55159356 : 535-1/-3
The structure of the Twilight Ray in different
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Bigg’s report (Bigg 1959) on his having
distinctly detected isolated stratiform cloud,
situated at an altitude of 10 km, with the
help of twilight observations using 6000-

8000 A light is of great interest.

In the present article we should like to dis-
cuss some questions of twilight phenomena
theory, and in particular, to touch on the
problem of solar radiation absorption by
water vapour in the earth’s atmosphere,

1. Let us first consider the dependence of
height of an effectively scattering layer h.g
on the wave length A,

The formula given in the work of one of us
(Megrelishvili 1958) is

H,
sin Z
and approximate value of H,=20 km refer to
the case, when observations are fulfilled in
zenith and in visible spectral region.

heg == b (1)

Staude (1936) pointed out that in a clear
atmosphere (Rayleigh scattering) H, de-
creases with the increase of A, and at about
A = lp it becomes practically equal to zero.

Consequently, for a sufficiently great A it
may be such a type of earth shadow in
which “there is a large discontinuous jump
in illumination at the lower boundary, with a
slow continuous increase above” (Bigg 1959).

Such a structure of the earth shadow can be
easily found out by means of observations
made near the horizon, in the direction of the
SUIL

Our previous article (Megrelishvili 1658)
concerned observations carried out in the
zenith, therefore, we shall consider, in addi-
tion, the question of the structure of the
earth’s shadow under conditions of observa-
tion near the horizon (at a height of 20°).

Let us take AC (Fig. 1) for the earth’s
surface, and O for its centre. The observer is
at C, observing the brightness of the twilight
sky in the direction of CE. We suppose,
that CE is situated in the vertical of the sun
and it is directed to a zenith angle .

Let us consider the ray 88, proceeding
from below the ohserver’s horizon (Z is
the zenith distance of the sun). The shor-
test distance between the ray and earth
level being AB=z. This ray illuminates
point E of the atmosphere, situated in the
direction of CE, we are interested in.

Point E is situated above the earth level
at the altitude KE=y. Let us calculate
attenuation of the sun ray 88,, onits way
through the earth’s atmosphere, due to
molecular scattering of light.

If the ray has passed through the entire
atmosphere (points 8 and 8, being beyond the
atmosphere), then the total number of mo-
lecules N on the way of ray may be approxi-
mately computed according to Hulburt’s
formula (Hulburt 1938)—

Ny =n [2n(r+2)plt

where n,
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We are interested in the ray, which has
passed not the entire atmosphere, but only
part of it, SE.

The number of molecules Ny on the way
of such a ray can be represented as follows-

Ng=N,—N' (3)

where N’ is the number of molecules on the
way of ray ES,. In orderto calenlate N,
let us consider the subsidiary ray ES’, whose
direction makes an angle of 90° with OE.

Then according to the structure, the angle
S,ES' = g (yand g are the angles with
their apexes at point O as is shown in Fig. 1).
The number of molecules N, in the way of
ray ES' according to formula (2) may be
expressed as follows- -

N, = in[2n(7r+ y)/p]t
where y = KE (Fig. 1)

(4)

Ny = ity €Y

further we have : N’ = N, /Fy(y)

where Fp (v) is the numerical value of the
function of the angle 4 which is equal to
the ratio of Bemporad’s function B (90°) for
the zenith angle 90°. to the function of
Bemporad B(90” — ). Thus, we have
finally —

-NPJ Nz T Lvy/ﬁvﬂ (7)
o Ng""'-".\, g(gn __T_)‘

» W& ) ("i)
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With these values of angle « and the earth

radius 7, the angles § and  depend on

Z and z in the following way :
g+oy=2— (2

L o |

rcos p—cos ¢+ z cos P

The latter formula is obtained from a consi-

deration of triangles OBE, OEL and CEL,

where EL is the subsidiary line perpendi-

cular to OD.

The altitude of point E above the earth
surface y can be calculated according to the
formula—

tan o€ =

_r(l-esy)+ 7
¥ = 7(}087' -

When z=0, this formula obtained from a
consideration of triangle OBE, will give the
altitude of the earth shadow %, at observer’s
zenith K :
r(1- cos vy)
h=y,_9= '-(-— it 118
' COS8 oy

The above formule allow us to take into
account attenuation of the sun ray SE passing
through the atmosphere till the required
point E.

