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1 Introduction

TEE present note gives the details of Method B for calculating the vertical distri-
bution of ozone in the atmosphere from observations on the umkehr-effect. The
method was originally due to Gotz, MEETHAM, and DoBsoxn (1934).

Although the method is not free from objection, it gives information of value
about the changes in the vertical distribution of ozone associated with day-to-day
changes in weather; it is also comparatively easy to use in clear weather at all
gtations equipped with a Dobson Spectrophotometer.

The measurements required are the ratios of the intensities of light of two wave-
Jengths from the clear zenith sky, one of which is much more absorbed by ozone
than the other, for zenith distances Z of the sun varying from 40° or 60° to 90°.
Considering, for example, the light of two wave-lengths 3112 A and 3323 A (for which
the decimal absorption coefficients of ozone are 1-23 and 0-08 respectively), it is
found that the ratio L = log [I(5112/I 325 in the light from the zenith sky decreases
as Z increases until a value of about 86-5°-is reached, and then increases as Z in-
creases to 90°.

Instead of I, one can plot N = 100(L, —L) where L, is the value of L extrapolated
for a point outside the atmosphere. It is the general practice to plot L or N against
Z* s0 as to give an open scale when the sun is near the horizon.

Sample curves of N against Z* for AA 3112/3323 and AA 3054/3253 are shown in
Fig. 1. (Curves € and 4 respectively.)
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Fig. 1. Umkehr curves with Dobson Spectrophotometer.
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The light reaching the obseprver from the sky in any direction is sunlight scattered
by the whole column of atmosphere in that divection. It includes primary as wall
as multiply scattered light. If only primary scatteved light from molecules is con-
sidered, it is easy to obtain an expression for the light of any wav re-length reaching

“the observer from the zenith,

In Section 2, the method of calculating the vertical diSuT!qulO’l of ozone is
deseribed, first on the %sumpbxon that the hub b ﬁ om the ze oM v primary
scattered light. A short section is added sxp ' :
light and a method of correcting for it. A fally

In Secticn 3, supplementary tables applic:
levels, 912 mb and 810 mb, are provided.

¢ o stabic

2 Calculation of Primary Scattered Light ve
Zenith Sky at the Ground

For ca.lcula, ,mg the llght thered vertically r;h"

I

&buvc 54, o, 1) he whole &‘tmc,wsphere is

layers are each 6 km thlc.k (,g,_.; m 54 kmj and
treated as one layer.

34 KMy

777 e

Fig. 2. Division of the atmosphers into 8 km. layers.

Dy 1013 mb.
P Pressure at height 4 taken from rocket panel data. (Table 1.)
Am,, Mass of air in the nth layer, expressed as a fraction of the total mass of

air in a standard atmosphere which exerts a pressure of 1013 mb at its
base. The air in each 6 km layer is supposed to be concentrated at a
height of 2 km above the base of the layer. These assumptions are not
free from objection, but are 31)’;1le and reasonably accurate.

«, o Decimal absorption coefficients of ozone for A, A’ (per em. of ozone at
B.T.P.) (Table 3). The tsble includes data for all the four pairs of wave-
lengths normally used for ozone determination with the Ozone Speetro-
photometer,

682



As
Ak
As— AR

VERTICAL DISTRIBUTION. OF OzoNE BY (G01z2 UMKEHR-EFFECT (MeTHOD B) 25

Decimal scattering coefficients for light of wave-lengths A, A" by a standard
atmosphere (Table 3). :
Integrated air-path from the top of the atmosphere to % (expressed as
multiple of air-mass in one standard atmosphere), and from A vertically
downward to the observer. (Table 4.) For an observer at pressure-
level p, = 1013 mb, I, = 1+ (p/p,)[Ch(Z) —1] where Ch(Z) is the Chap-
man Function for a spherical atmosphere for zenith angle Z with the
vertical through the observer. The values of Ch(Z) have been tabulated
by M. V. Wizkss (1954). While considering air-mass in the slant path
above a particular height &, it is to be noted that the temperature of the
air in the first few kilometres above % exerts a dominant influence. The
mean temperatures in the atmosphere as shown by rocket ascents have
been taken as a guide in preparing Table 1A of the values of Ch(Z).

If the observer is located at a pressure-level kp, instead of at p,, the
values of F,, in all rows in Table 4 except the first row (corresponding to
2 km) should be changed to k+p/p,[Ch(Z) —1]. Supplementary Table 4X
has been prepared for k = 0-9 and 08 corresponding to pressure levels
912 and 810 mb respectively. These will hold for stations at 1 km and
2 km respectively above sea level. For the lowest layer, in Table 4.X, h has
been taken to be 3 km above 1013-mb level. This is sufficiently accurate.
Total geometrical slant path of light in each layer. :
Corresponding vertical path in the layer.
have been tabulated in Table 6 for all those layers in which there is a slant
path. A constant value of the radius of the earth o = 6370 km has been
used. See Fig. 3. Tor layers in which there is only a vertical path
As—Ah = 0.

Fig. 3. Diagram explaining As and Ah.

Y1, Ys» Yar €EC. UP tO ¥, ave the ozone amounts in 1073 em/km in successive layers
as we go up; it is assumed that the ozone amount above 54 km is negligible so that
the total ozone amount © = 6y;+6(y,+ ... +¥). The factor 6 in the first term on
the right will require a small adjustment if the station is above the 1013-mb level.

