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Vertical Trahsport by Small Scale
] Stratospheric Turbulence: A Critical Review

1. INTRODUCTION

The meaning of the word "turbulence' {s ambiguous, On one hand, it could
£ refer to large scale synoptic motions that take place on a global scale, Inthis
connection the phrase "two dimensional turbulence' has been used. On the other
hand, it more frequently refers to amall scale three«dimensional chaotic motion
which causes intimate mixing on a small scale, Similarly the term " eddy dif-
fusion coefficlent," which implies a pseudo-diffusion effect due to the eddy flow,
can be used In more than one manner. On one hand, {t can include large scale
synoptic effects (which are most often regarded as advective in nature) together
with small scale turbulence effects. On the other Lund, it can refer exclusively _
to small scale three-dimensional turbulence elfects, ! As can be seen by the title [
of this review, only the latter type of "diffusion" will be considered here. o

The stratosphere, by definition, i{s an exceptionally stable part of the earth's P
atmosphere, Turbulence in such a stable fluld has a certaln pecullarity of struc-
ture which must not be i{gnored. It occurs in relatively thin layers separated by
what are usually large layers of essentially laminar flow, This is true not only
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o 1, Tennekes, H, and Lumley, J.L. (1872) A First Course in Turbulence, The
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for the stratosphere but for the upper ocean as well, 24
sometimes true for the troposphere,

The word "blini" (pancakes) is sometimes used to describe this layered
structure of stratified turbulence in the atmeaphere, 8 Such clear air turbulence
(CAT) pancakes are of the order of 100 m thick and 10 km in the horizontal direc~
tion, They are due to the shear or Kelvin-Helmholz instability, These layers
are always assumed to occur at random heights and timea with random thickness-
es, They are not only intermittent but presumably, also rare (of the order o!
one percent of the fluid volume), 612

Let Kp denote the effective diffusivity for stratified (amall scale) transport
over large reglons of nltitude, The subscript B stands for "Lulk" &e opposed to
the local eddy diffusivity that might be encountered within an active turbulent
layer. This perameter {8 the one upon which we will focus our attention, The
two main questions which need to be answered are: (1) How important {8 the
role played by small scale turbulence in the overall vertical transport of tracers
In the stratosphere; and {2) What {8 its approximate value?

The practical importance of these questions derives, of course, from the
stratospheric pollution problem, As is well known, the possibility existas that

In addition, it is also

2, Woods, J.D, (1968) Wave-indu~ed shoar Instability in the summer thermo-
' cline, J., Fluid Mech, 32:701-800,

3. Woods, J,D, and Wiley, R. 1. (1872) Billow turbulence and ocean miero-
structure, Deep Sea Research and Oceanlc Abst, 18:87-121,

4. Phillips, O, M, (1667) On the Bolglano and L.umley-Shur Theorles of the
Buoyaney Subrange, Atmospheric Turbulence and Rudio Wave Propagation,
A.M. Yaglom and V. T, Tatarsky, Eda., NAURA, MoBcow,

3. Bretherton, F, P, (1969) Waves and turbulence in atabiy stratifled fluids,
Radio Sclence 4:1279-1287,

8. Stewart, R, W, (1960) Turbulence and waves in a stratified atmosphere,
Radla Scl, 4:11260-1278,

7., Pao, Y-, and Goldburg, A, {1069) Cloar Alr Turbulence and Iis Detection,
Plenum Press.

8. Rosenberg, N,W, and Dewan, 3, M. (1075) Stratospheric Turbulence and
ertical Effective Diffusion Coefficients, AFCRL-THR-T5 ~0510,
B A016 708, '
8. Dewan, F.M, (1879) Eatimates of Vertical Eddy Diffusion Due to Turbulent
Layers in the Stratosphere, IFGL*TR-?Q-U&%! AD ADTD B0

10. Dewan, E.M. (1978) Stratospheric spectra resembling turbulence, Science
204:832-830, —

11, Dewan, E.M, (1880) A One~Dimensional Vertica
Extremely Inhomogeneous ered Turbyl
EFGL-TR-EU-MB(E, AD 55;% '}Zb

2. Dewan, [, M, (1841) Turbulence vertical tranaport due to thin intermittent
mixing layers in the stratosphere and other stable flulds, Science
211:1041-1042, T
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oxlides of nitrogen (Nox) and chlorofluorocarbons can catalytically destroy ozone
and, hence, cause global problems due to the resulting enhanced transmission of
solar ultraviolet radiation to the aarth!'s surface, (Some of the possible disastrous
consequences are deascribed in CLAP Monograph 1, 1975.)13

As Relter“ has pointed out, there are several mechaniams for vertical
transport assoclated with the stratosphere, His paper, which concerns the
stratospheric-tropospheric exchange procesees (not necessarily transport
throughout the volume of the atratosphere) lista the following in order of impor-
tunce: (1) Hadley cell motion (38 percent), (2) large scale eddiea of the acale
of cyclonea and anticyclones (20 percent), and (3) seasonal tropoapheric height
changes (10 percent), The percenta refer to the Iraction of the mass equivalent
to one hemlsphere stratosphere transferred through the tropopause in a year,
These all add up to values which are consistent with "residence times" of mate-
rials deposited in the stratosphere such as atomic bomb debris, The "fallout
times' or "realdent times," of course, measure the effecte of all processes
8lmultaneously, Relteu‘14 also states that, with regard to stratospheric-tropo-
apheric exchange, turbulence plays an apparently inaignificant role. Whether or
not such a conclusion is correct, it does not unswer the question of whether or
not small scale turbulence within the volume of the stratosphere {8 significant
for vertical transport there,

This raises an intereating question: If fallout times are known to some de-
gree, why is It important to know the detalls of the removal process and, in
particular, the relative significance of the role of turbulence? One answer is
that one must understand the mechaniam of transport if one i8 ever to estimate
the efferts of large perturbations ln stratospheric composition, These could be
caused by long-term gradual changes due to pollutlon or by short-term catastrophic
changes due to large nuclear effects or rare, natural, large perturbations, Such
large chemical changes could completely change the dynamlcs of the stratosphere
and, hence, the residence times, After all, in spite of the fact that the strato-
sphere (8 defined in terms of lts dynamic stability, 1t is (n fact its composlition
(that is, the ozone) which causes the stability to exist. The ozone, by absorbing
ultraviolet light, causes the temperature inversion which ls, In effect, the strato-
gphere, This stability, in turn, enables large amounts of ozone to accumulate
without too much loss, The ozone, in effect, has created its own contuiner, Its
depletlon would also deplete the contalner! Thus, composition affects dynamics,
and a model which takes all the important mechanisms and these mutual

13. CIAP (1978) The Naturel Stratosphere of 1074 CIAP Monograph 1,
DOT=-T8T-75~51,

14, Reiter, E,R. (1975) Stratospheric-tropospheric exchange processes,
Rev, Geophys, and Space Phys. 13:450-474,
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interactions into account would be needed to estimate the impact and subsequent
alfects following a large perturbation.

