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ABSTRACT

The relative dispersion of artificially generated sodium vapor clouds
at altitudes betwean 100 and 117 km is investigated in this study. From
sequantial photographs the apparsnt radial expansion is measured both by
densitometry and by visual techniques., Interpretation of the apparent
expangion of the cloud requires distinction between saveral optical effects,
such as the changing sky background brightness and film sensitivity, and
the dispersive effects of the atmosphere, such ag turbulsnt and moleculayr
diffusion,

The veriance (relative dispersion) of the radial distribution, shich
is assured to be & Geussian function, is shown to be a linear function of
time above 110 km (molecular diffusion). Below 110 km the variance is shgun
to approximate a t2 functional form for a morning twilight cloud; and & £
form for en evening twilight cloud. Although it cennot be unambiguously
demonstrated at this time, the author suggests that the observed t3 form for
the evening twilight case reflects the non~disperasive effect of a decreasing
sky background brightness,

The mean square “turbulent" velocity asaociatgd with the accelerated

cloud growth below 110 km is8 of the oxder 2 to 4 m /secz.

Theeis Supervisor: Norman A, Phillips
Title: Associate Profeesor of Meteorology
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Within recent years various types of rockat experiments havs bacome
an 1ncrea§1ng1y_inportnnt tool Ibr probing th§;upper atmosphera, In one
such experiment luminous trsils of sodium vapor are far;qfaé;g‘iét twilight.
The experimental objective of shich is & dstermination orthe wind field
from the time transport of the cloud axis. The sodium vapon; in these
traile, when illuminated by solar radiation, .em'itn the characteristic
nygllow" D line fluorescence at 5890 and 5896 A, At twilight, whan the
aur':‘ is de.premed from 6 to 2 degrees below the horlzonsl tlixlé .cloud at 90
to 120 im is still i1lluminated by the sun, while the intensity of the
diffuse sky background 111uninat:10n is reduced sufficiently to obtain
cloud photographs.

From successive cloud photographs the atmospheric wind field is ob-
tained. Usually the wind field is determined from the first two to three
ninutes of the photjographlc sequencs, during which time the changss in
alq?_ ‘background brightness do not influence the accuracy of the wind deter-
mination. Thus, when film was selected and camera stop ssettiings programed,
the emphasis was on selecting yellow sensitive film with maximum rssponse
to & narrow range of luminous intensity, rather than a lasser response to
a hr;)qur rangs of luminous intensity. (For diffusion studies, a flatter
response is more advantageous for recording changes of light intensity

over the total period in -hich the cloud is photographed).
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The present study will demonsirate that & more precisé QGlineation

of filwm sensitivity is needed to determine the time dependent:fqrm of the

sodium cloud expahsion. Since this precieion was not necessary to deter—

mine wind piofiles, we may expect to find limitations when.nslng tha‘ﬁhqto-

graphic sequences to study cloud expansion. There is, nevertheless, valué

in ;nalyzing'theae photographs,

. Ithhin study we analyze photographs of sadipﬁ vapor trails for evi-

dence concerning the nature of their diffusive gfowtho Among the guesticns

that must be considered are the following, How is the atomic particle den-

.sity distribution obtained from photographs which re;ord the distribution

‘mind time variation of the. cloud luminous intehsity? How are the time changes

in the width of the luminous trail to be interpreted? Are they due solely

to diffusive processes? How do changeas in sky background intensity or attenu-

ation effecta within the atnoiphere affect the apparent growth of the luminous

trail? What does the apparent growth of the luminous trail indicate about

atmoapheric dlsparsion;'is it wolecular or turbulent?
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Il. BACKGROUKD TC THE PRCBLEM

A, Background to Turbulent Dispereion Theory

Turbulant diffusion is a familiar experfence to B8ll who observa stack
@amoke on windy days or stir cresm into théir ebffee. Despite its common
gccurence in the physical world wery little pfbgrau has bsen made in de-
velro.ping‘ an adequate and complete theoretical description. Turbulent motions
aré dissipative, »dxsperaivé, and charzcterized hy randon bui continuous valo=
city fiuctuationao The unpredictabllity of ltha randor turbulent velocity
forces the sacrifice of detailed understanding of the motion to dascriptions
by piobability density functions (p.d.f.). The p.d.f. naybe obteined by
theoretical arguments or, empirically, from & large nul.be'r of reproducible
experinanta; trials, |

Consider the case of two particles releasad into & tufbulent fluid. The
ensemble of such experiments will generate the joint probnbtlity distribution
fu-nctlon Q(x?, t°; x", t" I;‘;o t3: Z» ti)o This is the probability that
particles which originated at ,5; agd 35"; at t; and tg, respectively, w9ill have
tiavelled to x' and x" at t° and t“. | By replicing X and x" by X = x' = -’-‘S
and y = x" = x°, we may distinguish the transilation of tixc particle pair
from their ssparation. If we consider only the relative displmmnto Y. of

the two particlss at x° and x" then the funétibn of interast bscomes
Qzs tlyge t,) = [aws %, tlys %, £ ) « (2.1)

vhere Q(y, t|g°° t ) is called ths separation p.d.f.
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For disparsion studies the most meaningful parameter derivable from
the separation p.d.f. is it8 second integral moment, which we call the re~
lative dispersion tensor, A typical element of this tensor iz designated

O,, (4 =1,2,3; j=1,2,3)

ij

013‘ (t—l,xo, to ) =< Yy (t) yJ (t).> = J. y’.y.j Qly, t!l!ov to) dy (2,2}

The symbol, < >, represents an ensemble average. Furthermore, the relative
dispersion may be related to the relative velocity of the two particles as
follows |
t
<y @y 0>=y 1), (to)> + J't aee [ aer < v (eo) v () > (2.9)

o
The one~dimensional form of the relative dispersibno ozn frilows from (2.2)

02 (tlyoo t)= <:;2 (tit>.=‘f yz Q (y, tlyoo to) dy (2.4)

The "shape” of a luminous sodium cloud is directly related to the possi-
bility of a vector y being completely immersed in the&_c:loud° As Batchelor
- (1952) has shown, once the initial shape of @ luminous cloud is known, its
subsequent tendency to change will be determined by the statistical properties
of the separation of two "particles", i.e. the separation p.d.f. Bpecific pre-

dictionsof cloud growth in the form
F=<r2>~ "

where a is one, two, or three may be obtained from the verious theoretical

formulations of turbulent diffusion theory discussed in the next section.
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B. Theorsticel Pradictions of Turbulent Disparsicn

The most widely known theory of turbulent diffusion is Kolmegorov®s
similarity or universal equilibrium theory (See Batchelor, 1950). Tha
similarity theory develops from the idea _that some kind of statisticsl
decoupling accoapanies the transfer of energy from the large scale to
the small scale motions where the small eddies tend to bs statistically
isotropic. The theory is formulated into two similarity hypothases:

(1) "The statistical properties of the small-scale compongnts of
any turbulent moticn with large Reynolds numbers are determined uniquely
by the quentities W and ¢ " (kinsmetic viscosity and turbulent energy
dissipation),

(2) "At sufficiently large Reynclds numbsrs of the turbulence, there
is an inertial subrénge in which the aversge properties are determined
uniquely by the quantity € " (Batchelor, 1950).

One' c&n asaociatg & characteristic length lo w.igh a range of wave
numbers in which most of the energy is contained, and & characteristic rms
speed., u, = 1/3 < uJ uJ > i If the initial separation vector, y » is
mll in eonparuon with the length scale, 1 o° then the universal equili-
briun thsory-nay be amed valid. The relative d.isperslon., < },’ 2, is
expressed as a qgj.verul function of the parameters, 1 and € , describing
the turbulence, and the variables, t and v, Batchelor (1050, 1052) gives
the following predictions as a consequence of the similarity theory:

At small values of time, t << v, 2/3 ¢ ~V/3

<y > =<y > at? ey )0 O (2.5)
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2/3  ~1/

a8t intermecdiate values of time, ¢ >> Vg 3 (provided y 18 still

within the limits of the irertiel range)

2 |

. A gimilar prediction results from & recent theory of Lin (1860); in
which he assumes that the forces acting on the dispersing psrticles may
be described by @& stationsry random mnisotropic process, but the relative
velocity covariance (of two particle separtion) may not, 'i'he final fora
of this theory is an asymptotic result for diffusion times within & certain
time inte:rval- % <t X< Tyo The time, Ty is detemmined by the acceleration
covariance becoming negligibly mall, The time, T,, @lthough greater than
“Tyo 48 still amall enough so that the relative velocity autocorrelstion

18 not independent of diffusion time. The final prediction tekes the form
<y2> = 273 B® (2.7)

This form of the relative dispersion (mean squaras separatioﬁ) is similar to
the similarity prediction (2.6). Although B ande are dimensionslly the same
they are not necessarily equal (Lin proposes, without proof, that‘ﬁ/ € is equal
to 2 universal function of the Reynolds number). Furthermore, Lin‘s ruuﬁ
does not require thé assumption of local isotropy. |
One other theory deserves brief mention. It was proposed by C. M. Tchen
(1954, 1981). From predictions for the snergy spectrum function and the
shear spectrum function in the inertial subrange (Fourier wave number space),
Tchen derives relative diffusion laws for large and small values of mean flow
shear. When the mean flow shear is large, the prediction of relative disper—

sion is
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<9%> ~t {(2.8)

and whon thas mean flow shear is small, the pradiction is similar to (2.6)

and (2.7)

3

< yz > ~ t {2,8)

(the factors which would change the proporiionality in (2.8) to an equality
are unspecified by Tchen),. .