The total ozone Y in the path of the light, when the zenith distance of the sun is
Z and the light is scattered from the nth layer, is given by the sum of the ozone
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Tabls 1. Pressure at different heights above sea-leve
(From rocket pansl data)

Height km Pressure mb Height km Pressurs mb
0 1013 44 1-90
2. 803-5 48 . 115
6 © 4875 50 0902
8 3724 b4 0-547

12 206-5 56 0-426
14 1807 60 0254
18 785 62 0-194
20 56-9 36 0-111
24 305 68 3-082
26 925 72 0-045

80 1245 74 0-033
39 9-31 78 §-017
26 5-32 80 0019
38 407 84 0007
42 243

Table 1A. Values of Ch(#) adopted for different values of h(lim) and of Z(degrees). The rocket temper
atures at i to -+ 10(km) have heen taken into consideration in tabulating these values,

N

AN

. (I”N 870 40° 70° 75° 50° 84° 86 -5° §5° 0°
i
53 1-961  1-995 290 380 © 555 273 133 18-7 355
8 1251 1-993 200  3-81 5-58 884 15-6 195 387
14, 20 1250 1993 2.90 3.81 559 887 137 167 35.7
26, 32 1-251  1-998 290 3.81 557 881 185 192 7.6
38,44, 50| 1.251  i-095  2.90 3-80 555 8.73 3.1 187 355
56 1-251 1993 290 3-80 556 877 13-4 10.0 366
62 1-251 1993 290 3.81 557 8-81 135 19-9 376
68 1-951 1993 200 3.81 550 8-87 1347 1947 30.7

Table 2. Logarithm of the mass of air in different layers
xpressed as fraction of the inass in a vertical column of the
standard atmosphere

Layer Log Am, Layer Log Awi,
0-6 1715 42-48
6-12 1-443 48-54

12-18 1101 5460

18-24 2:676 68066

24-30 2250 6872

30-36 3-848 7278

36-42 3455 78-84

684



Verirear Disrrisurion or Qzonn By Gorz UsmgnEr-mrrEct (Mermop B) A

Table 3. Deeirnal absorption cosfficients of ozone and scattering coefficients of atmosphere
for light of different pairs of wave-lengbhs

AN o o I A Log (ﬂ/ﬁ/)
A 3054/3253 258 0-16 G-503 (-384 01173
B 3085/3291 177 0-12 0-481 0365 0-1198
4} 3112/3323 1-23 0-08 0464 (-35C 01224
D 3175/3399 054 0-02 0425 (-318 01260

, @’ rofor to 1 cin of ozone at 3P, and f, § to an atmesphere which exorts & pressuve of 1013 mb
atb its base.

Note.—After all calenlations were complebed, 1t was seen that the values of § and 47 as given here
and as used for all the other tahles are about 29 foo high, because the depolarization correction for
maolecular anistrophy has been taken to be 6(14-p)/(5-7p). This should have been (6--3p)/(6--7p).

Table 4. Values of I/ ,—Integrated air path (expressed as multipls of one standard atmosphere) from
whe top of the atmosphere to the level of primary scattering ond from that level to the observer at
pp = 1013 mb

37° 60° 70° 75° 80° 84° 86-57 88° 90°
1-199 1.788 2-505 3-221 4610 ‘7133 10-748 15-032
1-092 1-364 1659 2-033 2.684 3882 5-635 7786 :
1037 1-148 1283 1418 1688 2173 2-887 5978
1014 1-056 1-107 1-158 1258 144l 1715 2-049 3
(06 1022 1-042 1-062 1.101 1-173 1.278 1-404 18
1-008 1-008 1017 1-026 1042 1072 10115 1-167 1
1 1-004 1:008 1011 1-018 1-031 1-049 1071 1
1600 1002 1004 1:005 1-009 1015 1028 1-033 1-
1000 1001 1.002 1002 1004 1007 1-011 1-016 1
| -000 1-000 1-001 1-001 1-002 1-003 1-005 1-008 1-
000 1-000 000 1001 1001 1001 14002 1-003 1-
1-600 1-000 1-0G0 1-000 1-000 1-001 1-001 1-001 1
1-000 1-000 1-000 1:000 1-000 1000 1-000 1001 i-
000 1-000 1-000 1-000 1-000 1-000 1.000 1-000 1-

amounts in the slant path and in the vertical path. In the nth and higher layers, part
of the path is vertical and part slant.

9 2
Y = X yplse+ Tyl
2 1
9 9 -
= T Ae(Asp—Aly) T Ay
) 1

= Ya+x.
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28 OzoNE

Tables 6 provide the values of As— Ak for calculating ¥, for the light scattered
from each layer and for different zenith distances of the sun ranging from 37° to
90°. An example of the calculation of ¥ is given in Table 8.

The intensities of the primary scattered light of wave-length A for the nth layer
at the ground is given by Al, = K. B. Am, X 10-#F~*¥ where K is a constant
depending on the value of Z, and I the total intensity from all the layers is given by

0 .
I =2 AL, = K.B[Z Amp x10-#F-a¥],
1

The ratio of the intensities of the primary scattered light of two wave-lengths A
and. A’ from the zenith sky is given by

10
X [Amy x 10-AF—aX]
1

I
I

™| w

10
2 [Amy X 10-07-2'¥]

The values of log Am,, —BF for different layers and different values of Z required
in the computation of log(I'/I) are given in Tables 54, B, ¢, and D, corresponding to
different pairs of wave-lengths.

Forms I, II and IIT are for computing log(l’/I) for any assumed ozone distri-
bution and for making changes in it corresponding to small changes in the distri-

" bution. These are given at the end of Section 3.

By the method of successive approximation, the ozone amounts in the different
layers are so adjusted that the calculated values of log(I'/I) agree with the calcu-
lated values at four or five points of the umkehr curve within the limits of experi-
mental error. In practice, a constant is added to the calculated value of log (I'/I)
so that the calculated and the observed values coincide at some fixed zenith distance
such as 60°, where the intensity is determined mainly by the fotal amount of ozone

Table 5A
Log Am, — fF £(3054) = 0-503
\n 1 2 3 4 5 6 7 8 9 10

Z

37° T-112 -804 32579 2-166 3744 3-344 Z.951 I-597 4275 4.298
80 2.816 2756 2.524 2-145 3736 3-340 1-950 4596 4.274 4.298
70 2455 Z-588 3456 2119 3726 3336 4-048 4505 4.274 4-228
75 7.095 2420 9-388 2-094 3-716 35-332 1-946 1-594 1-274 4-228
80 3.396 2093 T-254 2.043 3-696 3-324 4.943 1-592 Z.273 1.228
84 7127 3490 T-009 3951 3-660 3-309 1.036 1-589 I.271 £-225
865 6309 4.609 3-649 3.814 3.607 3-287 &-027 %585 4269 4.225
88 8-154 5-527 3-201 3645 3-544 3-261 1.916 4.580 4.267 4-225
90 15459 9-969 5.705 3.080 3-338 3175 4882 4.564 4.259 4-223
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VermicaL DistripuTion oF Ozonk By Gorz UMKEHR-EFFECT (MeTHOD B) 29

Table 5A (contd.)

