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E. H. PLESSET ASSOCIATES, INC,

1. INTRODUCTION

The Radiation Transport Committee was asked to conside= the
following:
1. b sonant scattering '

2. Excitation transfer

3. Self-reversal’

Atmospheric transmission

4

Cloud effects

4
5
< 6. Albedo
7. Factors that determine time dependence of signal
8

Solar scintillaticn

¥
O-f; The study of résonant scattering and excitation transicr for

the Lyman-Birge-Hopﬁeld?series of nitrogen and for the first posi-
tive system of nitrogen has been treated by Ed Zipf, whose report

is included in Appendix A. Self-reversal, which occurs when an
optz.ca.lly thick medium is ugxdcr consideration, is not important to
this discussion because thef limiting range for detection of an existing
system is one in which the X- ray excitation is so m11d that the fluor-‘

escent layer behaves an an~opt1cally thin medium.

o ¥t o

A general dxscussion@f atmospheric effects pertinent to the

VELA program is presentefl belsw. The material in Section 2 on atmos-

)gm

pheric refractxon, absarptxon and scattermg in the atmosphere, sky

e

backgrounds nmse in the s] y, and reflectivity of the earth's surface

‘ is taken from Ref i ‘I’he matenal on typical probabxhtms of signal

e
ey,

5 i

o
2
bt i kst s 5
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modifications by clouds and overcasts is taken from Ref. 2. Work on
the carth's albedo, as seen from satellites, and the effects of

this on background and time delay of signals was summarized by

L. F. Drummeter and ihcorporatéd in the Satellite Committee Report.
The material presented in Section 2 on the delay of light pulscs in
Oovrercasts and clouds has been abstracted from a serics of reports
pPrepared at E. H. Plesset Associates under AFTAC Contract No.

AF 33(657)-1:3599. The application of these delaying effects to the
specific VELA problem is illustrated in Appendix B,

; The work on seintillation by G. Milne is presented in

Appendix C. The scintillation of an extended Source, calculated at

E, H. Plesset Associates under AFTAC Contract No. AR 33(657)

-13599,
@ is presented in Appendix D and summarized in Section 2 below,

Exper-
imental work on the scintiglation of the sun, done under the same
AFTAC contract at E. H. '5P1esset Associates, is reported in Appendix E.
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2. ATMOSPHERIC EFFECTS

Much of the material on refraction and absorption is taken from

3 " . N e
Allen.” An excellent review of atmospheric refraction is given by

Ma.ha.n.4

2.1 Atmospheric Refraction

The earth is a sphere of radius, R = 6.37 x 10° km. The

distance D td the geometrical horizon for an observer at height h (<<R)

is D2~ 2Rh or D(km)—~—3.8" \/‘(meuers) or D(nautical m11es)~1 13

\/h(f A target at h' can just be seen over the horizon by an observer at

ma
h and at a distance D' = V2Rh + V 2Rh', Refractive effects can modify

these results by approximately +20% in D.

‘Values of (n - 1) x 106 for various A and for p = 760 mm Hg,

t = 0°C and f(water vapor pressure) = 4 mm Hg are given by Table I.

.

Table 1 -- Index of Air as a Function of Wavelength

(n---l):#:lO6 340,0 32,2 310.9 304.9 300.9 298.2 294.1 292,0 290.7 290.0

2 {p) 0.90 1.0 1.2 1.4 16 1.8 2.0 3.0 4.0 ® optical
(n-1)x10° 289.4 289.0 2886 283 2581 2880 2819 2817 206 287, 5

1

The corabination of the altitude gradient in refractive index and the

earth's curvatu*e result in a deviation of the light from stars and g

limitation on the air mass »etween star and ground observer as shown

in Tablell. 2




Table II "-- Refraction and Air Mass

Rofraction and alr mass. Tho tahle nlvows tho rolation between refraction and apperent

. zeaith distanco 2; it also gives the air mass which for small z 8 equul to scez,
Tho valaes are tabulated forp = 700 mmHgand ¢« 10°C | for other vaulue,
of p aud ¢ multiply both the air mnas andd tho refraction R = (—-: by p/760(G-962
+0-00:15y), o

Apparent | True zenith Air Apparent | Truo zenith Air
altitwldo distanco seez2 | nasa altitudo distanco | sces | sy
h =90 -2 ¥ (3,9 i [h=90%-z & (3,9
o e -
o tot 38 21 74 a8 10” §0° 57187 | 5759 | 5000 )
19 8O 2457 1 57:30 | 26.0¢ 15* 78" 37347 | 3i864 3510
2 S8° 18 247 | 2865 | 19-59 20° :O‘ 27387 | 2:921 | 2.0, !
3° 871424711011 1536 25 63°2° 4 | 2300 OEv
B 4 N6 11° 437 14:34 11244 30°* 60° 1° 417 | 2.G00 | 1-505
5¢ 85° 0°31° 1147 10-40 40° 50° 1710 | 1550 | 1-553
(i34 84° 827" 1 9.567 | 5-900 50° 40° 0 49° | 1303 | 1-204
4 83° 57237| s 74708 co* 30° 0% 347 | 14155 | 14154
(3 82% 67337 785! 6-us¢ 70° 20°0° 217 | 1-G6+ | 14654
j 0 81* 5°627| gu02( 6147 g0 10°0°10" | 1-015 | 1-Gl5
J 10* 80* 5°18°| 5739 5600 00° 0°0° 0" |1-6001{1-600

- Crude calculations of a}.titude dependence of pressure to about 120 ki

(“')'”‘~ ' may be made using the hezght of ;he ho’nogeneous atmosphere H as a value for
= scale keight Py *2, ~h/H where H is related to ground temperature as shown
? i
in Table III. i
. :
i

Table ur -- Hezght of the Homogenaoous Atmosnher

; ‘ ' Ground Temp. 30 -3Q -15 0 +15 +30 -

: S
, Hin km e B 113\\ 7.552 7.991 8.43 8. 856
} f- *,
s ‘ g \.\'
f Reasonable calculations ofgaltztude depend‘t»{zce of temperature, L, up

to tae tropopause may be rBade as follows: th =t -t ~t) h/ h.

The vanatmn of tropopauss hezght h and temperam @ t, with

bas
v—\. ‘.‘
°‘j 7 -cnanrmw lantude is shown $n Table IY‘. ‘
=y = i E : E,
L i T S . : E ¥

2
e e Ny R
-
1




Table IV -~ Height of the Tropopausc

Variation of Mectcorological’ Quantities with Latitude

The table averages tho Northern and Southern hemisphercs which differ in devuil
as a result of thu diffesent Jand distributions

. Scasonal Water. N T )
Latis | c'}li;‘;:n‘::m temperature Occan ps_ﬁi:i_o vapour S e ;
tud, rang tom turo heigie
Y€ | (ecalevel) jon 'X::’:d) OMPErature | (poa.levol) (E;:I}Z‘:/;‘;) tcm;‘c:n‘.u:o! Cige {,'cs‘,_—gi
‘C *C °C mm-Hz | mm.lg °C xm r:.r:.-}.';-i
* D o ] 21 -5 . &
18' 22 :1; . 22 3,3 20 - 23 %Zf 7 ’
0 20" | 24 [} 24 761 13 -73 148 9%
30° 20 2t 09 20 763 14 -6 139 HEr
40* | 13 . 13 14 761 9 - 02 112 1° 160 |
50° -6 17 7 756 4 -58 9% 105 |
GO: -3 . 21 ‘2) 761 2 -0 85 233 ’
0 -10 26 1 -l -8 238
88: - i f 29 -2 -53 70 285 '
-

4 2.2 Absorntiosn in the Atmosphere

The specular transmission through a homogeneous atmosphere T)\ oi mono-

‘ d . ¢aromatic light of wa!velen‘gth )\ over equivalent path length L in c¢m at ST2
is given by
T,\ =exp-(K>\+o‘)\)L ' (1)
Nk where X ) is the absorption coeii'ficient and 0‘1 is the scattering coeificient.

Smail wa\é;e-eng"th intervals in tf;e ultraviolet and visible may be treated by
Zg. (1) and values of K)\ are gi%ijven in Figure 1. Appropriate values of L meay
be derived from Figure 2.5 In cases of sz 02, 03 and HZO the composition
of unit atmosphere in cm thicknesses at STP are 624,600, 167,600, 0.3 and

Zrom 300 to 5000 respectively.

In the infrared the rotational structure of the absorption spacire o

'
ct

imospheric molecules is, in general, not resolved and the assumption tha
: 3

A 7 5 3 £ - P o . s C oy

is nearly constant over a small wavelength intexrval is not valid.” Uxnde

141

:’f‘l

these conditions the transmission is described by Eq. (2).

i -

Q/ A »,‘: e T,‘ ="‘f(b;gi) exp(-O'/\ L) (2)

SR
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5 Ultra-violct Absorption of Atmospheric Gases .

Tho dingram gives logk,, whoro k, is tho oxponoutial abrorption cocfMicient Pt
i satmo-ain (i.0. por cm at SI.0.). In order to dotormino atmocapheric absorption from
; the curves it would bo nocessary to allow for atmosphorio composition &nd tho
i« degree of dissociotion of somo moleculos. In tho rogion 900 A to 1000 A thore aro
A two curves for O, Of thewo tho curvo soprosonting tho highcst abaorption allows for
tho pre-ioaization factor
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1

atmosphere due to its molecular 'consntuents. At STP the value of 3")‘ agpro-

.

ot

where ﬂb)\'“ is given in Table V and values for log by are shown in Fig-

ures 3 and 4. Here .ﬂ corresponds to the values of by for unit air mass.
; P A

Table V -- Band Absorption of Atmospheric Gascs

Roands wiadde up of dmcn‘m linws will not abey the Lasbert law of exponcntinl nhikory.
tion and the nbsorphon cocflivient tust be replaced by itz analogue b, such that tho
transnission is £(0,7) where ¢ is the lnycr thickness in somo nv)pronrmtc unit, or tho

oy function / we adopt the relation  given below: .
oz ihed) | A(0a)) log{bal) | Sioal) log(bal) | flbul) log (Ual) l Jl)
-30 1-000 -12 0-307 0-0 9-500 + 12 G072
-5 0:090 -10 0-336 +0-2 0412 -1 0-G35
-20 0-97 -0-8 0782 + 04 0-332 + 16 -Gl
-1 | 0058 ~0G | 0741 +G6 | Gusy 18 | 0002
-1:6 | 0940 ~04 | 0051 +0-8 | 0187 +20 | 000
. e 0014 -02 o518 +1-0 0123

'
3
b!

xcept for the Chappuis, the Huggins, and the Hartley bands of 0, there is

little significant absorption in thd atmosphere between 0. 3 B and 0.7 P (See

Table VII }, !