A fina] exsmple of the prediction of a tz regime for relative disper-
sion follows from a simple model developed by Kraichnan (1062). Consider
the three dimensional problem where the velocity field f‘xitk) has an {eotropic,
multivariate normal d.isi:;"il:mtim'.l9 wb_ich ig independent of time in each reali~
zation, and the concentration ¢ eatisfies the equation

L) g

~— + u o~ = kY% (210
ot Ox

"
where K is the molecular diffusity,- The initial mean concentration is given
8s the three-dimensional Dirac function and the problem reduces to 74nding

the mean concentration
P(x, '»‘tlgo, t) =<9z t)> (2011)

Kreichnan then distinguishes two asymptotic ranges in which P(x, t| xt)
has a simple form. They are t << L /v_and t >> & /v where ! and v are
o o A o o
the correlation length and root-msan-square speed &Ssociated with ui,(_:,‘;). The

two independent Gaussian processes, noiééular diffusion and a Gauseian distributed
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diaplacement 1 ui(D} determine the dimtribution so that

P(x, ‘LIO 0) = 4m(Kt + # v2 2 =2/ sxp[ J (<< ¢ /v ) (2.12)
4Kt + Zv t
and
< xlz > = j'xlz P(x, t]|0,0) dx = 2Kt + vj t2 (2.12)

where < xl2 > is the mean sguara displacement 1n_on¢.d1rection. The effect
of molecular diffusion ie related to the ratio L v /K. For Lv /K >>1
molecular diffusion is negligible except for very short times t << K/vi

If therelative dispersion of the sodium clouc with an assumed Gaussian

distribution of 11ne-d!-sight~concentration were given by
<t > = Ir atr,t]0,0) dr = 2kt + 2/2 Bt (2.14)

then, phrsically, this would again implv two independent Gaussian displace~
ments that are mean square additive (Taylor (1925) waz the first to suggest
this as a usefui assumption, a&and Townsend (19§4) has since shown that its
closest approximation to experimental resuit occurs for small diffusion time).
The relation < r2 > = 2Kt + 2/2 §t3 implies that the velocity is not constant
for an independent turbulent dlsplacenent ut, as in (2.12), but is a func=-
tion o.eé Dinmensionally this mpnu that U ~.'B¢, where B is dimensionally
squivalent to & of the Kolmogorov simi;arity theory.

The dispersive influence of the atmosphere upon the cloud will be in-
dicated by the functional form of the time dependence of the variance o2 de=

rived from. the obSsrved cloud expansion., The gquantitative problem of sodium
‘vapor trail expansion is to detarmine the functional form of the variance
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asgociated with the assumed Gaussian distribution of the abdiu@adensityn
C. ‘Cloud Photography |

An understanding of photogrephic image formation is necessary to inter~
pret the measurements of sodium cloud exyhﬂsion,: Recording the sodium cloud -
imege requires the proper choice of camera opticé-and.adjustmenta: focal
length of lens, camera aperture opening, éxposure time, and film and filter
combination,

The various combinations of {haﬁe elemente proper to sodium cloud in=
tansltien is discussed in detail by Manring and Ievy (1061), iIn this sec~
tion a brletlreview ie presepiéé'to emphaaize the care that must be taken
in relating changes in luminous intensity recorded on & film to the diffu=~
sive changes in concentrations of light scettering aumné.'

The intensity of radiation coming from the cloud is definad as follows.
Consider any differential element of area, dA, of any surface in the volume
of space. This surface'may or may not correspond with' the gciual physical
aurfaée of the cloud. The radiation in the frequency raﬁgéiv to v % dv,

. passing per unit time through dA, and confined within the truncated cone de~
fined by dA, and the solid angle; dw, is denoted by d E,(erg/sec). The

specific intensity, Iv' is energy per unit

neww &~

frequency interval, trensported across unit
area perpendicular tc the direction of the
beam (in direction (£, {), where ¥ is & co~

2

latitude or zenith angle and ¢ is an ezimuthal

angle) in a unit solid angle per unit time; dA



it is expressed symbolically

dEv = IﬁcosEdAﬂvdw
The integratad 1n§gnsit1-.8 » 18

x

& = r 1,dv (2.15)
o V-

where the units of &_\are ergfcnz sec sterad., When the unit area in the
 definition of the integrated 1nten_aity also corresponds with the surface
of an emitting source, such as & sodium cloua, the_ surface brightg- 88 B
of the cloud is defined by 4 where the units are er;g/uaz sec, (Surface
brightness is sometimes expresesed in units of photon/cmz sec or rayleighs.
One rayleigh i= 106 mton/cnz sec; one photon (at xsasai) is 2,27 x 10-12
arg.) | |

The relation between the surfsce brightness, B, at the cloud and the
engrgy received by 28 recording device, such as a cuern,. is 1llustrated in
the tolmliw mRnner. The solar 111uu;1nated sodium cloud is loclféd at e
line-of-gight distance, s, from & camera. If the camera has & lenz aperture
are&, A, then this &rea subtends & solid angle 25 steradian at a point on
the cloud surface. The total number of photbn-.enittefl from the cloud into

A

this solid angle is =3 ,
8 . - K .
The total energy, E, received at a point on the camera film plate from

a point on the cloud surface during an exposure of t seconds ig rspresented

by
T4At  <BAt

E ~ mepm = = (2.16)
02 4’"’82

where 1 i8 the total attenuation between cloud and film. Among the attenuation
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factors that reduce the total energy received at the camera plate are the
transmission of the camera lens system, the filter transmission, and atmos-
phere transmission effects such as scattering, both Rayleigh and Mie, ab-
sorption by the Ch;ppxls bands of ozone (4400 to 7400 A), and absorption
by the natural sodium layer at & height of about 80 ka. The logarithuic
relation between cloud surface brightness and energy received at the film
is expressed

InE = lnB-N¥ : (2.17)

where the attenuation and other factors are included in the X} term.

The total intensity of energy per square centimeter incident upon the
film determines the degree of darkening of the film negative, This dark-
ening is called the film density, D. The law of darkening for each film
is represented by empirical curves of D vs 1ln E such as those in figure 1
taken from Manring and levy (1961), (Note that log E in figure 1 is to the
base 10.) If the "gamma" of & film is defined by the relation

db

Y = (2.18)

d InE
then there area regions of the-D vs 1n E curve for which Y has a constant
(and maximum) value for @ finite range of 1n E values. The region of con=-
stant y is also the region of sharpest film darkening for & given change in
in E. Energy valu;s to either side of the constant gamma region give darkest
film densities on the shoulder of the D vs 1ln E curve and lightest den-=
sities on the toé. In both the toe and lhouider regions there is very small

contrast for a finite change in energy received by the film,



the film

its degree of darkening,

Tllustrations of the empirical relationship between the

energy received by a film and

Fig.l.
density, D.

FILM DENSITY, D

| ] I
7
7’
7
& 7
Film Density vs log(Energy, erg/ cm2) \//
Ve
For 6 sec Exposure //
7/
(From Manring and Levy, 1961) ao.(p-\«
— Base +2.0
— 1.667
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— Base + 1.O yon . logelo
Ane AogE
low gamma film
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Tri-X
high gamma film
- .333 IF
I-D
l ]
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LOG E (erg/cm?)
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We now may summarize the relationship betwean the cloud image as repre-
sented by the f£ilm density, D, and the atomic Eodim numbsr density, p, in
the cloud (atomé per cC.). The integration ofrtbe nmabé; &enslty of solar—
illuminated sodium atoms over the line-of-uight distance, so ie called the -
"column dansity”, n, where | o | |

n= r p (8) ds (atoms per m?) {2,19)
o
For an optically thin cloud, the surface brightness, B, is proportional to

n, If this is expressed
B=gqn (erg/c:u2 ~sec) (2,20)

where q has the dimensions erg/atom-sec, then from (2,18), (2.,17), and ¢(2.18)

it follows that

dp . ™
— =Zd(lnE)=dln(BeK)=din(qne ) (2.21)

\p :

A simpler relation follows if we consider the relative magnitudes of n, D,
and E at differant radial distances from the cloud axis (for a fived time).
1f n, D, and E represent the respective qualities at a distance r from the
cloud axis, and n_, E , and D_ represent the seme quantities along the cloud
axis, then for an optically thin cloud (2.21) may be expressed

’ D=~D

?
(2,22) is velid if the range of enexrgy E associated with the sodium cloud

remains within the region where y is a constant. To help accomplish this,

filters are chosen with a cutoff to the short wave side of 5893R and £ilms
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ere chosen which are g’;iatiwiﬁ—lhmﬁaitive"tc‘"th.e long -wave “sidd 'o'f'sésa?x.,
Thus the film-filter combinetion is chosan to mm_.::lniza senagitivity to in-~
tensity near 58933 and ninimize sensitivity to intensity coming frowm the

sky background at othér wave lengtis,



oo § B

Ili, METHCDE OF CLOUD GRCWTH MEASUREMENT AND ANALYSIS

A, Jlntroduction -

The observational deta available for this study are sequences of photo-
graphic negatives from five camera sites, Three film and lens combinatio\x}s
are used: 80 mm £/2.8 lens with 70 mm roll film, and a E~24 asrisl camera
using 5" x 7" strip film with either 7" £/2,5 or 20" £/5.6 lens. Exposure
times used with the 70 mm film were 2, 6, and 12 seconds,

An exémple of the Wallops Islend photographs uaed.':!.n this etudy is
given in figure 2. These photogréphe show wind distorted clouds whose sur-
fece appsarsnce runs from feint an& irregular to bright and smooth., This
gradual evolution into & smooth trail characterizes, to my knowledge, 2ll
sodium clouds. One might characterize the stages as "irregular", "globular",
and “"smooth." The globular r:egi!on is particulariy well pronounced in the
17 September cloud in 2b, Whether these irrégularities in appsarance are
due to gt.inospheric turbulence, or to an 1rregt;1ar deposition during the gjec—
tiofi process (the irregularities ars progressively obscured by the increasing
rate of molecular diffusion at higher levels) is not known. But, as we shall
show later, accslerated cloud expension may occur in the Smooth regions be-
low 110 k. | |

Figure 3 indicates the relative location of the five camers sites. 1In
oxrdayr to eompﬁte _cilqud height and position, imeges from five simultaneous
photog’i'lpihal are projected onto a hemigpheric dome, each projector being lo~

cated and oriented as the camera which it models. The intersection of taut
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(a) 9 December 1960 (AM)

6 min. after rocket launch 5 min. after rocket launch

Note that the straight region just before loop in the up trail cloud is

irregular and the corresponding parallel straight region in down trail
is smooth.

