increases with height in the troposphere but
decreases in the siratosphere. This follows from an assumption that the
u component is in geostrophic balance., The speed is then directly pro-
portional to the north-sout h pressure gradient and this increases with
height in the troposphere because the air is warmer to the south, The
decrease in the stratosphere is due to the reversal of the horizontal

temperature gradient,
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As the tropopause folds and a tropospheric front forms, the isotachs
of the u component rotate toward the pattern in Figure 3b. Note that the

distripution corresponds to Figure 1c. During the folding process specd

-

accelerations and decelerations change the vorticity of the wind field.
The question arises, "are these changes compatible with the assumption
of adiabatic processes and the conservation of potential vorticity? ™

To be compatible, several equations must be simultaneously satis-
fied. But before discussing these equations we must distinguish between
two methods of analysing the relative vorticily, We can calculate the
rclative vorticity on surfaces of constant pressure or constant @, In
Lboth cases the horicontal winds arc prejected vertizally to a honizontal
surface; i.c., 4 pressurc or @ map, and then the horizontal derivatives
are ¢valuated from the winds on the respective maps. Because the G
surfaces slope much more than the pressure surfaces, the projected
winds may differ considerably. In the troposphere the relative vorticity

IR

~

OXp a¥yp

at const

may be positive while the vorticity at constunt @

fgz:l Tgl
— aXg  LavYe

Is ustally negative. The difference is illustrated three dimensionally
J b )
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in Figure 4, where the shear is positive, or cyclonic, at constant p and
negative, or anticyclonic at constant @ . This difference is important
because the two vorticities are governed by different equations and undergo
changc..  the opposite sign during frontogenesis.

When a front forms in the »troposphere_gp increases, the stability
increases, but 44 decreases. The equations that govern these changes

under adiabatic processes are-

By +=- (Lp+1)divV - Kwwx vV 5

d_
dt ap

[op]

d (-230) -(-20) divVg
d ( ap) ( op)

and  d (KLg+f)=-(La+1)div Vg 7
d_ o 6 e

These equations show explicitly that this requires convergence (negative
divergence) at constant p and divergence at constant © . In equation 5
the right hand term, thé so-called tilting term, includes a unit vertical
vector, K, the total derivative of pressure, &) . and the vertical pressure
derivative of the horizontal wind. This term is negligibly small initially
but may dominate later.

Equations 6 and 7 combine to form the conservation of potential

vorticity
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i.c., equation 8 is the same as cquation 4 since we have assumed
adiabatic processes, It is obvious, thercfore, that the latter two
changes, i.¢., increasing stability and decreasing jg, are compatible
with the conservation of potential vorticity.  All three changes are
compatible when:

div Vj, < O
div Vg> 0O
Since the two divergencies are related by

divv_=divV.+3dV .96 9
p Q el p

the last term must be negative and dominant. Several authors have
neglected this term in equation 9 by pointing out that where the vertical
wind shear is geostrophic, @Y. is orthogonal to v@,, and the dot product
N 7 p

is zero. However, when the wind shear is geostrophic, div Vp and div
Vg are also probably small, so the argument is not applicable
Certainly in tropospheric frontogenesis it must be the dominant term
and it must be negative.

A velocity distribution that satisfies these requirements is shown
in Figure 3a. If we neglect all variations in the x direction, normal to

the cross section, then the v components determine the divergences.

At constant p the positive v (black arrow) reverses to a negative v

23




(white arrow) in the positive y dir~ction, thus there is convergence at
constant p. At constant @ the positive v component increases in magni-
tude in the y direction, thus there is divergence at constant G. It is also
clear that :}% calculated from the v components -- the ageostrophic
components -- points to the north while ¥Qp points to the south: there-
fore, the last term of uation 9 is negative. The gradient of the u com-
ponent, which is in geostrophic balance, contributes nothing to the last
term.

It is also interesting that these conditions on div V), and div Vg
require a large tilt in the axis of the convergence at constant p. It can
be shown, when variations in x are neglected, that the tilt from the
vertical must slightly exceed the tilt of the © surfaces. This checks
out empirically because the tropospheric fronts contain approximately
the same O surfaces from the ground to great heights.

If we examine the equations of motion we can recognize how the

vorticity changes are produced. For no variation in the x direction,

du = fV 10
&

d_(®=-v sp 11
dat 2 0 3y

where QO is the density and _%I; is everywhere negative. The vorticities
C

are computed from - @Y and - dU | and we find from equation 10
PEEE O TSYp Yo =
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that u increases where v is positive, (black arrow) and vice versa.
Obviously, the u components increase where the arrows are black and
decrea .c where the atrows are white with the result that the wind shear
at constant pressure becomes strongly cyclonic. On the other hand, the
u component increases more rapidly (or deereases less rapidly) to the
north on the constant © surface. Thus, as the anticyclonic shear is
increased, the relative vorticity becomes more negative,

It is also easy to see how the ageostrophic components, the black
and white arrows, advect the QG surfaces horizontally toward each other,
thereby producing larger and larger stabilities.

The ageostrophic components in Figure 3a were not determineu
analytically nor numerically, but they are qualitatively and roughly
quantitatively consistent with the speed, vorticity and stabiuty changes
between Figures 3a and 3b. They were included in Figure 3a to illustrate
that all of the changes are compatible with the adiabatic assumption and
the conservation of potential vorticity.

It should be pointed out that equation 9 can be used to edminate div
Ve from equation 6. Then this can be added to equation 5 to produce
df- G (_é@-f fi8 = (_‘:.)g+ f) ~v v + 506 (KwWwx yW)>> 0
at [ B ] B PS5y P
The product in the brackets is not conserved, but on the contrary,

increases rapidly in frontogenesis. Unfortunately there are many places

23




in the literature where this product withj nol_;,e , is called the

p’
' -t M 1 1~ - + Taaiats 4.
potential vorticity,  The confusion has led sonmie meteorologists o

conclude that frontogenesis is incompatible with the conservation of
potential vorticity. Also, it has contributed to a general mistrust of
potential vorticity calculations.

We have seein a case where all changes are compatible and from
these changes we can distinguish between the tropospherice frontal zone
and the extended layer. As shown in Figure 3b, the increase in tropo-
spherice stability requires a decrease inj , l.¢., it becomes more
negative,  On the other hand, _;; in the stratospheric air is initially
pusitive and where the stability decreases, as {for example just north of
the jet,lﬁ@ becomes more positive. Therefore, when the stabilities are
comparable,

\_7;9« O characterizes the tropospheric air

4

5 o > O characterizes the stratospheric air
and in general

Pg (in the layer) > :~I’e (in the tropospheric front).

This is consistent with the initial conditions where

}’G (stratosphere) > >Pg (troposphere).

Tropopause Folding - Three Dimensions. We have considered the

folding process in only two dimensions to clarity the role of the
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ageostrophic motions.  Although these agecstrophic velocities are small,
froguently too small to be measured, they produce the all important speed,
stability and vorticity changes in both the stratospheric and tropospheric
air.

