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ON THE INTENSITY AND POLARISATION OF THE
LIGHT FROM THE SKY DURING TWILIGHT

By J. V. Dave anD K. R. RAMANATHAN, F.A.Sc.
Received December 24, 1955

1. INTRODUCTION

THE object of this_paper is to present the results of some new homogeneous
measurements of the “hxightness of the clear zenith sky taken at M. “Abu
(24° 26' N; 72° 43" E) with a photon multiplier and six narrow band filters for
different values of solar depression from 0° to 20° together with some
imeasurements of polarisation, discuss the results in the light of our present
knowledge of the upper atmosphere and attempt -on broad lines an
explanation of the optical phenomena observed during the transition
between day and night.

9. EXPERIMENTAL ARRANGEMENTS

An R.C.A. photomultiplier 931-A, selected for small dark current, was
used with an A.C. operated D.C. power-supply stabilised by a degenerative
type of electronic regulation. The photomultiplier output current was ampli- .
fied by a balanced-bridge stabilised D.C. amplifier. The sensitivity of the
amplifier could be changed successively by factors of about 10 by introducing
different resistances. varying from 10° to 10® ohms in its grid circuit. The
exact scaling factor from one stage to the next was determined by illuminat-
ing the photocathode by a beam of constant intensity and noting the reading
in each successive stage. No attempt was made to measure the absolute
values of the intensities; only relative intensities were determined. For
values of output current less than 400 microamperes, the current was found
to be proportional to the intensity of light falling on the photocathode. For
higher outputs, the correction due to the non-linearity of the variation of
output against input voltage was measured and applied. The effect of vary-
ing the orientation of the plane of polarisation of the incident beam on the
sensitivity of the photomuyltiplier was tested and found to be negligible.

Suitable optical filters were used to transmit different parts of the spec-
trum. The components and characteristics of the filters are shown in Table L.
The figures take into account the spectral sensitivity of the photomultiplier.
Tt will be noted that with the green, yellow and red filters, the effective trans-
missions are about 200 A centred approxima.tely at the respective lines of
the airglow spectrum, h

67
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TaABLE 1

Components and effective transmissions of optical filters. when used
with RCA Photomultiplier 931 A

Brief name Components Half band-width =~ Maximum
for filter of transmission  transmission

U Chance OX1 .. . .. .. 3300-3850 3700-32%;
v enameeOV1o . .. 3640-4050  ~ 3850-44%.
B Ch"azﬁce QY 18 and OB 10 .. 4350-4800 4600~§%%
G L.F. plus ON 16 plus Plastic Yellow  5530-5750 5600-31%;
Y LF. plus Chance OY 1 .. .. 58006000 ) 5870-2%
R LF. plus Plastic Red . .. .0150-6400 6300-1%
J Polaroid . . .. 4000-5500 4600-40%,

1. F. stands for interference flter obtained from Messzs. Barr and Stroud,

For the measurement of polarisation, a polaroid of type J ‘was placed |
in the path of the radiation so as to measure (1) the intensity I of the compo-
nent perpendicular to the 'sun’s meridian and (2) the intensity I of the '
component parallel to it. Both the intensities were measured within a time .
interval of 5 seconds. The percentage polarisation was calculated from the |
formula, o :
Ie — 1o
IR + IL

3. RESULTS

P = % 100.

(¢) Intensity—Observations were made only on cloudless clear skies.
Only one narrow-band filter was used on any particular morning or evening.
Meter readings were noted at regular intervals of half a minute except during .
late twilight when the rate of change of intensity was very small. Frequent :
check was made on the zero reading and photomultiplier voltage. After :
applying linearity and zero shift corrections, the corrected meter readings
were multiplied by, appropriate scaling factors so that the final values were
proportional to the intensity of the light falling on the photocathode.

The readings taken on different clear days with the same filter were
found to agree well when the pho§0111111tiplier voltage was kept very steady.
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The actual readings for the same solar depression were found to differ in
certain ranges on some days. This might have been due to small changes
in photomultiplier voltage, changes in the scattering and absorption of light
by dust and haze in the atmosphere and changes in the emission of the air-

108 . — :
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glow lines. For comparing the course of the variation on different days and
in different wave-lengths, the readings were reduced to a common standard
by multiplying the values on a particular morning or evening by a factor
which would make the readings on all the occasions have the same value at
a solar depression of 5°. The means of the intensities observed on different
days with the same filter and for the same solar depressions, were calculated.

The average values of the observed intensities of the zenith sky in arbi-
trary units during evening twilight in different portions of the spectrum are
plotted against solar depression in Fig. 1. The intensity scale is logarithmic.