(b) 17 September 1961 (AM)

6 min. after rocket launch 5 min. after rocket launch

Fige 2. View of clouds_from Wallops Island
rocket launch site

(k=24 7" f£/2.5 data)
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nyion stz*ixag;é vunnicg frcm each projector to its respeciive cloud image
determines the spatial posi‘_tion of "points" in the clioud. The measured
cloud coordinates in the model geometry are converted to actual heights
and distances by appropriate scaling factors,
B, Measuregment Techniques

Diemeter measurements are obteined by two methods, In the "microscope”
method we use & small microscope mounted on & lsad screw with one dimen—
sional motion and calibrated to .01 mm (obtained from the David Mann Cempany,
Concord, Massachusetts), This dc;vice is capable of measuring & well de~
fined cloud edge to 0,02 mm, Thié mprésenti about 30 to 40 meters at the
typical cloud range from the outlying camera sites. For late diffusion times
the luminosity gradients are mllei' and the aecﬁracy of microscope measurs—
ments deterior&ted rapidly. More objective measurements ot" f:loud diameters
are then obtained by densitomstry across a cloud diameter. In addition to
the dhneter of the cloud, a distribution of film density D with distance
across the diameter is obtained. In all densitometer measurements an attempt
is made to duplicate the messuremenis of the “microscope” method, The dia-
meter of the cloud on the negative (in mm) is converted to actual cloud dia-
meter (in km) by multiplying by the ratio of the range (km) to the focal
I.Gngtﬁ of the lens (llf'i.).

Measurements of cloud diameters are made in the irregular part of the
cloud for 9 December iBéO (AM.) and 20 April ‘1961 (P.M,). Thay are made
1n the "globular" reg:lono:‘-or Jjust above, on 17 Beptember 1661 (A.M.) and
24 May 1960 (P.M.). The heights at which thase memsurements are made varied

from 69 to 109 km, On films illustrated in figure 2a for 0 December,
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measurements &re also Eéde wall up in the smooth ﬁart of the treil at 118
to 117 im, The crossmarks on the overlsy to figure 2 indicate lqcations
where cloud dismaeter was measured or densitometer traces obtained. ﬁe&suren
‘.ﬁénté‘oflcloud diameters in the 20 April 1é61 (P.M.) photographs are made
‘between 100 and 104 km, and are indicated by the portion of trail between
fa"'anq ﬁb" in figure 4.

'Clﬁud*dihnetné measurements cannot be méde at every height on & cloud
phbfogrtph. The reason for this is illustrated by the trail image marked
“c" in figure 4, The direction of cloud transport in the plane of the photo-
graph is marked by the arrow in figure 4 and, &8s can he secen, is espentially
parbendiculnr to the trail axis or parallel to the cloud digmeter, The amount
of cloud tran port in the s8ix sacond exposure time fcr the film contributes
a spurious thickness to the trail diameter at “c'", With & tranaport of 50
m/sec pq;pendiculnr'to'fhsAd;ructlon of the camera line-of-sight, the cloud
is tranaported 300 meters during & six second égggs??e, The- £41m integrates
the intensity emitted by the cloud anﬁ 8 significant error will result in mea-
‘sured cloud diameters whan the actual cloud diameter 4s 1 or 2 km or less,

The motion of cloud material at "a" and "b" in figure 4 iz essentially
along the trail qxia. This stretches the cloud along the line "a" to "b"
but the motion does not contribute to the image of the cloud dismeter. A simi-~
lar effect of motion on cioud image océurq in photographs from the outlying
camcré gites. OCn the negatives for these sites, &ilneter measurements (or
densitometry) are only made scross diameters st those heights where the wind

transports the cloud in a direction toward or away from the recording camera,



Fige. 4. View of cloud on 20 April 1641 (r,¥,) from wallops
1sland launch site (K-24 7" £/2.5)
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Co, Anaivgis Technigues

A measured Sodium _cloud diameter on & film négative represents the die-
tﬁnce between certain equivalent intensity levels of_thg aod:lu@ fluorescence,
As long as the surface brighthess received by the film is proportional to
the number otatom-/cuz along a ling-of-sight, something can be learned about
the diffusion of _-odiun atome by following an isophote expansion in time,
Care must be maintained that conclusions about diffusion of sodium clouds
are always bau& upon isophote changea caused by sodium density changes,

For an approximately cylindrical cloud,

e-lye,i o% vevtical clowd

vhose central axis is initially vertical,
the line-of-sight distance through the cloud,

As, will bz related to the horizontal thick-

Ay
ness of the cloud, Ay, by As = === where
. co8 9
9 i the elevation angle of the camera,

Vertical shear of line—of-sight wind com=

. ponent, V., will cause a rotation of the i

" ¢ = elevation angle

P = arctan | AV,
‘ =

H=cos 6 +sin ¢ tan( )

cloud axis. The resulting relation between

-liu-of-ught through the t_:loud9 and the
horizontal thickness of the cloud, is ex-
praseed As = ey_ . where . is a geometrical factor 'iliich includes the
effects of w;nd shear in addition to the zenith angle of observation (see
figure insert). For & cylindrical cloud in which the horizontal distri-
bution of atomic sodium is a Geussian Yunction, the number of atoms per

square centimeter column, n, is
N

n(r,t) =ﬁm exp [-;] o '(3.1)

2
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where

n i the number of sodium atoms_per aquars centimeter
line~of-sight column (atom/cm”);

N is the linear density of atomic sodium deposited in
the atmosphere by the rocket (atom/cm):

r is the horizontal radial distance from cloud axis in
@ plane perpendicular to the line-of-sight;

62 is the time dependent variance of the Gaussian function ng

M is a geometrical factor determined by wind shear and ele~
vation angle of obssrvation,

As long @8 n is less than 101l etom/ctz the cloud is optically thin and
the surface brightness of the luminous cloud is proportional to n (Donahue
end Foderaro, 1955). At some distance from the central axis of the cloud
there is a value of n at.which the surface brightness of the cloud ie Juet
distinguished from the sky background surface brightness (either visually
or by denlitonetxg)g This value n, defines the visual dismeter, D . of
the cloud ( r_ = f- >

The distripution of darkening in a photographic 1mlge of the cloud can
be related to the number of -odiun atoms par square centiletor column, .. when
the cloud is optically thin and the film sensitivity ie¢ known, The mean
square dispersion of the sodium vapor (the variance, 020 of the Gaussian dis~
tribution of n) can then be computed directly from cloud photographs. To
estimate the quantitative nature of the diffusivity of the upper atmosphere,
the time rate of change of the variance, o°, must be determined. In what
follows, we derive three different methods for obtiining c2 from cloud photo-

graphs. For brevity, we call the methods: the central intensity, the gradient

log column density, and the maximum radius.



2y Centyal iaztgﬁgi'fy wmethod
A% fhe cloud a‘:\éis { = 0 ) the column denaity, n_ , for a particular
height, is 'given by (3.1)
| N
n (t) ’=‘j;;;;;§;:;§ (3.2)
1t M does not change and there ars no sources or sinks to change the value

of N, the ratic of n at ¢t and a later time ¢t + At is

[+] f .
B (t) 0% (t + At)
= : — (3.3)
n_ (t + At & )
If y andK are both conetant, then it follows from (2.21) that (at a fixed
radius). _
D (t +At) =D (¢t) n { t+ At)
2 2. = ln'( Q ) (3.4)
| Y | ' n {t)
Substituting (3.3) into (3.4) gives
D (t)-D(t+At5 ‘02(t+At)
2 = 1n( ) (3.5)
Y o ()

From this lsst relation, o may be computed from successive cloud photo~
graphs, if dz is known at any onc time, say, at t = 0,

The requiremgnts for using this mathod are most likely to be found in
small spherical puffs of azlkali metel vapor and not in the more optically
dengse sodium trails, For example, the usual sodium payload is 2kg or approxi~
mately 87 moles; the total number of sodium atoms is about S x .1025 atoms,

The linear deneity (atom/cm) of sodium atoms ejected along the rocket tra-—
Jectory 1s not known exactly, but a rough estimate is possible, 1f the so~
d_luu ejaction is uniform over the three minutes of vaporizer burning time,

about 2 x 1023 atom/sec can be released into the atmosphere. Rader tracking
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indicates the uﬁaard apeed of the rocket averages about 1000 maters/sec
at 100 to 117 long in 10‘.5 second the rocket moves 1 cm, Lineayr densities
(ator/cm) up to 2 x 101“3 atoms/cm are generated if the wvaporizetion pro-
cess is 100% afficient. A more reasonable efficiency may be cioner to 5%
(fammo. et al 1960). Thus, N is estimated to be 10°7 to 10'° atoms/cu.
N The .’cnitial vizual dismeter of the sodium cloud, 2bout one sacend after
rocket passage, is estimated from photographs to be about 10D meters. For
8 Gaussian distribution the Anitiel variance g, can be conputed (see equation
4.2) for reasonable assumptions about the éolunm density at x, = SOm. 1If

the range of n_ is 8 x 107 to 10'° atoms/em® (Chemberiain, 1061), and N

ranges from 1011 to 1018 atoms/cm, the co value ranges from ,'2'1.8 to 23.5
meters, For the values, co = 22 meters and N = 5 x 1017 atom/cm, the initial

column density through the trxail axis (r = 0) is approxisately 10“ atou/ema.

