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§1. INTRODUCTION

THE first rough estimates of the height of atmospheric ozone were obtained
in 1925-27 from photometric measurements! of the spectrum of direct
sunlight at different altitudes of the sun, and these gave a mean height of
about 40-50 km. In 1929, F.W.P. Gotz? observed that the light scattered
from the zenith sky was relatively richer in ultraviolet light in the region of
ozone absorption when the sun was on the horizon than when it was a few
degrees higher up in the sky. He called this the ¢ Umkehr Effect’ and sug-
gésted that it could be used to deduce the vertical distributien of ozone in
the atmosphere by taking observations of the light scattered from the blue
zenith sky.  Using the photo-electric spectrophotometer developed by
Dobson,®* Gotz, Meetham and Dobson* made reliable measurements of the
Umkehr Effect in 1934 at Arosa (Lat. 47° N.) in Switzerland and developed
methods for calculating the -vertical distribution of ozone. From 46 days’
observations of the Umkehr curves in different seasons of the year and with
different total amounts of ozone, they found that the average height of
ozone at Arosa was about 22 km. above sea-level, that the ozone was distri-
buted mainly between the ground and 35km., and that the nature of the
vertical distribution changed more or less systematically with the total
amount of ozone, higher ozone amounts in general lowering the centre of
gravity. The average height of ozone deduced from observations of zenith
sky intensities was confirmed by RegenerS from his independent studies of
the ultraviolet end of the solar spectrum with spectrographs carried in sound-
ing balloons, ‘

The vertical distribution of atmospheric ozone in high latitudes was
investigated by Meetham and Dobson® from observations made at Tromsé
(Lat. 69°40’' N.) in Norway in the summer of 1934. They could get only
13 days’ observations. The average height of ozone was found to be slightly
lower (208 km.) at the higher latitude, the maximum concentration of ozone
also being in a region centred at 21 km. '

Recently, Ténsberg and Langlo” have published a detailed account of
their investigations on atmospheric ozone at Nordlysobservatoriet, Troms.
" These include measurements of the total quantity of ozone by sunlight,
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Vertical Distribution of Atmospheric Ozone in Low Latitudes 331

starlight, and moonlight with different types of instruments during the years
1935-42. 'The zenith sky measurements for the vertical distribution of ozone
were made with Dobson’s photo-electric spectrophotometer during 1939-42.
The measurements were more numerous than the observations made by
Meetham and Dobson in 1934. The new Tromss results show a rarkedly

different type of distribution from the earlier results of Meetham and
Dobson, the centre of gravity of ozone showmg a variation from 26-7 km.
for 0-160 cm. of ozone to 29-8 km. for 0-400 cm. in the new series as com-
pared with a more or less fixed height of 20-8 km. in the old one. The new
distributions show that, when the total amount of ozone varies, the most
“marked changes in the ozone content occur between 5 and 20 km.

§2 OBSERVATIONS IN INDIA

Little information has been available so far about the vertical distri-
bution of atmospheric' ozone in low latitudes. Observations with one of
Dobson’s photo-electric spectrophotometers were started in India at Poona
- (Lat. 18° 31 N.j in February 1940 by Dr. Ramanathan and Umkehr curves
for about six clear days were obtained during the months of February and
March of that year. The fact that in low latitudes the height of the sun
changes rapidly when it is near the horizon makes it rather difficult to take
accurate and numerous observations at sunset or sunrise; still, the observa-
tions were good enough to indicate the existence of the ¢ Umkehr Effect’.
The same instrument was later taken to Delhi (Lat. 28° 35’ N.) and syste-
matic observations were made during the period November 1945 to March
1947. The calibration of the optical wedges in the instrument was in doubt
and many clear days were spent in recalibrating ihe wedges. The new
calibration® brought out some significant differences and these were taken
iitto account in working out the results. Observations on many c.oudless
days in summer had to be excluded because of the peculiar white haze
characteristic of the hot season in north-west India. - About 35 clear days’
Umkehr curves were obtained at Delhi. In April 1947, the same instrument
was taken to Simla (31°06' N., 2-45 km. above sea-level) to clarify some
points raised by the Delhi observations on the effect of dust and haze on the
intensities of direct suclight and zenith sky light. At Simla, 15 Umkehr
curves were obtained in April and May 1947 and 9 curves in November
1947. The instrument was again taken to Poona and used during the
months of February and March 1948, and Umkehr curves were obtained
on eight clear days.

; The present paper gives the results of the analysis of the zenith sky
observations at Delhi and Poona. It was found that for the same quantity
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of ozone (0:220 cm.), the average height of ozone at the latitude of Delhi is
higher (25-1 km.) than the height 225 km. at Arosa.* At Troms¢, Meetham
and Dobson’s® analysis indicated a mean height of about 20-8 km. for this
amount of ozone, while Ténsberg and Langlo’ found it to be 25:7 km. The
Umkehr curves and the average heighte deduced from observations at Simla
are more or less similar to those obtained at Delhi. At Poona, zenith sky
observations are not available for the ozones amount 0-220 cm., but on a
number of days whep- the ozone amount was between 0-164 and 0-177 cm.,
the average height was found 'to be about 28 km. Further work is required
at Poona and still lower latitudes.