Log Am, — f'F §'(3253) = 0384
.::t:‘"‘__“
“«\W n 1 2 3 4 5 6 7 8 9 10
Z
37° T.gs5 T-024 9.703 - 2.987 3-86¢ 3-.463 3071 4.716 1-394 4-346
60 T-028  #.019  T.660 2-270 3-858  3-461 3.080 4715 4-3904 4-348
70 2753 2791 7.608 2-251 3850  3-457 3.068 Z-714 4-303  4.346
78 9478 7.662  2.356 2231 3.842 T84 3-067 I.714 4-393  4-346
86 T.945 7412 9455 2-103  B.827 3448 3.064 4713 4-392  4-346
8k 1976  F-952  T.287  2.128  §-800 3436  F.059 F-710 4-391 £-346
865 5588 8279 3-992 5.018 3759 §.420 3-062 4707 4.390 4-346
88 7043 4453 T.650 §-880 3711 F-400 F.044 Z703  4.388 4-346
90 T5.888 70787 4509 3488 3554 8335 3-018 1691  4-382  4-344
N
Table 5B
Log Am, —fF [£(3086) = 0481
Ny
RN 1 g 3 4 5 6 7 8 9 10
37° 138  2-918  Z.602 2-188 3766 3.366 4.974 4619 £-297 4255
60 9.855 . Z.786.  T.540  2-168  3-758 3.363 - 2-972 £-618 4.297 4255
70 T.510 2626 2484 2144 3749 3.350 4.970 £-617 4296 4-255
75 7-168 3465 7.419  9.119 3739 354 1-969 £-617 £-206 4-255
80 5498 152 2.291 2.071 3720 B.347 £-965 46156 4205 1.253
84 7984 T.576 2057 3.983 3.686 3-332  4-959 3.612  4.294 4-253
86-5 6540 4733 3712 §.852  3.635 3-312  4.950 Z.608 4-202  4-250
88 9.485 5-698 3284 3-690 3575 3.987 4.940 £-603 4.289  4-250
90 1%.082 §-206 5§.85¢ 3.180 3378 3-208 £.907 4588 3-282  4£-248
Table 5B (contd.)
Log Am,—8'F p’(8291) = 0365
Ny
e n 1 2 3 4 5 6 7 8 9 10
Z
37° T.977 T.044 32722  2-306 3883 3482  3-090 1735 4413 4-369
60 T.062 9.945 2-682 2.291 3877 3.480 3-.089 4734 €413 4-369
70 2801 5.823 2-.633 2.272 3.870 3477 3.087 4.73¢ Z-412  4-369
75 5.539 3.0l 2.583 2.253 3.862 3474 3086 2733 4-412  4-369
80 2.082  2.463 7.487 2:217 3.848 3-468 3083 £-732 4412 4-369
24 3111 7.026 2-309 Z.150 3.822 3.457 3079 Z-730  4-410  1-369
866 5792 3.386 2.047 2.051 3.784  3-441 3-0712  £-127 4-409  4-367
88 6-228 4601 3729  3.928 3-738 3.422  3-064 2723  4-407 %367
90 11-370 6019 4637 3.518 3-588 3.360 3-039 4.711 1-402  4-362
Jaiiathy
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Table 5C
Log Am,—3F B(3112) = 0-464
AN 1 2 3 4 5 6 7 8 9 10
2
37¢ I-159  2-036  2-620 -2-206 3783 3.383 7.991 4636 4-314 -267
60° 2.885 Z-810 Z-568 2186 3.776 3.380 . 4.989 Z.635 4.314 1-267
70 2-558  2-665 2506 2162 3-767 3-876 4-987 4634 4.313  1-967
75 2.220 2500 2443 2189 3757 3.372 1.986 Z.634 2.313 1-267
80 §-576 2-198 2-320 2.092 §-730 3.365 4.983 .Z.632 Z-312 1267
84 4405 3-642 2094 2-007 3706 3351 977 4629 4311 1267
86-5 6728 4.828 3-761 3-881 $-657 3331 4.968 .4.625 2309 Z-267
88 8740 5-830 3-348 3-725 3.599 3-307 %958 4-621 1-307 3265
90 I4-584 B.548 5-969 3-204 3.409 3.228 E-927 Z.606 Z-300 Z-965
v
Table 5C (contd.)
Log Am,—8'F £(3328) = 0-350
N 1 2 3 4 5 8 7 8 9 10
2
87° I.295 T.061 2738 2-321 3-898 F.497 3105 L7350 4428 1.382
60 1:089.. . 2.965 . 2-699. Z:306  5-892  F495 - F-104 T749  T-498 T T:389
70 3.838 ' ZiB48° 'Z-652 U Z:280  B.885 3402 T10% T749  Z-497  1-389
75 2:588  2-731  2.605 3.271 3.878 3.480 F.101 Z-748 E427 £-382
80 2101 2.504 2.512 2236 3.865 3-483 3-009 747 E.427  T-389
84 3-218 2084 2341 2172 3.839 3473 3.004 L.745 1.4926 1.382
86-5 5953 3471 2:091° 2076 3-803 3458 3088 E.742  F.494  1.382
88 6454 4718 3779 3.959 3759  F.440 3F.080 4738 E-422  1-380
90 I1-795 ©-242  3.738  3-566 3.615 3-380 3-056 4-727 E-417 2378
Table 5D
" Log Am,—pF A(8175) = 0-425
S L 2 3 4 5 6 7 8 9 10
7N
37° T-205 2.979 2.660 2-245 §.822 T.492 % 1675 €353 1312
80 955  2-863 2613 Z-297 3.816 F4l9 3 T-674 I.353 %312
70 2.650 7.556  T206 F-807 J4i6 3T 1673 1352 4312
75 7246 Z-498 U984 3799 Tdle g 673 1-352  4-312
80 3 7386  Za41 3782 H408  F 1871  1-351  %-310
84 2683 7064 3751 3392 T017 %.669 4350 I-310
365 5147 3948  F.707 3374 5009  £.665 1-348 Z-310
88 7826 3803 3653  §-852  F.000 X661 4-346  1-310
90 T3.67 &.328  E479 T80  #-971  4.647  £-340 . 4.308
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VErTIoAL DISTRIBUTION OF OzONE BY Gérz UMKEHR-EFFECT (METHOD .E) 31
Table 5D (contd.)
Log Am,—p'F £’(3399) = 0-318
N
o n 1 2 3 4 5 6 7 8 9 10
7z
37° 1334 T.096 2771 2354 - 3-930 3-529 3.137 4-782 4.460 £-417
60 T-1486 T-009 2.736 2340 3-925 3.527 3-136 4-781 4-460 4-417
70 2.918 2.903 2-693 2-324 3.919 3525 3-134 4-781 4-459 €-417
5 2-691 2797 2650 2-308 3.912 3522 3-134 £-780 4459 4-417
80 2-249 2-589 2-566 2.276 3-900 3-517 3-131 4779 4459 £-417
84 5447 2:209 2411 2.218 5-877 3507 3127 4777 4458 4-437
865 4-297 3.651 3.183 2-181 3-844 3-493 3-121 £-778 4457 4415
88 6-935 4-967 3-900 2.024 3-804 3-477 8114 4772 4-455 1415
90 10-702 6:718 4-954 3-667 5-673 3423 3.093 4761 1-450 1-412
Table 6. As-—Ah for different Z and A
. Ozone amounb
\\_n 1 2 3 4 5 6 7 8 9 in
Layer(km.\)\ 107 em/km g,
Z — 3-10
34-48 14 14 15 15 15 15 15 15 110 Yo
48-42 14 1-5 1-5 15 15 15 1-5 10 — Yy =
42-36 156 1-5 15 1-5 15 15 1-0 — — Yq =
36-30 15 15 15 15 15 10 — — — Yo =
30-24 15 15 15 15 1-0 — —_ e — yg =
24-18 15 15 15 10— — — — — Yo =
18-12 1-5 15 10 — — — — — — Yo =
12— 6 15 10 - — — — — — — Yy =
6- 0 10— — — —_ — — — — 9 =
¥V’ = 600
5448 5-7 57 57 5-8 58 5-9 5-9 5-9 4-0 Yy =
48-42 57 57 5.8 58 59 58 5.9 4.0 —— Yy =
42-36 57 58 58 59 59 59 40 — — Yq =
36-30 58 58 5-9 59 59 4:0 — — —_ Yo =
30-24 5.8 59 5-9 59 40 — — —_ —_ Yy =
24-18 5-9 59 59 40 —_ — — —_— — Yy ==
18-12 59 59 40 — — — — — — Yy =
12— 6 59 40  — — - — — — — oy =
6— 0 40— — — — — — — — 9y, =
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Table 6 (contd.)