This indicates an optical thickness of 103 if v = 1 i8 equivalent to n = 1011
aton/cnz. Thus. the surface brightness of the cloud &t r = 0 1s not pro~
portional to the column deneity and the central intensity method is not appli~
ceéble. This method has not been used in this study.

b) The maximum redius method

In this method we assume the visual edge of the cloud corresponds with
the same isophote at all times, In terms of the surface density, n, the
assumption implies that the darkening of the film negative by the sky back-
ground neither increases nor decreases in tine, Thus the visual edge of the
clougniu defined at all times by a constant valnu of n, ne._ From (3.2, M =1,

and ~2 = 0 it follows that
at 2

"l (---1) (3.6)

dt
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a o : o
Since ===~ ig positive by definition (the mean sguare dispersion increases
d t .
with time), the expaneion of the isophote defined by r, ends when xez = (529
while at the same time, equation (3.2) reduces to
rle 1 1
N VETeT JZer
dne ‘ne .
~ Furthermore, since —~-= = 0, -~ is a constant which ray be eliminated from

dt N
(3.2) and (3.7). 1If we let p:a = r: (max) the resulting equation is
P
o*= r: { Py~ o } ' (3.8)

2 may be used to compute o

This transcendental élqution in 029 p2 and ra
for any me&sured ¥ ez providgd p2 is also known,

The utility of this method is affected by :.thc changing surface bright-
ness of the sky. During the period of cloud photography the solar depression
angie varies from about 6 to 9 degrees. The relative zenith brightnass of
the night sky may be inferred from a study by Korchignia et;' al. (1959) who

'have measured the relative zenith brightness betwesn 33004 and 50004 from
night through day, Their results are plotted i:i figure 5 as a function of
solar depression angle. It should be noted from figure 5 that the zenith
brightnesé changes by about.two orders of magnitude '6ur1n3_ the period of
sodium eloud photography. A change in brightness of tﬁh ';ng;utudc is equi-
valent or greater than the range of 1n E (in figure 1) for whi’gh & 18 effec-
tively constant. Thus, the changing surfece brightness of the ni&ht sky is

seen to be an important consideration in the interpretation of cloud photo-

graphs,
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¢} Cradient log column dernsity method

For & Gaussiap distribution of sodium vapor the rate of tﬁamge of o
wathr 'ﬁdul distance from the cloud axis (at a given time, hnd‘ therafore,

fixed 633 may be expressed

on r N

: r2 m
57w gl o3

A )

2o that

a;-z rzz - rl3
9 lnn in ==
n2
The profile of film density, D, against radius, r, is obtained from den~
gitometer traces, When 'd—di%"i /:l- a constant it can be expressed
n2 - D1

= 1ln (B )
” 2/Ey

1f we neglect any variation in absorption crose-saction and incident solar

flux between the line-~oZ-sight through the cloud at radius r., and rzo then

1
for column denstities, n, less than 10! atom/ca® 1n E is proportional to

inn

in (Ezfsl) = 1n (32/131) = 1n (nzlnl)

The variance may then be obtaized from the difference in film dessity at

these two radii in the fomm
2 2

Y r, =r :
A R R S— (3.10)
2 Dz-Dl

where r, is greater than or equal to the radius where the surface density

is 1011 aton/mz.



With this method the variance ngy be corputed for & given photograph
from the distribution of film density (fa;“ a particular heigbt). Changes
in sky background will not infiuence the magnitude of the computed o° value
in (3.10) {if y remains constant). In & morning twilight it will, however,
contract the range, Arz, batween rez and x'l3 {4f in (3.10) we associate

r12 with &n n equal to 1011 atom/cnz) for clouds on successively later nagé~

tives.

Approximations to the :graéient 1n (n) method are used by Manring et
al (1861) and Blamont and snguet‘ta (1861) to compute molecular diffusion
coefficients, In addition to ukixzé most of their measurements above 104 lom,

where the trails are u-ualiy luooth,, they also assime that o2 in (2.10) has

the form 0’2 = 2 Kt for cylindrical trails, and 0'2 = 4 Kt for spherical puffs,

Ae 2 first approximation to o o Blamont and Baguette chose the radius,

'rz. whete the film density is .368 or (1/e) of the cloud axis film density,
Do., "l‘l-a'ey compute . values of K from ,tﬁs slope of :-22 vs t. In temms of (3.10)

thie may be expréued

L

0 Y
2 = 2

p (3.11)
Bo_p 2 31,2860
R - Q

0=
o
-
]
o
A4

so that J° = r‘22 lupliesI = 1.26 or y = 1,26 D . Thus, the  chnique
used by Blamont and Bagual:ge is axactly squivalent te the zra...at 1ln (n)
method, if iy and the film density at the center of the cloud image satisfy
the relation, y = 1,26 D . BSince the film used by Blamont and Baguatte is
TRI~X with & y of about 0.4 (see figure 1), this suggests thet Blemont's
diffusion coefficients will be greater then those computed with the exact

formula when Do > 0.3 and lese when Do < 0,3, Our measurements of the
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maximum fiim density of sodium clouds on TRI-X negatives would suggest that
Blemont and Baguette’s diffusion coeficients can bs a factor of thres or
four larger than the value obtained with the exact formule (with y ~ 0;4)0
In Manring®s technique for computing molecular diffusion coefficiente
another approximation to (2.10)} is used. BHe computes diffusion coefficients,
02 r e rl2

e = g  (3.13)
‘4t 4t 1In El
g .

K from the formula

~ where El = gl and E; = gz are thdvralqt;va dilm density of the cloud at
-] ° o :

, and r, Tespectively, and D_ s, as before the film density 8t r = 0.

§1/§z 18 D/D. (2.12) is equivalent to (3.10) when El/ﬁ; 18 equal to the

radii »

equivalent surface density ratio, nllnz. But we know from theory that pljbz

£¢1in n1)

£(in n2)°

naihclltically these are not equivalent ratios. But, surprisingly, Manring’s

is the ratio of functions of the logarithm of surface density, and

approximation can, under certain conditions, give equivalent magnitudes of
the diffusion coefficient K. The condition under which (3.12) is equivalent
to K values computed from (2.10) is shown in the following wmanner. (3.10)
may be expressed

(Dz - Dl) 4Xt (Dz - D)

r 2. r 2 . 02

1 2
Y . Y
Take D1 = quo and D2 = Ez“h’ and solve for K, so ghat
2 2
(r,” ~r %y ,

4t (ﬁé ~ E)D,
Equivalence of ths two expressions (3.12) and (3.13), for K, requires

Y T |

— = ) EERTRTY
ED -ED Ln fgi;
2 .
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or

I -m-g-nl e (3.15)
D in =D
o E
2
The range m% that can be obtained for differsnt combinations of El and

Q
E; magnitudes is illustrated in Table 1.

E
2 3 4 8
-4 0.66 0.81
E, .6  0.84 1.00 1.14
.8 1,00 1,18 1.33 1.62
Table 1. Magnitude of v/D

: The degree to which Manring®°s technique approximates the exact calcu-
lation of the diffusion coefficient, if y is known, depends ‘upon the choice
of E; and Eé. For the types of filme used in sodium trail photography (we
may classify them as high gemme films (Y ~ 0.4) ag in figure 1, a knowledge
of the film type can be utilized to chose values of ]?1 and fz 8o that Manring®s
technique would give consistently better aprroximations to the molecular dif-
fusion coefficients computed from (3.10). This does not seem to have been
noted previously. It may be mentioned in paseing that Blamont and Baguette®s,
and Manring®s approximation techniques are equivalent when El = 1 and 'Evz = l/e.

In summary, none of the methods for obtaining the variance are without

~difficulties, This is especially 2o for the irregular trail bslow 108 km,
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The method of central intensity ig unsatisfactory because o': the large cclumn
densitieao n, associated with the trail axis, The maximum radius technigua
also has & g-reater applicability for small concentrations. For longer dif-
fusion times (associated with larger concentrations) the background brightness
changﬁa are large; and the assumptions behind the technique no longer hold.
The gradient log column density method auun."ea.thnt the distribution of @odius
vapor _'nc'mu & cloud dismeter is a Gaussian funciion and its application is,

at least, uncertain when the trail is of an irregular form. ©Some of these
uncertainties sre illustrated in ﬁ;e next section where we discuss the results

of the relative dispersion computation for the different methods.



1V, DISCUSSION OF ANALYSIS e

Figure 6 will serve to introduce our discussion of the nature of the
sodiua cloud expansion., This is a plot of molecular diffusion -coefticients
computed from sodium cloud photographs. They represent different seasons
and different geographical locetlons. The dashed line in the figure repre-
sants ths molecular diffusion coefficiente computed by 'Ream (1861) fwom the
theoretical formuls (Chapman and Cowling, 1932)

37*) 2kT -
K = {.(......_.... . C?y}/gd i (4.1)

liip
M = mM/m+M

The atmospheric number density, p, the -ne'al;: .molecular maags, M , and the tem-
perature, T, are taken fiaa the 1959 ARDC mtanderd atmosphere., Q g is the
crose~section for diffusion.