§3. METHODS OF CALCULATING THE VERTICAL DISTRIBUTION OF OZONE

Two methods (A and B) for calculating the vertical distribution of ozone,
which differ from each othér only in matters of detail, have been described
by Gétz, Mestham and Dobson in their Arosa paper.* Observations are
'made on the light scattered from the clear zenith sky at different zenith dis-
tances Z of the sun. If I, I, 1" be the intensities of the zenith-scattered light
at the three wavelengths A 3110 A, A’ 3300 A and X" 4450 A, the instrument
directly gives log I/I'-HC and log I"/I' + C/, where C and C’ are instrumental
constants which are eliminated in the final caléulatibﬁ_"s, ~ When log I/’I'\ (<
being dropped hereafter for convenience) is plotted against Z* (the fourth
power being chosen to open out the scale at low  altitudes of the sun), it is
seen that log I/’ contintiously decreases with increasing values of Z, reaches
a minimum when Z is 85° to 87° and again increases with further increase
of Z. The shape of this curve, called * Umkehr curve by Gotz, and the
position of the inversion depend upon the height distribution of atmospheric
ozone. ‘ o ' , D

Considering the scattering by an element at height # above the earth’s
surface, the intensity I of light of wavelength A reaching the instrument from
unit angle of the zenith sky can be shown to be given by '

, L e
I= K (1+ cos*Z) I, fmp/, [10—"’/’6" sec g dh— afxpdh
. 0 .
. 10”':;57' sec §hdh;—{hf3hdh ]dh
=K (+cos) Iy S pn 107 L 10787 dh | »
Here, °
K= B and is a constant proportional to th L
16z Hp, proportional to tie Sclattermg‘ per ‘.}'mt

solid angle by unit volume of air, B being the scattering for the whole of the
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atmosphere of homogeneous helghf H, and p, the den31ty of air at the earth’s

~surface,

Z = the zenith angle of the sun as seen from the earfh’ surface, i.c., the
- angle between the 1nc1dent sunlight and the scattered vertical ray,

" "f,— the zenith anglc of the sun as séen from a pomt in the atmosphere at -
height A from the earth’s aurfacc, i.e., the angle between the incidet
sunlight and the normal to the shefl of the atmosphere at height 1,

I,= Vt'h‘e' intensity of the incident solar radiation of wavelength A outside the
earth’s atmosphere,
p;= density of the air at height 4,

By = H%)— p; and refers to the scattering by air at height A,
0

a = the decimal absorption coefficient per cm. at N.T.P. of ozone at the
wavelength A,

= the ozone amount per unit length at height !z

Y thus denotes the total integrated thickness of ozone traversed by sunlight
from outside the atmosphere to the scattering element and afterwards by
the scattered light from the latter on its way to the observing instrument.
Y will therefore depend on the vertical distribution of ozone in the atmosphere.
Similarly F denotes the integrated ° airmass * traversed, the integration being
taken in a way similar to that for Y.

- An expression similar to I can be written for the intensity I' of the light
of ‘wavelength A. - Hence Log I/I' can be calculated and equated to the
observed value. A strict mathematical solution for a given * Umkehr curve ’
- is-not practicable and two different approximate methods have been given
by GoOtz, Meetham and Dobson

(@) Method A —In this mcthod the atmosphere is divided into § sec-
tions, viz., 0-5km., 5-20kmi., 20-35km., 35-50 km. and above 50 km.
The dtmosphere above 50 km. is assumed to contaiir no ozone. In the low-
est layer, the ozone amount is assumed to be what 13 given by spectroscopic
or chemical measurements made at ground level. Let this be u cm. and let
the unknown ozone amounts in the sections 35-50 and 20-35 km. be x, and
x, respectively; then the ozone amount in the layer 5-20'km. is x — (x;+ x,
+ u), where x is the total ozone obtained from direct sun observations.
The ozone in each section is assumed to be distributed uniformly. The
two unknowns x; and x, can be determined by taking two suitable values
of log I/I' corresponding to two values of the zenith distance Z irom an
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‘observed mean Umkehr curve and writing down two numerical equations.
Generally, log I/T’ corresponding to a third value of Z is used as a check.
This method hdq been used by T¢nsberg and Laaglo in working out the ozone
distribution at Troms¢ from the observations dmmg 1939-42.

