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DETERMINATION OF VERTICAL OZONE DISTRIBUTION
AT VARIOUS LATITUDIS DURING ECLIPSES OF THE MOON

[Following is a translation of a paper which was sub-
mitted to the osone symposium in Brussels (30 August
through 1 September 19%51) by H. K. Pastzold. This
paper was published in the Germaa language in the per-

iodical m&w&m&m.
1952, Vol 2, pagea 183-180, Pergamon Press 1Ltd, I.ondonJ

1. Abstract

\>Thc wvertical distridution of atmospheric ozone may bg deter-
mined from the distribution of intensity, measured at 6000 X, on
the darkened moon, mear the «dge of the earth's shadow. It is a
charecteristic of the msthod that the o30ne distridution at var-
ious latituder asy be deterai.ed regardless of the point of ob-
servation. The usefulmess of the method is demoastreted by
apeoctrophotometric measuresmcnts amsade during four eclipees of the
mcon. The omone distribution thus odtained correspond to reselts
obtained directly by balloon ascents.

2. Body of Paper

It is kncwn that, durisg a lunsr eclipse, sunlight which
peases through the earth's atmospkere is refracted imto the area
of the earth's uabra. That light which passen through deepear
layer: ~f air is directed further in¢o the shadow areas oa the
moon's eurfacs, meaniag thet the point illumismsted by this light
bas & greatsr distance ¥' from the geometrical lisite of the dark-
sasd ares. A sprectral absorbiag layer lying ian the earth's at-
scaphere, and the vertiecal limits of its exteat, showmld therefore
be detected by measuring its adsorption in dependence upon p'.
In this vay we can deteraine the vertical osone distributioa fer
various geographic latitudes of the earth according to the apex
angle at which the i{lluainatior dimtridution on the darkened moon
are read perpendicular to the edge of the shadow. The measurable
apeXx eagle depexds upon the pmth of the moom through the earth's
shadow, but is indepsmdent of the geographical locatiom of the
observation point ‘on earth.




In order to be able to detesrmine oOzone abaorptior in this
manner, we must know the noraal distribution of illuminatiom on
the periphery of the earth's shadow on the moon with the atmoa-
phere free of osone. This can be calculated with a photometric
theory of lunar eclipses developed by F. Link (1). According to
my own messurements (2), the agreement betweer observation and
theory in the spectral areas free cof ozone absorption is so com-
plete that the latter can merve as a basis for ozone measuring.
During these observations and those of other authors (1), (3) and
(4), an sdditionsl reduction of the light by 90% was actually
observed in the area of the Chappuis Bands, which can only be due
to ozone. (Note: as the author was able to show (5), this strong
absorption is also the reason for a characteristic greenish col-
oriag of a narrow sons along the edge of the sbadow. Through this
‘'"green sone™ on the sdge of the earth's shadow on the moon, the
ataospharic layer of ozone can be detected with the naked eye.)

Theoretically, therefore, the vertical ozone distributisn
at latitudes of the earth wiaich were properly oriented to the
acon c¢ould be determined. Experiments which nave beer undertaken
so far in this directioa (1), (3) have not been adle to progress
beyond the starting stage, however, for the evaluation of the ob-
servations ia made difficult by the faot thet the sun is not a
Noint light source, but rather appears as a disk 32' in diameter
troa earth or the moom. A point lying in the area of shadow on
the surface of the moom is therefore nmot illuminated froa a single
1ight ray, but rather by a percil of rays of considerable diameter,
which naturally temds to blur the calculation of the omone dis~
tribution somewhat. TFor an approximation of this latter influence,
the aversge osone mass O* (¥') through which a pencil of light
rays travels was computed for three given ozone distributions £(h),
(Note: In the following, ali values referring to the pencil of
light rays will be indiouted with * .)

These thres ozone dlstribations are showa on the left im
Illwstretion 1. They bhave bamically differing characteristics;
pamely, subdued, proacumced amd doudle maxima. The corresponding
curves on the right in Illustration 1 show the dependency of the
average osons mass C* (') upon the distance ' of the respective
padnt iliuminated by the peacil of light rays froa the edge of
the shadow (' = 0). It can be seea that, despite the blurring
due to the divergence of the vencil of light rays meationed above,
the difference in the ocourse of the plotted curves is o great

that tho general oconditioa of oscase fistribution san still we
deduced.

To be awre, the actual derivation of the unimown asone
distribution €(h) from the seasured function O*(y') in clomed
ansalytical fors is not poasidle. It would de solved if the omome
mass O(h,), through which a eingle ray passing through the atmos-
Phere tangentially at a sinimuas distance b, from the earth's




surface travelled were known (see Illustration 2). With a known
ozone distribution £(h), this osone mass 0(h ) is given by:

o
O(h)-fe(h)da. )
° )

where de indicates an eleaent of the path of the single ray
traveling from B to A in Illustration 2.