The agreement between the thsoratical curve and Manring®s diffusion coef-
ficient above 110 km is good, certainly within the 30% uncertainty that Rees
(19431) suggests is associsated with the nagn_itude of the diffusion cross~section
Q, The diffusion eoetﬂcienfa reported by Rees and Blamont are greater than
the theoretical, even allgiing for the uncertainty in Q a° Ve remarksd earlierx
that, with low vy film (TRI=X), bggmont's technique should overestimate the
uagnitude of the diffusion coefficient by & factor of three or four. Corrsc-~
tion for this would bring Blamont’s values into closer agreement with the

other studies. The two points ascribed to Rees (1951) are alsc greater than



_33_

280 ‘ l l l I d &CIO‘-!‘!LID
270— —
260 — MANRING (WALLOPS 1S)) —
- 24 MAY 60 N —
230 19 APRIL 61 N
240 — 20 APRIL 6l O —
21 APRIL 61 (o)
230}— I3 SEPT. 61 (AM) g —
I3 SEPT. 61 (PM) g
220 — |6 SEPT. 61 I —
17 SEPT. 6l X o
T 21— | BLAMONT (SAHARA) —
= - 2 MARCH59 =~ X —
200 5 MARCH 60 o £
G 190/— | REES (WOOMERA) I _
w 30NOV 59 a
T 180/~  [THEORETICAL ESTIMATE - . I ]
170 — (1959 ARDC MODEL ATMOSPHERE) o ]
160}— ot —]
O ©
150 }— ax —
£ o
140} — /ksr{: —
/0
130}— Joy ol —]
A O
120} — I‘Wﬂ —
10— /#*A —
,/iﬁﬁA
100 |— pLe S —]
90— 0 —
o
80 | ] ] | | | |
104 108 108 107 108 10° 0% 1ot

Fig. 6. The height variation in the experimental values

DIFFUSION COEFFICIENT IN c¢m%/sec

of molecular diffusion coefficient.

lolZ



the theoretical and seryve to indicaie the general magnitude of his meesured

coefficients, | ‘
Although he reported using a method similar to Blemont and Manring,

no comment can be made about these points since he fails to indigate how

he determined {or naglecfed) Y. O©Of 1nte;§lt to the question of turbulence

is the indication that the gsasured diffusion coefficients in figure 6

begin to becoms much larger then the theoretical values below sbout 103 kn;
One reasonthat there are sp few dsterninatlons of diffusion coefficilents

below 105 is the irregular appearance of the tramil. The gradient log "column"

density method is of uﬁcartain aprlication when the distribution of film den-

sity across a diameter has two or three peaks and is highly non-Gaussian.

Even in instances whan the irregular appearance ceases at heaghés of 100 to

102 km there can still be an uncertainty in the calculation of 02 from cloud

photographsigréiter than 7 to 8 minutes after cloud formation. This point is

illustrated in figure 7. 1n that figure we plot three measursments for each

densitometer trace: the measured rez values ( © ), the measured rz at .268 Do

(+) (Blamont®s technique for approximating 02), and‘g-2 values computed by

the gradient log "column density"” method (A). The measurements represented

by these points are made &t a height of 107 to 108 km where the cloud image

has & smooth appesrance. It is evident from figure 7 that r>

at Dblb follows
closely the variations of the visible radius squared as is expectad.

In figure 7 an apparent discontinuity in the three different sets of
measurements between 280 -eéondn and 310 second® is also evident., The "dis-
continuity" between the A points is not considered to be significant in view

of the obvious scatter of thie A points in figure 7 (see dilcusaibn to follow
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on the large scetter betwsen the "dark™ and "liéht" delta values for 380
to 518 seconds). Both eets of r2 points (o and +) at 310 and 340 seconds
are a8bout 25% lower than the general trgnd of Bthar sets just prior to and

after them in figure 7. By & similar percentsge ."t‘hey are also lower than

-

the other more numerous :'e2 points (of the same uctlbﬁ'ufiélbiﬂd‘l_nd from
the same negatives) illustrated in figures © and 10. An u§Mtlon of this
“discontinuity"” would run as follows. For the rez 'lﬁd rz (at Do/e) values
in figure 7, we consistently select the minimum visible diameter from the
deneitometer trace whenever we are uncertain about the film density lsvel
representing the sky background and cloud intersection., Furthermore, the
. mnitude of the minimum rez points plotted in figure 7 at 3]0 seconds is
about 25% less than a2 maximum possible ngnitudé, .’gz = 1,56 lnz. The 25%
figure i® one estimate of the possible uncertainty in r ez (for a given time)
when there is an uncertain definition of the "visible" cloud dismster. Why
is this more evident in the r2 pol.ntar ('o and +) at 310 and 340 seconds? The
most plausible answer to this question involves camera stop changes. t_!ntor-
tunately the camera opent;:r‘l log for these particular photographs does not
indicate when stop ebingia ware made and our angwer, althouéh plausible, is
nevertheless hypothctictll. (sse Notell. page 63)

The computation of $2 was terminated at 515 seconds because of the
wide range in ;;:'2. | The extent of this range is illustrated in figure 7
by the two delta values at each of 2380, 400 and 470 sec and the three
delta valuee at 515 sec. The three arzows aid in identifying these lat-
ter three delta points. The lowest solid delta point in each inaﬂnce
is the lowest magnitude of $2 for the part:lcular‘donntolctcr trace. This
variation in $2 (for a given time) wr3sults from the dependece of the

difference ratio %g on D (which 18 characteristic of a non-Gaussian D vs
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r curve). For a Geussien shaped D~curve, the differential, A2 used to
2 -
evaluate $ o i3 independent of D,

From this brief comparison of r:. + 368 rezo and ;r- in figuzre 7, it ia

evident that the time period of most interest to the problem of turbulent
expansion of sodium cloud éorrcsponds with the time period of cloud expan—

sion about which there is the most uncertainty concerning the magnitude of

g

;-_ « The r"?' po:lnta"lri figure 7 (and in later figures also) indicate 2 more
rab:ld growth than can be explained by molacular diffusion alone. The ? points

between 380 and 318 seconds could be interpretad in either of two ways de-

pending upon whether the maximum (A) or minimum (A) values of $2 are valid.

¢

With the minimum values the general growth of 'T is linear in time. This

i8 indicated by dashed lines running out from the boundaries. The range of

diffusion coefficient represented by these dashed lines is 8.8 vy x 10° cmz/aec
‘ 2
(lower) and y x 107 cn’/sec (upper). The maximum values of g are well fitted

by the solid curve in figure 7 which represents

2 oz+zxt+v3t2
o o

=< 1a

¥y
2

2
/8sc and ¥° is 8 nz/aec .

»

vhere 5 is g =X 106 cm
Even if the upper A are valid, changes in y ¢tuld make possible adz ~ t
relation. When y is constant, it should be about 0.8 in this case. . Otherwise
it is a decreasing function og time (through changes in 1n E with t:h_u). Withe
out more preciss quantitati_v;"iiifbmtion on; ‘first, the absolute magnitude of
the sky tn<:lcgm'm‘ui° l'i:condly, onthe aperture setting of the camera, and finally
on the combined effect of both of these on y, we Qﬁat recognize the possibility

2
that y may have a t 1 dependence so thatg"tz may still be dz ~t,
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Eﬂ“'a subsequent analysis of the average x"ez values for thia cloud {in
this ssction) we shell obtain é ts dependence for the relative dispersion
where we know gqualitetivaly that both tha changing sky hackgrougd bright-
ness and distortion of the cloud by wind shear enhance the apparent cloud
gxpansion rate, Since thees effects do not inflmence, to éhe sama degres,
the detetminatipp of '$2 by the gradient In (n) method, it is of ianrtance
to our understanding of the time dependent nature of sodium 'c.'loud disper—
sion that further effort be made to obtain reliable estimates of %‘2 £rom
the non-Gaugsian D-vs_rz curves for late difio<ion timg.

Although we cannot, at this time, obtain, by the graﬁi;nt In n method,
information on trail dispsrsion for times greater than 500 seconds, we can
use (3.1) to draw 1nteren¢el from the raz data beyond 500 ssconds. We shall
anau-s:the form of the relative dispesreion, either tufbnlcntp molecular, or
both, and solve for pq?austers by fitting theoretical réz curves to measured
r‘2 point. It is rec;gnizad that we are forfeiting, in this instance, cur
ability to use the data to generate their own dispersion statistics. But,
in view of comparisone with other q?udles to be made in section V, there is
a2 nged for comparable values of turbulence parameters. Furthermore this is
a useful technique for emphasizing the difference bestween dispersive and non~
dispersive changes in a cloud imaga.

In a Gaullian'dloud. it follows from (3.1) that the visible radius

squared may be rapresented by the following formula

N
réz = 202 {Ln - -} Ln(znuz)] (4.2)
ﬁn

a
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We ssoume thaat the zelativs gﬁimpe?ﬂion; cigD ie mean sgu2re additivse; the
turbuient dispersicn is repfésented by either of the two thecretical pre~
dictions of the fr_.uzw.of ite dspendency; ~ t2 or ~ ts; and molecular disg-
pexrsion is reprasenied for & cylindrical cloud by 2 Kt. As summarized in

section 2.B the two forms of 02 which result from these assumptione are

o =g+ me+v 22 (4.38)
[+] Q

u

2 2

° =o® + 2kt +2/3B ¢°

(4.3b)

1f we make plausible assumptions about the numerical magnitudes of the vari-

ables gﬁ . K, aﬁd E or voz9 compute thebmtical_curves o_f x-e2 ve 'time, and

compare the fit of the computed curve with the measursd values, it is possible

to draw some limited inferences about our original atsmptlons_ concerning

n o~ 2
ﬁeﬂxp andBorvo.

