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ABSTRACT

A numerical model in two dimensions capable of simulating diffusion, transport,
particle fall velocity and tropospheric rainout is described. The model incorporates a
general anisotropic diffusion process. Rainout is simulated by fractional removal of
debris at selected rain ‘‘formation’ levels; the fraction removed at any latitude is
proportional to the observed rainfall at that latitude. In the present paper the transport
terms are neglected and an attempt is made to reproduce available data with a diffu-
sion—rainout—settling veloeity model.

The parameters of the model are varied in an attempt to reproduce quantitatively
the known behavior of tungsten-185 injections in equatorial regions and, at least
qualitatively, the behavior of high latitude stratospheric injections. Three types of
models are described; they are characterized respectively by the principal diffusion
axis being (a) along & horizontal surface, (b) along surfaces of constant potential
temperature, and (c) along surfaces of constant potential vorticity. All three types
can reproduce the latitudinal variation of rainout in a satisfactory manner, but only
the third can reproduce the observed pattern of concentration in the stratosphere.
The third type yields satisfactory results using lines of constant potential vorticity
(only tentatively established by Hering and Borden) or using lines parallel to the
tropopause as the principal axis of diffusion.

1. Introduction

The injection of a unique radioactive tracer
(tungsten-185) into the lower tropical strato-
sphere by the U.S. test series (Hardtack) during
the summer of 1958 and the associated strato-
spheric sampling program by high altitude
aircraft during the succeeding two years con-
stitute an extremely important experiment
which can provide considerable understanding
of the large-scale mixing and transport processes
in the lower stratosphere. The observational
data available from this experiment as sum-
marized by Frienp, FEerLy, KRrEY, SrarR &
Warron (1961) are sufficiently detailed to
challenge our previous notions concerning at-
mospheric transport and mixing processes in
the lower stratosphere. The purpose of the
present paper is to summarize a large number
of numerical experiments which attempt to
meet that challenge.

The injection of tungsten-185 was associated
with a series of weapon tests which took place
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at 11.7°N from May to August, 1958. The
stratospheric injection of tungsten-185 was
estimated by FRIEND et al. (1961) at approxi-
mately 54 to 87.5 megacuries (corrected for
decay to August 15, 1858). The average center
of gravity of the injections is not accurately
known, but it is assumed to lie within a ten
thousand foot layer of the lower tropical
stratosphere. The observed tungsten-185 distri-
bution (two month mean) in the lower strato-
sphere, one year after the average injection
time, is shown in Figure 1 (a). The heavy line
indicates the analyst’s impression of the distri-
bution with latitude of the height of maximum
concentration. The striking features of the con-
centration distribution are (a) the poleward
declination of the axis of maximum concentra-
tion, (b) the maintenance of a center of maximum
concentration slightly south of the original
injection, (c) the development of a secondary
maximum in north and in south polar regions,
and (d) the large concentration gradient in the
vertical just above the tropical tropopause.
FeeLy & Spar (1960); Borin (1964), HEriNG
& BORDEN (1964) and other authors have called
attention to these features of the stratospheric
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Fia. 1. (@) Mean May-June, 1959 distribution of tungsten-185 (dpm/SCF, corrected to 15 August 1958).
(b) Mean January—April, 1962 distribution of strontium-90 (dpm/1000 SCF) from Soviet tests.

distribution and pointed out similarities between
the artificially produced radionuclide and ozone
distributions in the lower stratosphere.

Experimentation with the numerical diffu-
sion model was designed to investigate systema-
tically the consequences of a general mixing
model. The objective is to isolate the simplest
model structure which yields reasonable agree-
ment with the observed features of the tungsten
experiment. The relevant features are con-
sidered to be as follows:

(1) the distribution of concentration isopleths
in the stratosphere,

(2) the decrease of central (maximum) concen-
tration with time, and

(3) the observed meridional distribution of the
combined rainout and dry fallout of the
tungsten-185 for the first year after injec-
tion.