(b) Method BmHere, the whole atmosphere is d1v1ded into 8 sections
and arbitrary amounts of ozone are assumed to be present in each, the sum
of the amounts in all the sections together being equal to the total ozone
amount. By calculating the scattering and absorption of light at ail heights
under these conditions, a theoretical ‘ Umkehr curve’ can be calculated.
This will, in general, differ from the observed curve and the assumed distri-
bution of ozone in the various sections can be varied by trial and error until
a reasonably good agreement is obtained between the calculated and observed
curves. In general, more than one such solution can be found for a given
Umbkehr curve, but it is found that the solutions are not substantially different
‘and the average height of ozone for all these is found to be almost identical.
This method has been used by G#tz, Meetham and Dobson in working out
- the ozone distributions from ohservations at Arosa and from the earlier
series at Tromsd. ‘

Method A was used for analysing the Indian data preliminarily in an
exploratory manner so as to give an approximate idea of the ozone distri-
butions. Method B was then applied on the basis of the results of method A,
and the necessary variations in the assumed ozone quantities made s0 as to
get a good fit with the observed Umkehr curves. Details of method B only
are given below.

84, - DrETAILS OF METHOD B USED IN INDIA

In this method, Dobson divided the atmosphere into a number of
horizontal sections such that the mass of air in any section was 1/4/10 of that
in the section next below it. The whole of the air in any section is then
supposed to be concentrated at such a height that half the air in the section
is above that level and half below it. The ozone in each section is also
supposed to be distributed in the same way as the air, which means that,
within each layer, ozone is not uniformly distributed but decreases nearly
exponentially with height.

Dividing the atmosphere in geometrical progression with a factor of
1/4/10 simplifies some numerical calculations. The method used in this
paper is slightly different. The atmosphere is divided into layers each of
9 km. thickness from the sea-level upward. For simplicity in calculations,
it was assumed that the centre of mass of each layer was situated at 3 km.
above the base of that layer. This is usually correct to within % km., and
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' the approximation is good enough. For pressures, temperatures and densj

ties upto 25 km. in

nathan® for Agra have been used; for 30 km.

the atmosphere, the average values given by Dr. Rama-
and upward, values recently

given by Penndorfl? are used. Table I below summarises the assumed

values of temperatures, I‘vai'égsures"aﬁd; densities at different heights. Table II
gives the heights of the different sections and the masses of air in the sub-

sections. S
TaBLE I -

Height . ° Pressure » Density - - Height | . o Pressure Deusity
a.s.l km. Temp. “A mb. gm./mn3 a.s.l, km, Temp. "A mb. gm./m?
0 300 1013-3 | 1176-7 30 297.5 | 11-7 17-9
2 288 799 Y66- 6 36 233 556 8-31

5 270 554 7149 40 263 279 370
10 239 284 4140 45 - 293 1-55 1-84
12 225 210 326-2 50 323 0:86 0-93
156 206 130 219-9 60 283 0-28 0-35 .
17 199 93 162-8 70 243 0-076 0-11
20 208 56 93.8 80 203 0.017 0-029
25 217 26 41.1 ; 90 275-6 00039 0-005

100 348 0-0013 0:0013
TasLe I
. . Boundaries of | Assumed C.(3. . , Boundaries of Fraction'of
Section No. | oot km, |of section:km. Sub-section (11 oo km. ‘\ atmosphere in the
: sub-section
1 0-9 3 la 0-3 -3082
Co 15 .3-9 -3776
2 9-18 12 2a 9-12 -1130
N 25 12-18 -1298
3 18-27 . 21 3a 18-21 (302
ok 35 21-27 <0288
©o4- 27-36 30 4a 27-30 -00693
) ) 45 30--36 00677
5 36-45 -~ 39 ba 3639 +00162
: s 56 39-45 -00163
6 45~54 48 6a 45-48 0004565
. 66 48~b4 -000532
7 54-63 b7 Ta 54-57 -0001565
. 7b 57-63 +000200
S 63-72 66 8a 63-66 - 000061
: 86 66-72 - 000071
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336 R. V. Karandikar and K, R. Ramanathan

Scattering from all significant layers was taken into account when the
sui was very near the horizon; with higher altitudes of the sun, the effect
of the higher layers became less and less important.

All the ozone was assumed to be present only in the first six sections,
l.e, up to 54km. The ozone in each section was further assumed to be
uniformly distributed within each section, so that in considering the absorp-
tion due to ozone, two-thirds of the quantity in the section came in the slant
path of the sunlight and only one-third in the lower vertical path.

To get the integrated °airmass’ F traversed by the sunlight along the
‘slant path and by the scattered ray along the vertical path, F can be conve-
niently expressed in the form S

F=-tL 172y — 1] +1
o _

where f(Z) is a function of Z. f(Z) tends to see Z for high altitudes of the
sun; but owing to the curvature of the earth, f(Z) differs increasingly from
sec £ as Z approaches 90°. Gotz! has given tables of slant length in different
2 km. steps above the point of observation for values of Z= 60°-75, 80°,.
86°-5 and 90°. Bimilar tables were prepared for a few more angles and
these were used in the calculations, o

The following Table III gives the values of the scattering and absorption
coefficients used in the calculations. ‘ |

Tanry III
. , Decimal scattering
Decimal absorption e B X
Wavelength coefficient per cry, | COSfickent for the-
of ozone at N,T,P, | 2T in the whole
atmosphers
A 311(? A al 275 B 0-487
A 3300 A a’ 0'074: fie 0- 361
27 4450 A &’ 0 £ 0109