To obtain a proper three dimensional prctur: of the tolaing we must
also consider the geostrophic motion,  Itis, after all, the dominant
niotion and as we shall see, it initiates the folding and determines the
form of the extruded layer. Figure 5 attempts to illustrate in three
dimensions these two properties of the geostrophic flow. In the upper
right you arc looking down on a magenta colored tropopause which slopes
upward to the southwest.  The potential temperature increases along the
tropopause from 300 to 340°K. The 6 = 320°K interscection is at the jet
core wherce the geostrophic wind, shown by the long white vector, is {from
the northwest, On the horizontal surface, which represents a pressure
surface, the winds decrease and the temperatures increase gomng both
northceast and southwest from the jet, This is illustrated by the winds
at A and B and the red isotherms.,

To obtain the geostrophic winds at the tropopause we integrate from
point A down to @ = 3009K, i.c., we add the negative thermal wind
vector {red) to the wind at point A, The resultant wind (black) is rotated

toward the southwest . It then has a component which advects the low
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tropopause southwest. At point B we add the thermal wind vector to
obtain the tropopause wind at @ = 340°K. Here we find the resultant
vector is rotated toward the northeast. It has a component which advects
the high tropopause northeast. Since the wind at © = 320°K produces no
acvection we can see that the tropopause steepens relative to the jet

core simply by geostrophic motions.

The steepening is a consequence of the thermal {ield which has this
shape between a ridge and the next downstream trough. Thus, the
tropopause should be steeper in the trough than in the ridge. East of
the trough the thermal field reverses so the tropopause becomes less
steep by geostrophic motions. If only geostrophic motions occurred.
the process would be reversible -- tropopause steepening to the trough.
flattening to the ridge. But vertical motions and the small ageostrophic
components render the process irreversible. With the cold advection
the northwest flow desce.nds and the tropopause surface folds as shown
in the lower left of Figure 5. The strong winds draw out the folded layer
to a crescent shape as shown by the white flow arrows which extend from
the shaded layer, and the dashed magenta outline. In other words. the
foldeu layer (viewed from above) has a crescent shape, while in the
vertical it appears as a thin layer inclined downward to the south. Since
it is inclined, it intersects a pressure surface as a narrow zone approx-

imately parallel to the wind. It has the horizontal temperature and wind
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speed gradients characteristic of a tropospheric front, but as we saw,
it has a much larger potential vorticity.

Trajectories in Extruded Air. We may now turn our attention to the

three dimensional trajectories in the extruded stratospheric air as
illustrated in Figure 6. The horizontal plane contains a surface map
analysis appropriate to the extruded flow. The vertical plaie is includéd
to aid thé illusion of three dimensional space.

Starting at the upper left, the trajectories descend and fan out.

The deformations in the flow pattern are extremely large and very
significant. A long thin rectangle parallel to the jet in the upper left
is deformed to a long thin rectangle perpendicular to the flow along the
leading edge of the extruded layer.

The deformations are related to the speed decelerations character-
istic of the descending flow. To the right of the jet, facing downstream,
the air is supergeostrophic. Becuuse it is supergeostrophic, the air is
decelerated and turned to the right. As it descends, it continues to enter
a weaker and clockwise rotated geostrophic field. It therefore continues
to be supergeostrophic and experiences further speed reductions and
anticyclonic turnings. In extreme cases this trend continues until the
air descends almost to the earth's surface where it forms the south-

easterly flow around the surface anticyclone or high pressure area.
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From constant pressure analyses one would not sugpect that the low
level anticyclone 1s fed by descent from the upper troposphere or lower
stratosphicre,.  Ou the constaut @ analyses this descent and deformation
is vharactenisiic of every cyclogenetic preocess. The descent does not
ustally eontiage to the carth's surface as laminar flow. Turbulent
eddics gpenerated at the surface by rough terrain and/or surf.ce heating
jenetrate and mix with the descending air.,  The mixing dilutes the
radivactivity congertrations hecause the tropospheric air ascending in
the eddies is virwally uncontaminated. As we shall see, the suriace
induced maxing may extend to depths of 10,000 and 15,000 feet, When this
happens,  the radioactivity concentrations arce significantly reduced.

Dry Fallowt.  The dercending, anticyclonical turning branch of the
flow produces dry falioat at the ground sceveral thousand kilometers 1o
the south of the puint where the folding 1s initiated,  Tae resuliing
surface concentrations sre a function of the initial lower stratospheric
concentrations and the ratio of tropospheric to stratosphoric air which
is maxad by the trbulent cddies generated at the carth's suriace, It
should be noted here that the descending svratospheric air alse transports
high vdlociies downward, at thie same time the eddies carry low velocgities
upward, Large vertcal sheavs are produced which supply the energy

Lo wustaIn or increasc the mixing, e other words, low Richardson's
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numbers are generated near the top of the mixing layer. The combina-
tion of the downward momentum transport and surface heating promotes
vigorous mixing, strong gusty surface winds and dry fallout.

Wet Fallout. Returning now to Figure 6 and directing our attention
to the central and left portions of the extruded flow we ;10te that this air
descends until it reaches the trough. After it passes the trough it
ascends. The ascent may begin to the west of the surface front but
continues well in advance of the front. At its leading edge the ascending
dry, stable stratospheric air flows above ascending moist or saturated
air. The high stability of the stratospheric layer suppresses vertical
cloud development but the presence of the dry layer over saturated air
is potentially unstable. As the ascent continues the late‘nt heat released
at the base of the layer by the condensing water vapor decreases the
stability.

When the stubility is reduced to a critical value, the cumulus clouds
break through the layer and are then accelerated upward by strong
bouyancy forces. A line of rain showers and thunderstorms quickly
develops along the leading edge of the destabilized layer. As the
cumulus clouds penetrate and break through the layer torroidal circula-
tions entrain the stratospheric air into the growing cloud. If the radio;

activity in the stratospheric air is attached to freezing or condensation
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nuclei, the radioactivity will then enter the precipitation cycle. Since -
the stratospheric air is known to contain sulphate particles, Junge (8),
Friend (9) and ice nuclei, Bigg (10) this mechanism may be quite probable.
At present the process can only be inferred; it remains to be proven or
disproven.

The destruction of the stratospheric layer along its leading edge is,
however, ~not an inference. Trajectories in the stratospheric air
consistently overshoot the leading edge -- where surface observations,
radar measurements and satellite photographs confirm the presence of
a line of cumulonimbus. All of the evidence fits the concept of a laminar -
like trénsport toward the leading edge where entrainment in the developing
cumulonimbus destroys all of the air's stratospheric characteristics.

The layers constitute a source for radioactivity -- a source with
stratospheric concentrations but located several thousand feet below the
stratosphere proper. If the tropopause did not fold and extrude these
layers, cumuli would have to penetrate the stratosphere to entrain
similar concentrations. In many cases this would require that the clouds
attain elevations some 40 or 50 thousand feet above sea level. Further-
more, the air extruded in the layers comes from the cyclonic stratosphere
where the potential vorticity is always large in magnitude, while the huge

cumulonimbus which penetrates the stratosphere may entrain air from
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the anticyclonic stratosphere where the potential vorticity may be as
small as that of tropospheric air. The samples taken in 1960 by the
RB-57's and some taken by the WU-2's for HASP showed very low con-
centrations of radioactivity in this region of the stratosphere while the
samples taken in the cyclonic stratosphere always contained large con-
centrations. If we can generalize from the measurements made to

date, cumulus penetration into stratosphere air is necessary but not a
sufficient requirement for the entrainment of air rich in radioactivity,
while cumulus penetration into air with a large potential vorticity may be

both necessary and sufficient.