N ) Ozone amount
\\n 1 2 3 4 5 6 7 8 9 in
Layer(km \5\\ 10=% em/km y,,
Z = 70°
5448 10-5 166 107 10-9 110 111 11-3 114 76 Yo =
48-42 106 107 109 11-0 111 11-8 114 7-6 o Yg =
42--36 107 109 110 111 113 114 76 — —_ Yq =
36-30 109 110 111 113 114 76 —_ — — Yo =
30-24 110 111 113 114 76 — e -_ e Y5 =
24-18 11-1 118 114 7.8 —_— — —_ — — Yy =
18-12 11-3 114 76 —_ _ o - —_ — Yy =
12— 6 114 76 e R — o — - — Yo ==
6—- 0 7.6 e — — e — e — — Y =

Z = "15°
5448 149 152 154, 156 160 16-2 165 16-8 11-4 Yy =
48-42 15-2 154 156 160 16:2 1656 16-8 11-4 — Yg =
42-36 154 156 160 16-2 165 168 114 — — Yq =
36-30 156 160 16:2 165 168 114 — e —_— Yy =
30-24 16-0 162 16-5 16-8 114 e — — — Ys=
24-18 16-2 165 16-8 114 — — —_ - — Yy =
18-12 165 16-8 114 - —_ — e . — Yy =
12- 6 16-8 114 —_— —_ o —_ — e — Yy =
6~ 0 114 — —— — _— — — —_ — Y =

Table 6 (contd.)

L Ozone amount.
n 1 2 3 4 5 6 7 8 9 in
) 10~% cm/km y,

Z = 80°

64-48 | 22.1 227 234 240 24:8 256 26-5 273 188 Yy =
4842 | 22:7 234 240 248 256 265 273 188 Ys =
42-36 | 2344 240 248 256 265 273 188  — Yq =
36-30 | 24-0 248 256 265 273 188 — @ — Yo =
80-24¢ | 248 256 265 273 188 —  — . _. Ys =
24-18 | 25-6 265 278 188 @ — @ — . . __ Yo =
18-12 | 266 273 188 — @ — . _ Yy =
12-6 | 273 188 —  — Yy =

6-0 188 — - - - Yr =

Z = 84°

54-48 | 31-0 324 34-0 358 37-8 402 43-0 464 332 Yo =
48-42 1 32:4 340 868 37-8 402 430 464 52— Yy =
42-36 | 34:0 3568 878 40-2 430 464 332 — Yo =
36-30 | 35-8 378 402 43.0 464 332 —  — Yy =
30-24 | 37-8 40-2 43-0 464 332 — @~ | g
24-18 | 40-2 430 464 332 — . . vy
18-12 | 430 464 332 — . iy =
12-6 | 464 332  — e — o — — Ay =
6-0 1332 — . . _ Sy =

690



VERTICAL DisTRIBUTION oF OzonE BY (01z UMKEHR-EFFECT (METEOD B) 33

Table 6 (contd.)