We neglect the attenuation of light, scatter-
ed at point E, towards EC on its way to the
observer, for it is comparatively small.

The intensity of light i, scattered at

point E is calculated according to the formula
{Hulburt 1938)—

'la::

(6)

l.;\ i Si’
S)‘ = .)772 ai[‘ )x‘

o = (B -1) [ n,
the value of Pa were taken from Table 4
given in the paper by H.C. Van de Hulst in
the ook edited by Kuiper (Kuiper 1947).
To caleulate i, the intensity of the
rays, illuminating the atmosphere at point
E, the following equation has been used —

where

ioe;-'zr ‘ (7)

P =

s
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The optical thickness of the atmosphere
7, reduced to the sea level can be repre-
sented as follows : =, = =, H[6-44,
7, is the optical thickness of atmosphere ahove
Mount Wilson, H=8-00 km height-scale at
the sea level, 6-44 is the same above Mount
Wilson. The optical way (path) [ of the ray
SE up to point E can be equalled with ratio
| = Ng[nyH, in which ny= 2-61x 10 cm™3,
Ng is found according to formula (5). In
formul®e (2) and (4) we regard p=0-125
kmL.

2. Using the above formul®, we have cal-
culated the intensity of the scattered light s
as a function of the height y with various
zenith distances of the sun Z and various
wavelengths \.

These calculations made for « = 70°
correspond to the conditions of Bigg’s obser-
vation (Bigg 1959).

The values of is thus obtained for five
various X\ (from 0-4 to 1-0p) and six
values of Z (from Z=91°-6, when the earth
shadow height A=y, ,=1-5kmtoZ==94°-2
with 2=15 km) are represented in Table 1.
These data allow us to investigate the struc-
ture of ‘twilight ray’ and some of the
earth shadow under various conditions.

As it can be seen from this table, the alti-
tude keff With maximal intensity of scattered
light exceeds the altitude of the earth shadow
hat 10-22 km for the wavelength 0-4 to 0.7y,
Between 0-7 p and 10 g for this case of
observation near the horizon a=70° may
indeed be noticed a transition from one type
of earth shadow which varies continuously
(the first type), to another type of earth
shadow in which there is a large discontinuous
jump in illumination of the lower boundary
(the second type).

Inorder, to clear up more definitely at which
wavelengths the transition of earth shadow
from one type to the other takes place we
made analogous calculations for Z=93°-4
and for a greater number of A values,
namely, from 0-4 to 1-0 w after each 0-1p.

3 2
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Fig. 2

(The zenith distance of the sun Z = 93°-4
has been chosen taking into consideration
that value of h =y, o =9 km corres-
ponds to it at about 10 km. At this altitude
Bigg distinctly found out isolated stratiform
cloud). The results of caleulations are given
in Fig. 2 and concisely in Table 2.

3. The curves (Fig.2) in their lower parts
(below maximum) show the structure of earth
shadow. According to these data the tran-
sition from the first type of shadow to the
second one takes place within the 0-7-0-8y
region,

However, we must remember that the
absorption of solar radiation in water vapour
bands had yet not begp taken into account in
our previous calculations and it will greatly
change the result. As a matter of fact just
about N = 0-Tp strong absorption by
water steam begins.

This can be seen from the curves in Fig. 3
which we reproduce from Foitzik’s and
Hinzpeter’s book (Foitzik and Hinzpeter
1958). Curve 1 represents outside atmos-
pheric distribution of energy in the spectrum
of the sun; eurve 2 shows the same after
passing through the ozoncsphere (absorption
in the band of Chappius); curve 3 represents
the same after molecular scattering; curve 4
considers additional attennation with aerosol
particles and curve 5 beside the above factors
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(absorption by ozone, molecular and aerosol
scattering of light) takes into account absorp-
tion by water bands. (All the curves are
given for the vertical path of the sun rays
Z = 0 direction).