s

2.2 Scattcﬁxig in the At mosphmn:'§

The Rayleigh equation déccribes the inescapable scattering in the

p‘xate ‘or use in Egs,.'(1) and (2) is never less than 6‘“)\ = 1.07 %10 )\ =% 65

km” ()\ ia ‘x) Such clear air has not been obsezved experimentally since :he

x

a:mospher; supports water dropléts (fog, haze, clouds), ice crystals and .
éuss. The dz%..ance at which a large black object can just be seen against the
hé rizoa 15 da.yt‘mc is ca.lled the nsua.. or meterologxca.l range and this &is-

ta..ce is. qcpe*xdent upon th. eo-meiara.tion of sca.ttermrf centers inthe atmose

phere. A rowrh but useful rélanc;ns’aq) be.wc»no‘)\(km 1) visual range Vikm)
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Table VII -~ Continual Atmospheric Absorstion

&
o~
D ’
) - Moleeular Wator- Dut, .
: A | seattoring | vepour ' Ozonp fairly cleas | "Woral | ) Fana:
’ eonditior b
% Per an i
. por precipitablo| Per 3 nm per
a  |otmosphere | L0 at 8. T.P, L atmosphers
0-20 7-26 02 207 R
022 468 14 21 27 G-Cu
24 316 65 19 cs OG0
0-28 22 .| 88 27 89 006
023 1:608 36 1587 38 000
30 | 1:19¢ S 245 | w5 | 00l
0-32 0-508 © 025 <132 12320 0-272
0-34 0-702 0010 0-02 122 | 054 02
038 0-552 ¢ 003 0-Go 113Dyt 051
038 .. 044l «00+4 0-00 -10¢ 085 033
040 0-358 0040 0-00 099 048 08
i 045 0-219 +0051 0-00! 08¢ 0-31 078
; ’ 0-56 0-142 . 0025 0022 07+ 0-23 0763
055 0-098 © +0022 9-031 -GC5 015 | 0827
0-G0 0-0675 +0020 0044 058 0-17 084
m 0-65 0-0488 «3017 0-023 . 053 © 0127 | 0852
L 0-70 0-0381 *0014 0-008 048 00551 06:1
0-80 0-0211 «0012 0-001 040 G683 | 05u9.
) 090 0-0131 0011 0-00 035 0049 G532
} 1:0 0-0086 « 0010 . ‘030 0050 0551
3 12 0-0041 ¢ <0010 024 0:G20 ¢ 0671
k . 14 0-0022 - «0010 * 019 6022 | 0672
iy 16 0-C013 0010 -0%6 0:018 | G632
D““ 18 0-0° 80 0:0010 g 014 0-0le| 008+
20 0-0+ 53 A 012 0-013 | 0537
=34 30 004 10 b K 00" 0-067 | 4:55:
40 0-0433 5 i 0-605 0005 | 0-995
: g
: i
A Sky Baékg*ounds ; §
i i

The atmosphare scatters sunlight, moonlight and starlight so tha:

fox waveleng....s in excess o£ 0 3m1crons (the ozone cutoii) there is 2 smoothly

YR ymg b*xxhtnus over the wholt sky. In addition to this scattered light there
: isa backﬂround abscrvable a.t mdht which is due to other sources as lis:ed.io
2 Zodxac-;.l : j ; 15%
Ga:la.ct.c ! : G 8%
Lummeacence of mght sky ', : 40%
7 AScaturmg from thes ab0ve yar ' : 19 %

’, ) ; Plus aarlivme dxrcct. anc., ca.ttcred A : - 30%
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Rayleigh scattering causes polarization of skylight. The phasc func-
tions for Rayleigh scatiering of unpolarized light ¢ e given as £ (6) = —,—5:—

) - ’
. ‘ 3 2 . . . . .
and 2 =4 s & wher and lldescribe thc stz e of nolarizusien
ana 11 (9) T—-_-Q'ﬂ' co cxre L . 143 o]

iz the plane of scattering, Hence the light scattered inco unit selid angle at

o*

e & from unit volume con':a.ininrv m scatiering centers and illurninatoc Ty

o is IG = I0 g'-[‘l(e) + ‘11(6)] = I —-6-—--(1 c::osZ

For the molecular scattering in the atmosgphere this s aépproxirmately
' 1

#,

1
Sorrect, and, with the Teservations pointed out by van dex Fuls:, cne =y
-8} -4,05 5
wit Ie =1 -i-g-—-(1+ cos 6) (1.07 %107°A - ) (per cubic em Ture alr
at ST?). :
I ’% .
Rayleigh polarization is 111ustr $ed in Figure 9. .
i g 4
&, '
Rbylof.'\ sc«t-or.n‘,. Polar diu. grars of seattored ...w..sx.y..
iz incident redistion fa unpelasizod, 1w polaiizod with olocizia vosios
v DR = p!aao of dumn:. 2 é polarizod with oloesrle Veier in nlane of
dnwm:. 1o 2 e ol I
iFigure 9 (from res, 7)
;
%
The aerosols in the atmosphen. in general produce strong forwerd

. 3 . . .
sca::c....u and some pola.rizatzon. The phase functions fox continental and

« e O

»
A\ d
ST
'
18
.!.
o
11

B ' : : : 8
e "uze a.nd for clouds aretshown in Figure 10 a, b, and e, Tespeciively,

3

F
As e ze e:al zoxx, ‘the s.qr brig nass above the tropopause can Se saleu
; S

on the ! aas*s o. .,.c Rc.Yl@lf’h scattfr..n« pha.se ;’\:nc:ion increased by 2 facror of
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Figure 10 a, b, ¢ (from ref. 8 )
#

Normalized scattering phase functions for scverss
atmespheric conditions. (Note: to find nelarization

independent values, take average of two curves

rather than sum).
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acceptable (total path length in atmosphere less than ¢ - 1) spectral
sky brightness values are given by I(0,z,A) = IO(,\) o"/\ H{ sce z) £(0)
watt cm™2 gp- ! P- 4 » Where IO()) is incident sunlight in watts cm-z,

z is angle from zenith to line of sight, 0 is angle through which sunlight
is scattered toward detector.

The transmission or reflection coefficients of uniform overcasts
and the reflection characteristics of large plane surfaces of clouds can
be treated wit1:1 cc?nsiderabl_e accuracy through the use of the following
equations., The transmission, T, of the overcast for ligfxt incident at

an angle 0 to the overcast normal is

1+ (cos @ - ,5)1 - e-D//\ cos 0

T+ D/

T )

‘:*& o where
: ' D is the thlcknb;s of the overcast,
A is the transﬁort mean free path,
s : A - AS/(I—PO)’

A —is the scattering mean free path in the overcast, ‘
s g p 4
}"o is the avera.;e cosine of the scatte ring angle. |

* Hence, for light incid-rt at an angle 0 = 60° the transmission is

Teoo = /14 (B/0) (3)

A6 e L

The normalized distributioh in analo of the transmitted light is made

1

up of two parts. One part §s from the light which was scattered within
the overcast. The other is from the non-scattered light, which is

S T , ' AR s
Specular. The Specular component is Proportional to e D/ BOGSQ .

i BT e
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£

- A , .
_‘ ¥ The scattering in an overcast is very forward, i.e.,
§ ! 4
' A>> AL,

Therefore, even for T60° = .5 (a rather thin overcast), the factor
D/,?\s is quite Jarge; hence,the unscattered component may be ignored.

In this casec the distribution in angle of the transmitted light is

3 _ . . £(#) = (3/7m)(1+2 cos )

.
A
v

where
€ is the ingle to the normai of the overcast
f(ﬁ) is the normazlized distribution, 1/steradian, i.e.,

w/2
2w X f(f). cos fsinfdff = 1

Q"“ ' Also, the amount of light fref]ected is givenby R = 1 - T, or

o (D/A) - (eos 0 - 5)(1 - &™DA <05 G

i 1+ {D/A)

s

And this light is distributed in angle according to £(f).

y The transmission of light as a function of time was calculated

v:siﬁg diffusion theory.

AN

Shown in Figure 111§ the probability of transmiscion of the scat-
tered light, P, by an overcast, as a function of time for various over-
cast thicknesses. The sbi;rce is an instantaneous pulse of radiztion
égx’cident, at an angle of 60d to the normal at t = 0. The probability of
ura.’nsmiss»ion of the scattered light as a function of time is normelized

»v that the integral, P, oi}er all time is as follows:
* , : ¢

Ly

=

3 oD
, LT = _{ P g+ el

Ay ¥ i 4 ~

it

3
A




=

&
£

Probability of Transmission, P, 1/uscec

-

Probakbility of Transm
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Figure i1

ission of an Overrcast Vs. Time

Overcast Thicknesses

Source is an instantancous pulse incident at 60° to the normal at

.y time = 0.
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As can be seen in the figure, the shape of the intensity vs. time

distribution is the same for clouds where D >> 7 .

The time of the maximun, t. in the probability of transmission,
& |

is closely given by
[ 7
D, :
( "-) Py
3 (4)
where
cis the speed of light

A line throug 1 the pomts corresponding to the probability at the time
of the maximum is shown in the figure.

An equation'* for D//\ may be obtained from Equation (3), i.e.,

. L{. “
- JEi WA ‘D/f\>=I“~Tsoo>/TsooJ (5)

¥

: Loy §
~ And the time of the rﬁaxirimm is as follows:

Hetce. thc time of the malemum is a factor greater than one multiplied by
the time light takes to penﬁetrate straight through the overcast.

£ . S

The tunec at Winch the orobabﬂny reaches a given proportmn
of the max1mum valuc are iound to vary as ¢t~ s for rather thick

ovewcasts i.e., D> A . Lines correspcmdmg to probabilities of

R A

1/10 1/2 and equal to the'maximum value are shown in the figure and
A have slope of rougnly 3/21’. The times at 1/10 maxirmum value may be

expressed in terms of ‘he tlmc at the maximum.as

ty /10"' 31t and 4. 1 t

e

i U wgmm A Ll

and the times at 1/2 ihaximumlvalue’ are
'

;1/2: 52t andiz 0t

S MR

% Kot ol
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In the mfra.red at wa.velengths greater thd.n about 3 micrens

aldedoes of the droplats which make up haze ad clouds are such thaz, o 2
good appraxzma.tion, ;};ick clouds radiate as black bodies. This does ncr acle
for aaze. Table VI shows that the transmission of hazes improves as Waviee

length § increases a.nd thus the therival emissivity will decreasc with inereasing
wa.velenagh A‘ 10 microns most hazes are essentially transparen: bug, --

this wavelength, clouds are black. In addition t0 the emission ¢

droplets :hé atmosP‘zere emits in those wavelength regions Where t

ze *twosyhere absoxb, t‘iguves 3 and 4 skow that such emission can cecus

.
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f. Identification of Figures lz.and 13.