™ ’ Ozone amount
Nom 1 2 3 4 5 6 7 8 9 in
Layer(km.s\.\ 10-3 cm/km y,
7 = 86-5°

54-48 37 40 49 46 50 .65 62 72 57 Yy =
48-49 40 49 46 50 .55 62. 72 57 — Yy =
49-36 42 46 50 55 62 72 57 — — Yq =
36-30 46 50 55 62 72 57 — — — Yg =
30-24 50 56 62 72 57 —_ _ — — Y5 =
24-18 55 62 72 57 — R — — Yo =
18-12 62 72 57 — — — — _ - Ys =
12— 6 72 57 — — _ — —_ — — Yy =

60 57 —— — — —_ —_ — e — Yy =

Z = 88°

54-48 41 44 47 51 57 65 77 98 91 Yy =
48-42 44 47 51 57 65 77 98 91 — Yg ==
42-36 417 51 57 65 71 98 91 — — Yq =
36-30 51 57 65 7 98 91 — — — Yo =
30-24 57 65 77 98 91 — — — — Y=
24-18 65 77 98 91 — —_ — — —_ Yy =
18-12 71 98 91 — — — — — — Yy =
12— 6 98 91 — == = — Yy =

6- 0 ‘ 91 o — — — — — - — Yy =

Table 6 (contd.)

Ozone amount
n 1 2 3 4 5 6 ki 8 9 in
Layer(km>\ 19—3 em/km ¥,
Z == 90°
5448 42 46 50 55 62 72 89 125 222 Yy =
48-42 46 50 55 62 72 89 125 222 e Yy =
42-36 50 55 62 72 89 125 222 — _— Yq =
36-30 55 62 72 89 125 222 —_ — J— Yy =
30-24 62 72 89 125 222 — —_ — — Ys =
24-18 72 89 128 222 — — —_ - — Yy =
18-12 89 125 222 —_ — — —_— —_ —_ Yq =
12— 6 125 229 — — — — — — — Yy =
6- 0 222 — _ —_ — — — — — Yy, =

and not by its distribution. 70°,75°, 80°, 84°, 86-5°, 88° and 90° are convenient points
to choose for fitting the curves.

9.1 Correction for Secondary Scattering

In the above, account is taken only of the primary scattered light from the mole-
cules of the atmosphere. But the air is illuminated not only by direct sunlight but

3
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also by light seattered once or more by the rest of the atmosphere and by the ground.
Neglect of the illumination of the air column by diffused light would be justified if
the ratio of the intensities of the total scattered light of two different wave-lengths
(which is the quantity actually measured) gave with sufficient accuracy the ratio of
the primary scattered light of the same two radiations for different zenith distances
of the sun. .

A little consideration shows that this assumption is not justified. Of the light of
two wave-lengths under comparison, one is much more absorbed by ozone than the
other and, consequently, the contributions from the different layers of the atmosphere
to the total primary scattered light from the zenith are different, and vary differently
with the zenith distance of the sun. The multiple scattering which is dependent on
the distribution in height of the primary scattered light will naturally differ for the
two wave-lengths.

Let P, P’ be the intensities of primary scattered light of the two wave-lengths A,
A" from the zenith, and M, M’ the intensities of the multiply scattered light.

The measurements with the spectrophotometer give log I/I' for different solar
zenith distances.

Now

I P+M P[14-(M]P))

I P4M PL-(VPY]

We could correct the I/I" curve to give the P[P’ curve if we knew the values of M [P
and M'[P' for different zenith distances of the sun.

G. F. Warnron (1953) has calculated the intensities of primary (P) and secondary
(8) scattered light from the zenith sky for different altitudes of the sun. After evalu-
ating S/P for appropriate values of « and B for a few simple distributions of ozone,
with total ozone amounts of 0-30 em and v-18 em, he has calculated the corrections
to be applied to the observed intensity-ratios to convert them to what they would
be if there were only primary scattering. He found that the corrections varied with
the zenith distance of the sun, but were nearly constant when sec Z was between
5 and 20. The effect of correcting for the secondary scattering was to lower the C.G.
of the ozone by 2 to 3 km. ‘

Rawawaruan, Moorty and KULKARNI (1952) obtained similar results by deriv-
ing umkehr curves for 1 y;;4)/Z 505, from observed umkehr curves of Lay10y/ L ggom and
Taor53/Lzarsy:  The object of using the derived curve was to compare the intensities
of two wave-lengths both of which are pretty strongly absorbed by ozone; in that
case, the assumption I/I' = P[P" would be more nearly correct. They came to the
same conclusion as Walton viz., that the effect of taking multiple scattering into
account was to increase the czone amount in the layers below the maximum of ozone
and to reduce it at higher levels.

Although there are still a few unsolved questions about the correction required
for multiple scattering, it is believed that Table 7 provides, for different solar zenith
distances, reasonable corrections when the ozone amount is between 0-18 em and
$-30 cm.
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Table 7. Correctlon for §éc’:oi‘1da1“ylsdswtéi'lng (Provisional), Amount to be subtracted from values of

N(Z)—N(60°) wher observations are made with ax

7z l 600 #oe  7se  80°. 84  86:5° 88 90°
00 10 © 80 45 60 60 60 60

ASubti;act “to correct; for
secolidary scattering

~Bazample - , . » R
-+ An example showing the caloulation of log (I'/I) is given below. It relates to an

_umkehr curve obtained ab Ahmedabad on 16 November 1956 with C pair of wave-

. lengths. The total ozone amotint was 0 102 em. The values of N observed on light
_ scattered from the clear zenith sky are givet in Table 9B. ‘ :
© A trial disteibubion was assumed to start with ; this was based on a general know-
ledge of average distribution corresponding to 0192 em. The values of y (in 1078
em/km) agsumed to exist in layers 1 to 9, were »

' 0,050, 55, 12:0, 8:0, 38, 1+4, 0-3. , :

. Tn Table 8 is shown an example of caleulating ¥ = Y,+w, the total ozone in
" the path of the light when the zenith distance of the sun was 86:5°, - R

" Table 8. Example showing caloulation of ozone path Y for Z = 86-5"; @ = 0192 cm