There {8 a second reason for the necessity of knowing the value of KB' This
relates to stratospheric chemistry in ge.ieral. Chemicals cannot react until they
are mixed into intimate contact, Turbulence of the small scale varlety i{s the only
mechanism that can bring this about, It is well known that the vertical protile of
any stratospheric constituent is highly jagged and layered, This indlicates that
vertical mixing takes place over small vertical scales and also that it s erratic,

One of the most important objectives of this review is to reveal the high
level of ignorance which surrounds the value of KB‘ the eflective turbulence dif-
fusion parameter, Unfortunately, the mugnitude of ignorance is not generally
appreciated. The majority of writers!5=18 geem to regard the igsue as relatively
well {n hand and that the order of magnitude ot KB (globally averaged) is 0, 01
ms/s. This {8 to be compared to the overall "eddy diffusivity' based on fallout
times and duc to all proceases which are 10 to 100 times larger, 1821 It will be
shown, however, that the estimate of Kp ~ 0,01 mz/s rests on very questionable
foundations. While this does not mean that this estimate {8 not correct in principle,
It does mean that more experiments will have to be performed before one can
accept it as scientiflically valld,

Our plan is primarily to review the techniques by which KB is estimated and
to examine the assumptions (stated and otherwise) which are involved. As will
be seen, there are a number of unanswered questions that are thus exposed,

In more detall, we shall do the following, First, we shall consider the work
of Lilly, et al, 15, is They estimated the value o! the looal eddy diftusion

16, Lilly, D.K., Waco, D, E., and Adelfung, S,1. (1874) Stratospheric mixing
estimated from high-altitude turbulence measurements, J. Aopl, Met,
13:488-403,

16, Lilly, D,, Waco, D., and Adelfang, S. (1078) Stratospheric mixing estimated
from high-altitude turbulence measurements by using energy budget tech-
niques, The Natural Stratosphere of 1074, CIAP Monograph 1, DOT-
TST-75-'5T26-8-1_6_§U——2t0 -90;

17, Heck, W. and Panofsky, H,A. (1875) Stratospheric mixing estimates from
heat flux measurements, The Natural Stratosphere of 1874, CIAP
Monograph 1, DOT-TST=75=-61:18-00 to 8-02,

18, Mahlman, J.D. and Moxim, W.J, (1978) Tracer simulation using a global
general simulation model ..., J. of the Atm. Scl, 9_@1340-1374.

19, Junge, C,E, (1963) Air Chemistry and Radioactivity, Academic Press,
New York, 260,

20, Bauer, E, (19875) Diapersion of tracers in the atmosphere, The Natural

Stratosphere of 1974, CIAP Monograph 1, Final Report, DOT-TST-16-51,
TP_-B-‘ to 6-55,

21, Luther, F.M, (1975) Large-Scale Eddy Diffusion, The Natural Stratosphere
of 1974, CIAP Monograph 1, Final Report, DOT-TST~15-51,
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coeflicient, Ky (H for heat transfer), from power density spectra of wind fluctua~
tions. In contrast to KB' KH refers to the diffusion of a passive scalar such as
heat that is caused by the active turbulence within a blini, The wind luctuation
measurements were obtained from the published reports of Crooks et al, 22 which
gave in-situ measurements obtained by means of an {nstrumented U-2 aircraft
flying in the stratosphere, The apectra were first used to estimate ¢, the viscous
disaipation rate, The latter was used to obtain KH' As mentioned, when they
then estimated KB' from KH' they obtained 0, 01 mz/s lavs the order of magnitude,
Next, we wlll consider the work of Panofsky and Heck, They obtalned experi-
mental evidence based on the HICAT data which supported the technique of
Lilly, et arld for the estimation of Ky frome. The work of Zimmerman and
Lovlngza is discussed next, They, too, obtained € from the HICAT spectra, 22

but thelr method for estimating KH from ¢ differed from the method of Panofsky
and Lilly, 1517 Thelr values for Kﬂ (and by {mplication, using the reasoning of
Lilly, et al, KB)ls' 18 were, by comparison, enormous,

Alter thia a general, critical discussion is given of some of the baslc assump-=-
tlons made by the above authors, In thig discussion, several unanswered ques-
tions are raised, The work of Rosenberg and Dewan, 8 I8 then reviewed, They
estimated KB ~ 0.§3m2/5, a value in between thoee of Lilly et al, 18,16 and
Zimmerman et al, The unanswered questions raised by this work are pointed
out, Finally, in the conclusion, the impact of the work of Mshlman et al, 18 on
global airculation simulations {s pointed out, Two experimenta are given In the
text which are the most crucial ones to perform at thls time {n order to permit,
perhaps for the first time, a reasonably dependable estimate of KB.

2. THE WORK OF LILLY, WACO, AND ADELFANG

Project HICAT (High Altitude Critical Atmospheric Turbulence) involved
286 fights of U=2 aircraft in the 14 to 21 km altitude range of the stratosphere,
The "turbulent patches" included only 2 to 5.2 percent of the total flight distances
and were highly correlated with categories of terraln, As was mentioned above,
the power denalty spectra obtained from these data were used to obtain the vis-
cous dlssipation rute, e, and K‘H by these authors.

22, Crooks, W.M,, Hoblit, .M., and Prophet, D.'I',, et al (1887) Pro;ect
HICAT: An Investigation of High Altitude Clear Air Turbulence, lech,

ept., see also ) T (1088),

23, Zimmerman, S, P, and Loving, N. (1975) Turbulent digsipation and diffusivi~
ties in the stratosphere using Richardson's technique, The Natural

Stratusghere of 1474, CIAP Monograph 1, Final Report, DOT-CIAP,
OT-THT=70-H1,
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To obtain ¢, they noted that the log-log plots of the spectra had a nearly -5/3
slope, and hence they assumed that this implied that they were observing an
"inertial range" spectrum, As is well known, Kolmogoro(rzq' predictad this slope i
on the hasis of a similarity argument, and it has subsequently been amply veri- |
tied experimentally, (It s frequently observed in geophysical flows.) Thus, ‘
these authors used the Kolmogoro!f relation

s

A% B idk e el

vy o 2 ke P n S

(k) = a /3 "5/3

§)

s Bt

(where ¢(k) {8 the one-dimensionsl velocity Ructuation power density spectrum,
k the wave number, and where a I8 the conatant of order unity derived from
experiment), Solving Eq. (1) for ¢ gives its value in terms of the gpectrum, '
More specifically, they integrated Eq. (1) from the value of k corresponding i
to wavelengths equal to (610 m)'l or (2, 000 R)'l to k = e, Solving the resulting :
W equation for ¢ and using the fact that the integral of ¢(k) over k lg equal to the !
mean square fluctuation velocity, v°, they obtalnead i