Figure 12: ;i

; A . S‘qp.tt,cred Suhlight, V =94km, 0= 10‘", z = 60°

‘ B - Scatteréd‘ suﬁlighé, V =94 km, 0 400, z = 60°
C. 50% transmitting cloud or fog 0 = 30°%, z = 50°
~ D S-.attercd sx.nligh* V=d4km, 0=90% 4= 40°
E - Scattered sunlight, V = 94 ke, © = 120° z'= 60°
- F Black body at 283° k .
- G- EmissxO*: of wa.ter vapor and CO2
H_- .Bright Aurora
I I-’a.zc Radiance plus scattexr-of earth flux:
& R V=50km z=60
; J’ As "I“ but V. R, = 94 km
Pigure 13: 56
A - Bla.ckbody at 283° ‘<¢
B :Ermssxon of wa.ter vo.po. and CO,
: c EB'x-:.ght ...m-ora |

D- A.rrrlow‘ .

A E; .

- As "E',' but \'A =»9l‘- kn &

n

Full ‘moon, V=94 ken, 20%, 4 =40°

.\!

Full moon, V=9¢ km, e

|

§o°, z = 60°
Full N’oon; V. =94 kn-; 6 =, 40°_,_ z = 60°

'

<"“;' ¢ 30 fo by
 §

fi

g
f.T JV' a.ximum scutter‘ed c:ty .1ght..s

K F\.llmoo'z v-94k z, \10,z=60°

; E' - 'Haze radxe.nce plus scattez- of carth flux, z = 60°, ‘V =50 R
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that in Rochester, New York the orobability that {llunination at t

2 5 The Effe«.ts of Clouds and Overcast

he effects of clouds and overcast are twofold: First, ihovy

may reduce the magnitude of the signal by scoiterlng Haoht from thic overcus”

% i~y oy

kack into space, ‘and, second, they may distert the signal whicsh would Ave

teen recelved in the ebsence of the ciouds.

l

‘Data' taken Ly Zastman Kodek Comparny from 1237 to cdate indicnsz

of thge earth will ke cut«by clouds to 5% of clear weat .
-3 A -2
han 2 5 x10 ax : that it will be cut to 103 iz sbout 10 7,

‘Proi:ability that there will be some signal reduction end/or

distortion due to clouds and overcast have been caleculeteu from United

States Department of Commez“be. Weather Buraeau Power No. 12, "Sunshine
and Clouvdiness at Se! ected S'ca*:ian s, 19581", and irom A ‘Weather Service,

b

pi;e‘r:totaté*‘o Olima o‘or’y. Da..c. Con vol Division's reports, "Unifora

e-;»m

‘Su‘... a*y of 8 u:;a;gg Waather Obs ewa. ns." Theresults gre givon in Takle VIIIL
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2.5! Cloud Characteristics

-)

The following information about cloud characteristics was

taken from the '"Handbook of Metcorology by Berry, Bollay, and

Beers, McGraw-Hill (1945):
' Clouds are divided into four families with reference to height

above the ground level in the region.

i Fa"fmly A High clouds (mean lower level 6 km)
i Famlly B M1dd1e clouds (mean upper level 6 km, mean lower
level 2 km)
syl Fa‘mily C Low clouds (mean upper level 2 km, mean lower

s
0
£
4
e
3
;

level close to the ground)

Family D Clouds with vertical development (mean upper level
Rty that of cirrus, mecan lower level . 5 km)

At ne»arly all levels, clouds may appf‘a.r under th‘. following forms:

2 : Isolated heap clOuds with vertical development during their
T g u‘if’ ‘,
7 forma..xon, and a spreadmg out when they are dlssolvmg

b, Sheet c10uds whach are divided into filaments, scales, or

(‘

'rourfded,_massec, and which are often stable or in process oi

- dvisf’i;'x.tu,gra_tion. %
7.8 ; .
c. More or less continuous cloud sheets, often in process of
formation or growth.:
oo e ' The followmg ta‘ble mdlcatd the cloud genera, with the obscrved form
b ) of u.ch s %
i %

s
4
.
j,
A
i
£
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Tk = % ‘\
e #

& x.;i";lw, ¢ o a8 : ;
ol ) .
- famil IR Genus b ¥orm
: ¥ byl g 4 i i a B c
A Cirrus S g ok x
, 1 Cirrocumulus x .
; L - Cirrostratus = | ®
; e ;
B | Altocumulus x x
& Altostratus ) b4
i € | Stratocumulus | » - x :
: ? Stratus x
Soon - A - Nimbosiratus 4 x
2 s : s PAAT (“, A i
e Cumulus x
Cumulonimbus x

s 5 %

7 R
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2.6 Noisc in the Sky

Under ideal condzt:ons and vnth a perfect "amatzon detector, the
nois¢ in a signal or the noise from a background can be calculated on the
basis of statistical fluctuations in the number of photons reaching the detecior.

This sitvation almost never occurs in atmosgpheric work, Noisc in wac signal

arises from scintillation and seeing problems, and noise in the background
level is generated by space and time variations in the scatte ring or emitting
media responsible for background signals. Particular interest in the backe
ground noise seen by systems whzch scan the sky has resulted in studics of
sky noise as a function of scaming rate. ReSulting data are usually summar-

L)

e 12 . :
ized in & presentation known as & Wiener Spectrum.” Four typical Wienor

3 Spectra for a circular scan are shown i in Figure 14,

Turbulence in the atmOSphere partzcularly in the tropopause causes
anatzal a.nd tm-m variatzons in refra.ctwe index. One may thizk of this effect

as pmducin'r refractive colls having dimensions of the claus of three to eight -

inches. Cells deviate the light passing through them, causing variations in

the j:osi tion of the stetlar image in a telescope (seeing) and also fluctuating

shadows on the aperture of the t‘elescope (scintillation). The lifetime of the
cells is of the order of 0,05 seconds and they may move with the winds aloft

(velocity up to 120 mph),

For observatories- on t}ie earth's surface astronomical resolution

is lzmzted by the seeing descnbed above to approximately 3 x 10 - radians,

Ir. general, daytime resolution does not exceed 1 or 2 x 10™° radians for a
riical path, Apprommate calcéxlatzons can be made for camera systems !
looking down through ‘the atmoSphere using the equation A x =0 (2) h, where

A x= m:mmum resolvable distizce on ground measured perpendzcnlar to

-s‘.n. p¢th o (= ) & mem dev:latzon angle of lmht passm«v through Scintillation

-yer at zemth angle z, a.nd h = d:.stance from ground to scmnna.zon lay:=,

S R




i s &y et :
Figure 14 (from ref, 12) .
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2.61 Atmospheric Seintillation

PR

Calculations of the scintillation of an extended source are
reported in Appendix B. A summary of these results will be pre-
senced here. »

One may unda’;ﬁstagxd the calculated results by means of the
following model: The refractive c‘ells move as they deccay across
thje'fprojectioh of the telescope onto the turbulent layer. Since most
scintillation occurs near the tropopause, we take the hcight of the
turbulent layer as the height of the tropopause, about 10 km at
middle latitudes. T’fxere are various sizes of refract’ ve cells, and
wl;é_ch ones contribute the most to scintillation must be determined.

The geometry is shown in Figure 15,

To Star

[P SNPR FOST WL R TR Ly T
P

Telescope

Earth =
' : ¢+ Figure 15

Consider a t'ur@ulent"cell of diameter d. Its diffraction put-

tern on the ground has aﬁ;}u_pgular width 0 of about 0 = A/d, where

X
*
ES

R

=35
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A is the wave length of light. The angular extent of thc cell at the

telescope, §, is given by § = d/L, where L is the height of the

“turbulent layer. The geometrical shadow of the cell will be equal

to the diffractiorn pattern gf the zcll when 0 = . For smaller cells,
i.e., 0 > f, the geometrical shadow essentially disappears. For
larger cells, i.e. 0 < 'ﬂ, the cell population is much less than for

the smaller c.ells‘: The ‘dié.meter of the cell for which 0 = g is

do = 1AL . Hence, cells of about diameter d = do' will mainly
affect scintillotion. As a recult, the scintillation of a star as received
by a point detector could be considered as having come through a cell
of diameter d = d_ = ‘{}\_I: . The length d /2 is the correlation

length on the ground for tv_%o detectors, by a similar argument. An

extender: source, therefore, may be considered as beirg made up

of cells of length do. The ?cintination noise from each cell is uncor-
related. Those cells whicim are not on the cdge of the source, i.e.,
internal cells, give mo (. tribution to the scintillation, duec to the

fact tha.t light scatters '« o{n one internal cell to another. An extended

source projected onlo the turbulent layer is shown in Figurc 16 below.

Typical Cell




The edge of the source is broken up into cells, each of size d »twice the

correlatzon length. Since the scmtﬂlatmn contribution from each
cell is incoherent, the total contribution 1sg1';r;x by multiplying the
scintillation noise by the square root of the number of cells. How-
ever, the source in each cell is coherent, so the total source is
giv‘evx.x by multiplying the sour-ze in each cell by ithe number of cells.

Hence, if the scintillation noise-tc- -signal ncise ratio is measured

for a star, one can calculate very closely, using the equation given

below, the noue-to-ugnal ratio of the sun, as mcasured by the same

: mstrument.

8/8) g = Kin/8),, ON/N)(A /A )

AR

whezre

(n/a)sun' = Noise-to-signal ritio of the sun,

N, = Number’o{ correlation cells on the circumference
' of the su;%z! | :
Ar = Source a‘;;a of ring of correlation cells,
A_ = Sun jareagl L
kis a rconitahtvl‘\yhich_a.ccounti for the adjacent correla-

tion cells'on the sun.