The scattering coefficients in the last column correspond to pure mole-
cular scattering including anisotropic scattering and refer to the whole
atmosphere above mean sea-level. The actual height of Delhi is 218 m.
above sea-level and that of Poona is 563 m. and the assumption of pure
molecular. scattering is also no! qu;it@ true even on apparently clear days.
But considering the uncertainty of the amount of dust in the atmosphere
above Delhi and Poona even on clear days and the fact that the errors
caused by the above two discrepancies are of opposite signs, it was consi-
dered that the values adopted were good enough,
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§5. OBSERVATIONAL DATA

Plotting log I/1" against Z%, Dobson found that for any group of days
on which the total ozone content was nearly identical, the points lay prac- -
tically on the same Umkehr curve. There was a largish scatter of points
when 7 was large and this was attributed to the larger errors of observa-
tion with weaker light. He concluded that ‘the shape of the Umkehr
curve and hence the vertical distribution ‘of ozone was a function mainly
of the total ozone content. ' o

As regards the observational data at ‘Dethi, the ozone amounts for which
Umkehr curves were obtained during the period November 1945 to March
1947 varied only between 0-155 cm. and 0-217 cm., 35 good days’ curves
being obtained in all. Out of these, 27 curves were obtained during the
~ period November to June. Dust and haze during the latter part of the hot
" season and cloudiness during the monsoon. season make it difficult to obtain
good observations during these seasons. The following table gives the
number of Umkehr curves. obtained for various amounts of ozone at Delhi.

No. of Umkehr

" QOzone amount
< curves

<0160 cm.. 4

0:160~~0:170 cm. 12
0:170—0¢:190 cm. 12
0:190---0-200 cm, 4

>0:200 cm. 3

For the purposes of calculations in this paper, a few representative curves
relating to clear days will be taken and these are shown in Fig. 1. They
relate to ozone amounts 0-155 cm. (lowest quantity observed on 6-1-46
at Delhi); 00217 cm. (highest - quantity observed on 20-1-47), 0-175 cm.
(mean ozone amount for a group of 3 similar curves) and 0-200 cm. (the
amount on another selected clear day). All these curves happen to be from
the winter season and have a more or less uniform spread of ozone amounts
and consistent changes in positions of inversion. o

:As regafds the observational data at Poona, the curves relate to ‘the
period February and March 1948 only,* 8 good curves being obtained in

* There are a few days’ ‘pbservations taken by Dr. Ramanathan in 1948 when the instru-
ment was first set up at Poona. The calibratipn of the optical wedges in the instrument was,
howeyer, not checked in 1940, and on doingithis later in 1945 at Delhi, the new calibration
showed some significant; differences from the one supplied by the manufacturers. The:
calibration was therefore checked regularly on different occasions during the periods of
observation at Delhi and Poona and fortunately it has been found to remain the same.
Moreover," in 1940, zenjth sky observations for values of the zenith distance Z of the
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03640’50' 80775 70" 8L 84" 865 888990°
3'00 LI L v v L . l Ost,wa‘ ya/ue; . ;
o e : s 6-1-46 '.,C=0155cm7
‘ \\ . ’ B R e 20._’.745 x - 0-175 cm:
' 2180%\‘ \ w ' o+ 9-12-45M. X = 0176 cm.}
B BN s © X 9-12°45E, X = 04174 ¢m.)
) o qi\\gx o |a 9-2-47 =z = 0-200cm.
2-60}— \«\. 1\{; — o 20-1-47  XZ=0.27 cm.
\\ ‘ Cafzulafed Values.
i 2740
—
g"Z-ZO
\q
200 4
ﬁi’g
T e, o8
]'80 - é'::hfj//ﬁ:ﬁl
1-60 S ' -
0 1-0 2:0 30 40 50 6-0 7:0 X10

4
Zz
. Fig. 1. Intensity of zenith sky light with different ozone amounts at Delhi
all for ozone amounts varying between 0-164 cm. and 0-177 cm. Fig. 2

gives two representative curves for Poona with ozone amounts 0-164 cm.
and 0-174 cm.

sun larger than 87° or 88° could never be obtained. The observations made in 1948 were

quite satisfactory even upto Z = 90° or more, due to the increased sensitivity of the instru-

ment resulting from the replacement of the old valves in the amplifier by new ones and also

due to the use of higher voltages (within the limits ‘allowed) for-the amplifier and photo-cell

- when the incident light was weak at the time of sunrise or sunset. More weight has theref ore
to be given to the ob‘.ervatxons obtamed in 1948. i