CHAPTERIII

OPERATION OF PROJECT SPRINGFIELD

Flight and Sampling Requirements.

In most of the existing sampling programs the flight operations are
kept simple. Flight tracks, altitudes and sampling p:ocedures are
determined and held constant. The data obtained is then interprcted
" statistically in terms of the mean distribution with latitude and altitude
and (he deviations from the mean.

For Project SPRINGFIELD this approach would be inappropriate.
Th= samples had to be taken relative to the atmospheric structure
wherever the structure happened tQ be. However, since a theoretical
model was being tested we could prearrange an optimum set of sampling
positions which could be held invariant relative to the structure. In
this way the pilots and crews could concentrate on locating the structures
and not worry about where or when to make a sample.

The sampling procedures were adjusted to take advantage of the
asymmetry of the extruded layer. An aircraft flying perpendicular to
the wind would observe rapid changes in wind, temperature and relative
humidity as it crosses the short dimension of the structure. Obviously
the perpendicular flight track would be most useful for detection of the

layer. Conversely, a parallel flight track should produce slow changes.
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and therefore be ideal for sampling. The orientation of the 1light during
sampling had to be considered becauge the filter paper required a twenty
to thirty minute exposure. During this time thirty to sixty thousand
cubicfeel of air at stindard pressure and temperature sweep througn
the filter. Thus, a filter paper represents an integrated line sanmple
and only approximates a point sample when the variations along the line
are small, It would be difficult vo verify the theory if the sampling
method smoothed out the variations.

The planes were first sent to an initial point, or I, P., which was a
TACAN station (2 radio aid to air navigation) located near the center of
a low or trough in the wind field, From this point they began their
search at assigned allitudes and ra“tial flight paths, Two WB-50's
separagted by 2000 feet were assigne altitudes below the lowest tropo-
pause which would usually be reported at o near 1. P, Thus all of the
WB-50"s samples would be considered tropospheric by the usual
meteorological criteria.

All stratospheric sampling was left to the RB-07's. Fortunately,
their sampling positicns could be determined relative to the corve ot the
jet streany, While maintaining a {light track betwecn two TACAN stations
the pilot could detect the core by monitoring the drifc angie,  Staring
from the I, P. on the cyclonie side of the jet, the dritt angle would

increase rapidly to aomwaximun at the core and then decrease less rapldly
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on the anticyclonic side. On many of the flights two jet stréams were
detected. Whenever this occurred, the jet closest to the I. P, served
as the refereace point for the first set of samples. When both wing tip
samplers had been exposed, the pilot returned to Kirtland Air Force
Base where the exposed papers were removed and replaced. Then he
returned to make a second set of samples. On the second flight he
sampled relative to the second jet, if two were detected, otherwise he
returned to his previously located single jet and sampled at higher
altitudes.

The locations of the RB-57 samples are shown in Figure 7. Note
that if only one jet were detected, the two aircraft would take 8 samples --
5 from the cyclonic stratosphere. VThe extruded air, which presumably
the WB-50's would encounter and sample, has its origin in the cyclonic
stratosphere and consequently should bear a close resemblance to the
air norti of the jet. Thé lowest samples on the cyclonic side were
positioned to approximate the same potential temperature range ac the
laye~. On the anticyclonic side one or two tropospheric samples were
taken above the WB—50 samples to see if the activity in the layer actually
represeinted a maximum in the vertical profile. Each filter paper was
exposed for 15 minutes along a heading perpendicular to the {light track.
In most cases, this means that the samples were taken either up or

down wind and appear as a dot on the cross sections to be presented.
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The weather observer aboard each WB-5u began recording the wind,
¢ and dew point when he reached the 1. P, By studying this
record in flight he decided when and where the plane traversed 2 layer.
He looked for a simultancous rapid increase in temperature and wind
speed followed by a slower increase in temperature and a decrease in
wind speed. Ambiguities arose when multiple layers were detected -~
some extremely narrow -~ and when one of the criteria was not met.

In any event, he had to make a decision about the limits of the
layer and then take three samples: one outside on the warm side of the
iayer, one inside, and one outside on the cold side of the layer. After
compl. ting these three samples the upper aircraft, #2, ascended to
another assigned altitude while the lower aircraft, #1, descended. Ouce
again they had to locate the layer and take three more samples each.

On the first flights the ambiguities produced some disappointments
when certain points were not sampled but through experience the
objectives and methods were clarified, Also the correspondence between
the temperatures measured by the WB-50's and the radiosondes was so
close that certain temperature ranges could be assigned for each sample
and thereby reduce the uncertaintv in sampling location,

Couatinuous Radioactivity Records. Each of the WB-50's is eguipped

to recovrd the counting rate of a Geiger counter which faces a continuously
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exposed filter paper. U the accumulated disintegrations of the debris
he background count, the distribution of radioactivity c¢an be
observed in detail simply by traversing the layers.

To calibrate the accumulated counting rate to the activity in the arr,
we must differentiate the recorded trace and then determine an adjustinent
for the flow rate. However, since we are more concerned with relative
rather thun absolute concentrations of radioactivity, we can determine
this at a glance by comparing slopes.

All traces shown in this report have been smoothed to eliminate the
small amplitude, high frequency statistical fluctuations in t' » counting
rate., The smoothed curve should always have a positive slope unless the
decay rate exceeds the accumulation. In some cases negative or almost
constant slopes were observed. These are caused by vhe rapid decay of
radon daughter products and can be identified with cumulus convection

currents ascending {rom the ground,
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CHAPTER TV

RESULTS AND DISCUSSION OF SAMPLING YLIGHTS

Ceneral Flight Data.

A brief summary of all missions {lown during Project SPRINGFIELD
is presented in the following table. The range in altitude ard range in
f activities have been tabulated separately tor the WB-50 and RB-57
aircraft. The lowest and highest activities represent only the range;
they do not correspond to the lowest 1nd highest altitudes. In some
cases the lowest altitude sample had the highest activity.

Missions 8, 13, 15 and 16 were fiown to check on the activilies
when n¢ extruded layers were forecasted, In mission 7 the WB-50's

could not penetrate the layer because it moved north of the Canadian

border.
wB-50 RB-57
Mission Date Area Altitudes gActivity Altitudes BActivity
(100D 1t) {dpm/SCF) (1000 ft) (dpm/SCF)
1 4/10,63 Utah 18-27 2-15 31-41 2-197
P 4/17/05 INevada 27-39 8-265
3 4/18/63 Colorado 27 2-150 28-40 10-620
4 4/21/63 Nevada - 19-26 1-92 28-41 4-215
Arizona
5 4/22/63 Utah - 21-29 2-4] 32-44 4-214
New Mexico
6 4/23/63 Michigan - 12-22 1-26 29-40 2-201

Ohio
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Wi3-50 R1-57

Flight Data from Several

Missions.
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Analyses of the SPRINGFIELD data are still in progress.