Low DS N NI R AT

P T DI S Y N e

| 3/2 [=5\3/2
i - 2 P
€ u [38_] (V‘Z) kl (2)
: : A
i J
where k, » (27/610 m) and a; is the constant of order unity which depends on { { Q
(the velocity component {s designated by i), In Eq. (2) the vverbar denotes an ‘) ]
average in the gense that one can use several spectra derived from a number of 3
traverses through turbulence in order to estimate the average of ¢, \li
In order to estimate Ky; from such estimutes of ¢ they made the following 4( ]
sssumptiont .
P«Br=-e (3)

where P means turbulent energy productlon, and B I8 the "up gradient buoyancy :
i flux'' or change of potential energy caused by mixing, More exactly i
— 1
8V L
Pu «vty! o
E)A -
(4) i |
B= .:Ee'_w'. ! N
7 .
L)
!
}
24, Kolmogoroft, A. and Toppler, L. (1941) Turbulence, S, K, Friedlander, Ed. o
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where primed quantities are the turbulent deviations from the averages, g is the
acceleration of gravity, ¥ the average potential temperature, V the average hori~
zontal veloclty, w' the vertical velocity fuctuation, v' the horizontal velocity
fluctuation, 8 the potentlal temperature fluctuation, and Z is the vertical coordi~
nate,

Next, they used the definition for K.H glven by

and the correaponding definition for eddy viscosity (or momentum diffusivity)

viwl e Ky %‘z’- (6)

in order to obtaln
=\2
d
Pa KM (‘5%)
oF
Bu “'“H(‘g-') 52
Since the “Juoyancy frequency, NB' is defined by
2 80
Np ® (%) 57 (8)

one obtains from Egs. (7) and (3)

(n

2 2 .

where S m 8V/82, the vertical shear of the average horizontal winds. The defini«
tion of the flux Richardson number, Rf is

2
K., N

Ry ™ B/p._ij__gB.., (10)
KMS
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Hence Eq, (9) can be written
2 (.1 .
KHNB(R,'l) € . (11)
Clting the laboratory work of Thorpe, 25 they set Ry = 1/4 and arrive at

. € «
KH = ;?\ITB . (12)

They inserted values of ¢ from Eq. (2) into Eq. (12) to get the estimates of KH in
thelr paper,

Since Ky refers only to the local value of eddy diffusivity within the thin
actively turbulent layers, they then proceeded to estimate K‘E from

Kp = F Ky (13)

where F {s the fraction of the vertical dimenalon occupied by the turbulent layers,
The value of F was estimated by assuming* it to be equal to the fraction of the U-2
flight trajectory that was "turbulent," This is of the order of a few percent, Tak-
ing sultable account of the variation of F with terrain category they concluded that
Kp» averaged on a global scale, iz 0,012 mz/s to within (they clalmed) one-half
order of magnttude. Thig was estimated from values of Ky which ranged from
0.4tol,14m /a. This is the value cited by Retter'4 ana Mahiman et al, 18 1,
connection with small scale turbulence effects in the stratosphere and which seems
to be the currently accepted estimate.

There {8 an unanswered question {n connection with the assumption that the
HICAT spectra are in the "inertiul range" of length scales, This assumption
seems to me to be in serious contradiction with certain experimental results pub-
lished in the literature, Measurements were made in-situ by Crane, 26 Cadet?7
and Barat, 28 (See also Rosenherg and Dewem8 and Stewart, B) Table 1 summarizes

*Note, however, that the U-2 flew mostly horizontally whereas F refers lo the
vertical dimension,

25, Thorpe, S,A, (1872) Turbulence in Stably Stratified Flulds: A Review of

Laboratory Experiments, [%CRM Collogujum on Boundary Layer
Meteorology, San Diego, C

28, Crane, R.K, (1877) Stratos herlc Turbulenne Analystg, Alr Force Geophysics
Lab,, Final Report, - ) .

27, Cadet, D. (1875) Vertical wind shear measurements in the lower stratosphere,
vart, J, R, Met. Soc, 101:485-483.

28, Barat, J, (1875) Etude experimentale de la structure du champ de turbulence
dans la moyenne stratosphere, C, R, Acad, Sc, Parls 280(Serial B):691-093,
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Table 1, Measurements of Turbulent Layer Thickness

Turbulent Layer

: Method Authors Thickness

i Balloon~borne Barat?28 200 m

t Instruments 29

; Anderson 240 m

‘ Crnneze 200 m

f Rocket trail Rolenlberg and 80 m X 2

! derived R‘ Dewan

: number

: protile

~ U~2 vertical Crane?® 80 m (light to moderate)

: traverse

: 100 m (all)
i Crooks et 3122 670 m £ 580 m
v',. ,.

these measurements of turbulent layer thickneases, All indicate that the order of
magnitude of the turbulent layer thicknesses is 100 m, This would also be the outer
scale presumably, The largest scales for the {nertial range would be of the order
of 1/10 of this®® or 1/100. 1 In other words, the largest scales of the inertial
range ure expected to be 10 m (or even as small as 1 m), In contrast, the smalleat
H scaled of the HICAT spectra are about 50 m, the -8/3 slopes are Been out to 600 m
!' routinely, and, on occasion, to beyond 10 km. A apectrum of -5/3 out to 5 km is not
f not unusual, Such large scales are not only incompatible with the inertial range
\

agsumption, but the assumption of turbulent motion as well, Let us assume that
the observations of Crane, 26 Cadet, 2 and Baratze are valld and not misleading in
any fundamental way and that the large gap in scale cannot be explained (n terms of
allasing effects (I would accept a factor of 5, but not 1000~ see Gtrrordal) or other
unexpected turbulence properties, for example, an anisotropic eddy shape of 1000:
1, which has never been observed in the laboratory or in boundary layer turbulence.
The concluslon then seems lnescapable that IIICAT spectra are predominently due
to gravity waves, 10 For thls reason, all attempts to explain the HICAT spectra

. .