7 Trial ozone Yt Y Ys Yi Ys Yy Yr Ys Yo . Yro

distribublon | 00 05 05 86 120 - 80 88 14 03 00

 Layer 1 2. 3 4 . 5 6 7. -8 e 10
.9 " 011l -0120 :0126 -0138 .- '0‘150‘ 0165 . 0186 '02_16 0171 - 0000 -

8 0860 -0588 0644  -0700 -‘0'7'70 -0868 . -1008 0798 0000 -0000

“n 1596 1748 1900 -2090 - -2366 .-2786 - :2166 ~ -0000 - -0QOO 0000
6 3680 © 4000 4400 4960 5760 4560 0000 0000 0000  -0000
5 16000 6600 7440 - -8640 6840 0000 - 0000 0000 *-0000  -0000
4 3025 3410 3960 3135 0000  -0000 :0000  -0000 = 0000 ~ -0000

3 0810 . <0360 0285 0000 0000 0000 -0000 ~ :0000 . -0000  -0000

g - | 0360 0285 0000 . -0000  -0000 0000 :0000  -0000 0000 0000

1| -0000 - -0000 0000 - 0000 0000 0000 0000  -GVVO 0000  -0000
Ty, | 1664 L7111 18755 10663 1.5870 0-8320 08360 0:1014 0-017L 0-0000 .

¥ — v,4e 1756 1903 2067 2:168 1780 1025 0-528 0-203 0:200 0102

Siﬁiilar- caloulations of ¥, and Y are to be made for other values of Z.

B USiﬁg-these values of Y and Form I, the values of log (I'/I) = —L were com-

. puted for different values of Z. ‘An example is shown for Z = 86-5°. As we are

B _'Airite‘reste'd only in the relative values of L, or of N, which is equal to 100(L, —L), when
4 ch&ngés;‘the'ck)mputed value of 100 log(Z'/I) at 60° has a correction added to it so
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that it becomes identical with the observed value of NV at 60°. The same correction
term is added to the computed values for all other angles also. We thus derive com-
puted values of N which can be compared with the observed values. A sample
caleulation is shown below in Tables 9A and 9B and Forms I and I1.

Table 9A. Trial distribution and changes in trial distribution. The y's are in units of 10~ cm/km:

Layoer 1 2 3 4 b 6 7 8 9

Total distribution 0-0 0-5 0-5 55 12-0 8.0 3-8 1:4 0-3
Ay(a) -0 -1 0-1
Ay(b) 0-5 05 2:0 —2-0 —1-0 —0-1 0-1
Ay(c) 0-5 15 10 —2:0 -—1-0 —0-1 0-1
Final distribution 0.5 2-0 15 35 11-0 8-0 3.7 1-4 0-4

Table 9B. Observed and calculated values of N for different values of Z and for various ozone disiributions

% (degrees) 60 70 75 80 84 86-5 88 " 90
ZY %X 10~7 1-30 240 3:16 4-10 4-98 5-60 6-00 656
Observed N 320 51-0 875 92-2 119-3 126-3 1245 113-0
N according to 32-0 52-7 704 96-5 1206 127-0 1232 1089
trial distribution

Ay{a) 32-0 120-7 12_’1'2 123-8 110-3
Ay(b) 320 51- 69-0 939 118-3 1270 1249 112-2
Ay(e) 32-0 518 686 935 1179 126-9 124-7 112-4

- . NS e N

rA A AN % 996 42 ivo 1342

Table 9C. Example showing correction due to secondary scattering and its effect

Layer 1 -2 3 4 5 6 7 8 9
Yo 2-0 2:0 30 37 10-0 70 3:2 0-9 0-2
7 (d.egmqs) 60 70 75 80 84 86>-5 88 90
Ohbgerved N

corrected for

Bec. Beabib. 320 50-0 65-5 877 1133 120-3 11845 1070
Calealated IV 32-0 510 685 89-0 111-6 1205 119-2 106-5
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Form T for computing log (I'[I) for given ozone distribution

Dabe: 16.10.56. Station: Ahmedabad. Z = 86:5° NN =0 o=128 o =008 « = 0+102 em

n 1 2 3 4 5 6 7 8 9 10
Yn T 00 [ 05 |05 | 56 | 120 80 38 | 14 | 08 | —
- _
@
Y = ¥ota 1.756 | 1-003 | 2-067 | 2-168 U780 | 1025 | 0-628 | 0-203 | 0-200 | 0-192
log A, —fF" G798 | @898 | 3761 | 3881 | 3657 | 3831 | 4068 | T-625 | £:300 | Z-267
oY 9.166 | 2341 | 2-543 0654 | 2189 | 1261 | 0-649 | 0-360 | 0-267 | 0-238 |
D 5.568 | G487 | 5o217 | 5227 | 5468 | £-070 | 4319 | 4266 1.062 | Z-031
antilog D 0,000 | 0,008 | 05016 | 0,017 | -0,029 | 0,118 | 0,208 | 05184 | 05113 | :0,107

D = log Am,—fF —a¥. Al = Kfantilog D. I = LAL, = Kp X antilog D = 004795 K.

log Am,—p'F 5.953 | 5471 | 2001 | 3-076 | 3803 | 3458 | 3-088 | $.742 | 4424 | £-382
Y 0-140 | 0-152 | 0165 | 0-173 | 0-142 | D-082 | 0:042 | 0-023 | 0-017 | 0-015
D 5-813 | 3:319 | 5926 | 3-903 | 5-661 M‘E.—~376 5.046 | 4719 | £.407 | 3-367
antilog D’ 0,007 | 0,208 | -0,843 | 0,800 | 0,458 | -0,238 | 0,111 | -0,052 | 0,026 | 0,023

D’ = log Am,—f'F —«'Y. Al, = Kp’antilog D I'= % Al = K g’ T antilog D" = 0-0277 Kp'.

log I — £:900 log Kf. log I’ = Z-443-+ log Kp’. log(I'[T) = 1:543 —log(f/f’) = 1.421.
100 log(I’/I) = 142-1

The values of ¥ calculated according to the trial distribution and adjusted so
that the observed and caloulated values coincide at 60°, are entered in row 4 of Table
9B. Tt will be noticed that the computed values are significantly lower at 90° and
significantly higher at 75° and 80°. The first defect can be remedied by adding a
amall amount of ozone at the top. o remedy the second defect, some ozone has to
be brought down from the middle layers to the bottom layers. These changes in
distribution are made in successive approximation. Form II is used for computing
changed log(I'[I).