To test its general applicability, the model is
further required to reproduce the gross features
of an injection in the lower polar stratosphere.
The 1961 Soviet test series approximates this
type of injection. Figure 1 (b) shows the strato-
spheric distribution of strontium-90 resulting
from this test series, six months after a mean
injection time (Friexp, FEELY & LEo, 1962).
Due to the presence of strontium-90 from
previous tests, it was necessary to use isotopic

ratio (Sr-89/8r-90) dating to identify the newly
injected strontium-90. This process of identi-
fying Soviet debris was feasible only up to
May, 1962, at which time the U.8. introduced
fresh debris into the stratosphere. The poleward
slope of the axis of maximum concentration
indicated in the Soviet data closely approxi-
mates that of the tungsten-185 data as shown
in Figure 1 (a).

2. Numerical model

It is our intent to examine the possibilities
of reproducing the main features of the observed
data by means of eddy diffusion, particle set-
tling and dry and wet fallout. In the absence
of general circulation terms, the two-dimen-
sional anisotropic diffusion equation incorpo-
rating the effects of particle fall velocity and
variable density is, with good approximation
for our domain of interest,

aq 2 2 ag
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e ar(g q) ar(e rrar)
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where:

@ =air density (gm/em?®); assumed to be a
" function of r only,

g —mixing ratio of radioactive material (gm/
gm of air or dpm/gm of air),

K =coefficient of eddy diffusion (cm?/sec),

) =particle fall velocity (cm/sec),

¢ =latitude (deg),

r =radial distance outward from the center of
the earth (cm), and

¢ =time (sec).

It is to be noted that a term, (r2/r) oK, (8q/or),
has been omitted from the right hand side of
(1). Since the magnitude of r is of the order of
6 x10® c¢m, this term is small with respect to
the others and can be neglected.

It is not possible to solve this equation
analytically for a complex atmosphere in which
the density is a function of altitude and the
coefficients of eddy diffusion may be functions
of altitude, latitude and time. Furthermore,
thers is no simple way in which rainout can be
incorporated into the equation. The method of
finite difference solutions of parabolic differen-
tial equations with complex boundary and
initial conditions is particularly appropriate
for application to the problem considered in
this paper. In what follows, the basis and prin-
cipal features of the numerical model are
presented.

If the tensor defined by the diffusion coeffi-
cients in (1)is assumed symmetric,i.e., Ky, = K4,
then there exists a set of principal axes along
which the off-diagonal or mixed derivative
terms vanish. In what follows, we assume:

1. The local principal axis of diffusion is
known at each point in the numerical grid.

2. The principal diffusion coefficients, K;l
and K,,, are known at each grid point.

3. For the domain of interest, the 7, ¢ coor-
dinate system is sufficiently close to being
cartesian to warrant the following transforma-
tions:

Kyg =cos? aKy, +sin? oKy, (2)
K,, =sin? aKy, +cos? aKg, (3)
K,¢ = K¢r = cos « sin «K7, —sin « cos oK, (4)

where « is the angle between the rd¢ direction
(positive toward the north pole) and the direc-
tion of the principal diffusion axis. The abso-
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lute value of « is reasonably taken to be small;
thus Ky and K, represent quasi-horizontal
and quasi-vertical diffusion coefficients respec-
tively.

For numerical computations, it is convenient
to express (1) in a pu,z coordinate system,
where u=sing, z=r-r, and r,=the mean
equatorial radius of the earth. Thus

oq 2 d oq
2=~ Z(0Qg) + — | oKe =
e, az(g q) P (9 22 az)

4
+ _
TeOU

0 0
+ — (Q cos ¢K .y —1—)
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7o 0t (9 $K 4. az) (5)

The numerical method involves considering
an earth-atmosphere meridional plane as a grid
of discrete points. For the models presented
here the grid consists of 840 points; 30 along
the p-axis and 28 along the z-, or height axis.
The grid interval in the vertical is a constant
1.5 km while it is variable in the p-direction
so that there are 17 grid points in the Northern
Hemisphere and 12 grid points in the Southern
Hemisphere.