29, Andersun, A.D, (1957) Free air turbulence, J, Meteorol, 11477-404,

30, Pond, 8., Steward, R, W,, and Burling, R, W, (1843) Turbulence spectra in
the wind over waves, J, Atm. Sci, 20:318-321,

31, Gifford, F., (1958) The interprctation of meteorological spectra and correla-
tions, J. Meteorol, }31344-346.
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32,33

on the basis of any sort of turbulence phenomena must be regarded as invalid
A quantitative attempt to explain the HICAT spectral shape in terms of gravity waves
will be found in Dewan, 10

3. THE WORK OF HECK AND PANOFSKY

The starting point for theae authors {8 the definition o! eddy diftusivity, Ky In
terms of heat flux

K, » ELUX (14)
86
5z

that is,

- NG (15)
*u 86/02

which is Eq. (8), They depart from the direction of Lilly et al, 13 18 ang
Zimmerman et al, 23 by relating Ky to wig' directly rather than to e. This value
of Wig' is estimated directly Irom the HICAT data by integrating the cospectrum of
w! and 9!, that ls, the real part of the cross power spectal density of 6! and w',
In order to remove '"random effects and the {nfluence of gravity waves' they de-
fined g'w' as the area under the cospectrum for wavelengths less than 3000 m,
Then they estimated K;, from Eq, {(15). To compare these values ot Ky with those
obtained by Lilly et al,}ist 18 they computed ¢ from the longitudinal wind component
and plotted by KH ve log e, They found a perfect f{t with KH = e/aN%. On this
basis they claimed that Ky, was of order 10t cmz/s and with F ~ 0,01 in Eq, (13),
KB ~ 0,01 mz/s. They thus fully supported the results given by Lilly et al. 15,18
The large scale cut off of A = 3000 m exceeds what appears to be the outer
length by a factor of 10, The cholce of this wavelength is, therefore, somewhat
arbitrary, Not only that, but it conflicts with the A = 610 m used by Lilly et al,,
If this work were to be extended, it would be extremely helplul if, in addition to the
cospectra, the quadrature spectra were measured, (This (s the imaginary part of
the cross spectrum,) In this way one could make use of the excellent suggestion

15, 16

32, Dewan, E.M. (1978) Theoretical Explanation of Spectral Slopes in Strato-
gpheric Turbulence Data end 1m TEca”ons Tor derﬂca [M'ransport,
ﬁwn‘vnmmg'&_——. o 7 - -

33. Welnatock, J. (1878) On the theory of turbulence in the buoyancy subrange of
atably atratified flows, J., of the Atmas, Sci, 35:634-049,
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which was made by Stewart” and which was subsequently demonstrated by Axfurd, 34
Thig suggestion involved u technique for differentiating between turbulence and
waves in the atmosphere, Defining 8 to be the phase angle:

1 [ 1m 8, (k)

mﬁm (16)

(where 8, s the cross spectrum between potential temperature fluctuation and
vertical velocity fluctuation, Im designates the imaginary part and Re the real part)
they found that one could distinguish between turbulence and waves as follows,
When the flow ia mainly turbulent ane would expect 8 to be in the range +45° to

459 or 135° to 226°, For flow which ls essentially wavelike, B = 80° & 10° (or
270 # 10°); and coherence values greater than 0, 8 are usually found in a well~
defined wave traln.‘“ If this were done, a less arbitrary criterion than

(A < 3000 m) might be obtained, In my oplinion it seems quite possible that the
results and conclusions of Heck and l%nofnky17 could be signilicantly altered by
such extensiona of thelr work,

B= tan”

4, THE WORK OF ZIMMERMAN AND LOVING

In a manner similar to the work previously cited, these authors assumed that
the HICAT spectra represented inertial range turbulence and that one could use
Eq, (1) for the purpose of estimating ¢. In order to estiniate KH' however, they
proceeded quite differently and avoided the contradiction between Eqs. (1) and (3)
that has been discussed, They used the work of l—lelunbenr‘g35 where a turbulent
diffusivity was obtained by means of a dimensional argument, namely

[ -]
Ky(k)) = C, f‘/ (a‘_;‘s‘l) dk . (am*
k
1

“There i an element of arbitrariness in Eq. (17) in the sense that any K of the form

% [ I/B
Ky = (constant) [ oti)8/2 i (s+1y2],

‘1

or combination thereof will have the appropriate dlrgsnggml. Perhaps the best
discussion of thie subject will be found in Lin et al, '

Because of the large number of references cited above, they will not be listed here.
See References, page 31,
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From Eq. (1)

Kytky) = al/2c ot/ 4g4/8 (18)

These authors then addressed the question of what value to uae for kl' For
this purpose they referenced a review by Phtlllps" which treated the "buoyancy
subrange'' of turbulence, In particular they used the work of I..umleya9 and Shur
whose theory predicts a -3 dependence of the spectrum upon k (that is, ¢ ~ k'a) at
scales significantly larger than the inertial range and a transition wave number,
kB glven by

‘ -1/2 3/2
kg = Ce t/AnY/? (19)

‘The so-called "'buoyancy length," waa given by 1g ~ k;l and they estimated it to be
In the range 15 m to Bl m. They chose C = 1 arbitrarily in order to calculate this,
They then chose k1 - kB. It should be noted, however, that the small scale resclu=-
tlon of the HICAT data was close to 80 m,

Next, {n order to use Eq. (18) to obtain Ky (kl) from ¢, they had to obtain
values for a and Cl' For this purpose they used a = 0, 5 (based upon published
experimental values), For C they used 0, 81 which was derived in an appendlx by
Puo and Zimmerman, 41 Thil appendix used data published by Kellogg 2 und used
the assumption that Eulerisn and Lagrangian diffusion were approximately equal,
In this way they arrived at Ky~ (c/N%) (2, '?"l)'1 which s, for present purposes,
identical to Bq. (18),

Three speclfic runs from the HICAT data were employed: 264 run 16, 233
run 3, and 280 run 10, They obtained values of K;; ranging !rom 2,8 X 108 cmz/s
to 37.5 X 108 cma/u which corresponded to a range of ¢ from 24 cmz/s
92 em /s". ‘The largest value of ¢ was llsted as 262 cma/s. Thege should be
compared to values found by Lilly et al, 5,14 where ¢ (mean dissipation rates)
were In the range 2, 82 cmz/n3 to 29,0 cmz/saz and Kp; values given in tables were

*'I‘hls obscervation was originally made by Dr, R, E, Good in private conversation,

39, Lumley, J,L., (1865) Theoretical Aspects of Research on Turbulence in
Stratified Flows ~Atmuspheric Turbulence and Radio-wave Propagation,
International Colloquium, Moscow:106-112,

40, Shur, G. (1962) Experimental Studies of the Energy Spectrum of Atmospheric
Turbulence, Proceedings of Central Aerological Obdervatory, 43,

41, Pao, M, und Zimmerman, S, (1875) Lagrangiun description of turbulenl

diffugion, The Natural Stratoaphere of 1874, CIAP Monograph X, Final
Report, DOT-T'ST'-"H-EI:U-I!E—“-fﬂ.