Mission  Daty Arcea inmudvs £ Activily Alt_ltudcs 6 _Acuvity
100010y {dpm, SCF) (000 T1) (dpm. SCT')
7 52,63 Wyoming-  20-27 0.4-8 32-42 5-139
Montana
3 5,3, 63 Illinois- 20-26 0.5-6 30-40 2-49
Calif.
9 56,63 Texas 32-42 9-144
10 5/7/63 Off Oregon  18-26 0.0-27
Couast
10 5/7/683 Missouri 35-44 2-70
11 5/,8/63 Washington- 19-28 0.4-65 33-43 4-170
Idaho
12 5/9,/63 Colorado 33-35 3-4
13 5/21/63 Calif-Minn- 17-19 0.5-8.0
111.
14 5/22/63 Ohio-New 15-25 3-25 29-35 4-171
York-Chio
15 5,23/63 Ill-Calif 16 0.7-5
16 5/24,/63 1ll-Calif 18 0.8-4
1% viruous Solaonh 2003 1-51
18 5/30,/63 Utah 32-38 9-156
19 5,/31,63 Texas- 32-43 5-179
Oklahoma

Data

from scveral of the more interesting missicus will be preserted here




with the reservation that seme teatures of the analyses may 1equire
maodification when the isentropic charts and isentropie trajectories
have been completed.

Fach mission began at 1800 Z when the planes left the 1P, The
missions were usually completed at 6700 or 0200 Z of the following
day. With few exceptions, the maps and cross sections included here
were drawn {rom the 0000 Z data. The maps, which will include the
surface and either a 300 or 500 mb analyses, are included for reference
only. They will not be separately discussed. The upper level maps
contain a contour analysis and a few winds, The latter arve plotted in
the vicinity of the flight track which is a heavy dashed line beginning
at the 1, P.

Mission of April 18 - 19. The planes, two WE-50's and two

RB-57's. were sent to an I, P, in southwestern Wyoming.  From there
they were to fly southeast, approximately perpendicular to the wind,

as shown in Figure 8b. A clearance to cross the air lanes was delayed
because of clouds and snow showers. The delay caused the WB-5U which
had been assigned the lower altitude to abort the mission, Just as the
pilot of the upper WB-50 was about to turn back, the plane broke into

the clear. He then proceeded with the first portion of his missgion.
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The fligh! ;.ath of the upper aircraft, starting at 23, 000 feet near
Lander, is the purple line in Figure 9. To remain above cumulonimbus
clouds, which were penetrating the dry stable layer, the pilot had to
take the plane to 25,800 feet, then 27,000 feet. This altitude was
maintained for the remainder of the mission.

The stable layer is easily distinguished by the closely spaced
lines draWn at an interval of 2°K. Superimposed on the black © lines
are red isotachs drawn at a 10 kt interval. To the left, where the
isotachs are negative, the winds are from the northeast. The high
wind speeds are all from: the southwest and include three jets, each
labeled with a red J.

As the plane traversed the stable layer the wind speed increased
from 30 to 100 kt, the temperature rose from -48 to -24°C, and the
radioactivity counting rate on the continuously exposed filter paper
increased from 1300 to 4000 cpm. These dramatic and synchronized |
changes are illustrated in Figure 10 by a medium width dashed line, a
thin continuous line and a broad continucus linec.

Because the counting rate is proportional tc the accumulated
radioactivity, the slope is proportional to the disintegration rate per
unit mass of air. The latter shall be called the "activity' and expressed

in disintegrations per minute per standard cubic foot of air. Note that
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as the plane passed the warm boundary of the layer the wii.d speed and
temperature decreased and so did the slope of the counting rate trace.
The latter implies a rapid change from a high to low activity. Return-
ing to Figure 9, we find this change verified by the 8 activities of three
discrete filter samples taken by the WB-50 aircraft. In the stable layer
the activity was 138 dpm/SCF while outside the layer the values were
2.3 and 1. 9 dpm/SCF.

It is also worth noting that the change in slope was abrupt which
implies negligible diffusion or mixing at the edge of the layer. The
small difference between the two low activity samples -- the ones
taken just outside the layer -- also supports this implicaticn.

We also find that the activities were consistently high for the
RB-57 samples taken on the cyclonic side of the jet. These activities
were 114 and 180 dpm/SCF at © = 3209K, 1€l dpm/SCF at © = 335°K,
498 dpm/SCF at © = 3479K, and 620 dpm/SCF at @ = 371°K. Another
interesting activity was the 78 dpm/SCF located beneath the central
jet. This sample was taken from air which would be considered
tropospheric by the conventional criteria. This sample shall be
referred to later in the discussion of the potential vorticity.

The continuous counting rate and the discrete filter samples

leave little doubt ti-at the air in the stable layer at 27,000 feet is
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stratospheric. We have no proof that the stratospheric air extends to
lower elevations but we shall now look at evidence which suggests that
it does.

Figures 11, 12, and 13 are the distributions of stability, absolute
vorticity and their product, the potential vorticity. The calculations
of stability and relative vorticity were made from the potential tempera-

ture and isotach analyses by finite differencing, i.e. .

—36 = -2°K

3P AD

9=Y___ + a_V ~§/’ ~ 10 Kt
Rg 8“@ dng A ng

where V is the wind speed, Rg is the radius of curvature of the
streamlines on the © surface and n is the horizontal distance, positive
to the right. The radii of curvature are large for most points in the
plane of the cross section except near the center of the low. Therefore,
on the cyclonic side of thé northern jet the positive relative vorticities
are underestimated while elsewhere the approximation is good. Thé
occurrence of the three quantities depends primarily on the represen-
tativeness of the analyses. This is difficult to assess. The smaller
scale features may not be representative but the large features can

not be significantly altered.
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Figete 12

Shoar Verticity plos Vartical Componant of Eorth’s Vortieity for Vartical Cross Section Aptil 19,1963, Lines are Drawa In Units o102 sae”
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The lines of constant stability in Figure 11 are drawn at an
interval that progresses geometrically. The labeled range is from
0.5 to 64 x 109 deg-cm3 , but values which approach zero are

erg
located inside the 0.5 line where the © lines are approximately

vertical. This corresponds to the mixing layer generated by heating

at the earth's surface. Values of stability greater than 32 x 10'5

deg- cm3

erg
Note that the stability pattern is quasi-horizontally stratified.

have been toned grey to facilitate recognition of the pattern.

By contrast the vorticity pattern is predominantly vertically

oriented. The values range from 0 to 34 x 1075 sec !

, or about
half the numerical range of the stability. The zeroes are located on
the south or anticyclonic side of the jets in the stratosphere and upper
troposphere. Negative values were calculated for the lower portion of
the tropospheric frontal zone. These correspond to very strong anti-
cyclonic shears which probably result from the vertical mixing of low
momentum through the adiabatic layer into the frontal zone. The
adiabatic layer extends down to the ground where the low momentum
originated.