Assummg the new. cahbratlon to. hold good for the observatlons obtained in 1940,
calculatlons were also’ made for an Umkehr curve with -an ‘average quantity 0.183 cm. of
ozone and this- gave about 30 nm, as the average hexght of .ozone over Poona. This may be

compared with the’ averagc helght 28 0 km. obtamed in 1948 for an ozone amount
0.174 cm S
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'3'».0003:0"10' s0__ e 7 8o’ -34' ess so__ %0
ZENITH SKY OBSERVATIONS
o  §~2-48 E Z= 167 cm.
2-80 'y .9—z~4e & T= 168 cm. =t
B 24-2-48 E . X = -164 cm.
e 16=3-48 M = 167 cm.
2.60 , :  '° ‘25-2-48 & L= 173 cmr. . ___]
‘ : \ T 4 . 28-2-48 E = 177 cm.
‘ X.. |0~3-48 M . X= :/69 cm.
.40 \ K 15-3-48 E. = 171 cm.
pTa - T | t
IS N O Calculsted Valyes.:
-
_
- 2:20
»
wJ
20
80 i&n\o . o
' * (a] 4%
Nzl
; ]
80 ‘ : : '
I 0 1-0 2:0 30 4-0 -850 60 7:0 x|07
, Fig. 2. Intr,nsny of zemth sky light with different ozone amounts at Poona

§6. CALCULATION OF THE HEIGHT DISTRIBUTION AND ' RESULTS

Table IV shows the values of log I/’ for the four curves relating to Dethi

and the two curves relatmg to Poona for dlﬁ'erent zemth dJstances Z of the

sun.
- - TapLe IV o
0bservea’ values of log I/I’ for dzﬂerent values of Z
. Tota.l .0zone content m cm. at N T, P
z Z4x 1077 Delhx’ 5 Pnona i _
0.186 | 0175 | 0-200 | 0217 0. 164 | 0 174 -
50° 0-625"  2-773 2738 | 2.703 | ‘2652 | 2.4 | 2.m3e
60°-75 | - 1:36 | 2678 2627 2581 2523 | 2660 | ©2:63%
70° 240 ¢ 2.528 | = 2.456 2397 2-324 2.405 | 2457
80° 410 2-173 2-068 1.978 | 1:907 2:116 | 2060
84° '4.98 1.933 1-840 1-770 1-704 1.845 | Le780
86°+5 5-60 |~ 1-821 1.782 1742 1713 | 1740 . | 1-703
- 90° 6+56 1-928 1.910 1-803 | . 1.875 |~ 1-812 .| 1-785:
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Calculations were made assuming different ozone amounts in the .
different sections and adjusting them by trial and error till satisfactory agree-
ment was reached between the observed and calculated values. Since the
observed values_also include a constant C which depends on instrumental
factors, this constant has to be eliminated by making the observed and
calculated values equal at some angle. The observed values extended only
upto Z = 50° for the Delhi curves except in the case of the curve for 0-175 cm.
for which they extended upto 43°. For the Poona curves, observations are
available even upto 20°. Z= 50° would be a sufficiently good point to
secure agreement between the observed and calculated values, since at such
an angle, the value of log I/I" depends very little on the height distribution
of ozone but only on its total amount. Thinking that Z== 0° might be an
even better point to choose, the values of log I/I' at Z= 0° were determined
by extrapolation from the observed curves. It was, however, found that
when there was agreement at 0° and at values of Z equal to 80° and higher,
it was not possible to obtain agreement at the intermediate points 50°, 60°,
70° whatever changes were made in the assumed distributions. The plot
of the calculated values in the region 0°-50° also showed considerable
differences from the observed or extrapolated curves. '

From later systematic observations at Simla,? the trouble was traced
to the effect of large particle scattering. Although the sky might be appa-
rently clear and this effect negligible for /arge values of Z, it would assume
considerable proportions as the sun approached the zenith. The result
was that there was an increasingly greater proportion of longer’ wavelengths
in the zenith-scattered light at small zenith distances of the sun than pure
molecular scattering would give. This effect is ‘more pronounced for the
longer wavelengths 4450 and 3300 A (due to their greater separation’ and
smaller ozone-absorption) than for the shorter wavelengths 3300 and 3110 A,
but affects the shorter wavelengths also to some extent. As a result, at
small zenith distances of the sun, there is a marked difference between the
observed values of log I/I' and the values calculated on the assumption of
molecular scattering. This can be seen from Figs. iand 2.

Dobson took Z= 37°-5 as the point where the calcuiated aad observed
-curves were made to coincide and whatever difference he found at this point
between the slopes of the lines drawn through the observed and calculated
points, he attributed to secondary scattering. Secondary scattering has’
undoubtedly some effect and would make the observed curve slightly less
steep than the calculated one. But since secondary scattering affects both the
wavelengths more or less to the same extent, the effect on the ratio log I/I’
may be expected to be small. An inspection of Figs. 1 and 2 giving the
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curves for Delhi and Poona suggests that the discrepancies observed at these
places are more pronounced than can be attributed to neglect of secondary
scattering alone. Large particle scattering due to the presence of dust and
haze in the atmosphere appears to be mainly responsible for the difference
between the observed and calculated curves for small zenith angles of the

sun.

It was decided to adopt Z= 50°, for which observations are available
in all seasons, as the point where the observed and calculated curves should
be made 4o coincide, and adjust the distribution of ozone so as to secure
agreement at higher values of Z. Since the effest of large particle scatter-
ing becomes less important for values of Z higher than about 40°-45°, this
procedure was considered satisfactory. The calculated and observed points
are shown in Figs. 1 and 2 and it will be noted that the agreement is satis-
factory in the region 50°-90°. This region alone is important for determining
the height distribution of ozone.