The g‘eqme’t;‘y is illustfatei in Figure 17 below:
s , i

Sun

~—~.—. Turbulent Layer




v

i

FEe

For purposes of the present discussion we may con-
sider the cells as'wequares on the edge of the sun. Now the num-

ber of correlation cé,lls on the circumference of the sun is

%

N, = /e,
And
: A, = nD(dO) 2)
A.s = ﬂﬁz/ 4
2 :
Therefore,

%
; Bays
Ar/As :'Zdér/D
£

@, L3

*

e,

A.nd (n/ ) g , becomes

s
S
.é

- IZN ko

(nfe),, = /8y (217100, /D y3 (7)

To dalculate k, one may observe that rouahly ha.lf of the scintillation
noile from a given cell will fall on one of the two adjacent edge cells,
and should therefore not be counted as noise. This indicates that

k & 1/2. A more ei:act calculation shows that i

star l8>

'k =[V(n/s)atar+ ](s/n)

x

.'nncc (n/s).tu_ Al EquatiOn (8) gives k &~ 1/2. Now, the

cell lize d o! 18 equal to (!\L) 1/2. and the diameter of the sun pro-

_ jectod on the tuxbulent la.yer is D = OL. Substxtuting all these relations

mto Equation (6) gwel
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iﬂt\i‘
.’l.
1L

s

3/4

(n/s) (9)

sun

=[n/e) ot 1 - 1]'_(2/m(110)3/ /L)

The measured value of (n/ s) ki is approximately { for an instrument

whose aperture is less than the area of a correlation cell. roughly
& (a /2)® = 13 cm®. With this value and with A= 5000 &,
Equation (9) becomes,
(n/s) & 1.0x 105
sun. : :
A more exact calculation, given in Appendix B, yields 9. 42 x 10—6.
" The stellar scintillation decreases as the radius of the telescope,

for tele scopes of larger diameter than the correlation length. This

fact may be understo})d by noting that the telescope may be broken up

into correlation areas. The contribution of each area is incoherent,

whereas the source is coh@zrent. Hence, the total scint.llation noise-
i g
to-signal ratio is invqrseliy proportional to the square root of the num-

ber of correla.tion areas Within the telescope aperture. This is the

same as to the lcmtﬂlatwn noise-to-signal ratio, varying mversely

with the ra.dius of thc teleico;;e.

t%-g..

2.62 Freéquency Spectrum of Scintillation

The frequency‘-épect}‘um of scintillation is dependent upon the
apcrture of the telescope used the size distribution of the refracting
cel‘s, thur lifetime, theﬂ- height and their velocity of motion.

thure 1& a, b and c, pr%sents characteristic results of scintillation

PR

studies. For resol@wn of the class of 3 x 10~ -6 radxans, seeing and

méﬁpendi\t of zcmth angle ifz < 60°. For poor

acmu}létiorx a.r,e
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resolution (less than 10 55 rad1ans) the variation is approximately

(sec z) /2’ and the amphtude ‘of scintillation increases roughly in

Scy
~.
.

the same manner, ~

The scintillation frequency spectrum results from the scintil-
lation of turbulent cells of different sizes. These cells move at wind
velocity and decay with a lifetime of roughly .05 sec, as was mentioned
abov‘x"e. Hence. for any 'source of reasonable size, the turbulent cells
move across it before they decay. As a result, each ¢ frequency in
the scintiliation spectrum is due to a cell of different size, with the
larger cells giving lower frequencies,

The experimental data given in Appendix E indicates that tho

[

frequency spectrum for ah extended source, in this case the sun, is
roughly the sa.me as that ;'or a point source like a star, except that
lowor frequenmec g1ve relatwely more scintillation than the higher
ones for the case of an exiended source. This may be understood in

the followmg way: In Equatxon (7) the scintillation noise- ~-to-signal

; .rl.tio for an extcnded souz‘ce ic shown to be proportional to the noise-

' extended sOurce. It then pz‘cchcts that the scintillation as a function
,of ,requency for an extended source has a faster variation with fre-
rquem.y than for a pomt sOugrce, wh1ch Seems to match the data

4 ;x
4

thaimdgand repeorted in"Ajipendm E

to-signal ratio for a pmnt;souce mu1t1p11ed by the ratio of the size

of a turbulent cell to the p}ojected diameter of the source, to the

|
‘3/2 power. There, the cell used was interpreted as the average cell, }

Now, since each cell size contnbutes to a different frequency in the

=~vnt1llat1on power spcctra Equatmn (7) may be interpreted as the

freqacncy-dependent nowe-to -signal ratio of the point source and

. 3

;‘é‘

1;4

Mk h:




REFERENCES

1. H. Stewart and R. Hopfield, "Atmospheric Effects) EHPA
Report No. 55683, May 6, 1963,

2. M. Basilio, D. Fox, H. Sfewart, Final Report on the Distortion
of Pulsed Light Signals by Scatterin ¢ in and Betwecen Clouds,
Contract AF‘%%?-TS-II@, rSuBcontra.ct 1113-25, July, 1961,

3. C. W. Allen, Astrophysical Quantities, Chap. 6, The Athlone
Press; London, 1955, "

4, A. I. Mahan,""Astronomical Refraction, Some History and
Theories,' Applied Optics, 1, 497-511, July, 1962,

\5. Handbook of Gedphysic& Revised Edition, Chap. 8, MacMillan,
1 \ New York, 1960,

6. MEdif'ed from W. E. K. Middleton, Vision Through the Atmosphere,
pP. 45, Univ. of Toronto Press, Toronto, 1958,

7. H. C, van d\e‘“‘mgst, Light Scattering by Small Particles, Part I,
= P 65, Wiley,fNe@yi;iYork, 1957,

8. D. Deirmendjian, "Sg¢attering and Polarization Properties of Poly-
dispersed Suspensions with Partial ABSOT tion, " p. 9, Rand
Corporati on Kiemoyanaum RM: 3228-PR, 1962.

ki 9. -Effects of Night Sky ﬁacligsuunds on Optical Measuréments, "'pp. 25, 26,

: - Geophysics Corp. ot America, March 6, 1959, ,

: ’ |
i 10. S. K. Mitra, The Ugéer Atmosphere, p. 486, Asiatic Society, i
, Calcutta, 1952, 7 |

|

3 11. H. C. Van de Hulst in The Atmosphere of the Earth and Planets,

, Chap. 3 (G. P. Kuiper, Ed.), ém'v. of Chicago Press (194 .

12. G. F. Aroyan, "The Technique of Spatial Filtering,' Proc. Inst.
Radio Engineers, 47, p. 1564, 1959,

>

13. A. H. Mikesell, A. A. Hoag and J. S. Hall, "The Scintillatior
of Starlight, " J, Opt, Soc. Amer., 41, pp. 691, 692, 1951,

&

el e g UL N T




‘E. H.PLESSET ASSOCIATES, INC./

o

I,
/' APPENDIX A
Resonan: Scattering and Excitation Transfer for the Lyman- Birge-
Hopfield Series and for the First Positive System of Nitrogen
‘ by B, Zipf
I. Excitationof the Lyman-Birge-Hopfield Sytem of Nitrogen by Resonance

Scattering
The Lyman-Birge-Hopficld system of nitrogen (LBH)

is a conspicuous feature in the ultraviolet auroral spectrum. The
system is emitted by nitrogen molecules in a radiative transition

from the‘ai'n'-g state ‘to t}i"é«“ground state X12+g . Electric dipole

“transitions from the ai'n'g state to the ground state are forbidden by

the smﬁetry selection rule g —/~>g 5o that the aiarg state is
metastable. ‘

For the most pa,rt tfze brightest bands of the Lyman- Birge- .
Hopfield system are ermtécd in the wavelength region 1100&-2000.&
ltrong absorption by o a; these wavelengths precludes any possi-~
bility of observing these bands from the ground. In auroras the LBH
system appears to be excft;d by electron bombzrdment as well as by
cascade radiation from higher singlet siates. Presumably these
processes would also lea.df to the emission of the LBH bands following
an atomm bomb explosmn. In this connection, however, the following
quest‘ion can be raise‘d: Does resonance scattering of ultraviolet

photons from the expiosioh by ground state nitrogen molecules con-

" tribute ina s1gmf1ca.nt way to the emission of the Lyman-Birge- j

WL A

Hopfield system ?
'I’,hervphotén c;mi;siorf rate per second per N, molecule in the

v'-v" band of the LBH system due to resonance scattering by NZ(X12+

moleculea in the v" = 0 I?Vel is given by

5 3 ¥,
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Lmz Av‘,v" 1
g = 1rFfwimc fc),v' Z‘{KV' v (1)
‘j v' 2

\

where f |, is the f-value for absorption from v'" = 0 to v' in the

upper state and F S is the incident flux of photons per unit frequency

interval per unit time per unit area (Chamberlain, 1961). The oscil-

lator strength fv' o is related to the transition probability A , _, by
| : k ¥ ’
e -8 2
f'V', ! = 1 5 x 10 AV'. ot Avl’ v
and g
| y
- (t/r ) ;S_,:"Av. ; )

Y .+ 18 the radiative lifetime of the vibrational level v'. Lichten (1957)
has Qb‘tained‘ an appro#ifnfte value of 1.7 x 10" sec for ’Y(a'vg).

- Given the mbinimum ,nignal detectable by a satellite LBH-photometer
oneiacan determme from Equatxon {1) (making allowance for absorption
by 02) what class of bornbs can provide the required flux for an observ-
able signal. The prospecgs for a workable detection system based on
the 'éxcltafion of the LBH slystem by resonance scattering alone are not
very good because the comparatively long lifetirne of the aiwg state
resﬁlts in a low scat:t:irinéé éfﬁcienéy A useful rule of thumb may be
derived from the recent dayglow experiments of Fastie et al. (1964),
who found that wder normnl cenditions (no auroral activity) there is

ta

no observtble LBH emusmn (<100 rayleighs) in the dayglow. This

m

would 1mp1y that the f\ux 1“¢ident on the upper atmomphere in the 1100A-
ZOOQ.A regmn o£ thu obectriu'n from a bomb explosxon would have to be

connde ably more mtense than the solar flux at these same wave
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II.. Excitation of thé First Positive System of Nitrogen oy Collisions

of the Second Kind with Metastatle Nitrogen Molecules in the
’ =3

i
a w_ State x
-—-—-ng-n—-————u

Oldenberg (1939) has advanced the hypothesis that the reaction
; 3 ’
Nz(a"n'g‘)'j-l- N, —-—)NZ(B “g) + NZ_ {4)

is the principal éxci*!:atici;:t%f ‘mechanlism for the First Positive bands of
niéyogen in t};e 'f‘-horhpson-"Willia.ms (1934) afterglow. This afterglow
isf.Prodqced by bombarding NZ at a pressure of 3 x 10"3 mm Hg with
eléitror;s at energies greater than 10 ev. The experimental data are in
q\@ilitative agreement mtil Oldenberg's theory. However, no esti-
miﬁes are available of the magnitude of the cross section for process

(4). More experimental:work is desirable.

L

)

B ot A4

5
Fa

REFERENCES

ks
#
Ed
it

PR

Chamberlain, J. W., Phiysics of the Aurora and Airglow, Academic
Press, New York, 1961, ~

Lichten, W., J. Chem. Phys. 26, 306 (1957).
Oldenberg, O., Plamet. Space Sci. 1, 40 (1959),

‘Thompson and Williams, Precc, Roy. Soc. Al147, 583 (1934),

Fastie, W., H. M. Crosswhite, and D. F. Heath, Rocket Spectro-
photometer Airglow Measurements in the Far Ultraviolet,
Report No. 5, N.A.S. A. Grant NsG 193-62, Johns Hopkins
University, Baltimore, 1964,

14 i

o A A DR il e




o SR

N C.