An implicit, alternating direction scheme is
used to integrate (5) numerically because of its
inherent stability in producing convergent solu-
tions and for numerical convenience. The finite
difference analogue of (5) is expressed by (6)
and (7) which are applied alternately with
successive time increments.
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F1a. 2. Schematic representation of the distribution of diffusion coefficients characterizing the regions of

the atmosphere in the numerical model.
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The superscripts in equations (6) and (7)
above indicate values of the quantities at time
n and time % +1. The alternating direction
scheme is applied to only the second and third
terms on the right in (5). It is apparent that,
with respect to these terms, (6) is implicit in
the z-direction and explicit in the u-direction
while (7) is implicit in the u-direction and ex-
plicit in the z-direction; hence the term, “‘alter-
nating direction”. All other terms on the right
are explicit. Centered differences are used to
approximate all derivatives except for the first
term which is evaluated as a backward differ-
ence since the fall velocity is always negative.
The method of solution in two dimensions is
described by Dougras (1961). The only modi-
fication in our case is to adjust the boundary
conditions so that the diffusive flux of material
through the vertical and lateral boundaries of
the system is always zero.

All models described in this paper incorporate
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a troposphere, tropopause, and stratosphere in
a manner which is schematically illustrated in
Figure 2. The vertical diffusion coefficient is
assumed to be dependent on both stability
(lapse rate) and vertical wind shear. Relatively
large vertical diffusion coefficient values
(Ks =10* to 105 cm? sec—!) in the principal
axis system are associated with the mean
annual lapse rate of the troposphere, while,
in general, relatively smaller (at least one order
of magnitude) values of K,, are associated with
the stable inversions of the tropical stratosphere
and upper polar stratosphere. Intermediate
magnitudes of K, are associated with the iso-
thermal layers of the lower polar stratosphere.
The line of discontinuity between the large
K, values of the troposphere and the smaller
values of the stratosphere constitutes the
tropopause.

In the models which are presented in detail,
particle fall velocities (Q) were determined as
a function of altitude from calculations by
Junge, CEHAGNON & MaxsoN (1960) for sphe-
rical particles with 0.1 x radius and 2 g/em?®
density. In the simulation of dry fallout, a
value of 0 =0.3 em/sec was used at the air-
ground interface. This value was chosen to
represent the effects of absorption, impaction
and chemical and electrical affinities at the
interface. The necessity in individual cases for
a larger deposition velocity than is indicated
by the terminal velocities of small particles
has been shown from experiments by CHAMBER-
LAIN (1959, 1961) and CHAMBERLAIN & CHAD-
wick (1953).

Tellus XVIII (1966), 2
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Fi1e. 3. Variation of the removal factor in the numerical model. (@) p as a function of latitude, (b) “a”

values for the five removal levels.

In some models, the region between the
polar and tropical tropopause is treated as a
““gap” region and for these cases K;, and/or K;,
are made relatively large as compared to their
stratospheric values.

Wet fallout, i.e., removal by precipitation,
is simulated in the models by the periodic
removal of a fractional amount of ¢ at a fixed
grid point. This fractional amount removed (X)
is a function of latitude and height and can be
expressed:

X(u, 2) = a(z) p(u) q(u; 2), (8)

where p(u) is a fraction proportional to the
mean annual precipitation as given by MOLLER
(1951) and a(z) is a height proportionality
factor. The total amount removed in a fixed
Ap interval is

Y{u, e)=2m§A,,f X(u, z)plz)dzdt.  (9)

The removal levels and values of p(u) and
a(z) are illustrated in Figure 3. In the models
which are presented in detail, the fractional
removal was accomplished every 5.0 days. A
CDC 1604 computer was used for all computa-
tions with a time step of approximately 1.27
days.

In order to test the validity of the transfor-
mations (2) to (4), the finite difference approxi-
mation to (5), and the effect of the variable
grid spacing (Au) in the u-direction in the
Northern and Southern Hemispheres, a test
model was run assuming the finite difference
equivalent of a point source at u =0 (the
equator) and z =21 km. The slope of the surface
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containing the principal diffusion axis was
assumed constant and equal to 9.19 x10-4%;
Ky, =3 x10° em?/sec and K, =104 cm?/sec were
the values of the diffusion coefficients. The
transformations (2) to (4) were used to obtain
K, K,; and K;4. A measure of the adequacy
of (2) to (5) is the degree to which the meridional
slope of the level of maximum concentration,
a8 determined from the computations, conforms
to the assumed slope of the surface containing
the principal diffusion axis. The extent of the
agreement 6 months after injection is shown
in Figure 4. The level of maximum concentra-
tion in a vertical section was estimated by
parabolic interpolation of the computed con-
centrations at grid points bracketing the grid
point at which a maximum appeared. The
agreement is considered to be satisfactory and
it is worth noting that the unequal grid intervals
in the Northern and Southern Hemispheres do
not seriously distort the results.