The product of the stahility and the vorticity, shown in Figure

13, ranges from 0 to 2000 x 1()‘10 deg-cm-sec . As one might anti-
gm

cipate, the potential vorticity pattern is complicated but two features
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stand out clearly: (1) larpe values of I’Q extend from the cyclonic
stratospherce into the troposphere, and (2) small values of Pg extend
from the troposphere into the anticyclonic stratosphere. These
extensions are compattible with the folding process and the conservation
of potential vorticity.  The extension uf tropospheric air into the
anticyclonic stratosphere is consistent with the transformation {from
vorticity to stability, i.e., under divergence at constant @ the vorticity
decreases as the stability increases.  Since the stratosphere is idendified
only on the basis of average stability, this mode of exchange must be
recognized as possible,

If the pattern were produced by folding we should expect a positive
correlation between the radioactivity and the values of Py . The black
dots in Figure 13 identify the locations of the WB-50 and RE-57 filter
samples. Plotted adjacent to the dots are the g activities of sr9C i,
disintegrations per minute per 1000 standard cubic feet of air,

The 5190 activities are presented here because they serve as a
standard for comparison with the activities of previous samples taken
by the RB-5T's and WU-2's. At the time of this writing, the chemical
analysis of some of the sariples has not been completed., The sr90
activities for these samples were computed from the total f§ activities

using an empirically derived relation,
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C .
st dpm, 1000 SCF = 4 x g dpm/SCF
In Figure 13 the computed activities are enclosed in parenth ses,

We note that the $r99 qetivities correspond rather closely to the

P P

values of Pg . ‘ithe numerical similarity is accidental, but forfuitous
for purpuses of comparison. The range from 8 to 2100 dpny, 1000 SCI-

approximates the Pg range trom 0 to 2000 x 10-10 deg-cm-sece but
£m
the maxima do not ¢oincide.  The actual correspondence may be better

or worse. Uncertainty in the positioning of the Pg lines derives
primarily {rom the interpolations in the isotach field, U the RB-57's
could have m de wind measurements as did the WB-50"s, this uncer-
tainty would be greatly reduced.

The potential vorticity pattern does offer an explanation for the
tropospherie sample, previously mentioned, which had a high £ activity
of 78 dpm/SCF. This sample was taken from the layer which extenas

from the cyclonic side of the central jet, The S1990 activity was 332

(‘ \!}1//1000 SCF an i‘hs fnnfia! y .

N dirnity oy
A\ dit e LS L

1rn ¥ SYAN IR Y
. a VOIICIlY 15 gI'daci

than 500 x 10-10 deg-cm-scc .
gm
No samples were taken in the stratosphere where the P(9 alues

are extremely low. We have no dircct evidence that this is tropospheric

air. However, inis clouss section brings to mind another, previously

published report, Danielsen (6), in whirch a WU-2 took stratospheric




samples before and after crossing the jet.  On the anticyclonic side,
where Pg was small, the s activity was 0.2 dpm/1000 SCF while
on the cyclonic side it was 40 dpm /1000 SCF.

These sumpies were taken in the spring of 1960 when ¢, 2 and 40
dpm/1000 SCF wr -= represeatative of tropospheric and stratospheric
air, respectively., The air on the anticyclonic side of the jet also
contained Sx‘sg from the French Sahara Test of February 13, 1960
which is known to have been deposited in a stable tropospheric layer
ot the anticyclonic side of the sublropical jetl.

Thus, the evidence from the 1960 case supports the assumption
that the low values of Pg extending {rom the troposphere into the
anticyclonic stratosphere had a iropospheric origin. In any future
aircraft sampliag program it would be advisable to obtain samples
in this regioun to test the assumption.

Mission of April 21 - 22, On April 21, 1963 the planes were

sent to northern Nevada to monitor another possible case of stratospheric
extrusion. This mission, successfully completed by all aircraft, pro-
vided the evidence missed on the previous mission. The surface and

300 mb maps are shown in Figures 14a and b, The cross section,

drawn this time on a more expanded scale, is presented in Figure 15,

As befoure, the 0 lines are black, but drawn for a 4°K interval, the
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isotachs are red and the flight paths are purple. The cloud formations
recorded by the WB-50 weather observers have been rendered in a
turquuise hatching and a dust cloud is depicted by brown dots.

The WB-50's traversed the layer at 19,000; 21,500, 24,000, and
26, 000 feet. Rapid wind speed and temperature changes were recorded
with each traverse., The net changes in wind speed and temperature
were similar in magnitude to those observed ¢ the 13th,  On the return
flight, both aiveraft toek samples which had £ activities of approximately
2 dpm/SCF in the warm air south of the stable layer. Returning through
the layer the upper aircraft sampled near the warm boundary. The
sample haa an activity of 87 dpm/SCF. Qutside the layer, on the cold
side near the top of a cloud, the activity of the next sample was 12
dpm/SCF. Ascanding to 26, 000, the upper aircraft again sampled in
the layer and obtained a g activity of 92 dpm/SCF.

The two samples in the layer were near the boundaries, but
both had high activities. Both activities were similar to that of the
RB-57 sample taken at 28,000 feet in the stratosphere. It is quite
probable that a sample taken in the interior of the layer would have
had an activity closer to the 163 dpm/SCF of the 29,000 foot RB-57
sample.  Evidence for this will be found in the continuous counting
traces. In either case, we know that the layer contained stratespheric

air down to the 24,000 foot level.
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The lower aircraft did not take a sample in the layer at 21, 500
feet, but did at the 19, 000 foot level where the g activity was 20 dpm/SCF.
Although down by a factor of four from that at 24, 000 feet, this is still
one order of magnitude greater than the tropospheric activities.

Although aircraft #1 did not take a sample in the layer at
21,500 feet, the continuously exposed filter paper was monitored
during the entire flight. A portion of the counting rate trace is
reproduced in the lower diagram of Figure 16 as a heavy continuous
line. The thin line connects the observed tempe‘ratures. Directly
above, with the same abscissa, are the counting rate and temperature
traces recorded by aircraft #2 at 24, 000 {eet.

The traces for the two aircréit are remarkably similar. At
both elevations the increase in temperature across the layer was
18°C and the increase in counting rate was 2,700 cpm. Outside the
layer in the warmer trop;ospheric air the temperatures were approxi-
mately constant and the counting rate increased only slowlv. On the
return flight across the layer the traces of the two aircraft differed.
This difference was produced by a change in flight path. Just after
aircraft #2 re-entered the layer, the pilot turned $0° left to take a
sample upwind. The original flight path was not quite orthogonal to

the layer so after the 90° turn, the plane approached the warm boundary
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Flight Data for WB50's, April21-22,1963
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again. This accounts for the imitial drop in temperature beginning at
2110 Z and the succeeding rise, When the sample was completed at
2130 Z and the pilot resumed his original heading, the tezuperature
dropped rapidly again. Note that as the plane approached the warin
boundary, the siope of the counting rate trace decrecased. The sample,
therefore, was not taken in the air with the richest concentration.  The
activity of the sample, 87 dpm, SCF, is proportional to the average
slope of the trace over the 20 min interval. The average slope tor the
time of sampling was almost half the slope which characterized the
layer., Therefore, as mentioned previously, an activity of 160 dpm/SCF
would seem appropriate to the layer at 24,000 feet. A slightly lower
activity, about 140 dpm/SCF, would be expected at 21, 500 feet. Since
the counting rates had the same slope, the ratico of activities should be
inversely proportional to the ratio of the air densities, i.e., 1.15.

The continuous counting traces offer excellent proof that the
stratospheric air extends to the 21, 500 foot level with little dilution
in its concentration of radioactivity, The trace recorded at 19, 000
fcet is not reproduced here, but as the airplane crossed the layer,
the radioactivity trace showed two steps instead of one. Each step |
although of short duration, had a steep slope. This indicates mixing

by smaller scale folding between the tropospheric air in the frontal
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zone and the extruded stratyspheric air,  The mixing appears to be
along the © surfaces, not al mg the @ gradient.  In this way the radio-
activity is diifused into the tropospheric frontal zone.