APPENDIX B

‘'he Eifects of Overcasts on the Light Received by the VELA System
by J. DeGroot

This appendix has been abstracted from a series of reports
prepared at E. H. Plesset Associates unde_r AFTAC Contract
No., AF 33(657)-}13599. ""hese reports discuss the effects of clouds
and overcasts on the signature of X-ray induced fluorescent light
recewed by the VELA system. The source of the X-rays is a
nui;}ear burst in spaclﬂe. Specifically, the results of this work are
presented in the form of :it:ti:ves of the intensity of light 1sceived by
a VELA deteActOr thh an &vercast present relative to the intensity
‘:edievhed 'Wit}iout an &rercaot. The nuclear burst is assumed to occur
at the zenith of the d:tectoz' and far enough away so that the X-ray
nulte is a plane wave when it strikes the fluorescent layer. - The
ﬂuorescent layer is aasumed to be optically thin, and the fluorescence
is b.numed to occur in a very thin layer at an altitude of 80 km.

With these a.ssumptwns for the source of light, a uniform over-

q
e
&

cast.mﬁmte in two "~-ect§0ns, was used in the calculations. The
i

‘geometry is shown in Fxg\ire i1 below:

x'ﬂ'ilt Pulse : 800 km

Fluorescent Layer

Overcast

/ / / /]///I«Thmkness:

Detector

P,
S
- g SEtSAl
g 8
\‘;.«xd S —

§5 ’ Larth




The'time dependent tfansmission of the overcast was calculated
using diffusion theory. The dctector was assumed to have an iso-
tropic response out t> 80° from the vertical.

The calcylations were done on an IBM 1620 binary digital
computer. Overcast thickness, height, and diffuse transmission
were parameters. Calculations were made with overcast thick-
nesses of { km, 2 km, 4 km, and 6 km, and with overcast heights
of 1 km, 2 kr;x,’ 4 km. anvd’6 km. Overcast diffuge transmissions
which were used are: .07, .15, .25, .35, and .50 .

‘ Tie resulting set of curves are shown in Figures 2-11. For
eaéh curve, the relfﬁvé intensity received by the VELA system is
shSwn without clouds as a frx_xctibn of time. The origin in time is
when the first light is re?;‘}:eived at the detector. The curves are
normalized to the light initensity received without an overcast at
the origin in time. The gvercast thickness and height are constant
on each figure, whil® the overcast diifure transmission is varied.

One effect that rcan i)e seen in all the figures is that the over-
cag;t can sharpén the light; pulse. This occurs fer a thin overcast,
i.e., T60° =.5. Ths p%)ysical reason for this is that the over-

48t acts only to redirect, not to ditfuse, light. Hence, the over-

cast may be sonsidered to;be a jla. detector, which has an extra

4

!
cosine factor in the light izxtensity received over that rcceived

without clouds,

ety o o Kt o
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: Figure 3

Relative Fluorc cent Light Intensity vs, Time

For an Overcast of Various Diffusc Transmissions
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Relative Fluorescent Light Intensity vs. Time

For an Overcast of Various Diffuse Transmissions
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Figure 9
Relative Fluorescent Light Intensity vs, Time

t
For an Overcast of Various Diffuse Transmissions
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Figure 11
Relative Fluorescent Light Intensity vs. Time

For an Overcast of Various Diffuse Transmissions
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APPENDIX C

On Scintillation and Atmospheric Turbulence

by G. Milne

i; Scintillation of apparently small light sources (stars or distant
terrestrial sources) resuits from optical path variations apparently
due primarily to thermal inhomogeneity of the intervening medium.
For horizonta} paths these inhomogeneitics are norraally distributed
more or less uniformly along the line of sight,and the resuitant degrad-
ation of optical imagery may be dealt with fairly well on the basis of
statistical models. For \‘Jertical paths the situation is rather differcent,
the most significant difference undoubtedly being the considerable
degree of stratification which is normally present. The various air
layers in the line of sight xare not reaaily accessible, so that their
properties must be mferred from observationt which must usually be
made on the ground. Assmxng that at least a large part of the scintil-
lation observed in the’ ‘case of a star arises from a single disturbed
layer at a considerable altltude the velocity (mcludmg speed and
direction) of such a layer may in principle be inferred from correla-
tion.of observations v;ith t§vo telescopes separated by a known distance.
Further, the apparent angular velocity of such a layer may be deter-
mined from correlation of observations of two stars of known angular
separation, from which, knowing the linear velocity, the altitude of
the layer may be found. In practice these observations turn out to be
very difficult, due in part"t."'o signal-to-noise problems associated with
the low radiant ene rgy d;:nfity available from stars, but Primarily

%

due to the nature of this tui’bulence, since the lifetimes of individual
&
3

segments of the spatial turbulence pattern are of the same order as

«56-
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the time required for them to move their diameter, so that quite
sophisticated correlation techniques are required, with long times

of observation. Reasonable progress Fas nevertheless been made

in this direction. To my knowledge, no actual measurements of
apparent angular velocity have becn made. It has iong been observed
that double stars scintillate together, indicating that for separations
of the order of a few seconds of arc any correlation time interval
rmust be very 'srnall, which is in agreement with other crude observa-
tions of my own, mentioned below. The distribution of adequately
bright stars is not favorable for such observations, so that on the whole
the usc of stars for atmospheric turbulence measurements seems of

rather limited value.

2. There still seerr.s to be a need for a great deal more observation
of scintillation for vertical paths, with an effort to relate these to cur-
rent theories on turbulence, and perhaps relate it quantitatively with
variations in temperature or ot}.1er quantities. Probably the most
significant contribution that could be made as an initial step would be
the determination of velocity and altitude for turbulent layers and
possible association of these With regions of shear such as the tropo-
pause. 'In this connection, further consideration might be given to
variations of longer period, of the order of 0. 1 second to several
seconds, and one mean's of approaching this might be by direct obse rva-
tion of schlieren effects or; the limb of the Sun, moon or planets. While

such obscrvations;_;,are strictly not identical with scintillation observa-

4

'tionws-*,:j they are si”mila.r, and would appear to provide a valid approach




to the obtaining of data ¢n physical conditions of the atmosplicre
overhead. Rough estimates of the velocity of atmospheric disturbances
along the limb of the sun and moon ihdiCdte values of angular velocity
in the order of sevcral minutes of arc per secorid,' ard in the case of
the moon some correlation has been observed betwcen this angular
velocity and movements of shadow bands for stars in the samc part

of the sky. Observations might be made either photo-electrically

or photographically, and, with appropriate correlations, the opportunity
exists for obtaining both velocity and altitude f turbulent layers,
Furthermore, in addition to the advantage of greater available encrgy,
there is also the possibility of obtaining data during the daytime as

well as at night, which wculd be very difficult if only stars are used.
Since the time resolution required may severely limit exposure time

in photographic observations, it is possible the use of 1image orthicons
might be valuable here. Such observations would include simultancous

viewing with two Sseparated apertures.

3. There may be intere:sting possibilities in correlating results of
vertical ranéing with observations of celestial objects ncar the horizon
since evidence of atmospheric stratification may be frequently secn
here. Such observations r}xight be made on the sun, moon, planets,
and even satellites such as Echo I and II, but knowledge of atmospheric

refraction may not be adequate for obtaining quantitative information,

4, While interest in stejflar scintillation has come about chiefly in

connection with astronomic%al obscrvation, and more recently in con-

i
nection with "secing"“{rom?;high altitude, the most important
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significance of turbulence obsec rvations might well lie in the field

of metcorology, particularly if reasonably simplificd obse rv.tion

techniques can be developed which would permit simultaneous observa-

tions from a number of stations. It should be possible to follow such

phenomena as jet streams, and perhaps more subtle fluctuations in air

mass movements. The limitations of optical wave lengths under cloud

cover would make it drsirable to work at other "windows'" at longer

wave lengths, but this would undoubtedly be very difficult,

5% In connection with (2), it might. be of considcrable interest to

check correlations with time-lapse photography (or similar obse rva-

tions) on light cloud cover such as cirrus, altocumulus, and pcrhaps

even jet contrails, Strong turbulence may frequently be seen associated

with s:attered cumulus-type cloud cover at night.
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AFPINDIX D

ATMOSPHERIC SCINTILLATION OF AN EXTENDZD SOURCE
by Wendell A. Horning and J, J. McClure
i. Statement of Problem

R .
:‘_gl-.-_ﬁr -
'source 51 - a w3
] A i
l z
I3
. q
turbulent I~ 3 z
layer /
z
: - r
D D, detectors : b : X \
1~ > 2 bi D,
Figure i Figure 2

\ .,

&

A detector D1 is considered to view the sun or a planet
through the atmosphere. The detector output is taken tc be propor-
tional to the integral of light intensity over the det‘ector area. Even
if the light source is steady, detector output will vary randomly as a
result of atmospheric turbulence. It is desired to calculate the vari-
ance of the fluctuations in this output, their spectral density, as well
as their correlation length., If two pencils of light cross the turbulent
layer at two positions separated by a distance q smaller than the scale
length w of the turbulence, they suffex amplitude and intensity changes
which are correlated, while therc may be negligible correlation if
q'>5 w . Thus, there is a statistical correlation between the outputs

of two detectors, to be calculated as a function of their separation, b.

It will turn out that fluctuations in detector output are sensitive
to both the size and the sha%)e of an extended source. A description will
be given of & method for de’_;ducing at least the gross features of source

3

-60- :




5 E. H.PLESSET AESOCIATES, INC.

b

9

A

size and shape from an analysis of these fluctuations. A sccond

use for knowledge of turbulence produced fiuctuations is in the design
of experimernts to measure the altitude distribution of turbulence,
which is at present nct known in detail, More knowledsc of this
distribution would contribute to the safety of jet aircraft and weuld
be of use in studies of weather, as well as in the design of optical

systems.

2. 7The Case of Two Point Sources and Two Point Detectors

The problem of Section i can be approached through a simpler
problem, as illustrated in Figure 2. S1 znd °Z are two point sources
of light separated by distance a2, and at distance z from the turbu-
lent layer, D1 and D2 are point detectors separuted by distance b,
and &t a distance z. from this layer. Light from S, may reach D, by
the path 81D to produce a displacement in the omlcal {icld of the form

1811

11 wheare A“, and S11 are an amplitude and 2 phase. The

total dlsplacement at D1 resulting from the two sources will be

#i= A11°iS“;+ A petSi2 | (1)
The similar displacement at D2 will be

B = AyyeiS2te peiS22 (2)

A path such as SiD1 may be formally called a ray, but we do not
mean to exclude effects of diffraction.