3. Tropical injection

For these experiments a vertical line source
representing a tropical injection was assumed
at 4 =0.2 (11°32’ N) with a center of gravity
ranging from 18.5 to 21 km according to the
specific experiment. The results are reported
for each of the following hypotheses:

1. The principal diffusion axis contained in
horizontal planes, (« =0).

2. The principal diffusion axis contained in
planes parallel to potential temperature
surfaces in the stratosphere.
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Fia. 4. Slope of the level of maximum concentration predicted by the numerical model six months after
injection compared with the assumed slope of the prinecipal diffusion axis.

3. The principal diffusion axis contained in
planes parallel to the mean meridional con-
figuration of the tropopause.

For hypothesis 1 the horizontal diffusion
coefficient (K, =Ky4) varied from 10° to 10
cm?/sec. The vertical diffusion coefficient
(K;Z =K,,) varied from 10% to 10° em?/sec, i.e.
10® cm?/sec in the tropical stratosphere, 6 x 103
to 5 x10* em?/sec in the polar stratosphere,
and 10* to 10° cm?/sec in the troposphere and
“gap” regions. The horizontal diffusion coeffi-
cient was varied strongly with both latitude
and height in attempts to obtain the observed
meridional variation in the height of the maxi-
mum concentration. It was found possible to
reproduce the desired stratospheric concentra-
tion patterns for only relatively small periods
(1 to 4 months) after injection. Beyond these
periods the altitude of maximum concentration
tended to increase at a rate more rapid in mid
and high latitudes than in equatorial regions.
After times of 6 to 12 months the maximum
concentrations exhibited distributions which

were opposite in slope to the observed distri-
bution, i.e., the altitude of maximum econcen-
tration had an upward instead of downward
poleward slope. There are two main factors
contributing to this undesirable behavior. The
first is the effect of the vertical variation of air
density. From (5) this effect can be isolated as

oq ag a(Inp)
o Kzz - ¢
ot oz o2

+ (10)

The sign of (9/0z) (Ing) is always negative so
that the sign of the contribution of the variable
density term to 8g/ot is determined by the sign
of dg/@z. For an isolated point source, therefore,
the effect of the variable density term is to
produce a positive 8g/ot above the source and
a negative dg/ot below. The magnitude of this
effect is proportional to the magnitude of the
vertical diffusion coefficient, K,,. The second
factor comes from the introduction of large
vertical diffusion coefficients in the “‘gap”
regions. These large coefficients were needed
in order to duplicate the time rate and meri-
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dional distribution of surface deposition. This
meridional variation of the vertical diffusion
coefficients in the lower stratosphere, coupled
with the variable density factor and the tropo-
spheric sink, caused the level of maximum
concentration to rise more rapidly in mid lati-
tudes than at the equator.

It was, therefore, concluded that, within the
range of diffusion coefficients considered to be
even remotely reasonable, it was impossible to
reproduce correctly the meridional distributions
of both the surface deposition and the strato-
spheric concentration on the basis of diffusion
processes alone when the principal diffusion
axis is assumed to be everywhere horizontal.

The consequences of hypothesis 2, namely
that the principal diffusion axis parallels the
isentropes, were examined despite the fact that
the observed slope of the isentropes at 20 km
is less than one half the observed slope of the
level of maximum concentration of the tung-
sten-185 distribution. It was considered that
suitable adjustments of K;, and K, in such
an inclined diffusion axis scheme might lead
to better agreement than had been obtained
with the horizontal axis.