For a rough evaluation of the discussed
effect, we may suppose, that in the region
0-7 < A < 0-8 p the vertical ray is attenuat-
ed in the atmosphere at an average of 5 per
cent owing to absorption by water vapour.
(The shaded bands between curves 4 and 5
in the region 0:7-0-84). That is the
ray SE, tangent to the earth surface (£=0.
Fig. 1) is attenuated in the atmosphere
approximately 1/0-95% © 7-8 times. Ana-
logously taking the attenuation of the vertical
rays for the region 0-8 A <_lp to be 10 per
cent on an average, we se, that the tangent
ray SE is attenuated approximately 1/0-904
O 67 times.

¢
It is known, that in the free atmosphre the
elasticity of water vapour [- falls with the
altitude z considerably quicker, than the
denisty nr does. According to aerological
data I can be represented approximately
by formula :

le =l 100 (®)

where g = 0:2 km™.

Vapour elasticity falls 10 times when r=5
km and 100 times when z=10 km (in com-
parison with the level z=0). Thus absorp-
tion in the bands of H,0 will affect only the
lower part of the curves (Fig. 2).
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It is easy to see, that this effect changes the
structure of earth shadow, transferring the
second type of shadow into the first one,
The curves in Fig. 4 are plotted for three
wave lengths (0-Tw, 0-8a, 0-9u). They
are re-computed taking into account absorp-
tion of rays by atmospheric water vapour.
For this re-computation, we took as funda-
mental curves those shown in Fig. 2 for these
wavelengths. (They are represented for com-
parison by solid lines in Fig. 4). We have
also considered, that the ray SE (Fig. 1)
tangent to the earth surface (2=0), is attenua-
ted 7-8 times if, X = 0-7Tand 0-8u, or 67
times if A\ = 0:9, In particular, these
curves, inspite of their tentative charac-
ter, show that Jieg differs from the height of
earth shadow % at about 9-14 km for the
region 0-6-0.8p used by Bigg for measure-
ment (Bigg 1959). Without taking into
account the following correction A

A = heff— T (9)
one can not compare twilight observations
with radiosonde readings. As for the second
curve, mentioned in Bigg’s article for the
spectral region 1-3p, the presence of strong
absorption bands are to be noted also (see
Fig. 3).

One can, however, select a narrow band of
the spectrum of about lp (approximately
1-01—1-03g), where there is practically
no absorption. Twilight observations by
means of photometer provided with an
interference light-filter, would not require
corrections according to formula (9).
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4. As we have already noted at the hegin-
ning of the article, Bigg’s discovery of iso-

lated stratiform cloud using 6000—S8000A
light is of great interest. We think that
besides the necessity of taking into account
the corrections A (formula 9) the question of
aerosol layer altitude found out by means of
twilight observations requires additional
consideration. This correction can be intro-
duced if it is calculated beforehand.

However, measurements in the infra-red
region of the spectrum as Bigg did, require a
more accurate computation of absorption by
water vapour.

The calculations represented above, can he
only considered as preliminary.

There may be another way—the experimen-
tal one. For instance, by using search light
probing technique aerosol layer altitude may
be directly measured (Khvostikov 1945).
Local measurements at various altitudes by
means of apparatus takenup in an airplane
could also give direct answer. Some meas-
urements of aerosol layers by two independent
methods taken parallel at about the same time
would be of great interest and would help to
make more accurate the most promising
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method of aerosol layer investigations by
means of twilight observations,

In theoretical part of this problem, it
would be desirable, beside a more exact
determination of the correction of A (see
formula 9) taking into account absorption
of radiation by atmospheric humidity, to
consider also the theory of twilight pheno-
mena in optically heterogeneous atmosphere.

The matter is, that in theory of twilight
observations an optically homogeneous at-
mosphere is usually taken into considera-
tion; the scattering power of it changes mono-
tonously with height; e.g., according to the
law np = mngeP* used in our caleulations
(see formnula 2).

However it may be easily seen, that the
appearance in the atmosphere of an aerosol
layer of limited height transfers the atmos-
phere into such a medium, which (in the
sense, mentioned above) is optically hetero-
geneous.