If the diffusion extended the radioactivity to the 12,000 foot level,
it would have been rapidly mixed down to the ground. The concentrations
would be diluted, of course, by mixing with the tropospheric air, but
higher than normal surface concentrations would be expected. Figure
17 illustrates that the mixing below 12,000 feet was rapid. Below this
level at Las Vegas, Winslow and Albuquerque the temperature lapse
rates were adiabatic and superadiabatic.

At Albuquerque, which at the sounding time was just in advance
of the front, the adiabatic layer extended up to 17,000 feet. On the
basis of the moisture trace the upper limit of the mixing would appear
to be 20, 000 feet and this coincides with the top of the dust layer as
reported by the WB-50 observers. Mixing through this unusually deep
layer was promoted by the large scale downward transport of high
momentum into the upper part of the .nixang layer and strong heating
from dry soil at the base of the layer. The high momentum, mixed
downward, produced average surface winds exceeding 50 kts which in
turn produced the dust storm. The pattern of the dust c¢loud shown in

Figure 16 is in agreement with the WB-50 observations and the reports
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of surface weather stations. Along and in advance of the front the

dust obscurcd surface visibility, while just behind the front dust aloft
was reported, It should be mentioned that Figure 16 extends to only
10,000 feet. Below this level, the front and the surfaces were vertical,
1. ., the entire lower troposphere had an adi *hatic lapse rate including
the frontal zone.

From the aircraft measurements of radioactivity and the vertica?
mixing implied Yy the adiabatic lapse rates, dry fallout at the surface
1 the southern Rocky Mountain area should have been higher than
normal. Measurements of the gross f# activity of surface air made at
four stations in this area by the Public Health Service are listed in the
liollowing table:

Field Estimates: Gross beta radioactivity of particulates in air.

BETA ACTIVITY - dpm/SCF

April 20  April 21  April 22 April 23
ed)

Phoenix, Arizona 0. 81 0,72 1. 88 2.45
Las Vegas, Nevada 0. 47 0. 92 1.44 1. 40
Santa Fe, New Mexico 0.82 0.59 1.24 ———
Denver, Colorado 0.79 1.01 1.14 1. 34

Values refer to samples collected during the 24 hour period ending in the
morning of the date listed above.
The mixing which occurred on the afternoon of April 21 should

have produced higher : cadings {for the April 22 samples. All stations
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showed an increase in activity on the 22nd and these activities were
the highest in the United States for that day. The activities were not
extremely high because the mixing extended through such a deep layer.
Also, the values in the table represent a 24 hour integration, whereas
the mixing was most active during the afternoon.

Assuming a background of 0.5 dpm/SCF {for the tropospheric air
and six hours of active mixing the activity of the mixture would have
been roughly ten times that of the tropospheric air or 5 dpm/SCF.
This, ia turn, represents a mixture of about ten parts tropospheric to
one part stratospheric air. Therefore, the stratospheric activity
would have been about 50 dpm/SCF. This value checks out well with
the activities deduced from the slopes of the continuous trace and the
[ activity of the sample at 19, 000 feet. On the basis of the slope of
the trace during the period of sampling the activity in the stratospheric
air would be between 44 and 60 dpm/SCF at 19, 000 fect. A more
complete explanation of the traces will follow 1n the discussion of tae
potential vorticity.

To complete the discussion of the April 21 - 22 data we now turn
to Figure 18 which contains the distribution of potential vorticity and

the B activity of Srgo captured in the airplane {ilter samples. The

Figure corresponds to Figure 13 but the PQ values are drawn for a
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constant interval of 100 x 10-10 deg-cm-sec . As before, the Sr90

Fm
activities are plotted above a black dot which locates the position of

cach sample. Chemical analyscs of some of the samples are still in
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onee again parentheses denote the values computed trom
the total B activity. The two values plotted above white dots were
computed from the continuous counting rate traces.

If allowances are wmade for the differences in the geomedtric
scales of Figures 18 and 13, one notices that the Pg patterns are
quite similar. Large values of Pg again extend {from the cyclonic
stratosphere into the troposphere and low values of Pg extend from
the troposphere into the anticyclonic stratosphere. We notice also
that the numerical correspondence between the Pg values and the srd0
activities is again close. Almost all of the activities have a numerical
value equal to the PG value. The ¢xceptions are at the left of the dia-
gram wherve the 376 dpm/SCF appears to be too low for the stratosphere
or the troposphere,. The latter
was taken in a thin cirrus cloud near the top of a cumulonimbus. Its
high B8 activity implies that the cumulonimbus penetrated und mixed
with the stratospheric air at some eariier time. Further support for
this can be drawn from the observations of conirails reported by the

#2 WB-50. After completing the sampling at 24, 000 feet, the pilot
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tock the planc up to 26,000 feet to retraverse the layer. At this point,
instead of turning up wind to take another sample, the pilot exposed

the filter while heading outvound from the 1. P. on the main flight track.
After a 10 min. exposure he reversed his heading and ¢o...pgleted ancther
10 min. of exposure. The reversals in flight can be scen in Figure 15,
During this operation heavy contrails were observed which became thin
as the plane proceeded outbound from the I, P. and became heavy again
on the return flight inbound. From the analysis of the cross scction,
and the observed wind, temperature and dew point changes it is clear
that on the outbound from the 1. P. the plane entered the stratosphere,
then on the return flight it left the stratosphere and entered the tropo-
sphere again. The facts that the dew point drepped but was still meas-
urable and the contrails thinned but did not vanish indicate the lower
stratospheric air had been mixed with moisture-laden tropospheric
air. The continuous radivactivity trace and the 92 dpm,/1000 SCF on
the sample coniirm the presence of the siratospheric air,

As shown in Figure 18, the Sr90 activity for this sample was 576
dpm/,JoF. This greatly exceeds the 368 which would be expected from
the total , activity. It ilso exceeds the value to be expected from the
C5137 activity. Reprocessing of the sample is ir progress to determine

whether an error was made in the Srgo analysis. A value of 368 dpm/

T2




1000 SCF would bring it in line with the 362 dpm, 1000 SCF mecasured
by the RB-57 and would support the conclusion that the lower strato-
spheric aiv had decreased its radioactivity and increased its moisture
by cumulus cloud penetrationand mixing. One may recall that on the
April 18-19 mission the plane had entered the stratospheric layer and
then had to ascend to stay on top of a cumulonimbus which had pene-
trated the luyer,

A final comment; note that the tongue of large PG extending from
the stratosphere splits into two near the 19,000 foot level., It was men-
tioned earlier that the continuous radioactivity trace showed two steps
rather than one. On the basis of the PQ values, the first step encountered
should huve had the steeper slope. The radioactivity trace confirms this.
Also, the slope of both steps should have been less than the slope at
21,500 feet. Again the continuous trace supports this. H for purposes
of comparison we set the average slope during the time of sampling at
19,000 feet as one, then the slopes increase as

1/2.2/3/5.5
for the second step, the first step and the step at 21,500 feet. Since

the Sr90 of the sample at 19, 000 feet was 80 dpm/SCF the 51‘90

activity
at 21, 500 feet should bie about 530 dpm/SCF if allowances are made for

the air density variation. A value of 530 dpm/SCF compares favorably
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with the value of 560 dpm/SCF previously estimated trom the slopes
and samples taken by the other aircraft.