Considering the scatter of values in the observed umkehr curve, it was considered
that the values in the last row of Table 9B were sufficiently satisfactory and that the
distribution given in the last row of Table 9A could be accepted as the distribution,
provided the zenith skylight was assumed to be due only to primary scatiering.
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Form II for computing log (I’/I) for a changed initial distribution.
Date: 16.10.56. Station: Ahmedabad. Z = 86:5° AN =C o=123 o« =008 == 0-.192 em.

n 1 2 3 4 5 6 7 8 9 10

Change in y,, e - — —_— — — —0-1 —_ +0-1 —

-+0-004( - 0-004 +0~005 -+0-005] 4+ 0-006{ +0-0086 --0-007} 4+ 0-006} 0-000

AY —0-005| —0-005; —0-006{ —0-006; —0-007} —0-006] — — —

—0-001} —0-001} —0-001| —0-001} —0-001} 0-000}+0-007(-4-0-006| 0-000

D (from Form I) 6-487 5-217 5.227 B5-468 4-070| 4-319| 4-265 %-052| £-031
aAY —0-001| —0-001} —0-001| —0-001| —0-001 ~0-000| 4-0-009 --0-007| 0-000
D —aAY 6-488) 5.218] 5.228) 5-469] Z-071) 4-319 4.256] 4-045| £-031

antilog (D —aAT) | 0,000 | 0,008 | -0,017 | -0,017 | -0,029 | -0,118-| 0,208 | -0,180 | -04111 | -04107

I= % AI, = Kf T antilog(D—«AY) = 0-0,790 Kf; log I = 4-898-log Kp.

D’ (fl'dm Form 1) i ‘ S 17-719“ 4

ot'AYi ‘ ! 0-000 | 0-000 ‘ 0-000 ’ 0-000 i 6'000 1 0-000 ’}+0'001 Q'OOO_ 0‘-0'00
D —«’AY : t : 'ﬂl , 1-71;
antilog(D’ —a’AY) ‘ i -] 0,052

I' = T A,/ = Kf' T antilog (D' —a’ AY) = 0-0277 Kf'; log I’ = 2-443+log Kf".

100 log(I’/I) = 142-3

The observed values given in row 3 of Table 9B were corrected for secondary
scattering according to Table 7. The new distribution to fit the corrected observed
curve and the corresponding calculated values of IV are given in Table 9C. -

The following hints may be of somie help in making the cnanges in dls‘mbumon

(1) With an assumed trial distribution, calculate log(I'|I) at Z = . 60°. "Add an

appropriate constant to this so as to make it equal to the observed value of N / 100 at

60°.

(2) Calculate log(l'/I) for 90° and 88°, and apply the same corréction.’ I the
calculated value is too high, remove a little ozone from the top layer to layer 6 or 7.
If it is too low, add some ozone to the top. A small change at the top will make a
large difference in N(90°) and N(88°). Get agreement at 88° and 90° to within 2
units of V. :
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(3) Caloulate log(I'/I) for 86-5°, 84° and 75°, and add the same correction to
each. Adjust ozone in the middle and lower layers so as to get satisfactory agreement
at all the points.’ ' - :

'3 Supplementary Tables for Use at Stations situated at about
o - 912-mb Level and and at 810-mb Level
' The main modifications in the tables for a station at 0-9p, (= 912 mb) and at
0-8p, (= 810 mb) are given below. It is assumed that the values of % in both these
cases may be taken to be 8 km instead of 2 km. This is sufficiently accurate for the
present purpose. The air mass in the first layer (ground to 6 km) should be changed
as given in Table 2X.
If the pressure at the station-level is kp,, the value of F is given by

F = h+(plpo) x[Ch(Z)—1].

The first row of Table 4 for F;, corresponding to the lowest layer is changed as shown
in Table 4X. The values of F';, in all the other rows are decreased by 0-100 when the
station is at or near 912 mb, and by 0-200 when it is at or near 810 mb.

For stations at or near 912 mb and 810 mb respectively, the values of log Am,
—BF in the second column of tables 5A to 5D (corresponding to the lowest layer)
require the changes given in Tables 5A(X) to 5D(X). For stations up to a height of
9.5 km, the tables for the nearest pressure-level may be used without appreciable
errTor. :

" For the succeeding layers 2, 3, 4, ete., the values of log Am, —BF tabulated in
Tables 5A to 5D should be increased by (1—Fk)B for a station at pressure-level kp,.
Thus, for a station at 912-mb level, all the values in the third column of Table 5A
should be increased by 0-1008, and for a station at the 810-mb level, by 0-2008. An
‘example is given in Table 5A(Y) for the second and third layers.

" The values of As— Ak in the second column of Table 6 corresponding to the first
layer requires a small and rather irsignificant change, due to the raising of the centre
of the layer from 2 to 3 km. These changes for each value of Z are tabulated in
Table 6X. . ' : : -

Tt is recommended that each station should modify tables for regular use at the
station,

Table 2X

Do . log Am,, -
. 1013 mb 1715
912 mb - T-622
810 mb 1-5038 .