42, Kellogg, W. (1866) Diffusion of smoke in the stratosphere, Journal of
Meteorology 13:241, T
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in the range of 2600 cmz/s to 12, 200 cmz/s. We see that reasonable men can
differ by two orders of magnitude when it comes to stratospheric diftusion estimates.
When KH estimates as obtained by Zimmea’rman et a)?d are reduced by a factor of
100, they fall into the range 0,3 to 3,0 m“/s which is the same range reported in
the literature for all transport mechuniams for stratospheric transport, 18-31

One particularly disturbing aspect of their treatment is that the k'3 dependence
of the velocity power density epectrum (predlicted by the same theory that they uged
to calculate ky which in turn was used in Eq, (18) to obtain KH) {8 in blatant con=-
tradiction to the HICAT data upon which they base their estimates, They did not
overlook this fact and they warned the reader about it, They dld not, however,
give an argument as to why this would not invalidate their estimate and, therelfore,
we are left with this as an unanswered quesation, In any case, I their results were
In tact of the correct order of magnitude, such results would be considered as
evidence that turbulence plays & significant role in vertical stratnapheric tranaport. *

8. FURTHER CRITICAL REMARKS APPLICABLE TO ALL THE ABOVE
TREATMENTS

8.1 The -5/3 Spectea and the Determination of ¢

In &ll of the estimates of KH demaribed to this point, the assumption was made
that the HICAT spectra were in the (nertial range, The assumption seems, how-
ever, to be not valld for the reasons cited previously. On the other hand, the
posuibility exists that in aplte of this these spectra might be analogous to inertial
range spectra to some degree of approximation,

A nimple, theoretical explanation of the HICAT -3/3 apectra was proposed by
Dewan™ 10, 43 which assumes that these spectra are mostly due to waves and that
the nlope is due to an energy cascade caused by the small nonlinear interactions
between the waves of various scales, This wave cascadc was presumed to be the
source of the energy which eventually linds its way to the turbulence cascades
inside the blinl, Thus, in fact, if this theory were correct, it implies that indeed
there {8 a physical basis for the existence of spectra at large vcales which are

*s, Zimmermaun, In a recent private communication, revised Ky down to 0,1 m2/a

on the baais of statistice not previously conslidered, The conclusion remains
unaltered,

43. Dewan, E., M, {1970) Mixing in Billow Turbulence and Stratospheric Edd
Diftusion, AI'GL-TR-70-
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analogous to inertial range spectra, * This raises the next question: Would the
value of ¢ derived trom such spectra be even approximately equal to the value of
¢ found in a valid manner (that is, from an actual inertial range spectrum)?

To answer this question we consider the hypothetical relation between the
wave-cascade S8pectrum, Sw(k), and the inertial turbulence-cascade spectrum,
Splk)

Sy k) = ayy e 2/ 1 "8/8 (20)

from Dewang' 10, 43 and

S0 = a6 /3 k7878 (21)

where subscripts W and T are used to designate wave and turbulence quantities,
While 8 is known, all that one knows about By is that it {8 of order unity,
According to Bond, 46 we do know a llttle more, He has demonstrated that con-
stants like &y are either groeater than 5 or less than 1/5 in 1/5 of all cases studied
by him and that the probabllity is 1/10Q that it be greater than 10 or less than 10,
etc, For convenlence in what follows, we shall set 8y * B and try to relate €r
to ey,

Let us assume that the flux of energy from large scale (over 10 km) to amall
scale (less than 1 m) i conserved, In other words, we assume that there are no
energy sources or sinks at intermediate scale, This would be a dublous ascumption
in the case of boundary layer turbulence since heating of the ground can cause
buoyancy driven turbulence of intermediate acalesa, We assume, however, that
Eqm. (20) and (21) represent parts of a congervative cascade, This leads directly
to the following expresslon of flux conservation (down the scale)

*Onu other posaibly viable suggeatloa tﬂs been proposed to explain the t‘ype of
spectra seen in the HICAT results, ') This explanation lnvolv‘fa the "two
dimenalonal" turbulence cascade which according to Kralchnan, 45 gives a k=6/3
apectrum (one-~dimensional) associated with n cascade going ln the reverse direc-
tlon; that ias, from small to large scales, The explanation leaves unanswered
three questions: Why doqzqz the two-dimensional turbulence exist in layers of
order | km in thickness ? (This {8 ensily explained in terma of trapped gravity
wavesd on the other hand,) Also, what i{s the source of energy at small scales
(lese than 50 m)? 1If the answer is "turbulence,’ then, what ls the source for the
turbulence energy?

44, Qage, K, S, {1870) Evidence for a k'5/3 low Inertial range in mesoscale two-
dimensional turbulence, J, Atm. Sci, 3611850-1054,

45, Kralchnan, R, H, (1067) Physlcs of Fluids 1011417,
46, Bond, W, N, (1829) Phil, Mag, T2z,
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Dy Vi " Dp Vo (32)

where Dw 1s the energy dissipation rate in the wave cascade per unit volume, DT
the same quantity for the turbulence cancade, and Vw and V'I‘ the volume occupled
by the waves and turbulence respectively, That these volumes can differ signili-
cantly was demonstrated by the observations of Woods, 2 and Woods and Wlley.8
They saw internal waves in the upper ocean perturbing relatively rare and thin
turbulent layers and yielding their energy (originally spread over both laminar and
turbulent layers alike) to the turbulence cascades via the Kelvin-Helmholtz Insta-
bility, Now

Dy ¥ ety nnd Dy @ pe, (23)

where p is the mass denaity, Thus, from Eq. (22)

(ptw)Vw = (ch)V.r (24)
/v »
Oty \%) (25)

Thua, (f Vw » Vo, which is to be expected, then er P €y and Ky would have to
be altered accordingly (assuming that Ky ~ ¢ were valld),

An important but unanawered question {n connection with the above argument
s "are the HICAT spectra due mostly to waves ?" This could be determined by
means of the appropriate cross spectra, but such has not yet been done in the
literature, Due account would aleo have to be taken of alinsing effects in such a
study, But {n gpite of such unanawered questions, it is now posaible to state with
certainty that {t is indeed posaible to make a significant error in the estimation of
€ directly from =8/3 upectra when In fact the latter represent waves instead of
turbulence as {8 most likely the case for HICAT data. This would imply, for
example, that, assuming KH ~ c/N% were valid, the results of Lilly et al, 15,18
are too low by the factor (VW/VT).