Table V gives the amouuts of ozone in cm. per km. height in the differ-
ent sections obtained from the final calculated distributions corresponding
to the different total ozone amouats. Since we have assumed uniform
distribution of ozone within each layer, the centre of gravity of each layer
is at its midpoint and the centre of gravity of the total atmospheric ozone
can also be found easily by taking moments about the earth’s surface.
These are given at the boitom of Table V.

TABLE V

Amounts of ozone in cm. per km. height in different layers of the
atmosphere over Delhi and Poona

Total ozone content in cm.
: Boundaries
LI?:)G of layer Delhi Poona
: in km. .
‘ 0-156 ‘ 0-175 \ 0-200 0217 0-164 0-174
6 | 4554 0-0004 0-0004 0-0005 0-0006 0-0004 0-0004
b 36456 0.0010 0-0010 00010 0-0012 0-0023 0-0024
4 27—36 | 0:0077 00080 00080 0:0080 0-0070 00075
3 1827 0-0056 0-0070 G.0081 0:0104 0:0070 00075
3 918 0-0016 0-0020 0-0026 0-0030 0-0014 0:0014
I 0— 9 0-0010 0:0010 0-0016 0-0010 0-0001 }.  0-0001
Average height of | 263 259 25-3 95-1 | 281 28:0
C.G. of ozone : )
:above sea-level in
~ km,

A4
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Fig. 3 gives block dlagrams of ‘the vertical distributions of ozone at
Delhi and Poona. Assuming uniform distribution within each layer, smooth
curves of distribution can be drawn, care being taken to see that the areas
under the smooth curve and the block diagram for each section are equal.
Fig. 4 shows the smooth distribution curves so obtained for Delhi and Poona.
The same figure also gives for comparison the distribution curves obtained
at Arosa and Troms¢. The ratio of ozone to air by volume at different
levels in the atmosphere was also calculated and the results are summarised
in Table VI which gives. the nelght distributions both of ozone amount per
km. and of the ratlo of ozone to air for fixed levels
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60 60 -
Tk x=os5Cm) 1 X20-175 Cm,
40 tL\ G _ asof | ' o
o C.6:26:3 Hm. ————] [ e cG.250Km r—] )

20f - 20 |- | A
6 i ".'1 . SR S ,-":‘vn'. ) 0 I .l' TN ! I | — ; ‘

0. ..002 . :004 . -006 . -008 . .0 .g02 _ -004 -006 --008 Q10
60 60

-L " x:0-2000n -] . xs0217Cm)
¥ |- . . . B FICRSPEIR . -
L , aof | IS |
| ey C.G.253 Xm. ‘1 lj i & C.6. 251 Km. L—'

: : | 20 | _J :
» " 1! A 1 " 1 0 l " 1 1 L. 1 i ]

R 3
(=]
T

.’

Height in km.

o
S

0 Q02 004 006 -008 0  .002. -004 -006 -008 010
' P O ONA .
€0 - 80 e .
: xX:=0.164Cm X:0:174Cm.

40} 1 a0k ‘ L

b 628 Km. F e €.6.28:0 Km. :
20} 20} : :

-0 “ s TRV S 3 0 A .'[' s | —
0 002 004 006 008 0 -002 004 -006 -008 010

Ozone in cm.per km, height

Fic. 3. Cajculated vertxcal dxctrlbutxons of ozone over Dethi and Poona corresponding to
dlﬁ‘erent total ozone amounts x