Mission of April 22 - 23, The April 22-23 mission proved to be

extremely interesting.  The surface and 300 mb charts for April 23,
1963 at 0000 Z arc shown in Figures 19a and 19b, respectively. Two
WDB-50's were sent to Salt Lake City., They were assigned a southeast
flight track at 24,000 and 27, 000 fcet.  Their meteorological and
radioactivity measurements were at first difficult (o understand.
Fortunately, extra radiosonde ascents had been made at 1800 Z at wli
of the stations in the Rocky Mountain Basin., By constructing cross
sections for 1800 Z on April 22 and 0000 Z on April 23 it was possible
to interpret the observations,

The meteorological conditions over Utah were changiig rapidly
as the trailing edge of the dry extruded stratospheric luyer was moving
ecastward and being replaced by moist tropospheric air. A well-defined
layer of dry, siwable air was present over Salt Lake City at 1800 Z but
this layer was not evident on the sounding six hours later. When the
WDB-50 metcorological observations were begun at 1830 Z, both aircraft
were southeast of the layer in the tropospheric air, Proceeding south-
ecastward, the flight observer aboard the lower aircraft, #1, recognized
that the layer to be monitored was fariher to the northwest and he

reversced his {light direction to encounter it.  After passing through the
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layer at Salt Lake City the original flight heading was resumed.  The
reversal in flight path is shown in Figure 20 but it should be kept in
mind that this c¢ross section was drawn from the 0000 Z radiosonde
ascents, not the 1800 Z ascents, As is also evident in Figure 20, the
upper aircraft, 42, proceeded southeastward almost to Albuquerque
before reversing its heading.

Between S it Lake City and Grand Junction aircraft 42 passed
through a narrow stable layer denoted by the three closely spaced QO
lines in Figure 20, The temperature trace in the upper diagram of
Figurc 21 shows a rapid rise of 4°K as the plane crossed the layer atl
about 1900 Z. Notice that the radioactivity trace maintained a small
slope characteristic of tropospheric air during transit of the layer.
The same layer was crossed by aircraft #1 at 2050 Z, lower diagram
in Figure 21, and again the radioactivity trace remained unchanged.

Similar traces were reproduced on the return flights, Aircraft

#2 recressed it at 2200 Z ) airer

143]

was generated entirely from tropospheric air. The potential vorticity
would also indicate that the layer was formed from tropospheric air by
frontogenesis because Ep > O and j@ < O .

After aircraft #2 returned 1o Salt Lake City it ascended {from

27,000 to 29,000 feet. During the ascent, which began at 2200 Z,
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the temperature decreasced rapidly and the radioactivity accumulation
increased rapidly. The stability was too low to be considered
stratospheric, but the wind shear was strongly positive both at constant
p and constait © . Figure 22 shows the Salt Lake City sounding for
0000 Z. The letter T and the arrow locate the coded tropopause at
approximately 32,000 feet.

This is an excellent example of the difficully in classification and
interpretation. which follows from the conventional definition of the tropo-
pause. Stratospheric air with large values of potential vorticity may be
destabilized by convergence at constant © until it no longer meets the
criteria. During the destabilization the vorticity has increased but
this does not enter into the usual definition. In this case, the vorticity
is extremely large in the air beneath the coded tropopause. The radio-
activity proves it is stratospheric air.

To assist the viewer, Figure 20 has been toned red where the
values of Pg are representative of stratospheric air. Thig pattern
should be compared to the pattern which would be obtained if one drew
a smooth tropopause curve through the little red T's in Figure 20 which
represent the coded tropopause at the sounding stations. As in the
previous two cases, we find the radioactivity samples in agreement
with the potential vorticity distribution but not in agreement with the

conventional stratosphere.
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It should also be noted that aivceraft #2 accumulated considerable
radioactivity, 3,200 cpm, while enroute to the L P. at Salt Lake City.
Unfortunately, meteorological observations were not made while the
planes were enroute io the L. P, and the flight plans were not saved,

But after recent discussions with crew membcrs of the Wi3-50's, il
appears that this accumulation occurred during a gradual ascent to the
flight altitude after crossing the Sierra Nevada Mountain range. Tie
cross section for 1800 Z, valid during the ascent, shows the extruded
stratospheric layer sloping down from Salt Lake toward the Sierras.
One reasonable interpretation is that the plane ascended at a slightly
greater slope than that of the layer. Therefore, it passed froia beneath
the layer to above the layer just before reaching Salt Lake. Turning
southeast along the flight track, aircraft #2 then remained above and
south of the layer.

Aircraft #1 ascended through the layer at Salt Lake, proceeded
southeast and then reversed iis ilight heading as previously menticned.
The radicactivity and temperature trares, lower diagram Figure 21, show
an increase in slope of the accumulated radioactivity at 1800 Z then a
decrease in slope at 1820 Z. These changes must have been due to an
ascent through the layer. On the return northwest flight, the radio-

activity took another short duration step at 191¢ 7, After it leveled
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off aguin the tcmperature continued to drop. Only a narrow zone con-
tained the stratospheric air as indicated by the red shading in Figure
20-at 24,000 feet. On the third pass across the layer, the net rise in
radicaciivity was about the same as on the two previous passes, but it
was less well defined in time and space.

Isentropic Trajectories, April 21 - 23. While the {lights were in

progress over Utah, tornadoes were forming in east central Illinois.
As shown on the surface map, Figurc 19, they formed near the center
of the low, Mr. Glenn Stout, operating the radar for Project SPRING-
FIELD, kept them under surveil.ance as they passed eastward across
the southern portion of the Illinois Water Survey Network. Since
tornadoes frequently form along the leading edge of the extruded
stratospheric air, the author wanted to determine whether the
stratospheric air could be traced to this tornado region.

Trajectories were computed on the 295, 300 and 305°K isentropic
suriaces by calcuiating backwards in time from Dayton, Ohio; Peoria,
Illinois; Columbia, Missouri; and the approximate location of the
tornadoes. The trajectories are presented in color in Figure 23, The
color code is given in the upper right of the diagram. ¥or this report
we are most interested in the red and purple trajcectories which originated

in northern Idaho and southern Oregon at 1200 Z, April 21. These
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trajectories started in the stratosphere at about 350 mbs. The air
descended as it moved around the upper level cyclone. When it moved
across Nevada the 3009K air was near the base of the extruded layer
which was sampled by the WB-50 #2 aircraft, (see Figure 15), and the
305°K air was in the lower stratosphere which was sampled by the RB-57
aircraft. We know, therefore, that this air was stratospheric.

As tt;e air moved eastward during the 22nd it turned anticyclonically
and continued to descend to 500, 600, and 700 mbs as it approached
Peoria and Columbia. On the 305°K isentropic chart for 0000 Z,

April 23, this stratospheric air appears as a jet of dry air moving at

50 - 75 knots across southern Nebraska, northern Missouri and central
Illinois. The eastern limit of the stratospheric air cannot be precisely
determined, but the evidence indicates that it extended up to the

tornado region. East of this point the trajectories originated in the
south, near the Gulf of Mexico, and in the southwest. The trajectory
method could not be applied to the southwest flow because the momentum
was modified primarily by vertical mixing in an adiabatic layer.