In this case some results of the present
theory of twilight phenomena may require
revision. This problem will be discussed by
us in another paper.
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TABLE 1

Z-91°-8
13 x 1018 -51> 1012 1-30x 1011 +54 % 10-1 <00 10-10

2-26 61 1-50 <04

3-85 % 1014

1-20 1010
9-56x 1012

2:25» 10-12

1-36x 10710

9:21x 101
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TABLE 1 (contd)
& y 'ssi
(km)  (km) A=0-dp A=0-By A=0-6u A=0-Tp A=1-0p
30 31 3:50% 1010 1-64X10-10  §.40x 10-11 4-81x10-1
3l 32 1:06x 10-1
32 33 2-93 1-33 671 3+80
33 34 8-20 % 1012
34 35 2.46 1-08 5:36 3-01
35 650
36 37 2-04 8:65x10-1  4.35 2:36
37 542
38 385 1-79 7.43 3-62 2:00
39 4-23
40 405 1-43 5-84 2.82 1:55
42 42.5 1145101 462 2.28 1-21 2.91
44 445 9-03x 1012  3.62 2.04
45 2.01
46 465 7-21 2.85 1-37
48 48.5 570 2-24 107 1-14
50 505 4-75 1-85 8:87x10-1  7.82x 10-12
54 545 7-62 7-23
55 555 3.21 1-27
60 60-5 1-82 T-79x 10~ 4.8 2.77 3-61
Z=920.2
0 3 2:56x 1071 5.47x10-8  7.55x 10~ 5.57x10-1  7.00x 10~
2 5 4.78 6-64 7-87 5-11 8-08
3 6 8-10
5 7-5 3:56x 10~  1.05x10-%  g.0g
6 85 3:2610-1  ].62x 10-1 9:10
7 9:5 6.87 1.37 8-83
8 10-5 2:45% 10~  4.17
9 115 1:07x 10~ 1:57 8-08
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354 |

Z Y

(km)  (km) h=0-du
10 125 1-12 10-11
11 13-5

12 14-5 346

13 15-5

14 16-5 773

15 17+o

16 185 1:38 10—10
17 195

18 205 2-10

19 21+5

20 22 2:91

21 23

22 24 3-33

23 25 3-48

24 26 3+01

25 2

26 28

27 29 3-33

25 30 3+06

29 31

30 32 2.86

32 34 2-50

34 36 2.11

40 42 1-16

48 49.5 4-92

60 62 7:80x 1012

0 ] 8+01 1071#

2 6.5

3 75 1:18x 1018

=
(3}
o

2.38

2:53

2-44

(84
(]
—

2:31

334>

1-44

< 10—

1-63

(=
.

o

-3

1-38

1-02

8-74

~1
[ ]
=

5-83
£ 10-11 469
233
9-38

10-12
Z-92°.6
10-14 9-21

1012 4-77

x 10—

» 10-1

- 1012

- 10-1

< 10-18

-

~43

-69

-96

% 101

- 1012

w 10—-11

T-24% 11

2-39

1-49

1+18

8-22x 1012

6:47
3-08

4-80x 10-1

6-18
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TAF.LE 1 (contd)
z y ts
(km)  (km) S=0-dy A=0-5p a=0fsp A=0-Tpt A=1-0p
Z-92°-6
1 85 2:12::10°  1-41x10-B  5-90x 0 6-87x10-1
b1 9:5 3-09:2 10 -1¢ 6-79
G 10-5 8-6G2 320 8-44 670
7 115 3-81 1012 651
8 12:5 2.31. 10-11  5.47 102 1010
9 13 2745 1012 611
10 145 4-83010-0  §.20 1-16
1 15:5 1-08. 10-11 538
12 165 8-40 1:05x 10-1° 1:19
13 17 3.28 4-93
14 18 1-28x 1010 1-28 1-26
15 19 6-98 130 1:23 418
16 20 159 1-35 1-14
17 21 122 10=10 1-35 346
18 22 178 1-32 1-01
19 23 1-71 182 1-20 284
20 24 1-85 1-17 878 x 101t
21 25 2.14 1-81 2.29
22 26 2-19 1-78 7-36
23 27 2:44 1-04
24 28 250 1-64 613 1-65
25 29 2.50 8833 10-11
26 30 248 1-45 4-99
0 30-5 1-24
28 31-5 230 1-21 6-91 417
30 33-5 2-21 1-12 5-82 342 8-64 10-12
32 35-5 1-91 9-03x10-1 462 366
33 36+5 6-02
34 37-5 1-69 3-83 2:18
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TABLE 1 (conid)