Phyesically, we parameterize all of the optical effects into the factor

g,
N

attenuation at 5823 %o and changes in u. All dispersive effects on re2 are

changes in background intensity, changes in iy, changes in atmospheric

included inthe o2 variable. But since we do not let 3‘ change with time,
the only way that we can determine whether or not background and other non-
disparsive changes are influencing the visible size of the cloud, is by dis-
placement cf the measured points from the computed curves, With increasing
tims, the measured re2 values should cross from one constant value lf;-e curve
to another., For late diffusion time in an evening twilight the measured
pointg should crose from high to low values of :—"’ to reflect the decreasing

background brightness; for late diffusion time in & morning twilight the

measured points should cross from low to high values of §e_
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in order to determine & plausible magnituds for 3-“ o We considar tha

natural atomic abundance or column density, Chemberlain (1981) summarizes
& number of twilight observations, and indicates that the natural background
column density of sodium against which the clouds are photographed varies

from 1()_9 to 1010 atonu/cnz. We choose the upper value of 1010

to be the sur-
facs —d;nsity defining the edge of a vieible (photograph) cloud. For linear
trail density, N, we take 101? atm/qm_ (see page 24). Thie gives us an ap~
proximate value of 10-7 n b for !%. .

The late diffusion time r.z Icanux::cnent-l for 24 May 1060 [the same cloud
analyzed in figuve 7] are shown in figure 8, The curves in figure 8 repre-
sent the theoretical growth of r.z computed from (4.2) with agwd values
for s and with oa rzpresented by (4.3b). The differences bstween the five

fe .
curves in figure 8 result from different assumed magnitudes for s-‘ and 'é'.,

since all curves are computed with y of unity, an assumed K of 106 cmziuc,
and a doz of 22 x 104 cua. The great majority Of points are bounded by curves
(4) and (3) representing a range of s-‘ from 4 x 10 to 4 x 10° e ! and a
value of 80 exg/g sac toxf B. The general trend of measured r.z is from curve
(4) (for microscope measurements © ) and from curve (2) (for densitometer
measurements (+))to curve (3) very scon after 500 seconds, The observed drift
of the measured rez values toward ;:-.m'2 curves computed with smaller values

of Z® represents the combined effect of decressing eky background and atmor-
spheric dispersion. If there were no chl_ngel in sky background the turbulent
contribution to cz would be represented by a t‘ or ts dispersion law, (With
a ts or t‘ law in (4.2) the resulting r.z curve would gkou at a steerer rate

and tharefore gfve & better £fit to the measured re2 values.) Furthermore, the



._4.)_.

100 T T T T T T 1
— CLOUD EXPANSION DATA 24 MAY 1960 (PM) 108-110 kmy'
= o measured rz (micrt()scope) —
- g measured rﬁ (densitometer) -
L theoretical rz X = 106cm2/sec) 4
——— (1) B = 30 erg/g sec; "e/N = 4x10-8cm-1
- (2) B = 60 n " . " —
——— (3) B = 90 " " 1] !
amae (4)B=290 " " 4x10.7cm-1
B 10 -1 3
“e (5) B=30 " " 10 [ T o)
=
™ (-}
E 59
(@]
Ld
e
<
>
&)
2 10—
%) =
2
5 =
< -
@
w L
-
@ _
2
>
(5)
L ! l I R S
~ 100 200 300 400 600 800 1000

DIFFUSION TIME t-t, (sec)

Fig. 8. Variation in time of the measured visible cloud radius

souared asnd theoretical curves of the visible radius squared{4.2).
The equivalent height is 108+ 1 km for the evening twilight

cloud of 2L May 1960.
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value of ’gg . ¢ which we have taken to be unity, is alsp & time dependent
function which interacts with the changing sky background through the pro-

duct -I-L in (4.2). For the 24 May measurements M is a linear function

Ng

ot tiito but one whose magnitude decreases &nd then incre&ses in & compli-
cated manner, The variations in M are accessible fromthe photographic data
and, with some additional effort, they can be eva]:uﬁted when the wind field
i® obtained from the cloud photographs.

For comparison with the 24 May evening twilight cloud (4.2) is spplied
to the 17 Septemier 1061 morning twilight cloud. In figure 9 the two solid
curves represent theoretical rez values in which the turbulent form of the

2 tzo These computed r'2 curves have valuas

dispersion is assumed to be Yo

2

of vn,z equel to 4 uz/uc and 2 lzlnac and values of %";gq}ml to 4 x 10“7

cn’ and 4 x 10°° cu t respectively. These 3‘]_ magnitudes are chosen because
they represent the most probable extreme values (see page 24).

In figure 9 the measured raz values for 24 May 1960 ('dénsitbuetor only),
17 September 1061 (densitometer and microscope), and 20 April 1961 (microscope)
are also plotted. (The theoretical r‘a2 curves pouwted with the :% “ﬁts assump-
tions are illustrated in figure 8 and may be reviewed by references to that
figure.) The densitometer traces, represented by the rez points for 17 September
and 24 May, were taken with care and particular emphasis on determining the
visible radius, LA

The r_° values for 20 April 1061 represent an average of ten differsnt
visual measurements between "a" and “b" in figure 4 (Wallops Island negatives).

Although the total length of the photographic sequence is too short to allow

2 distinction between either the t2 or t3 dispersion law, the rez do establish
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a conatraini on 0'2., Whataver the assumed functional form of dz in (4.2},
it must result in an approximate t2 growth for ¥, between 100 and about
300 saconds,

Beyond 400 seconds the divergence in the r: growth for the 17 September
@orning twilight cloud and the 24 May evening twilight cloid is very evidsn
in figure 9. Ignoring thé effect of changing sky background brightness on
the magnitudes of r.zo these tWo sets of measurements suggest for one cioud
an cftective.relative.dilpcrsion ~7 t? and one certainly greater than ts for
the other (see figure 8), Bringing background brightness changes back into
oon-:lderation we can only uugzest., ‘since we have no quantitative estimates,
that tha relative dispersion after 400 seconds is something less than t qnd
greater than or equal to tz. It is also worth noting, for those tanpto& to
cite the existence of atmospheric turbulence on the basis of cloud morphology
(Edwards et. al., 1963; Blamont and de Jager, 1061; Rees, 1961), that & smooth
"non~turbulent” cloud appearance can also be associated .-11_:'11 accelerated cloud
growth,

0f further interest in figure 9 is the spmad between the microscope
(nuopa Island) and densitometer (Andrews Air Force Base) measurements for
the 17 September cloud. These measurements represent the size of the same
cloud uia (107 to 108 lm) but for a different vigwing angle and different
combination of camera lems and film, Untortunately ‘IO-MW no way to appor—-
tion the cause of this systematic difference in g bntuon differences in
camera site location: range, viewing angle, etc., and differences in measure~

ment technique: microscope and densitometry.
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The rate of growth of the two P.M. clouds (different heights) of
20 April and 24 Huy-c'ot;ld be fitted more closely 'to theoretical re2 curves
WAL, withl‘_ the same values of 5‘3, ra2 is computed using 902 equali to 1 end
2 mz/secz. This suggests that 2 to 4 ua/ucz can be considéred repre-
sentative of an éfféctive mean square velocity associated with the sodium
cioud grs;with. Even the 24 May r‘s2 points would suppbrt this estimate if the
following quantitative demonstration could be made, The solid triangles in
figure © represent r2 at a film density leve! ,1 above the sky brigh;nas:
film density level. If this megnitude film density change corresponds with
the actual changes in sky background, then the t2 dispersion law would be
confirmed. This demonstration involves quantitative knowledge of hoth sky
brightness and f£film sensitivity  changes.
In the concluding enalysis we consider the maximum radius technique.
For the morning twilight sequence of September 17, 1061, o° values are com-
puted from an erbitrary selaction of measured rﬂ2 values{at the 108 + 1 im
hcl.ght). The dz values are computed from equation 3.8. 2.8 i gizilar to
equation 4.2 which is used to compute the er cuxves in 'figtfre 6, The
difference is that Eﬁ in 4.2 18 replaced in 2.8 by the ;-:B value determined
by 2.7), Pigure 10 illustrates the results of this computation in which the
maximum radius squared, pa. is 14 im2 (pz is represented by the A point at
810 seconds). The four 02 values between 200 and 700 secorids may be fitted

to a ca = v°2 *t'.2 curve (dashed) for which ‘voz ~ dnz/ucz

« The t‘wo"' early
points at 35 and 85 seconds are slightly above the dashed curve which is to
be expected from the increasing relative importance of molscular dispersion

in the total dispersion, czg as t ~> o,



G
The last A point, representing pf is displaced well above the intex—

2 t% and the 810 second ab~

section of the solid curve, representing & = v,
scisea line. This displacement could indicate a traneition to turbulent

dispei'sion with a higher pover time dependence, if the sky background were

consatant, or & premature contraction of the visible cloud due to increasing

sky brightness., The late time deviations of the measured re2 points (o) from

curve (1) in figure © are an example of the latter. This is better illus-

- trated by the accompanying r:lnsarteg‘:draung. The full linee represent an ac~

- tual memi'ed re2 curve and a cai:pnted 02 curve, One dashed line represents

the mlured':ez points if ‘there had been no incresse in sky brightness; the

‘ot.'h-ar dl'ﬁiied curve represents the corrssponding 02 values conput;ed from 3.8,

" The increasing sky brightness ceuses the maximum radius to be measured at time

‘t2 rather than t3°

g “‘f:r-.ue" ¢ vrves of }-:', C_l'a' s f Shy backgrggg_g_g?ﬁre constant

actual curves when sky backgroitnd 1S tgereasing

- .71"" -
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. N\
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2
and the effect on computed ¢~ is seen to be & displacement of thess values

above the "tirue" dashed curve after time t (Note: "true” veluesg ars

1
those énlues which would have been observed or computed had the sky back-
ground brishiness actually bscnconstant witﬁ time,.)