626



Vertical Distvibution of Atmospheric Ozone in Low Latitudes 343

60
80 " t T T T T
- TROMSY &70?«). T AROSA (47°N). T DELH!1(28°35’N) T POONA (18°3I'n) 1
50 : i so
) \
40
40| A\ \
g | N s
B 30 ‘.» H A 30
& +, 6. C.G.-—-t) 5
6 1 | P i
%020 ; /)> Lo b .d%“' 203
'§- R, 1 / gogares” "/ ’;,o“ | i‘
10 » 10
-~ { |
ol 1 " 1 ) A 0
[+] 004 008 -0l2 L] ‘004 ‘008 0 ‘gc4 -008 0 004 008 g1z
Ozone in ¢m. per km. height.
Fia. 4, Height distributions of atmoshperic ozone in different latitudes
TABLE VI
Height distribution of czone over Delhi and Poona as cm. of ozone
per km. height and as ratio R of ozone to air by volume
Delhi - Poona
L 0+155 cm 0-175 cm 0:200 cm 0-217 cm 0-164 cm 0-174 cm
Height| - _
AL 2 2 CRIE z E
e Xl il X |glx|g %3
£ % g X g X E P 8 x | E X
S R = O T I Mo 2 % A
o S o S S o
50 | 0-30|3.8 [0-33 4.2 |0.36| 46 | 0-38|4-8 |0-30]38 |03 3-8
45- | 0.62 2.3 | 0.55 |35 |0.58|37 | 0-60 |38 | 1-00[64 |1-00} 6-4
40 ] 0-93|3-0 |09913.1 [1.05|33 | 1-10|3.5 | 235|795 |[2:40 76
35 |66 {93 {6:6-/9-3 |66 [9.3 | 66 [9:3 |516|7-3 |555] 79
30 8.15 |-5+36 | 8:4 |52 184 |552| 8.4 | 552795523 | 860/ 565
25 7-1 | 2.03 | 805 | 2:30,| 925 | 2-65 | 10:25 | 2-93 | 8:00 | 2-29 | 8-55 | 245 .
20 |3.85|0-48 |59 |0.-74/9.1 |1.14 | 107 |1-34(6-05| 0-76 | 6-50 | 0.8l
18 1:65 | 009 | 2-15 | 0-11 | 2:95 | 0-16 | 8-55 1 0-19 | 1-45 | 0-08 |39 | 0-08
10 |1:15|0-03|1.35 70-04{ 1-55 | 0-04 | 1-70 | 0-05:| 0.45 | 0-01 {0-45 | 0.0
5 | 0-98]0-02(0:98|70-02|0-98|0:02|0-98 |0-020-10 | 0-002 }.0-10 | 0-002
0 | 0:90 | 0-01|0-90 | 0-0L | 0-90 | 0-01 | 0-90 | 0-01 | 0-70 | 0-001 [:0-10 | 0-001

§7. DISCUSSION OF RESULTS

~ In a recent paper® on the day-to-day variations of czone amount over
Delhi, it was pointed out (i) that during the monsoon months, there was
very little day-to-day variation of ozone in spite of the varying character
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of the surface weather, and (ii) that during the' season of western distur-
bances, there were marked fluctuations in ozoné amount, deep cold waves
~ of dry air being generally associated with increase in its quantity. In gene-
ral, advent of air of northerly origin in the upper part of the troposphere is
accompanied by increase in ozone amount and advent of southerly air
(south-westerly or south-easterly or easterly) by a decrease. During the
monsoon when the upper air movement 1§ persistently from the east or
south-east, there is very little day-to—day'ﬁuctuation. In Europe also,
July-August is the season of minimum day-to-day variation of ozone.

Cousidering the vertical distribution over Delhi, it will -be seen from
Table V that the maximum ozone confent lies either in the 18-27 km. layer
or the 27-36 km. layer. The smooth curves for Delhi in Fig. 4 show that
~ the height of maximum o0zone content increases from about 22 km. for
0-217 cm. to 30 km. for 0-155 cm. The smooth curves for Poona show the
corresponding height of maximum ozone content to be about 28-30 km.
for 0-170 cm. of ozone. ‘

In general, during winter and early hot season, any increase in "ozone
occurs mainly in the layer 18-27 km. and to a smaller extent in 9-18 km.
Tt is interesting to compare these results with those obtained in higher lati-
tudes at Arosa (47° N.) and Troms¢ (70° N.). For the latter place, there are
two sets of curves, one determined irom the earlier short-term observations
of Meetham and Dobson® using method B and the other from the later long-
term observations of T¢nsberg and Langlo” using method A. The later-
Tromsd curves show better agreement with the Arosa and Delhi curves and
will be used for discussion here. Both at Arosa and Tromsé¢, a very impor-
tant feature is that, while a layer -of comparatively high ozone content lies
between 25 and 30 km. for different total ozone amounts, the increases of
ozone content for the higher ozone amounts occur mainly between 10 and
25 km. and to a less extent between 5 and 10 km.

, Gstzlh 13 has made the suggestion that, at least for larger amounts of.
ozone, there are probably two maxima in the ozone distribution curves, .
one of which is between 25 and 30 km. and the other at a lower level.
Recently, Durand and co-workersi* have given a preliminary estimate of the
vertical distribution of ozone in the atmosphere from measurenients of the
solar - ultraviolet spectra obtained upto an altitude of 88 km. durirng a V-2
rocket flight over White Sands, New Mexico, when the total amount of
ozone was 0-27 cm. Their curve shows two peaks in ozone concentration
at about 17 and 25km. The distribution curves obtained at' Troms¢: and

Delhi also show the possibility of a similar feature of two maxima in the
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case of higher ozone amounts, one at about 30 km. at both the places and
the second between 10 and 15 km. at Troms¢ and between 20 and 25 km.
at Delhi. This point, however, requires further finer analysis and will no
~ doubt be cleared up in due course.

As it stands, it appears to be a world-wide feature that there is a primary
maximum of ozone content at 25-30 km. and that variations in >zone
amount occur mainly between 10 and 25 km. and to a smaller extent between
5 and 10 km.

§8. CONCLUDING REMARKS

It will be useful to conclude with a very brief survey of the existing
knowledge regarding the distribution of ozone in the earth’s atmosphere.
The following are the major featurcs of the horizontal distribution:

(a) On the mean of the year, the ozone amount is least over equatorial
regions. the average amount being about 0-18 cm. There is little variation
over the tropics, but betwen 20° and 60°, it increases with latitude, the annual
average being about 0-25 cm. at 60° and 70° N. Very low values of ozone
seem to be common within the Arctic Circle during polar nights and the
annual average may be expected to decrease on the poleward side of latitude
70°.