z y ¢
(km) (km) TA=0-4y A=0-5y A=0-6g A=0"Tq A—1-0g
35 732X 10=12
37 40 1:38x 1010 5-93 2-90x 1g=1t 1-62x 1o=1 394 10=12
39 42 1-13 4-71 2-30
41 44 906 10— 3-76 1-83 1-00
43 46 7-30 2-95 784 1012 1-87
45 475 6-22 2-48 G-54
47 49:5 4-93 1-95 9-45x 1(=12 511 1-22
55 57-5 2:35
57 60 G-77 . 1012 3-84 2-17 2-46x 1018
60 62-5 4-99:< 10—12
Z = 932
0 7-5 1-61.< 10-1¢ 9-67 10-18 4+73x 10—13 8-90 10=12 3-24x 101
2 2:5 1-30: 10-13 2:27x 10=12 1-985 10-1 3-89
3 10-5 3-08< 10—
+ 11-5 9-39 7:36 3-46 425
5 12-5 9-71x 10-14
6 13:5 4-19:< 10—12 1477 10~ 5-12 4-39
7 14-5 1-41 10-13 4-28
8 15:5 1-24x 10~11 3-22 647
9 16-5 1-06
10 17 2-94 5-23 7-82 4:05
11 18 5-49 1012
12 19 5-23 6-92 8-29 3-50
13 20 1-67: 101
14 20-5 8-28 871 8:69 3-29
15 215 4-23 8-43
16 22-5 9-73 8-82 2:72
17 23-5 6-04 9-08 777

18 24+5 1-20: 10-10 9-21 2-27
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TABLE 1 (contd)

i

@ Y ) i‘L
(km) (km) A=0"4p A=0"5p A=0-6p =0T 20 1
19 255 1-10x 101 9:01x 10~ 675 1p=11
20 265 1-32:x 10=10
21 27 152 1-35 884 614 1783 10=1t
22 28 1-33
23 29 175 1-31 7.80 516
24 30 1:81 1-23 1-27
25 31 1-84 677 4-25
26 32 1-84 1-10
27 33 1-81 570 347 B-90x10-12
28 34 167 9-33:< 10—11
29 34-5 5-05 2:99
30 3545 1:67 8-40 G54
31 36+5 4-10 2-38
32 37 1:62 7-71
33 38 3+56 2.02 4-99
34 39 1-39 629
35 40 5-67 2-84 +59
37 42 1-:06 4-58 2-25 1-26 3-07
30 41 871 1041 3-67 1-79 909 10=12
41 46 2-90 1-41 7-76 1-87
43 475 604 2-45 1-18 6-51
45 49-5 4-82
46 50 4+55 1-94 936> 10=1% 309 ' 1-22
50 55 2:89 1-17
565 60 7-79x 1012 3-00 1-67 581 1012
60 65 9-64:<10-12 2-20
Z--98°-8
0 12 383 10— 3:13:10~1 1-86.. 10=12 4+175 10=12 168 1011

2 135 1-02x 107 535 1014 1-10x 1012 1-05 10-1 2-25
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TABLE 1 (contd)

23 32+5 800 9.12x 19=12

24 3345 1-10 4-04 300

25 34-5 1-11 |
26 35+5 1-10 674 384 2-38 i
27 36 G417 i
28 37 1+10 631 3-48 211 |
30 39 1=00 549 2-91 1-71