This reduction in the magnitude of the "true" 02 values below the
actual computed 02 values can us-illuntrated with the sodium data, In figure
11 the circles repfgsenf.avergged_ﬁegsured re2 (microscope) from Wallops
1sland negatives for 9 DEcemEér (figure 6a). The height of the cloud is

"115 to 117 km and is considered sufficiently high so that molecular diffusion
dominates the cloud growth. Two different values, 3.48 and 4.68 kmz. are
essumed for the maximum visible radius and they are represented by © and
¥ respectively in figure 11. (No uniqueness is attached to these vaiuea.)
For the sake of this hypothetical example, 3.48 kn’ 18 the observed meximum
radiue and 4.68 kmz i8 the "true" maximum radius, From equation (3.8), values
of 02 are computed from each of the ( C)') pointn for both aéqumeé values of
the maximum rez. The individual dz computed with 4,86 kmz (A) are less than
those computed with 2.48 kmz «a . The A points at earlier times (t < 200)
are seen to fit a molecular diffusion law (the straight lines represent 02 ~ t).
At later timee there is @ greaster growth of the ( (0 ) points than the linear
law, This is quite pronounced for the points computed with the smaller of the
iwo assumed radii. The ( O ) points suggest & higher power time cependence
than molecular diffusion which is a spurious result.

This demonstration of the increasing sky background effect illustrates

how important it is, in diffusion studies, to consider optical effects,
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How do we summarize the pravieus anlavsis? The epplicntion of the
moximum radiue method (figure 10) to the 17 Sepiember A.M, cloud vezulis
in a relative diepersion, ca ~ tzg for ¢ up fo 620 seconds, Beyond that
time the dspazture of the computed 02 from the cz ~ tzlfelation is cob-
sistent with changes in sky brightness, and does not necessarily indicate
a transition to 2 higher order dispersicn law. The result of the gradient
n n nctﬁod 18 less definite, Either & t or t° dependencahior 62/y is indi-
cated, Finally the application of (4.2), as evidenced in figurse 8 and 9,
indicates a tatpoauibly t‘) &apendence when the cloud expands against & de-
creasing brightness and t2 depéndance nhgn it expands egainst an increasing
background brightnass.l In both instances the films are high y (therefore
8m@ ller range of ln E over which ¥ 1s constant). Quite definitely, we should
expect an influence of non~constant y in thess results,

Taken altogether, thess results indicate that the most probsble form of
the accslerated diffusion is c2 -~ t2 with & slight possibility that either a
ts or t could result when the ¢ffects of the changing background brightness

and film sensitivity are considered gquantitatively,



V.  COMPARISON WITH PREVIOUS STUDIRS

Other studies of alkali vapor cloud expannlon'hévé'baan published by
Blemont and De Jager (18G61), Nosl (1863), and Zimmerman aﬁd Champion (1963},
Blamont and De Jager have determined cloud expansion from photographs of a
sodium vapor trail. In the other two studies the expansion of cesium vapor
clouds has been datermined from photographs obtained during Project Pirefly
experimente (Rosenburg, 1050; 1860),

Blamont and Ds Jager measure the expansion of a morning tuilight sodium
cloud from 60 to 120 seconds sffer cloud formation., The height at which this
expansion occurs 18 not stated but may be inferred, from other remarks in
their study, to be bslow 102 k. Durlug_thc sixty seconds between measure
monfsutha averege cloud "diametex” increaésed from 90 to 500 meters., To these
tvwo "dismeters" and & sequsnce of four meteor trail "radii" measurad by Greenhow
(1959)0 Blamont anﬁ De Jagef fit tap relation 02 = 4/3 € ts. The approximate
magnitude of € 1is 70 erg/g-sec, the seme éaiﬁﬁ obtaingd by Greenhow (18536)
from meteor trail expansion at 90 k. |

By this procedure, Blamont and De Jager implicitly assume that the standawmd
| deviation, O, is to a good approximation, equal to their average visible cloud
“diameter”. AThis is usually not a good assumption, as shown in connection with
the determination of molecular diffusion cosfficients (see page 28). That
Blemont and De Jager obtained an estimate as low as 70 er8/i mec 18 surprising
when we consider the much larger estimates that would be obtained by using

their method with Wallops Island sodium trail data for comparable altitudes.
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For example, if this technigue of Blsmont 2nd De Jezer is usmed to ob-
tain an estimate of € in figure 8, ths saﬁe relation, <r2>' = %6 tao
would require an & of about 430 srg/g-sac %o f;llt' the meapured rez points,

This contrasts with the 15 to 45 arg/g~sac iange of € associeated with the
thaoéattca17;"z curves in figure 8, when %G ‘t3 is subat;i.t?t‘i\fid. for -g ﬁta.
Thu_q, there is a difference of about a factor of ten between the ¢ value
6bta$nad from fhe re2 data in figure &, using the Blemont and De Jager ap~
proximation, 02 ~ rezo and using (4.2) with % & t3 ae the turbulent form
of the relative dispersion.

Thers 18, of course, an inverse relation between assumptions about the
fom of f:,!2 and the magnitude 5-‘ in (4.2). Certainly the more eccurate our
knowledge of the 1,%:3; the better will be our determination of the form of 020
With sodium clouds, the value of n_ defining the minimum cloud intensity,

_Jutt dlatinguinhable against the rdtural sky background, is takeﬁ to be the

natufal #odium abundancs uhiqh i well known from a large number of twilight
airglow studies (Chamberlain 1061; Donahue and Foderaro, 1954). This know=-
ledge gives us some confidnﬁce'in the use of (4.2) with sodium cloud expan-

8ion data. With casiun cloud:D discussed in the next paragrsaph, the number

of cesiun atous per square centineter column, whose brightness is equivalont
to the natural sky background at ssnﬁ. woitld have to be a-thiat.d.

In the otharx studies of alkali metal clouds, both Noel (1963) and Zimmerman
and Champion (1063) stﬁdy the expansion of cesium vapor clouds. These are ex~
tremely energetic releases (sse Groves, 1663), in which visible cloud diameters
are of the order of 1 km within tenths of seconds after the exprlosive burst

which vaporizes the cesium (Romenberg, 1980), A1l theee clouds ara initially



o By B

spherical but through wind shear thg‘y apsume, over & thrsae to four kilometer
dapth of atmosphere, the &ppearance of & trail within @pproximately two minutes
after the ¢ime of burst,

‘Noel, in his m;ud:grg nemums the visible radii of emall "globular" nasges
within the cloud. These vary in height from 104 to. 102 km, To the values
of the measured visual radii squared Noel also fits & ge_ts, curve, and ob-
tains an aversge value of € equal to 320 erg/g sec. Noel’s four sets of mea~
sured raz values and, for comparison, measured r«"a val ues for the 17 September
1661 Wallop Islend trail are plotted in figure 12, In addition, we have aver-
aged the respsctive r‘z for the three sets of Noel’s pointe that all have val-
use at 255, l315 and 375 seconds. These average points are represented by the
Ats in ﬂ.gure‘ 12. The solid curves in figure 12 are computed from (4.2)

with ® = 02+ 2kt + & 5 € t? to agree with Nosl's assumption. If the g

are comparable for both cesium and sodium clouds (and there 18 soms evidance
for this, (Menring, 1861), then and fit of the A points to curve (1) in figure
12 indicata; thet Noel‘s assumption of raz ~ d2 can overestimate the turbulence
parameter € by & factor of ten ( € in curve .(1') is 30 erg/g sec). Purthermore
Noal’s ts growth curve for cesium "globs" contrasts with our estimate of a 'l:2
growth for the 17 September sodium trail (the -;:- points in figure 12).

Bince they do not represent the actusl vieible cloud radius squared but, .
instead, the visible radius squared of smaller "globs" of cesium vapor within
the cloud itself (Noel, 1964), there remains some question concerning the iso~
phote level associated with the successive measurements of "glob" size. With
the actual visible cloud diameter the sky background brightness determines the

isophote level. Although it is changing, it can be determined. The question
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is railsed .'becausa Noel®s measurements very definitely indicaie a 02 ~ t3

relatioﬁ for & mi'ning tuilight cloud, 1ﬁ contrast with other cesium cloud
- analyses by Zimmerman end Champion{which follow)and with our analysis of
the 17 .September AM. sodium cloud expansion,

Zimmerman eénd Champion me&sure the cloud growth for three cesium vapor
clonds from- f.he 1859~1850 Project Firefly Beries. The measured rea valuas
for two of these morning twilight clouds, "Echo" and “Bravo", ere plotted
in figure 13, The -traight_;and lines in figure 13 represmnt curves for
which the radiue squared is proportional to the first power of time., There
48 an 1nterest1ng. contrast in cloud growth betwsen the measurements for
"Echo". and "Bravo". The hei.ghil. of cloud “E_cho" is 100 + I‘ km; the height
of cloud "Bravo" ;;s 112 + 1 km. (Rosenberg 1939).