The power J, reached at D, will be ;51}251 , Where z star indi-
cales a complex con;ug«.te. Or, 1
i

2, , 2 :
Ty =A+ AL 28,4 cos(5,-S, ,) (3)

If the light sources S1 and S are incoherent, as is assumcd, then the
pha.les S11 c.nd 512 will be hn»orrelatec, and the cosine term in (4)
may then be ignored. Intennnes at a single detector will now be addi-

tive, or . .
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where J“, for example, is an abbreviation for A
between two quantities such as J

e

2 .
1y - Correlziions

orJ,., or we dJ
The essence of the problem consists
of taking such correlations into accou

may not, however, be ignored.
at in the proper way,

Let j, and iy nc
2. Let J11 be the fluctuation in that portion of the output of detector 1
produced by light from source i,

be the fluctvations in the output of detectors 1 a

as shown in Figure 2, znd so on.

Then,
Jg =g+ g,
2 2 2 ' S
RN PP I PP 2314,
/:}\ Wzrite .
[: 2 .72 2= @ 2=% 2
1 Sl . oy S Ty Fg,
. (5)
=-""-v—-—
Rit,12 7111,
In (6) the

bar indicates a statistical average which may be ta
time average since the random properties of
assumed to be stochastic,

ken as a
the turbulence are

The symbol ¢ indicates the variance of
some quantity, o4, for example, is the variance or rins vzlue of

the fluctuations in the output of detector {. ¢ {1 is the variance of

that portion of the output of detector 1 which aris
and so on. The symbol R in (6) indicates the average of the product §
of two fluctvations, and is c;ﬁlled the correlation betw
tuations. By (S) and (6) 1

es frora source 1,

een these fluc-

»

2 _ 2 2, '

b g

which is the rule for finding the variance ¢ 1 of the sum of the two

fluctuations Ji{ and J12 whic'}A may be correlated. The correlation
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o
g : between the total fluctuations of .ectors ! and 2, in th~ above
notation, will be
[n) — —— = “ .
"\1 - 3132 = Z‘Z.-’-- R]/" 2 (8)
A=
a2 summatiion which is easily exic..ded to the case of 2 source composed
of many discrete points. It is customary to define the corrclation
coefficient/@ between two quantities, $2y j 4 and ",2, by the cquation
A1, 12 = Ry 42/0 494, (9)
This dimensionless quantity/o must lie between -1 and + 1. If the
various point sources are of equal  strength and if the turbulence :s
statistically uniform in space, then ¢ 14 = %42 = ... =0, and (9)
may be written
7~ :
ol 2
™, R1‘>/°- - ——-:/o 2V (10)
< \
O. AF T .
; 3. Ektended Source

If the source covers 3n area A, but the detector ot D1 has a
diameter <mall compared to the scale length of the turbulence, then the
total fluctuation of the output of D, is given by the new formula

iy = S35 a5 (11)

£ indicates position on the source, and ds is an element of source area A.

Now, ji(E) ds iz a distinct random variable for each distinct element

related.
Their joint probability distribution is hence infinitely dimensional,
but the usual statistical averages may still be taken.

‘ji may be expressed by the double integral
' 3

#

] of areza ds. These variables are infinite in number and cor

The square of

*
f ~

° it e Sy a2
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. ~ The variance of j; will then be
v 2557 =ff R,(5,5) a5 a5 (13

L where Ri('s-, s') d5 d5'is the unnormalized correlation between those
two contributions to fluctuations at the cetector If)1 which arise from
area elements d5 and d5'. The form of the function R (s §') is
deducible from Tatarski. If the source area is of umform brichtness
and if the source diameter subtends only @ small fraction of o .adian

[ at the det :ctozx, then R1 is a function of ls s l If the limb darkening

of the sun is to be treated, then R, may be written approximately
Ry(5;.5,") = G(3R (| 5-5]) (14)

where Ru is the form for R1 when the limb darkening is ignored and

~ G(5), unity at the sua's center, is the fractional darkening as the
A source point moves toward the sun's edge. Equation (14) is quite good
ﬁ for the sun, because in the symbols of Fizure 2,

Ds/zo << w/:ar

where Ds is the sun's diameter and w = 10 cm is the scale length for
tmospheric turbulence. That i-, withia a correlation length pro-

jected to the sun, its br 1ghtness changes by 2 very small fraction.

To compute the correlation R12 between the outputs of the two

poirt detectors, we write for these outputs
=Ji@ e, 5, S0 as (15)
For each infinitesimal pencil of light from sou~ce to detector there

is a distinct random variable. Two pencils 2+ ‘he same only if they

start from the sume sdurce area element and end ca the same detectior.

Sl
L]
v
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The result is
R, = "L“/A R,(5,5) 45 a5 (16)

in which Riz(:s_, §') d5 d5' is the unnormalized correlation betwecen

increments of tae detector powcer which may or may not crise from
the same source area element, but which must be delivcred to dis-
tinct detectors. As in the similar result (13), the functicn R.12
depends only on 5-5' if the source is uniform in brightness. If not,

a limb darkening function may usually be introduced as in (14),

If the two detectors at D1 and D2 , s well as t};.e source, extend
over significant areas, then the fluctuation of the output from zan area
element d:t'1 of D1 is ji(:_-'i) di-"1 . The total {luctuation zt D1 will be
ji-::,é'fii(;) ds ; 'where B is the sensitive area of D,. The variance
ofj1 will be T4 given by

e %= j;ds&ds'/gidr/;aidr' R(¥, 5, §',5") (17)

where R(r, s, ', 5') dF d5 4r' d5' is the unnormalized correlation
between an element of the power to Dy which flows from ds to dF and
& seconc such element which arises from d5' and is delivered to dr'.
0'22, waich applies to the Cetector DZ' is given byv(i7) after the sub-
script 1 is replaced by 2. If the source is of uniform brightness ovex
its area and if both source.and detector diameters suk‘end only a
small {raction of a radian at the turbulent layer, then the function R

of (17) can be 'simplified to the form
R = R({;";' ‘o ‘ E"E', » ﬁ)

where § is the azimuth angle between the vectors r-r' and 5-5' . Limb

darkening may be introduced as before,

A derivation similar to that for (17) shows that the correlation
between outputs of the two extended cdetectors Di arnd D2-is' e

Yavs
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. i : ~
.’\) oy, v/.Ad's\&d's"\/BideBzd?' R(%, 5, 7,5 (18
where 31 and B2 are the sensitive arcas of the two de‘cctors.

4. Correlation Between Two Narrow Beams

The central diffraction maximum produced by an eddy of size w
w:ll have an angular half width of A/w, where A is the wave lennih of
light, this from elementary principles. Suppose w iz so small that
A/w is large compared to the angle subtended by w at the detcctor

on the ground.Thea, where 2, is altitude of the turbulence,
i
/\/}y >> w/zr (19)

If (19) is satisfied by w, then the diffraction patterns of most eddies
will overlap at the point detector, and there will be statistical can-
cellation of theixr fluctuations at the detector even though this cancel-

g lation will not be complete. If, on the other hand,
Alw << z,

thea at any given time the diffraction pattern of only one eddy of size
w will significantly affect the detector, and small changes in its cen-
tral position will but little affect the fluctuations of detector output.

Hence, intuitively, eddy sizes which satisfy
~ = 1/2
AW E sl s (g )Y (20)

will make the chief contribution to detector fluctuations, a result which
agrees with 2 more rigorous discussion. This assumes, of course,
that z_ is sufficiently large so that “he detector is in the diffraction
zone, not the geometrical optics zone. In practice, this means that
z_ is grezter than a few h@ndred meters, which includcs the cases of

resent interest. Herce, the correlation length of fluctuations at the sround
will be of the order of (/\zr) 1/2 :

-66-
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s A detailed co: relation coefficient /a(r) for fluctuations at the

grovad and from 2 point source is given by Tatarski on p, 154 (Ref. 1) for

the case where the turbulence is of uniform intensity from the ground
to an altitude L. It may be fitted quite well by a function of form

2 2
p(r) = ciexp(-r ,’u1 ) - czexp(-rz/uzz)
| (21)
c1 > c:2 5 u1 < u2

It has the important property

f/o('r) aFs g (22)

where the integration is over all the horizontal plane through the
detector. Egquation (22) is equivalent to the assumption that the
turbulent 2lmosphere is non-absorbing and is a sufficiently weak
scatterer so that all the light which falls on it from above ultimately
falls sornéwhere on the gxsound. The effect of the turbulence is then
only to redistribute the liﬁht on the ground. With this assumption,

=75

"/5'(;) iF = 0 (23)

where j{T)is the intensityiﬂuctuation as a function of ground position
of the light from .y source. By definition L) is the time average
of j(?i)j(Fi-.’-E") ,» Wnere r, 1is any ground position. If the turbulence
has statistica’ properties unchanging with time, then by the ergodic
theorem we have t

£U) =ﬁ(;1)j551+5) dF, (24)

where the integration is again over ihe ground plane, Integrating

124) and using (23) yields (22). It follows from (22) that the constants
of (21) must satisfy -

s

(25)
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A form of the intensity correlation coefficient more gencral
than (21) is |

ola) = ciex_p(-qz/uiz) -c. exp(-q?‘/uzz) (26)

where /o(q) is the correlation betwecsn the intensity from a source

S1 at a detector D1 and thke intensity from a source SZ at a detector
DZ » @nd where q is the distance between the two intersections of
lines SIDI and SZDZ with a thin layer of turbulence (see Figure 2).
Tatarski's plot of P applies strictly to a uniform layer of turbulence
extending from the ground to a height L. For the present we con-
sider it to hold also for a thin layer at height L/2. Then zpproximate
values of the constants of {26) may be obtained by fitting his curve.

A more complete derivation of the constants of (26) along with a

fit to 0 possibly containing more than two terms will be given later.

i
5. Suurce Extended in One Dimension

x
-xo : o '
z
-]
P \ zo
/
z
r
L = 'J

e

Figure 3 2 E
~As a helpful prefimiz;ary problem, consider a line source of
light_Zxo at distance z, from a detector D,as in Figure 3. Light
from the source travarses a thin layer of turbuleace at height z_.

According to Sections 3 and 4, the variance ¢ in the detector output
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. ] will be given by |
2 / *o / *o 2 2
o = dx ¢, expl=(x-x")"/w |
, -xo . =X, {1 [ i ] %
3
2, 2 %
- ¢, exp [—(x-—x') /w2 } (27) ;
wy E zo/zr ’ w, = u, zo/zr

Since the turbulence only redistributes light on the ground, there
will be a restriction on the correlation coefficien:t similar to (25),

which in the present two-dimensional problem becomes
'ﬂl,

cqug - cyuy =0 (28)

: The first integration of the first term of the integrand of (27)
:;"'f\‘ yields

%

m f x f x -x' x tx!
| ¢ W, x, erf( W )_f exrf( W )ldx! (29)

whezre
. 2 N
erf(z)?:-'.:vge'xdx, z 20

After the integration over x' is performed, expression (29) becomes

¥

' T 2xo 2 2x
| b5 \~‘ ciwi{-wl[i- exp{-( -W-i- J] + 4){0 erf ( -v—v-i-) (30)

The second term of the in;;egrand of (27) yields a similar expressioa.