The most elaborate experiment of this type
involved varying the slopes of the isentropes
seasonally, setting the vertical diffusion coeffi-
cient in the ‘“‘gap” region proportional to the
magnitude of the monthly mean jet and fixing
the horizontal diffusion coefficients according
to the vertical and meridional distribution of
the vector standard deviation of the wind
(extrapolating values into the stratosphere).
Data for these seasonal and spatial variations
were obtained from meridional cross-sections
published by the U.S. Weather Bureau (1961).
For this set of experiments, K, varied from
108 to 10 em?/sec and Ky, varied from 10° to
108 cm?/sec.

The results were not satisfactory. The large
diffusion coefficients in the ‘“‘gap” region and
the strong tropospheric rainout mechanism
made it impossible to maintain the desired
slope of the level of maximum concentration
in the stratosphere equatorward of the ‘“gap”
region, although more satisfactory results were
obtained poleward of the ‘‘gap” region. The
large spatial variation of the primed diffusion
coefficients in the “gap’ region tended to
obscure the effect of the sloping principal
diffusion axis. The one positive conclusion from
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this set of experiments was that the anisotropic
model, with the principal axis of the diffusion
tensor oriented along the isentropic surfaces,
did significantly slow down the rate of rise of
the level of the maximum concentration in the
presence of a strong tropospheric sink and
relatively large values of Ky and K, in the
‘“‘gap’’ regions.

Finally, hypothesis 3 was investigated by
assuming that the quasi-horizontal principal
diffusion axis in the stratosphere and upper
troposphere is approximately parallel to the
mean annual tropopause configuration at all
levels in the meridional plane. The mean slope
of the tropopause in the jet stream region was
determined each month from meridional cross-
sections for 1958, (U.S. Weather Bureau, 1961).
These slopes were then averaged for the year
and located at the mean annual latitudinal
position of the jet core. The slope thus deter-
mined is about 4.1 x10~® and in the present
model extends approximately from 33.5° to
46.5° N latitude. The principal diffusion axis
was assumed parallel to this tropopause con-
figuration from 6 km to 22.5 km; above 22.5
km the slopes were reduced to 2.9 x 10-* mostly
because the slopes of the lines of constant poten-
tial vorticity (HErING & DBORDEN, 1964)
decrease with altitude in the stratosphere. It
is recognized that the method of averaging is
somewhat arbitrary and must be considered in
the interpretation of the results. This, however,
is not considered to be a serious drawback in
the present development of the model.

It was found for this last scheme that all of
the observed features of the tungsten experi-
ment could be reproduced with an extremely
simple set of diffusion coefficients. A value of
K =4 x10° em?/sec throughout the system; a
value of Kz =10® cm?/sec throughout the stra-
tosphere and a value of K, =4 x 10* throughout
the troposphere were sufficient to yield satis-
factory results. In this series of experiments it
was assumed that the injection took place at
7 =02 (11°32’ N); at z =18 km, ¢ =11.3 dpm/g
of air and at z=19.5 km, ¢ =28.5 dpm/g of
air. This source configuration corresponds to a
total injection of 70 megacuries, approximately
the mid-point of the range of estimates of 54
to 87.5 megacuries.

In Figure 5, the decrease with time of central
concentration predicted by the model is com-
pared with the observed decrease. The meri-
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dional distributions of total deposition, one

year after injection, as predicted by the model"

and as estimated from observed data (FRIEND
et al., 1961) are shown in Figure 6. The predicted
peaks occurred at the same latitudes as observed
in the Southern Hemisphere and the Tropiecs
while the predicted Northern Hemisphere peak
occurred about 5 degrees north of the observed

peak. Alse, the relative magnitudes of the pre-
dicted peaks corresponded well with the ob-
served data. There was, however, some dis-
parity between the totals of global fallout
represented by the two curves. The model
indicated 45 megacuries deposited while the
observed estimate was 61 megacuries. This
difference can be sattributed to two factors—
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Fig. 7. Decrease of

the magnitude of the injection in the model
was not large enough and/or the estimate of
surface deposition from the observed data was
too large. The experimental uncertainties in
both of these factors are sufficient to account
for the above mentioned disparity. The injec-
tion in the model could justifiably be accepted
as 85 instead of 70 megacuries. Also, the esti-
mate of total surface deposition by Frienp
et al. (1961) for 16 months after the tungsten
injections is 77.5 megacuries (corrected to
August 15, 1958) which exceeds by 109 the
total amount initially put into the stratosphere
in the model. Indicative of the uncertainty in
the estimates of surface deposition is the com-
parison of HarDY’s (1960) estimate of 50
megacuries for the 16 month period with the
above 77.5 megacuries value.