*TheSe considerations were not included in Dewan, 8, 10, 43
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8.2 Extreme Inhomogeneity and lts Effect Upon the Relatiouship
Between Ky and Ky

In the following it will be shown that there are conditions such that KH would
have no influence upon the value of KB and that such conditions are not at all un-
likely in the case of stratospheric turbulence (or stratified turbulence in general),
As in Section 5,1, all the above methods to estimate KB will be affected by the
criticlsms raised there, Eq, (13) s repeated here lor convenlence,

In other words, one multiplies the eddy diffusion coelficient corresponding to the
turbulence effects within an actively mixing layer by the fraction of the vertical
dimension which {8 turbulent in order to estimate the bulk transport in that direc-
tion in terms of a diffusion parameter, One "dilutes" KH to eatimate K.B. To
almost anyone this sounds reasonable at first, Eq, (13), however, is not always
valid. The layered turbulence structure (blini) in the stratosphere has already
been described; and these rare, active, mixing layers separated by laminar !low
bear no resemblence whatever to homogeneous turbulence, Usually homogeneity
assumptions are meade {n turbulence theory, but it should be clear that in the
present case any such assurnption would be manifestly invalld, We shall examine
below some special examples where Eq. (13) is clearly invalid so that the main
difficulties ansociated with it will be put in evidence,

First, it is necessary to define Ky a8 expllcitly as possible, Figure 1 shows
a alab of atmoaphere much thicker than a turbulent layer, Let a scalar conatituent
(temperature, neutrally buoyant trace ges, ete.) be given by ¥(Z) and let A and B
be points at the top and bottom of the slab as indicated, We define K‘B by

FLUX (from A to B) (26)
(8% /02)

KBI

where, from A to B the gradient 8¥/BZ can be taken aa constant,

We now conslder the case where there is a single active layer of turbulence
located at altitude C, and this layer |8 presumed to be pcrmeanently fixed for all
time, For example, let the distance from A to B be 10 km and the layer thickness
be 200 m, According to Eq. (13), KB = KH (200 m/lO‘ m). 18 this correct?
Consider Eq, (28), Since there i8 obviously no flux Irom point A to point B taking
place (Figure 1), one must conclude that in the case considered, KB = 0. (Molec-
ular traneport is, of course, belng omitted from the discuasion there,)

12

*The first part of Section 5,2 (s & brief summary of part of Dewan.
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o’N

- 200m 3

10km

/B

ek 4
Figure 1, Single Turbulent Layer in Slab of Fluid

Extending Between Altitudes A and B, The ¥
denotes the mixing ratio of pollutant

The above situation resembles the case in electrical conductivity where one
has & "sandwich” conaisting of a horizontal slab of inaulation above and below a
horizontal slab of conductor as shown in Figure 2, In this configuration there (s
no way that current can flow vertlcally as indicated,

{

INSULATION

CONDUCTOR

INSULATION

'

ZERO CURRENT
THROUGH "SANDWICH"

Flgure 2, Inmsulator-Conductor-Insulator Sandwich
Analogy for Transport by Layered Turbulence

Next, consider Figure 3 which deplcts a more realistic situation where the
single fixed layer {a replaced by an ensemble of randomly spaced layers. Their
thicknesses are random a# indicated as well as their spacing, Total mixing is
presumed to take place within the turbulent layersa, It we ussume, as belfore, that
these layers remain at fixed altitudes for the entire duration of the experiment,

21
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Figure 3, The Case of Many Layers of Turbulence in Fluid Slab (A to B)

then, again, we must conclude that K‘B = 0 (slnce again there i# no tranaport from
point A to point B), On the other hand, let us next suppose that the layers do not
malntain a conatant conliguration but, instead, have a finite duration and are
replaced by other layers at random heights and thicknesses, Alter a sufficlent
length of time has elapsed, all altitudea will have been covered by turbulent layers
several times, Thus, when enough time has passed there would indeed be a flux
trom A to B, This type of flux has been studled In detail in Dewan'! by means of
computer simulations, The flow over short timeus will be very irregular; but over
long times and with gtationary statstical behavior of layer formatlon, the average
flow becomna constant, Thus K.B could be directly "'measured" by means of

Eq. (26).

Let At be the time Interval between different layer configurations, In other
words, the time between the commencement of one entire layer ensemhle (Figure 3)
and the event when it in replaced by a new one s At, If At were doubled, what
would happen to the flux golng from A to B? It would, of course, be halved, and
hence Kp would be reduced by a factor of 2, From this we see that KB ~ (At)

In what way will KB depend upon A, the average layer thickness? Also, how WOuld
Kp depend upoh F, the [ractlon of vertical dimenslon turbulent? Since these
questions have been treated elsewhere, 11,12 and since the answer can be obtalned
by using Eq. (26) dlrectly, we merely state the final result, & 9 10, 43

3
Kp = LA @n
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Here v ~ (1/10), The most important thing to notice tn Eq, (27) is that Ku (or e)
is not relevant. Only the layer thicknese, A, "eyele time,' At, and F play any
role in the flux in Figure 3 (A to B), The assaumption that nearly total mixing takes
place ia the reason that KH drops out of the argument in this inhomogeneoua situa~
tlon, Thus, under such conditions one must rule out Eq, (13) for Kg.

The parameter, KE' glven by Eq, (27) is not an eddy diffusion coefficient of
the usual type, Eddy diffusion ls usually associated with the definition,

Kaxvt] (28)

where v' and 1! are the velocity and length acales of homogeneous turbulence, To
avold confusion, therelfore, perhaps one should call KB in Bq. (27) the "stratitied
turbulence diffusion parameter,"

Does nearly total rnixing take place in the stratosphere? This, of course, (s
one of the most important questions in connection with the use of Eq, (27). Mantin
and Peppln" measured temperature profiles in the upper tropoaphere and lower
stratosphere by menns o!f balloon-borne sensors, Their obagervations are conals-
tent with the hypothesis that nearly total mixing occuras, hecause they found nearly
adiabatio lapse rates over reglons of order 200 m thick which numerleally is the
same thicknesa to be expected of typlcal turbulence layera (a "coineldence' not to
be taken lightly), The only alternative explanation I can fnd is that the adiabatic
lapse rate regions may actually be unrelated to turbulence but be actually due to
intrualona of layers of alr (at particular altitudes) which are premixed, * Such an
hypothesis while {t would explaln the observations would leave unanswered the
queantions of how and where auch Intrusion layers could be formed In the strato-
sphere,

Observations {n the upper oceanz' 8 show temperature profiles which are
shaped ltke "steps" (that is, have reglons where temperature s constant with
respect to depth). The size of these steps (ih complete analogy with the observa-
tlons of Mantis and Peppln“) is the same us the typical size of a turbulent layer
in the ocean, Since there {8 some analogy between the dynamics of the upper ocean
and stratosphere, one can regurd this observation as indirect evidence of the total
mixing sesumption, On the other hand, the "intrusion layer' phenomenon la known
to vceur in the ocean,

While there exists published evidence which ls consistent with the nearly total
mixing asgumption, and while there 18 numerical agreement between the vertical