I? the following value froa the triangle drawn into Illustra-
tion 2 is substituted for ds we obtain: (refraction ocan be discounted
here)

-
o(n) = vaa | Haldk (2)
h Y h"ho

If, s in this case, €(h) is the sought functioa, thenm Equation
(2) represents an abelian integral equation for £(h), the solu-
tion of which is:

-
1 (aod(: ))
6(p) = ~ 2 an_ ., (3
Y3 Vuo'—'n‘ °
b

From the aversge ozcne mass 0*(y', determined through ob-
servations, it is now relatively easy to derive O(hy) by meams of
the following technique: 1im the place of the variable »' 1a
0%(9'), we introduce A* (the mimimum distance from thoe surfacd of
the’ earth for a single ray which travels thro tue sane alr sass
as does the center of the pencil of light rays), @0 that wve have
the new function 0*(M*) ia place of 0%(2'). This substitutioa
for J' is suggested by the fact that, for low altitudes, the fumc-
tions O(h ) and 0"(!:“'3 approach each other more and more. For
at low ulgitndca, the entire pencil of light rays passes the omone
layer below its marimuam. Iz this case, computation show that the
aasses of osone travelled through by each individual ray in the
pesncil of light rays vary relatively little, in contrast to the
ajituation at greater altitudes. Yor this reasocn, the mase of
osone travelled through by the single ray in the ceater of the
pencil of light rays is very nesrly equal to the average osonse
sase O'N7'). The aame applies in reference to the Rayleigh ex-
tinction. Thism effect is further eupported by the fact that with
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decreasing altitude the vertical diameter of the pencil of light
rays also decreases, so that it fipally approximates the single
ray. Illustration 3 demonstrates this relationship for the three
osone distributions shown on the laft in Illustration 1.

Below 10 kilometers, the czone masses O*(h*) traversed
by the average ray in the pencll practically coincides with the
sought function O(hg). wheruss for greater altitudes these two
functions vary inoreasingly. It is therefore possible, when DPro-
easing from lesser to greater altitudes, to derive O(hg) from
O™(h*) in stages by checking acd improving the respsctive extra-
polation through back-coaputing.

In order to test the reliability of the method, the respec-
tive osone distribution was derived in reverse via the adbove method
from the computed mean oszone assses of curve 1 of the left hand
portion of Illustration 7. The control points cbtained, which are
marked with stars in Illustration 1, can be seen to lie well alorg
the assumed distridbutiorn curvea. Minute details are naturally
loat due to the above aentioned bdlurring.

Aa evaluation of & messurement of the lunar eclipse of 6-7
Qotober 1542 (2) using this amethod indicated a diminishing amount
of osone adbove 45 kilometers. This corresponds to the prevailing
theories as to the atmospberic ozone layer and agrees with the
seasurenents which were found with the American V2 rocket.

Also available are apectral-photometric sessurements by
Link (1), Danjon (3) and Barbier & associatea {4) which could bhe
evaluated with the described rethod of determining omone distrid-
ution. TRe resulting meaa osone masses 0*(5') are shown on the
left of Illustration 4. The corresponding osone distridbutions
derived with this method are shown on the right of Illustration 4.

Table 1 also gives ths data for the total amount of osone
(osone value), for the altitude of the maximum concentration of
ozony and - particularly characteristic for the descrided method ~=
the geographic latitudes to which the measurements apply , based

upon the apex angle on the moom. MNumbder & refers to the case
slready evaluated by the author (2).

As ve oan see, the omone distributions as obtaimed from
the lunar eclipaea correspord to &irect messurements sade during
ballioon sscents. The osone value of 0.22-0.33 ca agrees with
valoes obtained through othar methods. According to Tadble 1, this
value averages higher in south polar latitudes thar ia equatorial
latitudes. At the time of these observations, the spring seamson
prevailed over the soutbern hemisphere, 50 the higher ozone values
of epring are indicated here for the higher latitudesa. Table 1

shows 20 corelation betweea latitude and differemces in mexismua
osone ooncextration.
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Table 1

No in Date of [Geographical Haxigua Osone | Altitude of
Illustr 4| eclipee latitude height of sun { value | osone naxinu#
en ¥m
1 16 Oct 1921 60° s 37° 0.33 19
3 26 Sev 1931 0° 90° 0.26 20
2 2 Mar 1942| 20° K 63° 0.22 18
& 6 Oct 1949| 65° 8 1y° 0.2% 21