If the length Zx subtends half degree at the ground, as does
the diameter of the sun, and if w, and W, have sizes appropriate to
actual 2ir turbulence, theiz 2x /w and 2x /w are both of the oxcer
of 10 Thenthe exponenua.l terms in ¢ are negligible. Then the two

i
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. . er{ terms are nearly equal in absolute magnitude and cancel with
; the aid of (28). The result is

The rms fluctuation ¢ at a point detector from a sufficiently extended

source is hence independent of source size X The basic reason is

that the turbulence only redistributes light from the source. The

fluctuations hence result from the sourcc ends and represent an end
effect,

: We will sce later-that fluctuations from an extended two
i
dimensional source, similarly, represent an edge effent.

S
.
e
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Q“/ ] 6. Source Extended in Two Dimensions

Now consider the line source of Figure 3 replaced by a rectangle
with sides of length Zx° and Zyo » and in a plane parallel to the layer
of turbulence. If Zg >> ©., then the problem will be cssentially
unchanged if the source lies on any curved surface area, provided the
normal projection of the area on a plane parallel to the turbulence is a
rectangle with sides 2x o and Zyo. The variance o at a point devtector
will now be given by

0'2 a\fdx dx' dy dy! \{ci exp[»((x-x')z + (y-y’)a / wiz]
(32)
- c, exp[-((x-x')z + (y-y')z)/ wzz_]

where the range of intégration covers the source area twice. Because
of the rectangular source shape, each of the two terms of (32) factors

R into a product of two expressions, each of the form of (3C). Hence,
BN
%,' (32) becomes

? gi' i
o'z =c wy (Z?r ’zx - wi) (2w /Zyo - wi)

o
. / / (33)
y 2 1/2 1/2
LAY (2w Xq - 2) (2w ¥y - wz)

which again assumes x " and Y, to be very large compared to w, and w
80 that the source dimensions may simulate those of an object such

as the sun. Because of (25), the terms of (33) proportional to x‘;yo will
cancel, and the terms lineér in x, and Yo Will be dominant. (33) hence
becomes 1 '

Zl

2 172 3 3
; c = 2% / (xo-i‘iya)(czw2 - cywy ) (34)
which is proportional to source perimeter and hence exhibits the ' ]
variance as an effect characteristic of the source edge. i
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" The result (34) can be put into a form consistent with intuition
by writing

3. o

3

w., cw

C2V2 -~ &1Wy

2 (35)

where c is new constant of the order of cy and w is of the order of

the scale of turbulence increased by the ratiOzo/zr . Wwis hence the
projection from the turbulent layer to the sun of the scale of turbu~
lence, the projection taken with respect to the point detcctor.

N = 2(sgtyol/w is the greatest number of non-overlapping areas A
of size w2 which can simultaneously touch the edge of the source.
Hence, (34) can be put

L.

2
¢ =

Na%e N ’-ﬁ'V’N-Aci/Z (36)

1/2 |

The quantity Ac is't}.e_ variance from a portion of the source of
area small enough so th# its various parts are well correlated. The
factorYN then arises naturally from the usual rule for adding the
effect of statistically independent fluctuations. Fluctuations at the
detector hence arise principally from a strip of width w which borders

the perimeter of the source, provided the source dimensions are
large compared to w.

;}i
For the case of a rééund source, say the sun, (34) is replaced
by : i ‘
A e ) §
., a " by
FE Zwa/zR"?cz\V's‘T-"EIWi’) (37)

L G 3000

‘where R is the source ragius.
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M 4
7. Correlation with an Extended Source

The aim of this section is to compute the correlation ¢ 12
between fluctuations of the outputs of two point detectors on the
ground,separated by a distance b. The source, as in the preceding
section, is a rectangle with sides 2x and Zy . For the present the
line ot centers of the detectors is taken pa.ra.llel o the side of the

rectangle of length Zx « Then

P =[dx dy'dx' dy! ci[exp --{(x-x’+>-:)2 + (y--y')?'}/wlZ
(38)
- <, exp[-{(x-x’+>—c)2.+ (y-y')z}/wzz

(:‘E E-:—:-b)‘

.%% ]
A, W is the desired quantity, where the meaning of lengths z_ and z_ is
: given in Figure 2. The mtegral over x of the first term of the integrand
Q: bR of (38) yields ;
| . X -x'+x =X, -x'+ X
{ cw [erf(-————g—-, + erf (-——-—-————-)J (39)
w4y .
The integral of (39) with respect to x' and over the range -x, < x'< X
7 ‘yields :
q ) b 2
I, = :"1 (aw expL (x/wi) J- 2% erf(x/wi)
Z.c -X
o
< + (2x +x)(171/z/2) + (2x "x)e;q)-{ 01 )£J>(40)
" Zxo-x 2
; ‘ o+ (wy/2) exp - ) .
ey ; 2
< \ { /
Similarly, the integral of the first term of the intogrand over y and
y', both over the rangc ¥ to ¥, yields
-, ‘ 12,
s ot Iiy: = wy (=w, Z'n' / ‘0' ; (41)

#
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&

which is what (40) becomes when X is put equal to zero and x_ is
replaced by Yo+ Hence (38), fully evaluated, is

I

T12 = Slilyy - el (42)

2y

In (42) the terms proportional to %Yo all cancel because of (25). If

X i8 very small compared to x_ and Yo » then the terins linear in X
.and Y, dominate. But in general,terms linear in the three quantities
‘ X Yo and X are of the same order even for a very large source. A
p_l_?__t of (42) _hais the character shown in _Figure G

S e e e

all

‘Figure 4
If the line of centers of the two detectors, contrary to what
was assumed above, makes any significant angle with the sides of
the rectangular source, then the two integrals I, and Iiy become o

of symmetricalv form and the plotof v (2 then appears as in Figure 5.

¥
£

+

WA o R
-




Eml P LESSET ASSOCI_ATES, INC

P e ree s
B

T12 | ao
3 1 L
1 :
W
T2
i
| H
X
. Figure 5
i
».4“,. S emmeen s . ¢ e o o Ve o -
Hence, the character of ¢ {2 28 2 function of X is sensitive to the
f”; angle ‘between the line of centers of the detectors and the sides of
r; the rectangular source. This can be inte rpreted by considering the

R.
o

projection of the source on the layer of turbulence, first with re spect
to detector D, and with resPect to D

2¢ If these projections are as
m Fxgure 6a wherew<iw 1, then the correlation is near unity, as

<
P\

N

S o L meae s A i e o -
T

T T

3 w, 3
\ 1 < W
- A K
4
£ (a) L (e)

i 45
{ ' : : Fig}n'e 6
& : 3
'u% p

A

as shown by the peak of Figure 4, for X < Wy If the projections are
as in Figure &b, then the correlation is as shown in Figure 4 between
A A and B. The correlatxon is then proportional to the degree of overlap
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"" . of strips of width ~w, along the edges of the two pProjections. These
overlapping strips, as x increases, move like the slides of a trom-
bone. If finally the projections are as in Figure 6c, then turbulence
in the range of strip overlap will deflect light into one detector when

it deflects light out of the other, which gives rise to the anti-
correlatxon shown in Fxgure 4 for X~ Zx . !

e - a -

S i

A Amtmmcmns o 4 aas - mE AL R s e ———— A ———————— - B T e

Py
T

~ 3 | (b) ?

Figure 7

When the line of centers of the detectors is quite non-parallel
with the source sides, then the projections of interest are as shown
in Figure 7. There is then no extensive overlap of the edge strip
which yields the correlation. The trombone effect is then absent, and

St R 1

correlatior varies with detector separation as shown in Figure 5.

From the above results for a 2 rectangular source, it is possible

to closely estimate the correlation as a function of detector separa-

tion when the source is the sun. In this case, when the projections

of the sun are as in E‘igure 8a, with w < wy, theno {2 Varies with ‘ .
X essentially as in Figure 5. But because of the circular nature of

‘the sun, ¢ 42 Will fall off somewhat less rapidly for w > w, than in

Figure 5. When the projections of the sun on the turbulent layer are

as in Figure 8¢, the corregatxon will be essentially zero. When the

solar projections are as mflﬁgure 8c, there will be a shght anti-

z . > i i3
gﬁ z "76" .
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@ (b)
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(c)

Fiﬂ. re 8

correlation proportional to the shaded area in 8¢, but not so0 promi-
neat as if the source were square with two sides parallel to the
line of centers of the detectors. '

The above discussi?n shows that the anticorrelation which
ozcurs for a rectangular ;ource with specially placed detectors, or
to a lesser degree with the sun, depends on the height of the turbu-
lence. In fact, the obser;ation of the detector separation at which
the anticorrelation occurs; can be used in principle to measure the
distribution in altitude of turbulence. If a square light source were
cariied on a high altitude \balloon and observed from the ground, the
method might be useful if @the distribution of turbulence were suf-
ficiently simple, that is, gf it consisted principally of only two or
three well defined layers.

When light from the sun falls on two nearby small detectors,
the correlation between fluctuations in their outputs, as a function of
their separation, will be a single hump of half width of the order of

N7 L where L is the mean height of the turbulence. Equipment of very

great accuracy could in pfinciple show the details of the edge of this
hump, associated with the?éircular nature of the solar source, and
could in principle show thef anticorrelation when the angle subtended
at a point in the turbulencé by a line between the sources becomes
equal to the angle suﬁtendéd at a point in the turbulence by a solar
diameter, : '

——
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8. The Absolute Value of Fluctuations

! The preceding sections, except for a factor, solve the problem
of the correlation of fluctuations in detector currents produced by
the light from an extended source. The results have been expressed
in terms of a correlation coefficient/) (t), which is unity when the de-
tector separation b is zero. To be complete, these results must
all be multiplied by P, vthe rms value of the fluctuations per unit area
of detector, when the source is so small that ,O(b)“’1 where b is equal
te 2 source diameter. Of course, they must also be multiplied by

. detector area B to give proper absolute values.

The value of P can be computed from formula: (4. 18) o’ Ref. i,

namely,
; 4 ck“Aozsin"‘x o
ok das = = ‘ﬁn {(k-km)dVv (43)
) e
0 g where d5 is the mean scattered intensity at distance z. from a volume
-

d¥ containing turbulent eddies of air. ¢ is the velocity of light, Kk the
“incident propagation vector, Eo the electric field in the incident

light beam prior to scattering by turbulence, while m is a unit vector

in the direction from 4V to the detector. X is the angle betwéen k

and m. f_ is the Fourier space component of the unnormalized corre-

lation B(r) of the index of refraction n = 1 + n, within the turbulence.