*K.oop in private communication,

47, Mantis, M, T, and Pepin, T.J, (1871) Vertical temperature structure of the
free atmosphere at mesoscale, J. Geophys, Res, 20:8621-8628,
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thickness of mixed layers and the thicknessges of observed turbulent layers, this
{asue i8 not yet settled. In view of this, it {s Important to consider reasonable
experiments which can be performed to obtain more definitive evidence, An
especially attractive approach seems to be the technique used by Browning and
Watking = and Browning. 4 Under certaln conditions the troposphere exhibita the
same sort of blinl as those seen in the stratosphere, These are called CAT (clear
alr turbulence) and appear on radar in a very well-defined manner, These authors
used radar observations on tropospherlic CAT layers in conjunction with balloon
observations of temperature and wind shear, They were able to measure Richardson e
number profiles as a function of time by means of repeated balloon launchings, In
Figure 3 of Browning and Watklnﬂ‘“3 the vertical gradient of potentinl temperature, 3
the vertical shear of the horizontal winds, and the vertical protile of R, are plotted p
before and rfter the occurrence of a billow event, Thia figure clearly shows that
some mlxing occurs, but if this were typical, it would Indicate that the mixing s ]
significantly far from total, Unfortunately, the resolution of the balloon measure- :
ments i8 nbout 200 m, and higher resolution would be very helptul, Also, If billows 4
typlcally did not cause a large amount of mixing, there remains the question of
whether or not & geries of billows such ak those seen in relerences 2 and 3 could

\ in time cauge nearly adlabatic lupse rates, If this were to be the case, then one
would have to estimate At with this in mind, and it appears likely that At would then
be significantly more difficult to estimate than otherwise (fee below). The effect

3 ' would be to increase At and decrease KB.

: Alternatively, {f much leas than total mixing were to occur, Eq, (27) could be
modilied to take this into account, Such possible moditications will be dlncuused
elsewhere; however, for sufflciently small mixing, it has been shown® 10, 43 that
Eq. (27) for K would have to be replaced by Eq., (13), Thus, there are conditions '
where Eq, (13) im actually valld, To use lq. (13), however, as Lilly et a1t 10 {
and Heck et al Y have done, leaves us with unanswered queations pertaining to its i
valldity, First, one must obtain valid experimental evidence of the actual degree

of mixing in stratospheric turbulent layers, In a word, perhaps one of the moat
important single experiments to perform at this time regarding stratified turbulence
would be a repetition of the work of Browning and watkins?? with higher resolution
and over longer periods of continuoud observations,
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48, Browning, K.,A, and Watkina, C,D, (1870) Observations of clear alr turbulence
by high power radar, Nature 227:260-263,

49, Browning, K,A, (1871) Struoture of the atmosphere in the vicinity of large
amplitude Kelvin=Helmholtz billows, Roy. Met, Soc, Quart, J. 97:263 =208,
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6. THE WORK OF ROSENBERG AND DEWAN

e

Equation (27) wase first derived and applied by Rosenberg and Dewan, 8 It was

: applied to a data base consisting of 200 vertical profiles of horizontal winds orig-

J inally obtained by Miller et a1°® of NASA, These wind profiles were obtained by

: ! gending up rc>kets which left behind long trails of smoke which were approximately

; vertical, These smoke trails were then photographed from three widely spaced
locations in simultaneous time-lapsed fashion, The serles of photographs were
used to ¢stimate wind by means of triangulation: The location of points along a
trall could be obtained in three dinmensions a3 a function of time, and this gave
the horizontal wind profile, The altitude range studied was 12 to 18 km, and, thus,
it included both upper troposphere and lower stratoaphere, Miller and Henry »
et al, 8 provided the data at a vertical resolution of 26 m, :

In order to estimate the turbulent transport effects, Rosenberg and Dewan® :
first obtalned vertical profiles of the Richardson number, The main ldea was to H;
ascertain which altitudes had R, < 1/4, and, hence, estimate the probability of
occurrence and probable thicknesses (F and i (n Eq, (27) of the turbulent layers, g
Unfortunately, no simultaneous temperature profiles were avallable in connection
with the wind profiles, and, hence, in order to obtain the Richardson numbers
(which, of course, depend on the potential temperature gradients), we had to re=
gort to a model atmosphere, This ralses the as yet unanswered question: How
much would the results be altered Lf actual rather than nssumed temperature pro-
Hles were employed? Our laboratory has conducted experiments which should
help to provide an anawer to this question in the future,
A second unanswered question relating to this work involves the fact that

sometimes R could go below 1/4 and then return subsequently to a value above 1/4
without an intervening billow event, This effect would have to be included in accu~

rate assessments of KB. The work of Browning 49 ghows that this does indeed
happen sometimes,

This work took into account the effect nf turbulent spreading, Ags has slready
been mentioned, the conclusion was that ~ 0,3 m2/s which would make turbu~-
lence of the small scale variety one of the significant agents in the vertical trans-
port process within the stratosphere, Totsl mixing within the layers was agsumed,
of course, and this, as was already emphasized, must be further tested, But
there {8 yet one more agsumption made, not only by Rosenberg and Dewan, 8 but
by all the previously cited authors, which If not correct, could wreal: havoc with

50, Miller, R, W,, Henry, R.M,, and Rowe, M, G, (1965) Wind Velocity Profiles

Measured by the Smoke-Trail Method at Wallops Island, Virginla, NASA
TN I3-2037 iI§5§—I§B!5, see 8180 NASA TN 5-2365 TToney,
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all KB estimates, This is the assumption that turbulent layers form at random
altitudes.

The postulate of the randomness cof altitude for turbulent layer formation has
the following justifications: (1) It ls not in contradiction with known dats, * and
(2) it le the aimplest hypothesis to make in the face of our present ignorance, On
the other hand, it stlll remaina entirely possible that turbulent layers have
"preferred altitudes" over long duratlons of time relative to the time history of
layer creation and subsequent decay. Such a possibility is, in fact, implicit in the
previously cited theory, Dewan, 8, 10, 43 for the explanation of the HICAT data, In
the latier theory it is aasumed that project HICAT measured trapped gravity waves,
Trapped gravity waves could certainly give rise to preferred altitude reglons of
turbulent layer formations.