Another disparity between the observed and
model predicted distributions in Figure 6 is the

Tellus XVIII (1966), 2
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stratospheric burden with time predicted by numerical model for tropical injection.

difference in spread of the distributions about
the Northern Hemisphere peak. Attempts to
improve the spread of the predicted distribution
by variations of the magnitudes of K;; and Kg,
in the troposphere were not successful. It is
felt, however, that considerable improvement
can be realized by a four season model in which
there are a seasonal shift meridionally of the
tropopause configuration and a seasonal varia-
tion in the magnitudes of the wet removal
factors.

In view of the uncertainties of the observed
surface distribution and magnitude of initial
injection and of the simplicity of the model
structure, these results are considered satis-
factory.

Further satisfactory results were achieved
by the model with respect to the stratospheric
residence half-times for the material. The
decrease with time of the stratospheric inventory
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Fie. 8. Distributions of tungsten-185 six months after injection. (a) Observed mean for Nov.-Dec., 1958
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in the model has been plotted in Figure 7 and
compared to rates of decrease corresponding
to various theoretical residence half-times. An
average residence half-time of 7 months is
indicated for the model during the first 16
months after injection. Thereafter, the residence
half-time tends to increase to 9 and 10 months.
These results are in accord with the 5 to 9
months estimates for stratospheric material
made by FRIEND et al. (1961) based on the

laatopes, (nc,
90,

possible range of magnitudes of injection and
stratospheric inventories estimated from obser-
ved data.

Figures 8, 9 and 10 compare the observed
stratospheric distributions of tungsten with the
model prediction 6, 12 and 24 months after
injection, respectively. The gross features of
the observed tungsten-185 distributions were
satisfactorily reproduced by the numerical
model at 6 and 12 months after injection but
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the similarity of features is noticeably less after
24 months. It must be borne in mind, however,
that after 24 months, the observed data are
much less reliable. The important gross features
to be compared between the observed and
model results are: (1) decrease in height of
15,000 feet of the level of maximum concen-
tration from 20° to 60° latitude in both hemi-
spheres; (2) strong vertical concentration gra-
dient in the lower tropical stratosphere just
above the tropical tropopause and a consider-
able decrease in this gradient poleward in the
lower polar stratosphere; (3) the tendency for
the tropical center of maximum concentration
to move equatorward; and (4) development of
secondary centers of maximum concentration
at higher latitudes.

After 24 months significant difference in
concentration distributions appeared, as shown
in Figure 10. The observed data indica-
ted a movement of the tropical center of
maximum concentration well into the Southern
Hemisphere whereas this center remains within
the vicinity of the equator in the model. The
observed data are considered quite suspect at
this time. In the observed concentration distri-
bution 22 months after injection there is no
indication of movement of the center of maxi-
mum concentration into the Southern Hemi-
sphere. Also, at high latitudes, the height of
the level of maximum concentration rose to 57
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thousand feet in the model, but remains at
approximately 50 thousand feet in the observed
data.

4. Polar injection

Since the possibility existed of fortuitous
agreement between predicted and observed
results for these experiments with tropical
injections, it was decided to examine the con-
sequences of the same hypothesis (i.e. the prin-
cipal axis of diffusion parallels the tropopause
configuration} as applied to a lower polar stra-
tospheric injection. For this investigation the
1961 Soviet test series was selected as repre-
sentative of such an injection.