"Bravé" ‘aexpands up to abqut 300 seconds at an apparent rate that is
-ligh_.tly less than l-._th.e straight t curve. Beyond 300 s,eco,n,d{s the growth ac-
ce_ierates markedly. Although Zimmerman and Champion do not ©ocoument upon
this behavior, it should be studied éurther to vqﬁty that it is a real effect
of the d:aper-ion of ‘the cesium vni:or by ntmapﬁerlc motions. These measure—
ments were made above 110 lm. Above that height the behavior of sodium clouds
suggests that molecular eispersion predominates, The Gdlidgty of these mea~
sur;uenta have a real :unportancé to our understanding of atmospheric dispersion
at these heights. |

fdr the lower cloud, "Echo” (height about AIOO k) the growth may, on the
cne liahd, be 'mterpmfed as fitting the lower ¥ ot cu:ivoél an in figure 13
up to 100 seconds, and the middle r2 ~ t curve after 200 seconds. The accel-

erated growth rate occurs between 100 and 200 seconds, and it, agein may reflect
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Project Firefly Cesium Cloud Expansion Data a

(From Zimmerman and Champion, 1963)

A ri for cloud Bravo: 112%1 km A
i~ o ri for cloud Echo: 100+l km
L X theoretical ri for cloud Echo

VISIELE RADIUS SQUARED re? (km?)
5

| - [ 1 1 L1 1 1 * | i |

30 40 60 80 100 200 400
DIFFUSICN TIME t -ty (sec)

Fig. 13. The measured visible radius squared for twWour cesium

vapor clouds. _The equivalent heights are 99%1 ("Echo") and
112+1 ("Bravo"™). (After Zimmermgn and Champion,( 1963))




either & dispereive oy an optical effect (such as changes in axrposure time
or stor number). |

On the other hand, the "Tcho" r32 values mey ba interpre;\{e'd in tarmse
of a 0'2 ~ tz growth law, not just between 100 to 200 2econd®. Zimmarman
and Chempion assume that Tchen's prediction for relativae dispevsion {large
mean shear flow casze) is valid and take dz equal to vo2 tz. They assume
a maximum rez of 20,25 kn® (no :'e2 values of thia magnituds are &ctually
reported by them). Instead of computing 02 to'r gach "32 as we do in figure
10, they essentially use the maximum radius to evaluate 5" in equation 4.2,
assume v°2 i equal to 15 nz/aecf and compute rez at 1’00_‘599 320 seconds,
Thedr theoretical re2 velues are indicated by the ) _aymboi in figure 13,
They report that "the calculated velues [of rg?] agree with [measursd rez]
values.” '

 ZimmeTwan and Chimpion’s analysis of the "Echo" med;siiementa could have
been performed pith more care. They do not show that the meximum raz is
&ctually measurad., Otherwise, if it has nqt béen msasured.,_‘ &ny other value
@ little higher or lower i@ of equsl validity to 20.35 km®, which, in turn,
would ‘xl';uult in a higher or lower evaluation of s—e « Assuming that 20,25 kmz
is actually measured by them, the agraement batween computed rea &and measured
r".' conrid bs batter. |

Closer agreement in figure 13 between their calculated re2 {the XY points)
and their measured rez (the o points) involves a lerger value of o for a
fixed 3‘.”. This may or may not increase the estimate of voz since they have
neglacted to include in 52 the initial variance of the cloud, which is not

negligible and the contribution of molecular diffusion such as expressed in
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equation 4,32, To illusirate how the inclusion of thesa other factors
would reduce the est@mata of‘vbz obtained by Ziﬁmerman‘and Champion con-
Bider the followingoa Rosenbarg (183:9) reports that cloud "Echo', has a
dismeter of 2 km &t 1,75 seconds after burst and 1.2 km at .75 seconds
after burst, Zimmerman and Cbaﬁpion reiort an initisl radius of 00 m.

If we accept their estimate of 1200 m as the diameter at the bsginning of
the diffusive growth, one estimate of their initial variance mizht be
(230m)2 = 5,20 x 10%m2. For 5'q°2 ~5x 1040 and a molecular diffusion
coefficient equal to 10° cn®/sec, then for the calculation of u°2 the total

variance of 15 x 104 m2 is reduced by 002 + 2Kt = 7 x 104 mz, from which

we obtain v°2 = smz/aecz. I1f the beginning of.the diffusive stage of cloud
'growth was after 1.705 seconds when the cloud was about 2 km in dismeter,
then a correspondingzly higher Go’ say, 200 meters, would glve a value of
vo2 equal to 4 mzfsecz.

These smaller estimates of v°2 are more conaistent with thase obtained
from the sodium trails. 1In fizure 10, if we evaluate the 02 curve in tems

v 3 t2, the value mafsecz is obtained for voz; in figure 7 the

of 02 =
value of éoz obtained by the gradient log column density method was 8 Y nz/sec;
and in figure 9 the computed re2 vere based upon a "02 of 2 and 4 mzfsecz but
the range of voz represented by the extreme sequences of measured réz in that
figure is closer probably to 1 to & nz/secz.

The order of magnitude of the turbulence parameter, v°2, 1s:fa1r1y well
established by these initial analyses of sodium and cesium clouds. But,
unless the question of optical effects (such as changes- in exposure time or

stoé number) on the time dependent photographic growth of the cloud is con-

sldered with some care (and more quantitatively than we have done in this
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study), the real value of theese vapor cloud experiments as & means of disg-
tinguishing the time dependent form of atmospheric dispersion will be vitiated

by ad boc assumptions about atmospheric dispersion processes.
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Vi. CONCLUSIONS

a) In photog;aphic studies of a dispersive ~ight-scattering cloud, insuf-
ficiant at£ent:lon to the details of image formation can lead to errors whan
interpreting image growth in tems of atmospheric turbulence,

b) Below 110 km and over a time intérval‘of 700 #o 500 seconds, the most
probable interpretation of the horizontal acoelenteé expansion of sodium
clouds is the relative dispersion law, qz ~ tz, in which the rate of change
of staniard deviation is about 2 m/sec.

c) The variability in the ev_.idence for accelerated cloud expangion suggests
that a cz ~ t3 dispersion law is as likely a dz ~ t law, The determination
of the true dispersion law"re'presenting sodium cloud expaﬁaion requires the
Separation of atmospheric dispersion effects from the non-dispersive optical
effects on image growth, |

d) The results of the cloud exapnsion on 24 May 1950 and 17 September 1961
@t heights of 108 to 109 km indicate that there is not a unique equivalence
between the raté at which a cloud growse and its physical appearance, “irrezulac,"

"globular,”" or "smooth,"
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VI, __RECOMMENDATIONS FCR FUTURE RESEARCH

1. Obtain a larger sample of di;iia'r'szon statistics.

2) Apply the maximum redius ‘method, gradi;n;“in n method and (4, 2)
to cloud expansion data for the other morninv and eveﬂinr photo-
£raphs which are available. | |

b) Conpare.the results of the different aﬂalysiu techniques on dif-
ferent film tvpe from the same camera site (for the saﬁa cloud),

c¢) Consider ﬁ;w to best determine qz when the distr;butioﬁ of luminous
intensity across the cloud imaze is non-3aussian, Determine, if
possible, under what conditiéna the other tachniques for computing

02 (such aa gradient ln n and 4.2) can 8till be used when the dis-

tribution of luminous 1ntenlity_1a non~Gaugsian,

2. Design fwlare vapor trails experiments to maximize the continuity of
hon~dispersive (oﬁtic&l) effecta on image formation,
a) Use films with overlappdng rsgions
. of constant y ln separate cameras
at the same site. (gee inpert)
b) Unless the effects of sto§ changes
on cloud érowth can be made quanti- D

" tative, maintain a constant aperture

opening (f/stop) and a fixed exposure ietotal ranse'aver-4f
' i Y ! Tt ¢

sequence (8-8~12 sscond c«xposure se-
Leg E

quence every 30 seconds, for example)



3.

G
to eliminsie abrupt changes in background dansity,
¢} Various time intexrvals in the growth of cloud gize (rez} might e
obsexrved by adﬁugting the'iime of rocket launch with respect to
solar dapreﬁsion angie' 8o that the cloud imsge for longer diffusion
times meay be obtained, A batteg analysis of the Pirefly date, =zith
their larger initial sizas, should-be performad,
d) Determine as accurately es posesibie the functicnal form of v for all
fiims used in these (twilight sky) diffusion studies.
in the event that film with & region of conatant Y cannot cover all times
of twilight photography, then attenuation effects of the natural =zodium
and ozone layers should he considered as & further non-dispersive effact
on cloud image formation (and anslysia), particularly when the incoming
solar rays pass throught these layers at grazing.incidgnc;,
Puff-type experiments should be designed to compenaate for the deficienciss
of the trail experiments: Y could be usaed velow 95 km (the rate of
chemical consumption could be treated aes & variabla) and they would not be
subject to the image overlap of the trails (they must have a less engrgetic

formation mechaniem than the Firefly puffe).



One rossible explanation would ve suggested:
First, 1f two camers stop changes had Leen Bade, one Letwesn 220

and 250 seconds and the other between 340 seconds and 380 seconds,

Second, if the sky background intensity dacreassd a@ugh betwaen

220 seconds and 310 seconds to decrease the total megnitude of In T,

which determines the cloud edge, to the .,37(.}11'11’. where the megnitude of

Y would decrease signiﬁcantly with further decreases in sky beack~

grbund. |
The decrease in vy would decrease the degree of contrast between cloud and
sky (making dsﬂnition of the visible diameter uncertain) until 340 seconds.
At 340 seconds, the stop change (increasas in aperture size allowing ths filwm
to subtend a gréater solid angle for each point in the cloud) would hypotheti-
cally increase the lnE values defining the cloud edge back into tha range
whare Y would again be constant and the contrast between cloud and sky would

be maximized.,
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