Vartical asone distribution, as it would be coaputed bamed
on the photo~chemical balance, is greatly disturhed by vertical
and horiszontal exchange of air. The vertical exchange seeks to
eatablish a quantity retio of osone/air which is constant with the
altitude. In Illuatraticn 5, tharefore, this quantity ratio osone/
air for the four distributions obtained during lunar eclipses (froa
Table 1) ia presented. PFor coaparison, distributions obtainod in
three dallaon ascents at Stuttgart and WeiBensu (about 48° X) are
shown in Illustratioa §, surve 4 in this illustration showing the
gurve computed according to the photo-chesical balauce with the mun
at sn elevation of #5°. 4im can be meen, the variaticns in the ratio
osons/air were 8o great that they coapletely cancelled out any var-
iations due to the elevation of the amun.

The few seasurexents shosthere demonstrate the fact that the
described method can coatridute to obtaining & sufficiently large,
widealy distributed amount of observational data om the vertical
distridutica of osome. Yor this reascn, & fev instruotions for
coaducting swoh measurssente are givem.

Sufficient for the obagrvations are color filter photographs
of the darkenmed mocoa at 6000 }, the maximua for the Chappuis bapde
of oson¢, end aleo for contrul asd possidle eliminatiosn of additiopn-
6l influences {mist, periodiocal abpormal cpsqueness of the strato-
sphere, ete), at 5000 and 4000 £. with these wave lengths, dig-
turbances caused by the bands of atmospberic oxygen and the weak
blue-absarbing layer (1), (2) at 100 kilometers in altitude need

2ot be feared. The spectrally varying slbedc of the surface of the
sooa must Of courve be eliminated through comparisos photographs

of the undarkened mooa. A more detailed presentation of the method
and a discussion of the poseidility of errors has appeared in

Sejtochrift fWr Naturforeehwpng (9).




3. Suymsery

The distridbution of atmospheric osone can be deterained
from the distribution of illumipation intensity op the darkened
moon pPerpendicular to the edge of the earth's shadow, nesasuraed at
6000 E. A characteristic of this method is that the osone diastri-
dution at various latitudes on earth can be deterained regardless
of the location of the obaerver. The usefulness of the method is
shewn in connection with four measurezments recently obtxined by
spectral photometric methods during lunar eclipses. The oszone
distributions determined in this way agree with those obtained
directly im balloon ascenta.
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FIGURE APPENDIX
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Illustration 1a & b. a. Osone distribution, 1 = Goeta (6), reverse
affect; 2 » Paetsold (2), lunar sclipse of 6
October 1949; 3 = E. and V. H. Regener (7),
31 July 1934.

b. Average ozone aass O*(#'), which is trav-
ersed under various conditions of omone dia-
trivution by the pencil of light rays in
Illustration 1 (ssme numbering sywtes).
(Note:1 the considerable difference between
curves 1 asd 3 gorrespoads to an intemsity
tutor o! 2 at the maximam Chappuis bamd

Lagcnd altitude; Averuge Qzone phsa;
pcnunbu; &, umdra; (3] ainute of
angle; osons concentratioa

Illustration 3. Path of a single ray in the atmcsphere (schematie).
Legend: ® Mooa @ Surface of the ‘earth.




Illustration 3.
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Curves 1a, 2a, Ja shov the osone maas O(hg) through
which & single ray passes, given the masses 1, 2, 3
in Illustration 1, le¢ft. Curvea 1b, 2b, 3b show the
osons mass O¥(L¥) traversed by the central ray of

a pencil of light rays. Note the almcet coaplete
colncidence of curves O(n ) aad 0*(X*) dalow 10 Ym.
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& b.  a. Average osone sass 0"™(p') according to the
spectral photometric sessuresents on the surface of
the darkened moom. 1 = 16 Oct 1921 (3); 2 = 2 March
1942 (4); 3 = 26 Sept 1931 (1). b. Vertical oxzone
distribution acearding to the average ozone masses
iz a, (Legend next page)




Legend to Illustration 4a & bs:
Average osone nass
TUnbra

Minutes of angle
Altitude

Osone concentration
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Illuwetration 5.

Illustration 6.

The quantity ratio osone/air after lunar eclipses.
1 = 16 October 1921; 2 = 2 March 1942; 3 = 26
Septeamder 1931; & = 6 October 1949.

The quamtity ratioc osone/air according to balloon
usoenta. 1 = 18 February 1930 (8); 2 = 26 Juae 1934
(8); 3 = 31 July 1934 (7); curve & was compated
acoording to the photochemical bdalance for a height
of mun of 45°.

Legend: Altitude
Ozone/air