The Am’s in the other layers remain the
same as in Table 2.
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Tablp 4X
\z a7° 60° 70° 75° £0° 84° 86-5° 88° 90°
mb h )
P AN , — _
1013 2 1-199 -1.788 . 2-508 3-221 4-610 7-133 10-748 15-032 28-342
912 3 1.076  1-597 2-232 2866 4-095 6-320 9.520 13-320 25101
810 3 0-976 1-497 2-132 2-766 . 3995 §6-229  9-420 13-220 25-001
Table bA(X), Log Am,—fF for the lowest layer
A = 3054 A== B2E3
FA — -
1013 mb 912 mb 810 mh 1013mb  912mb 810 mb
87° T-112 T.081 1012 1265 1209 T.128
60 %-816 2.819 2750 1028 T-009 7.928
70 2-455 2499 2481 2755 5765 7684
75 7.095 D180 Z112 2:478 7521 Tidd1
80 8.396 3562 3494 5-945 2:0680 3-969
84 €127 439 4370 3.192 311
866 G309 §.829 6760 514963 5-882
.88 B-154 8929 8858 6-507 8427
80 TB-459 14996 14927 17-983 T1-905
Table 6B(X). Log Mmn, —fF for the lowest layer
A == 3083 Al = 3291
1013 mb 912 mb 810 mh 1013 mb 912 mb 810 mb
37° 1188 T-104 1-054 1.277 1329 T-147
60 2.865 2 B4 $.783 T1.062 T-039 2-957
70 2:510 3-548 2.478 2-801 2:807 3725
75 2-166 3243 2-173 2:589 2-676 24038
80 5.498 3-6852 3-581 2032 2127 2:045
84 4.284 1.578 4507 3111 3512 3.229
86-6 6645 5;039 6968 5-792 4144 4-061
88 8485 7-215 7144 6-228 6-760 6678
90 T4.082 T8-548 13478 11-370 10460 10-378
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Table }SC(Z y. Log Am,—@F for the lowest layer

A= 3112 A o= 8323

Z , :

1013 mb 912 mb 810 mb 1013 mb 912 mb 810 mb
37° T-159  T98 1-050 1295 T-945 1-161
60 2-885 3.881 2-808 1.089 T-063 2:97%
70 2-553 2586 2-514 2-838 %+841 3157
75 9.920 9.292 © 2220 © %-588 2610 2.535
80 3576 3.722 3.649 3-101 %-189 7105
84 4405 4685 £-613 3-218 2407 3528
865 6728 5-201 5-128 5-953 4287 £-203
88 8740 7442 7369 6454 5-960 G-876
96 T4-564 13-975 13-903 11785 106-837 10-782

Table 5D(X). Log Am, —pF for the lowest layer
A= 3176 N = 3389

7z

1013 mb 912 mb 810 mb 1013 mb  91Z mb 810 mb
37° T-205 T1.165 T-088 1-834 1288 1103
60 2956 7943 7867 1-146 114 1-027
70 2.650 2673 © 2597 2.918 2912 v-828
75 2:346 2404 2-327 2:691 2711 2623
80 3.756 3.882 3.805 2.249 2320 7233
84 £-683 £-932 4-856 3447 3609 3522
865 5-147 . 5-572 5-496 £.297 4592 Z-508
88 7.326 7961 7.884 6-955 . B-388 5299
g0 13670 12964 12-878 10702 5640 G-5b%

Table 5A(Y). Log Am,—pF for second and higher layers for a station at 810 mb

1 A= 3054 0-2008 = 0-101 X = 3253 0-2008" = 0077
Z‘\T\" ) 3 ete, ... 2 3 ste. ...
37° 2.995 %.680 T-101 2780
60 2.857 7625 2996 27387
70 2.689 2557 2-868 2-685
5 3521 2-489 2-739 2-633
80 2-194 2.355 2-489 2532
84 3591 2.110 2:029 9344
866 4740 3750 3.356 2069
88 - 5-628 3.302 4-530 KRy
90 8070 5-808 7814 4-586
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Tablo 6X, As— Al for the first layer when the centr is at 3km

7°. 60° . 0% 760 - 80°  84°  86-5° - 88°  90°

Layer(km)\z' ]
CUpads |14 BT 105 149 221 811 37 42 43

T48-42° | 14 5:7. 1046 15:2 227 326 40 46 47

" 42-36 14 5'8 1027 15:4 284 84:2 43 48 51
.86-80 | 14 58 1009 157 242 861 46 .52 56
- 30-24 1.6 - 68 11:0 16:0 249 382 5l . 58 63
2418 C 16 B9 11 16:3 258 40:6° 56 67 74
18-12 | 15 59 113 165 26:6 436 63 79 - 93
12— 6 15 69 115 1649 275 470 - 75 103 137
-0 | 08 3.0 57 88 141 251 48 71 193

Do Form I for computing log (I'I) for given ozone distribution. :
Date: " Station: ' 7 = AN = = of = = 0.

cm

:10

Y, -
Y =Y, 4o )
e T T T -

S och..

D

antilog D

D = log Am,—pF —a ¥,
AI, = Kpantilog D.

' log:,vz‘hvn,, -—ﬂ’F
7 S-S 4 ]
T = =
antilog D’ i

D’ = log An,—pF —a'Y. ) I'=3 Al =Kf' % @Htﬂog D'== - Kp'.

AI,’ = Kp’ antilog D",

logl = " . log Kp. log(I'[Iy = - —log(fIf") -
log I' = '  tlog K. '
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‘Date; * . S

o V‘F‘orm II for computing log(I’/1)

Station: -

Z =

B ‘a”=

(ME'fHOD B)

for a changed initial ,dis’tribut»i'on.,
2 : - = w=0.-

43

cm

in.'v

10

Change'in y,

AY

D (from Form I)

 aAY

D=aldY

antilog (D —xAT)|

+log Kf.

D’ (from Form I)

TZ AL, — KBS antilog(D—aA¥) =

Kp; logl =

o« AY

D’ _;_a/ AY

~ antilog(D'—x'AY)

I — ¥ AL, = K@'F antilog (D~ AY) =

. Ep; log I’ =

+log Kf'.

100 log(I'(I) =
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-Form III
Station: Date:
z =0 cm AN =
Trial Distributions
' Layer 1 2 3 4 b 6 7 8 9

Trial Distn. y

Ay(a)

Ay(bd)

Ay(e)

Ay{d)

- Ay(e)
Final Distn.
Observed and Calculated N
, Z (degrees) 60 70 75 80 84 86-5 88 90
Z4x10-7 1:30 240 3:16 4-10 4-98 5-60 6-00 6-56

Observed N

Calculated N Trial distn.

Ditto Ay(a)

Ditto Ay(b)

Ditto Ay(c)

Ditto Ay(d)

Ditto Ay(e)
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