It is clear from Figure 23 that the tornadoes were forming in a
region of strong confluence -- vertical as well as horizontal. Stratospheric
air, confirmed by the aircraft samples, was descending into the develop-

ment region and may have played an important role in the tornado

85



formation. It must be remembered that the stratospheric air had a
large value of potential vorticity. Under the action of a concentrated
field of convergence this air could develop an intense cyclonic spin
before it would become turbulent,  In laboratory models of intense
vortices the introduction of turbulence into the fluid destroys the vor-
tex. The author and Mr. Larry Davis are of the opinion that the in-
tense spin develops in the stratospheric air which descends in the core
of the tornado. This descending air would not produce a radar echo
unless copious amounts of water or hail were falling into it. The echo
free volume which appears on many of the radar photographs of tornado
clouds may be e¢xplained by this phenomenon. At the present this is
purely a hypothesis. Several tornado cases are currently being inves-
tigated to see if air with large values of potential vorticity entered the
region of tornado development.

Mission of May 3 - 4. The missions previously discussed were

-

Selected to test the thegry C{ vy ey

AS B a¥al
LA SRV 4 UVplaAuUwo L

tx

to be of strutospheric origin was monitored in each case. Positive
results were obtained. The mission of May 3 - 4 was designed to test
the opposite case. At a time when no extruded layers were expected,
the WB-50's were sent to monitor the radioactivity to see if the

activities were consistently low.
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On May 3, two WB-50's were sent from Scott AFB, Illinois to
McClellan AFB, Sacramento, California. Aircraft #1 flew at 20,000
feet while aircraft #2 flew directly above it at 26, 000 feet. Filters
were changed every 20 minutes so that no gaps would exist in the data.
Also, both aircraft monitored a continuously exposed {ilter paper.

The synoptic charts are shown in Figure 24. Notice the rain
showers reported over the Rocky Mountains. The planes flew at
latitude 40°N but diverted course slightly to avoid sampling in the
water clouds. Water clouds damage the filter paper and upset the
flow rate through the filter.

Figure 25 shows the flight cross section drawn from the May 4,
0000 Z radiosonde data and the aircraft measurements. The O lines
are drawn from every 2%K and the clouds are depicted by hatching.
Dashed lines depict the flight paths which contain the total 8 activities
in dpm/SCF. At 26,000 feet the activities ranged from 0.8 to 6 dpm/
SCF and averaged 2.96 dpm/SCF. At 20,000 feet the activities varied
from 0.5 to 2.2 dpm/SCF and averaged 1.65 dpm/SCF. All of these
values were characteristic of the tropospheric air sampled on the
previous missions. No large values were encountered.

Samples taken by the RB-57 aircraft are also plotted on Figure

25 at North Platte and between Salt Lake City and Winnemucca. The
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RB-57's sampled at both locations at the times wh- n the WB-30's
passed below . Notice that the 5,8 and 6 dpm/SCY sampled west f

Salt Lake were at the same @ as the 6 and 5.6 dpmny SCF sampled cast

of North Platte by the WB-50 #2, Notice also that the activities were
lower at the higher altitude in both places. The larger values may
represent the diluted remnants of an extruded layer, It is interesting
that the § activity did not increase with height in the upper troposphere,
as is so often assumed. Even in the stratosphere a decrease with
height is implied by the 48.5 dpm/SCF in the layer of very high stability
and the 16. 9 dpm/SCF sampled from above the layer.

The corntinuous radioactivity traces for the two WB-50's are
shown in the lower diagiam of Figure 26. Reproduced in the upper
diagram is the trace for aircraft #2 from Figure 16, The contrast
between the two May 3rd flights and the April 21st flight leaves little
to be said about the importance of the stratospheric layers,

It is interesting, however, to note that although the 26, 060 foot
aircraft accumulated 1.8 times as much activity as the 20,000 {oot
aircraft (the same ratio as cobtained by adding the £ activities of the
filters) the traces do not show a continual increase. ‘'The discrete
filters would imply a non-uniform increase, but definitely an increase,

while the traces show small steps followed by an almost level trace.
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The discrepancy was traced t¢ the accumulation of radon daughter
products which decay with a half life of about 20 minutes. The biggest
steps occurred at 2200 Z when the planes reported light turbulence in
the vicinity of the rain showers along the east slope of the Rocky
Mountains. Notice the adiabatic lapse rates extended almost up to the
20, 000 foot level in the Denver region.

Radon escaping from the earth was evidently carried aloft by the
turbulent mixing in the adiabalic layer. The subsequent rapid decay of
the radon daughters dominated the instantaneous counting rate but had

little net effect on the total accumulation,
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CHAPTER V

SUMMARY AND CONCLUSIONS

1¢ radioactivity and meteorological observations obtained
during Project SPRINGFIELD have established the validity of the
tropopause folding proposed by Reed in 1955, The simuliancous
increase in radioactivily, increase in temperature, increase in wind
speed and decrease in dew point which was observed as the aircraft
passed through the forecasted layers leaves little 1com for the skeptic
about the folding process and the stratospheric properties of the air in
the layer,

Of probably greater importance is the evidence in support of a
positive correlation between the radioactivity and the potential
vorticity. The correlations in these data were sufficiently consistent
to warrant quantitative estimates of the radioactivity concentrations
y calculations. Since the latier can be
computed over the entire volume of the troposphere and much of the
stratosphere, a reasonable distribution of radioactivity caa be
determined. Reasonable in the sense that it will show the layered
structure of the radioactivity in both the troposphere and stratosphere,
It will also show, as did the SPRINGFIELD data, that a layer in the

middle troposphere may have a much higher concentraticn of radio-

activity than ¢xists in the stratosphere 20,000 or 30,000 feet above it.




The SPRINGFIELD data also supports the author's assumption
______ ues of potential vorticity are created in the middle
stratosphere and the low values in the lower troposphere. All samples
from air with large values of potential vorticity contained high
activities -~ as yet there has been no exception, both in the SPRINGFIELD
data and the 1960 data. This indicates that the stratospheric air moves
diabatically down through the stratosphere on the cyclonic side of the
jet, Then it is extruded from the lower stratospheie into the troposphere
where il passes beneath the jet as it descends and moves to lower
latitudes.

Project SPRINGFIE LD provides the meteorologist with tangible
evidence that adiabatic transports are significant and that they can be
computed in three dimensions from the isentropic charts. During the
past twently years the isentropic charts have beei neglected or ignoied.
As a consequence, the meteorologist has been conditioned to visualize
the atmosphere from horizontal surfaces widely separaied vertically.

The flow patterns on the pressure surfaces mislead the meteorologist
with respect to the actual three dimensional motions of the air parcels.
The importance of stratospheric-tropospheric transport has been
underestimated both in the process ol cyclogenesis and in the production

of severe weather.
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1sentropic charts for the northern hemisphere are now available
or can readily be prepared by machine methods. A, Gustafson of the
United States Weather Bureau has developed and tested a program for
computing the pressure, temperature, isentropic stream function and
geostrophic potential vorticity by interpolating from the machine
analysed isobaric charts. R. Duquet and the author, at Pennsylvania
State University, have developed a program for calculating all of the
isentropic data, including the winds and moisture by integrating each
sounding from the suiface to any specified upper level. Hemispheric
charts are currently being produced and analysed. The data looi good
and the prospects for studying the three dimensional motions on a
hemispheric scale are exciting. The significance of these motions to

the problem of world-wide radioactive fallout can now be investigated.
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