31 39-5 4-09

32 405 102 106 2-54 1+46

34 42+5 8§73 4-00 2-02 1-15

35 270

36 44 T7+00 3-48 1-74 074 1012

38 46 652 2:79 1-37 765

39 165
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TABLE 1 (conid)
@ Y ig
. -
(km) (km) A=0"4p 2—00p A0 6 A=0"Tu A=1-0p
40 48 5-33x 1011 2.33x 10— 109 10-11 608 x 1012
42 49-5 4-60 1-89 9-14 >~ 10-12 1:23x 10—
47 55 5-99
50 58 1-89
52 o0 866 1012 3-84 2.21 6-41x 10-1
57 65 572
60 68 633 10m12
Z=94°.2

] 15 1-90x 10-20 1:79:2 1018 1-14 3 1012 2.68x 1012 1+15x 10-%

2 165 5-14 10718 3-09x 1014 6-61 6-67 1-49

4 18 3-84: 10~ 2.72: 1010 2.48 3 10—12 1-31x 101 177

(i 20 9-86 % 10—15 1-31; 10=12 6-25 1:99 1-83

8 215 1:25x 10-18 4454 1-29: 10~11 2.79 1-93

10 235 7-93x 1012 1-06 2-03 3-22 1:74

12 25 3-37 2:10 294 3:68 1-66

14 27 9-65 3-18 351 3.63

15 1-31

16 285 2-21% 10=1 4:49 4-13

18 305 3-69 5-21 4-13 3-36 1:06

19 315 5+45 406

20 32 5:63 5:95 ° 3:13

21 33 5-98 4-01 8:27x 10=12
22 34 6-96 5-90 3-80
23 35 579

24 355 8:16 348
25 36-5 851
26 375 587 3-07

27 38.5 8.60
28 39 8+56 4-88 2.69
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xr

(km)

Y

(km)

[
A=)

29

30

32

10

41

v

-

"J.I

G-

-4

<210

.33.

54

i 10

<44

4 10=1

5% 1{=12

44

‘14

3 L ol

34

07

< 101

v 10=13

1

33 104

06

02

10—12

A=1" U,

-]

STRx 1012

5:91% 103
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TABLE 2

] Y i3 )

- G= e A b
(km) (km)  A—0-dp  A=0-5p  A=0-6p  A-0-Tw  A=0-8p  A=09p  A=l0g
o 9 1-26X10-" 6-97x10—1 3.56310=1% 7-09x10=12 2.87x10~1 2.75 10— 2-62x10-1
2 11 214x10-% 9:02x10=14 1-693x10=12 1-54310=1 3.60 3.57 814
4 13 1:28x10=1® 6-84x1071 563 2.74 514 4-22 3-48
5 _ 353
6 15 2:86x10-% 3-10x10-12 1-35x10=11 4-04 588 451 3-52
7 _ 347
8 17 3-04x10-% 1.06x10-1 2:53 519 616 4-51
9 327
10 185 2:06x10- 2:40 435 620 473
11 6-31 4-35 314
12 20-5 7-56 4-12 565 6-70 599 4-12
14 22 2:18%10-Y 660 7:01 5-74 3-86 269
15 23 3-21
16 24 4-44 8-45 7-53 6-59 4:98 3-20 2-26
17 25 5-40 7-59
18 255 774 1-04 % 10-10 6-31 4-50 293 2-00
20 28 7-13 518 3-52 226
21 285 1-22x10-% 1-10 147
22 29 1-15 3-29 2:09
23 30 1:50 1-12 6-80
24 31 1-56 1-08 414 264 1-68 120
25 82 1-58 596
26 33 159 9-66310-1 339 2.12 1-34
27 335 159 5-38
28 345 157 8-78 290 1-80 113 752 10-12
2 355 152 445
30 365 150 7-62 2.35 1-43 8-08 x10-12

31 37 3-85 5-61
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TABLE 2 (rontd)

2=0.4u

0 b

1-32x 110

553 1o~

9-32x10-1

452 1-81

2-89 1-15

1-40 6-51 x 1012
9-63 x 1012

6-76 3-10

11 % 10=11

89 11t

+27x 10712

8-71x 1012
3-75
3-84 2-21
156

B

49% 1012

5:91 - 1012 5.06 - 1012

1-74
1-48 101

0-01x10-1% 641 x 10—18