The best technique for testing the random altitude assumption would be one
which uses high powered radar to detect stratospheric turbulence at one geographic
location over extended perlods of time, Such observations have been made by
Crane, 28,51 VanZandt et al, 52 Woodman, &3 and Watkins, b4 Unfortunately, in
all but one of these observations (Woodman's, with resolution of 180 m) the highest
resolution 18 of order L km, Since the expected layer thickness i8 of order 100 m,
the resolution must be, in general, greatly improved and more extenslve obaerva-
tlons muat be made, Since this assumption of randomness | crucial for the theory
(that is, Kg could = 0 as we have already seen in Figure 1), such experiments have
very high priority if not the highest priority with regard to turbulence transport,

In Rosenberg und Dewan" the symbol "1 was used for ‘'layer thickness,"
Later on it became evident that, in actual fact, I, was a "half-thickness,' that is,
L = (A/2), In view of this, we found that A typlcally was of order 200 m, Turbu~
lent layers of sauch size were measured by Barat, 28 Crane, 28, 61 and Cadet, ey by
meana of in-situ measurements, These measurements lend credibility to the value
of A which were reported in Rosenberg and Dewan, 8 even though we subsequently
learned that, at 25 m resolutlon there was a large error in velocity (of order
0.1 m/sto 1,0 m/s), Further assurance came from the fact that an estlmate of
A based on a smooth velocity proflle of 100 m resolution resulted in

*1 ignore here the observation by Crlme22 that there seems to be a "persistent layer
at the tropopause," (compare his Figure 32), The reagon is that we are consider-
ing transport throughout the body of the stratosphere and nut the houndary effects,

51, Crane, R, K. {(1880) A review of radar observations of turbulence in the lower
stratosphere, Redlo Science 15:177-103,

52, VanZandt, T.E., Green, J.L., Gage, K.S., and Clark, W.L. (1978) Vertical
profiles of refractivity turbulence structure constant, Radio Sci, 1.3:819-829.

53, Woodman, R,F. (1880) High-altitude~resolution astratospheric measurements
with the Arecibo 23801 MH2 radar, Radlo Sel, “1“9.:423-430.

64, Watking, B, (1081) Radlio Sclence (in press),
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Kg = 0,24 mz/s instead of 0, 34 mz/a for 26 m resolution. Such a small reduction
in Kp did not alter our conclusion, and the 100 m spacing greatly diminighed the
spurious effects due to the "error' in velocity previously mentioned, Further
treatment of this situation will be given elsewhere,

In Rosenberg and Dewan, 8 (Figure 5 {n that paper) we found that, at 26 m
resolution and 100 m resolution, the fraction F of turbulence is of the order of &
tew percent (for L = 25 m), This Iraction of turbulence I8 numerically of the same
general size found from the HICAT data, It Is tempting to regard this as & form of
mutual confirmation; however, caution is needed here, The HICAT data Beem to
have been primarily assoclated with gravity waves, In addition, they were taken
over nearly horizontal trajectorles, In contrast, the F in our work involved
essentially vertical trajcctories and involved "potentinl turbulence," that iw,
regions where R < 1/4 together with the estlmated effects of spreading, That F
{8 about equul In the two cases may thus be due to coincidence, In any case, the
F derived by means of vertical profiles is the only one that (s relevant so far as
vertical K‘B ls concerned (Eq. (27)).

Another parameter in Eq. (27) (s At. In Rosenberg and Dewan8 the value of
At was estimated from the previously cited work of Browning, 40 We found that,
on average, 3000 sec would elapse between the time R < 1/4, according to the
balloon observations and the billow event (turbulence) according to the radar ob-
servation, Since these observations were carried out in the troposphere, it was,
of course, necessary to make allowance for the change of the dynamlcal situation
in the stratosphere, and, hence, At there waa taken ag 1500 sec (gee the report
for details of the argument), I feel that this At is accurate enough to estimate K
"within one<half an order of magnitude' if the assumptions are correct, However,
only alter the key experiments where degree of mixing end randomness of altitude
for turbulence huve been performed would it make any sense at all to concentrate
on the task of obtaining more accurate estimates for At.

One more critical remark should be made regardlng the estimate of Kg in
Rosenberg and Dewan, 8 It was based entirely upon data obtalned from a single
geographic location, namely, Wallops Island, Virginia, In addition, the data were
obtained only oh clear days, It would be much better if at ieast the geographical
effects could be Included since, as Lilly et al, 15, 16 have demonstrated, velocity
fluctuations change significantly with changea {n the shape of the terrain beneath,

7. CONCLUSION

We have aeen that KB, the bulk vertical transport parameter for small scale
turbulence has been estimated to be of order 0,0}, 15, 18 0.10, 8 and 1,0 or even
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higher. 233* The question {s which, if any, of these estimates is the one ta be taken
seriously? The higher values of Zimmerman and Lovlngzs and Rosenberg and
Dowma would imply that turbulence plans a significant role in global vertical trans-
port. The value published by Lilly et al, 1% ¥ would imply an insignificant role,

We have seen that, without exception, all these estimates involve assumptions
and unanswered questions which can only be tested and resolved by means of
experimenta that have yet to be adequately performed, In my opinion it {s clear
that, on the basis of the wide range of these independent estimates, and the
unanswered questions associated with thelr derivations the most valid conclusion
la that at present no available value of K:B is to be regarded as being conclusive
or rellable, All we really know {s that it cannot be larger than the values obtained
from the lallout of tracers [rom the atratosphere which represent all the processes
operating in concert,

But now let us bring In one more element, Mahlman and Moxim in a paper
entitled, '"Tracer Simulation Using a Global General Circulation Model: Results
From a Mid~latitude Instantaneous Source Experiment' discussed the significance
of the role of what they called "vertical subgrid-scale diffusion," (p. 1349), 18 1y
order to obtain an upper bound on KB they insarted values of 0.1 mz/l and 0,8 mz/l
into their "Global Circulation Model," They state their results as followa: "In
both cases, the tracer transport from the stratosphere to the troposphere was
drastically overestimated compared with observed behavior of radioactive
tracers ,,. . The above result suggests that subgrid-scale motions are considers
ably less Important than large-scale motions in affecting stratoapheric vertical
tracer tranafer, This inference (s strengthened by analysis of Project HICAT
apectra (for example, Lilly et al,}." 18

As we have seen, there are too many unanswered questions in the work cited by
Mahlman and Mmch-nia to lend much strength to their inference; and perhaps it is
better to regard their result as standing volely on ite own merits, In any case,
they rightly conslder it to be desirable to have an Independent way to ascertain the
value of Kp. This would, therefore, reinforce the need to perform the key expsri-
ments mentioned in the text regarding degree of mixing and randomnens of altitude
of formatlon, If indeed the.upper limit of KB interred by Mahlman and Moxim, 18
eventually recelved valid independent support, then the role of amall scale turbu-
lence would be at last established. On the other hand, it would st{ll be important
to obtain more than the upper bound, The value of K‘B remains {mportant (n the
context of the chemistry of the stratosphere,

*But, as was mentioned, this has recently been revised downward to 0, 1 mz/u ina
private communlcation,
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Finally, I would like to state that our ignorance about KB is much larger than
may have seemed possible and that more work needs to be done In view of the im-
portance of the problem.
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