The observed strontium-90 data for this
test series were determined by isotopic ratio
(Sr-89/Sr-90, Ce-144/Sr-90) dating because there
was a considerable amount of strontium-90 in
the atmosphere due to previous testing. Also,
these data are not considered beyond April,
1962 because of the injection of new strontium-
90 by U.S. tests after this date. Thus, the
observed data are confined essentially to the
winter months. The model was adapted for a
winter season experiment by assuming the
same average slope (4.1 x10-2) of the tropo-
pause in the jet core region but the latitudinal
position of the jet core was displaced some 15
degrees equatorward.
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It was fairly well known that the major
testing in this series was conducted at Novaya
Zemlya, approximately 75° N latitude, but the
altitude, magnitudes and vertical distributions
of the individual injections are highly specula-
tive. In the model, therefore, the magnitude
of the injection was arbitrary and, using the
observed data as guide lines for altitude and
vertical distribution, an equally distributed line
source was put in between 45 and 50 thousand
feet.

Isotopes, Inc

In general, the observed strontium-90 data
from this test series do not constitute so reliable
and unique an experiment as the tungsten-185
data.

At the time of the writing of this paper,
sufficient experimentation with the polar injec-
tion had not been completed to permit full
evaluation of the overall capability of the model.
The results of early experiments in this series
showed good agreement between the observed
stratospheric distribution of strontium-90 ap-
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Distribution of surface deposition six months after polar stratospheric injeetion.
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proximately 6 months after injection and the
distribution predicted by the model (Figure 11).
The observed upward slope of the level of
maximum concentration toward the equator
was reproduced quite well by the model. Un-
fortunately sufficient observed data are not
available to determine the rate of decrease of
the central concentration during the period.

In Figure 12, the best model surface deposi-
tion result is compared with the estimate of
distribution from HARDY & CoLLINs (1962) and
CorLrins (1963) and with an estimate determined
from data by TeELEGAaDAS (1963) which incor-
porates a correction for rainfall. The better
agreement between the model prediction and
the Telegadas estimate is noteworthy since the
wet-fallout simulation in the model is based
on the average meridional distribution of rain-
fall.

The observed data of the decrease with time
of the stratospheric burden of Sr-90 from 1961
Soviet tests are insufficient to provide a worth-
while quantitative estimate of residence half-
times of the material. It is generally recognized
that the residence time of debris in the atmos-
phere is dependent upon the height, latitude
and season of injection and that it is shorter
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of stratospheric burden with time as predicted by the numerical model for a polar

for higher latitudes and lower altitudes (FRIEND
et al., 1961 and BoLIN, 1964). Residence half-
times of 3 to 6 months have been considered
reasonable for the lower polar stratosphere in
computations of burden trends (FRrIEND et al.,
1961). Figure 13 shows the decrease of strato-
spheric burden with time as predicted by the
numerical model. A residence half-time of 5 to
7 months is indicated for the curve. These values
are generally lower than those predicted in the
tropical injection and are in reasonable accord
with the investigators cited above.

The experimental results of the polar injec-
tion presented above required a winter season
adaptation of the model as used for the tropical
injection. This adaptation is considered realistic
and it is felt that the incorporation of seasonal
variation of meteorological parameters will
produce a single model capable of satisfying
both the tropical and polar injection prediction
criteria.

5. Conclusion

A numerical model of eddy diffusion, particle
settling and removal in the stratosphere-tropo-
sphere-earth’s surface system has been devel-
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oped which predicts satisfactorily the behavior
of injections of material into the lower tropical
stratosphere. Applying of this model to lower
polar stratospheric injections lead to predic-
tions which, at least, are not in gross error.
The model has a relatively simple set of para-
meters for characterizing the transport-removal
system. A prime feature of the model is that
the local quasi-horizontal principal axis of the
diffusion tensor lies in surfaces parallel to the
tropopause. This is an empirical result of the
present study.