More completely stated

+
-

B(r) = ni(?)nl(i-'wfa (44)

where the bar indicates a statistical average, and ng is the fluctuation
in the index of refraction, - Also, by definition of §,

Be) = [ F ) az (45)
,,<. where x = 2w/A is the length of the wave vector of the spatial Fourier
k 0" componeat of n, with the wavelength/A. Tatarski shows that




ﬂ(x) = E(8/3)
n

sin (/3) c 2-11/3 (46)
4'rrz n ‘

where the Kolmogoroff model of the spectrum of turbulence is used

and when an éxpresses the strength of the turbulence. Cn » Propor-
tional to the rms value of nl(r), must be determined from experiment
in order to obtain results for an actual atmosphere. Evaluating the
immerical coefficients in (46 yields

.

fix) = 0,033 an - 11/3 v Ky < K< K (47)

The inequality in (5) expresses that there exist eddies of diameter w
located in the field of turbulence and whose diffraction half angle )\/w
is equal to the angle subtended by the eddy at the detector. The condi-
tion is usually satisfied for turbulerce in a clear atmosphere,

[

| ‘ The value of C n D38 been obtained from data on star twinkling
Ity 2% :

| under the assuraption that turbulence is uniform from the ground to
i é) ! a height of 20 knmi, with a mean height of 10 km, A consistent value
; ) has also been obtained fr'é‘m radar scattering experiments. The
; result is ¥
C.=7. 10 %my"1/3 (48)

4

Tome w e e

Pl = The value of (3n is related to ‘emperature fluctuations in the air through
‘ the equation :

' i . -

\ . -6 2 ,
: ; C,. =79 10 pCT/T (49)

- where p is Pressure, T is :?.bsolute temperature and CT is defined by

)

[rteesy - Tiry)] % = ¢ _x?/3 (50)

The quantity on the left of (50) is called DT(r), the structure function

.

R;) of the temperature. - A simple algebraic expansion shows
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Di(r) = z[-'i'_;2 - Tylrbz) 'r(r)] (51)

where TI =T, '.f‘ is the temperature fluctuation, and 'D.r is twice
the squarcd variance minus the corrc¢iation of Ti' The value of C‘I’
consistent with (48) is 8 - 10'3.

The angle X in (1) is given by

cosX = sinOcos f : (52)

whirre 0is th:e af:gle between the propagation vector and a line con-
necting the detector to the dV and f is the azimuth of A Scattering
angles are of the order of w/ z., where w is the scale of turbulence
and z, its altitude. Ina clear atmosphere, these are so small that
we put sinX= 1. By simple geometry

k - km = 2k sin 0/2 = kq/z_ (53)
where q is distance of dV from the line connecting the source point and

the detector,Also, dV = h“dq » Where h is the thickness of the turbulent
layer. Substituting in (1) y1e1ds

h 2vq dq (54)

:
3

where ' 1

; I3

is the Poynting vector for unscattered l1ght from the distant source. |

Strictly, q should be taken as a function of altitude; but for the present
we evaluate it ag the mean helght of turbulence, namely, z_ = 10 km.

The quantxty 54) is to be integrated over the cange q < q <o,
where 9, ()\z ) is the[ diaraeter of the smallzst eddy which contri-
butes strongly to fl\.c.tuatzom at the detector in the diffraction zone; and

' where/\ is the wave hngth of 11ght. We have

T.80-
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:

us

i ® -
ds = 8, j q.8/3 dq = -g (Az )'5/6 (55)
By {54) and (55) ‘

(s/s,) =2 (20"/* 0,033 C,2n (2)%/6/51/8 . (50

We take

G, =7 10%m Y3, 4 < 20 km, 2. =10 km
' ,\: 5. 10.5 cm
Thm (14) becomes

S/S, =1.4 =1 (57)
which says that the light from a star scatiered by turbulence into a
srall detector, such as the eye, is as great as the direct light. Since
the scattered light is fluctuating with a zero mean, this corresponis
to ttror.g twinkling of a star, which is observed. That it does not
appear stronger to the eye than it dees may be caused by the eye's per-

 sistenca of vision (O~, ¢ 8ec) and the fact that the mean frequency

of the fluctuations of the ac’attered light is about 100 cps except when
wind speeds are unuluany low. The excess of S/ S over 1 cannot be taken
seriou:ly and even contrarhcts conservation of energy. The above

approxima‘e calculation is correct only to a factor of about 2. In
what fallows, we take S/ S x> i,

The variance ¢ of turbulence produced by fluctuations from the
sun can now be computed from (37). We take

cy = L. 1:,~ 0.4, wy = .23()\7, yi/2 (22

. ”o:.wf‘, g o,
n

,v'(/\z 22 et
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which satisfy

2

z ®0

Cy=~¢c, = ciwiz-czw

and which roughly fit the curve of Figure 12 of Tatarski. Then,

-

3 3 . 2, \
CyWy -e W, T = . 40( zr),1/ (zs/zr)

The ratio of the rms fluétuation to the mean value of the detector
output as produced by sunlizht is
[ZHS/ZR (c:2 2 -61W1 l
2 5 = 9.42 - 10 (58)
4R 4%R

] .

-6

This result holds for a detector whose area is less than the correlation area

" ¥ . . 2;

If detector area .s NA Lwhere N > 1, then the ratio of the :nean
fluctuation to the avoragé detector output is the number given by (58)
divided byY N . A morg refined re sult covld be cbtained if the altitude
distribution of the turbulence were better known. If experiment. shows
fluctuations substantially greater than predicted by (58), it would
indicate that the light from the £un is itself fluctuating.
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9. Elementary Corzelation Coefficient and Results

As already mentioned above, a detailed correlation coeffi-
cient for fluctuations at the ground of light received from a point
source ig given by Tatarski in Reference 1, He obtains a theoretical
corrclation coefficient (p. 154) and also an experimental one (p. 213),
which i reproduced in ghe upper portion of Figure 9.

An approximation to the experimental curve (solid line) is
given in the form of Equation (21) (dash line) with ¢; = 1.33, ¢, =0.33,
u, = 0.956 YAL' and u, =1, 9127 L. These numbers assure that
the Condition 22 is fulfilled. It should be noted that the experimental
curve does not satisfy the Condition 22, which, as dstussed above,
is necessary when the turbulent atmosphere is non-absorbmg and a
sufficiently weak scat‘srer. It is clear, however, that the solid iine
coﬁld be shifted conriderably within the indicated experimental error
50 that the Condition 22 would be satisfied.

The central curve )in Figure 9 shows the correlation cocfficient
for the intensity ﬂuctuauons in two point detectors as a function of
their separation d1stancé. This is obtained by assuming that the 1 ~e
of separation between tht two detectore lier along the diagonal of the
assumed square source. It is seen that the half width of the mtensxty
correlation is approxlmately VAL ~7 cm.

The'trombone offegt“ is demonstrated in the lower portion of
Fzgure 9. The change to a logarithmic scale should be recognized.
This curve shows the correlation over large distances when the
detectors lie on a line corre sponding to 2 side of the square source.
This curve demonstrates clearly the edge effects as discussed above.
The anticorrelation dip at b/m ~Z x 103 is obtained for a source of

solar dimensions and occurs at apprommately the distance of the pro-
jection of the sun onto the earth's surface through the turbulent layer,

“»140 1. The width of the central peak and the width of the anticorre-
lation dip are approximately equal to 'f_i,althOugh at first glance this

is not apparent because of the change of scale,
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5 . APPENDIX E
Experimental Data on Scintillation of Sunlight
By R. Hopfield

¥ We have experimentally studied the fluctuations of sunlight
: . caused by atmospheric scint:llation. Preliminary results have
4 been .obtained concerning

% 1. Absolute noise levels due to scintillation.

g : : 2. "Correlation of signals to separate detectors.

3. Power spectra of the noise.

e

Some of these st.dies were made during inversion conditions, a not
uncommon situation in the Los Angeles area. The effects of these :
; conditions on the experimental results are not fully understood at
o= the present time. Phend.mena not related to the refractive effect
' 3 9y of turbulence may affect .the results of experiments made under these ..
conditions, i.e., effects such as structured haze blowing by, vari-
ations in the water vapor in thc Path, etc. All quantitative data given
5 were taken with IRC §10208-solar cells (area 2 em?) individually
;I biased at 10 ohms. Multiple cell configurations were formed by
=i 3eries connection of the biased units.

1. Absolute N‘oise Levels

The absolute noise levels are given in Table I. The data were
taken in the Santa Monica area. Noise level varies considerably
e from day to day and hour:to hour. No atterapt has been made to arrive
at an average; the figureg given in Table I are only representative,
i The ''closed" conﬁgurat:on was a 5 x 5 array of cells with overall
' d1mens1ons 7 x 10 cm; the ""open'' configuration also had five cells to

a sule, bu* the cells were mounted with a three-inch spacing betveen
Penters.
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2. Signal Correlation

Figure | shows actual unselected scope traces generated by
two cells at various separations. The sense of the lower trace is
opposite to that of the upper trace, to allow the use of Symmetry in
evaluating correlation. It is obvious that correlation exists, and
that it decreases with increasing detector separation, but we have
not yet succeeded in getting any trustworthy numbers in this area,

The data shown were taken during inversion conditions,

3. Power Specifa of Scintillation Noise

These were evaluated with a Singer Panoramic Analyzer,
Model LP-1A. The measured square bandwidth of the analyzer was
about 56 cycies. Figure 2 shows spectral data for the output of 1
and 25 cells; integrated noise in each Ccase corrcsponds within 30
percent to the total noise at the time measured on a Ballantyne true
rms mete:. | By inspection of Figure 2 it appears that roughly
5 x 10-3 of the total scintillation noise power is in frequencies
above 200 cps, the fa.ll-oi"f being a little more than a factor of 10

.3

per 100 cps. 3
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TABLE 1

Absolute Scintillation Noise Levels

. = Closc Array - No Inversion

No. of Cells  Cell f’rqa DC Voltage  rms Noise
)

Noise Power

(em (volts) Al watts
i i 2 , .44 . 00042 0.016
4 8. 1.68 . 0013 0. 04
; 9 18 3.8 C.002 0. 04
16 B - 6.7 | . 0025 0.039
25 50 10. 8 . 003 0.036
BN Open Array - No Inversion
\~ - No. of Cells - rme Noise Noise Power
o : (volts) A watts
: ~ 1 . 0004 0.016
: .0012 0.03
9 : . 0018 0.035
; 16 ‘ . 002 . 0.025

25 .003 0.036

W R el S e T Tl e B ! s st el
el

B




AW N e

- .,

e . 3
b B L SO N,

)
1 ey

-t

1
v
b4

3
‘

4 cm

3 cm

cm

1/2

Figure 1

Oscilloscope Traces of Two Dctectors at Various Separations
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