(b) lin the northern hemisphere, the ozone amount is a maximum in
March-April with a value of about 0-33 cm. at 70° N. In latitudes up to
- 60° N., the minimum occurs in October-November, but at Troms¢ (70° N.),
the month of minimum is delaved till December. In the region of Indian
and Chinese monsoons, there is a tendency for the occurrence of a secondary

minimum “in " July-August.

(¢) The day-to-day variations are smallest - throughout the northern
hemisphere in July-August. They are in general a maximum in December-
March when the horizontal gradients of ozone amount are a maximum.
Near the Arctic Circle, violent fluctuations occur in December-January,
changes of 0:10 to 0:15cm. in one day being not uncommon.

" Our knowledge regarding the vertical distribution has already been
summarised. In the tropics, most of ozone is in the stratosphere and its
amount is largely controlled by the photo- chemical actions causing, its forma-
tion and decomposition.’® These do not vary much during the year.* The
tropospheric convective processes which carry water vapour and other

(RS

.*_Obsex'ifations at Delhi and Poona show, however, that there is a regular daily
variation in the amount of ozone in the tropics with a minimum at about midday. The
average daily amplitude is 0-003 to 0:005 cm. of ozone.
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particles into the upper part of the troposphere apparantly tend to destroy
any ozone that might come down from the stratosphers. Iaboratory experi-
ments support this. For example, A. W. Ewell!* found that photochemical
formation of ozone is decreased and photochemical decomposition increased,
each by a factor 3, when dry air at room temperature was replaced by moist
air.

The total amount of ozone over any place at a definite time is the sum
of (i) the daily equilibrium amount produced by the photochemical action
of sunlight and the recombination of ozome by collision processes with
atomic oxygen and air molecules, and (ii) the accumulated ozone below the
region of photochemical ozone formation which is largely screened from the
decomposing radiation from the sun and which, owing to low temperature,
undergoes only very slow thermal decomposition. The vertical distribution
curve cannot be expected to be identica! with that worked dut on the basis
of purely photo-chemical processes; there will always be more ozone content
on the lower side of maximum owing to accumulation. The lower the
tropopause and the greater the thermal stability of the troposphere, the
larger will be the accumulation of ozone below the level of ozone formation.
As is well known, Meetham'? found a positive correlation of + 0-8 between
ozone amount over Oxford and potential temperature at 18 km., and Dobson
and Meetham!® found a negative correlation of — 0-7 between ozone
amount and height of tropopause. Meteorological factors mainly affect
(ii) and it is mainly changes in accumulated ozone that show themselves
when western depressions and cyclones cause changes in air-mass over a

place.

Where, as in the tropics, or also in temperate latitudes in July and
August, lapse-rates are high in the upper half of the troposphere and water
vapour has the greatest chance of being systematically carried upward, the
amount of accumulated ozone in the troposphere and the day-to-day changes
in ozone amount remain persistently smail. The most violent fluctuations
occur where, as in the polar regions in December and January, there is a
high gradient of photochemically formed ozone and also frequent changes
of air-mass and accumulated ozone due to movement of depressions and
storms.

The study of the vertical distribution of ozone in equatorial regions and
o: the daily variation of ozone on meteorologically undisturbed days in
ali parts of the world may be expected to throw further light on the causes
of formation, accumulation and transport of ozone in the earth’s atmos-
phere.
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SUMMARY

Observations of the light scattered from the clear blue zenith sky were
made with Dobson’s photo-electric spectrophotometer at Delhi (28°35'N.)
and Poona (18° 31’ N.) during the periods November 1945 to March 1947
and February-March 1948, and ‘these have been used to determine the
height distributions of atmospheric ozone at these places. After using
Dobson’s method A in an exploratory way, the more detailed method B
was used to calculate the vertical distributions from the observed Umkehr
curves. Agreement between the observed and calculated points was
obtained by trial and error at various zenith angles of the sun in the range
50°-90° where the effect of large particle scattering is negligible.

Distributions of ozone are given for total ozone amounts varying from
0-155 em. to 0-217 cm. at Delhi, the average heights of ozone for these
being from 26-3 km. to 25-1 m. A decrcase in the total ozone amount is
found to cause a rise in the centre of gravity. At Poona, distributions for
ozone amounts 0-164 cm. and 0-174 cm, give a more Or less fixed height
of 280 km. for the centre of gravity. ‘

The paper concludes with a brief survey of the distribution of ozone
in the earth’s atmosphere both in the horizontal and the vertical anc: shows
that it is easier to understand the regional, seasonal and day-to-day variations
of ozone if we separately consider the contributions to total ozone content
over any place from the photo-chemical action of sunlight and from transport
in the horizontal and vertical directions of the accumulated ozone below
the level of primary ozone formation.
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