It has been widely held that large-scale eddy
diffusion is basically an isentropic process. The
observation was made by FEELY & Spar (1960)
that the tungsten-185 distribution appeared to
have been affected by non-isentropic motions.
Since basically, the same data considered by
them were used in this study, it is perhaps
not surprising that a ‘non-isentropic” model
yielded the best results. HEriNG & BorDEN
(1964), in studying ozone transport, computed
surfaces of equal potential vorticity in the
stratosphere; they concluded that the ozone
transport may occur in motions parallel to
these surfaces which are more nearly parallel
to the tropopause than are the isentropic sur-
faces. NEweLL (1964), in studying potential
energy—kinetic energy relationships in the stra-
tosphere, concluded that non-isentropic pro-
cesses took place there, especially in mid-lati-
tude regions. These findings, along with the
current model study, indicate that the primary
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large-scale mixing processes in the lower
stratosphere may take place along surfaces of
constant potential vorticity. This statement
must be qualified as conjectural, since there
are no reliable climatological stratospheric
potential vorticity data which could be used
in proof. The numerical experiment embodied
in the present study is, however, sensitive
enough to show that some mnon-isentropic
processes are involved in large-scale mixing
motions of the lower stratosphere. Furthermore,
it appears unnecessary to ascribe a dominant
role to meridional circulations in the transport
of material in that portion of the atmosphere.
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YUCJIEHHBIE MOAEJIN INOOY3UN U BBIMBIBAHUA PATNCAKRTHBHBIX
OCTATHOB JOHIAEM

Pacemorpena ymciaeHHas IBYXMEpPHAA MOMEJb,
onuceBawmaa nuddysuio, TNepeHoc, CKOPOCTH
nmafeHNA d4acTHL ¥ TponocdepHOe BEHIMBIBaHUE
PAmgUOaKTUBHHX OCTATKOB. JTa MOJENb BKIIO-
yaer Taxe oOUIYI0 aHN30TPONHYI0 Auddysuio.
BrIMEBaHME DAIMOAKTUBHEIX OCATHKOB MMMe-
THPYETCA YaCTHYHHM YCTpaHeHHeM HMX B BHI-
6paHHBIX YPOBHAX «00pA30BAHUA» MOMKIA, NMPH-
4YeM BEJIHUYHMHA 3TOTO M3BATHA KAKION IMMPOTH
NponopHUOHaNbHA HabJI0gaBIIeMyCA BHIIafe-
Huio. B Bacroamein cratee mpeHeGperaercs
YIeHaM#, BHPAKAIOMMMH [IepeHoc, U JelaeTcd
NONEBITKA BOCHPOM3BECTH JefCTBUTEIbHbLIE [AH-
HHe ¢ noMombio Au(GPy3UM—BHMEBAHAA-CKO-
POCTH OCelaHUA.

ITapamerpsl Momemu MeEHANHUCh [&JAS TOrO,
YToOH BOCIIPOM3BECTH KAa4YeCTBEHHO W3BECTHOE
noBefileHNe WH)ReKnuit Boabdpama-185 B skBa-
TopHaJdbHHX o0macTaX M, No KpaiiHe#t Mepe,
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Ka4yecTBEHHO IOBefleHne CTPaTocPepHHIX HH-
eKnuit B BHCOKHX mMHUpoTax. ONHCAHHEL TPH
THTIA MOjeself, PasiIM4YalomMMXCA O PpPaclojo-
MEeHUI0 IJIaBHOro HampaBieHua (ocu) nuddy-
3UM: a) BOOJb FOPUBOHTAJBHEIX NoBepxXHOCTell,
6) Bpmolp noBepXHOCTe#l NOCTOAHHON NOTEH-
HUAJbHON TeMmepaTypH M B) BAOJb NOBEPXHO-
creffi IOCTOAHHOrO MOTEHIMAJIBHOTO BHMXPA.
Bce Tpum Mopmenm YHOBJIETBOPUTENBHO BOC-
MpPON3BORAT IIUDPOTHHE W3MEHEHHUSA BEJIUYMHH
BHIMBIBaHMA, HO TOJbKO TpeThbH ONMNCHIBAET
HalilofiaeMoe pacmpefeseHne KOHIEHTpanuii B
crparocdepe. IlocmenuAaa Monmenr maeTr ymoBie-
TBOPUTEIbHBIE DPe3yIbTATHL KaK IPH KCH0IB30-
BaHUM B KayeCcTBe IJIABHOTO HANPABIEHNA
Aupdysuu IJIMHUN TOCTOAHHOTO TIOTEHIMAJA,
JCTAHOBJEHHEIX 3KcnepuMeHransHo (Hering m
Border), Tak m auEu napaneNbHHEIX TPONO-
nayse.