The folloWing are the main features of zenith sky brightness’ during twilight :
Pt @ The curves for the different wave-lengths from the near ultra-
violet to red are generally similar from D =0 to D = 12°, but in the shorter
wave-lengths, the rate of decrease of intensity with increasing solar depression
becomes markedly less when D is about 8°. ST

7 T | I r M T
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FiGg. 2. Comparison of twilight zenith sky intensities as measured in different places.
ABU 4600°A." . o o T e e
CAL. 4400 A. Ashburn (Cactus Peak, California).
x Composite. Ljunghall (Helwan and other places).
@ Visual including green. Chiplonkar and Ranade (Sinhagad,’ Poona).
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(2) While the intensities of the ultraviolet, violet and blue flatten out
when the sun’s depression is 16° to 18°, the intensities of the green, yellow and
red which include bright lines in the night airglow flatten out when D is 13°
to 14° at a higher level of relative intensity. ‘

(3) In the green and the red, there were observed on many days a reduc-
tion in the rate of fall of intensity when D was about 12° suggesting a tempo-
rary brightening near the boundary of earth’s shadow. This requires fur-
ther examination. :

For comparison, the values of zenith sky intensities observed during
twilight by othersobservers are plotted side by side with the Abu values.
Ashburn’s measure?ﬁen@sl in California were made with a phototube and
filters and come closest to Abu values. The observations of Chiplonkar and -
Ranade? were made at Sinhagad near Poona with a visual photometer includ-
ing the oxygen green line. Ljunghall’s® curve is composite being made up
of his own observations at Helwan with a photocell and filter and of the old
visual observations of Dufay and others.

(h) Polarisation.—Observations of I, and Ir for studying the polarisa-
tion of the sky were taken on a number of mornings and evenings: (1) with
the polaroid alone (which transmits the violet, the blue and the green includ-
ing an appreciable fraction of the green line 5577 A) and (2) with polaroid
and blue filter. - : ‘

" In Fig. 3 are plotted the values of I, and I for different solar depressibns
during morning twilight with polaroid alone. The corresponding curves
for evening twilight taken with polaroid and blue filter for the spectral region
4350-4850 A, are essentially similar.

The values of the percentage polarisation as calculated from the values
of T, and I are plotted in Fig. 4." Curves B and C represent the values
obtained in the effective spectral region 4350-4850 A for evening and morn-
ing twilight respectively, while the curves D and E are for the spectral region
40005700 A.

The curves showing zenith sky polarisation against solar depression are
in general agreement with those obtained by Robley* visually at Pic du Midi.
His observations extended to 16° and are also shown in Fig. 4, curve A.
From Fig. 4, the following points are clear. When observations were taken
with a blue filter, the zenith sky polarisation remained more or less steady
at about 70% till D was 5°, and then showed a pronounced fall till D was
81°. Between 84° and 12° solar depression, the polarisation again showed a
plateau at 45% to 50%, after which it declined rapidly so that when D was
greater than 18°, the zenith sky was practically- unpolarised. ' o
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Robiéj{"s curve shows similar variations, but the initial polarisation at
low values of solar depression is higher, due no doubt to the clearer skies
over Pic du Midi.

- The curves obtained with the polaroid alone without the blue filter show
similar features but the changes of polarisation are less sharp.

The polarisations at points 30° from the zenith in the vertical plane
through the sun were measured both towards the sun and away from the sun

40 T T - i | I ] |
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Fig. 5. Percentage polarisation of skylight in morning twilight (4350-4850).
A. 30° from the zenith away from the sun.
B. At zenith,
C, 30° from the zenith towgrds the sun;
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on different days during morning twilight. The values of the polarisation
calculated from the observed values of Ij, and Ip are plotted in Fig. 5.
Curves B, A and C represent the variations of polarisation with solar depres-
sion at zenith, 30° from the zenith towards the sun and at 30° from the zenith
on the anti-sunside respectively.

Tt will be observed that the changes in sky polarisation 30° away from
the zenith but towards the sun are sharper than those at the same angular
distance from the zenith on the anti-sunside. The corresponding changes
occur as may be expected, first on the anti-sunside, then at the zenith, and
lastly on the sunside; the ﬁ,;&emng out of the polansatlou curve occurs
at 9-5° on the sunside, at 9° at fle zenith and at 8-5° on the anti-sunside.

To explain the humps in the polarisation curves requires further ana-
lysis of secondary scattered light. -

4, DISCUSSION

When the sun is a few degrees below the horizon, the upper part of the
atmosphere is directly illuminated by the sun’s rays, while the lower part
lies in the shadow of the earth. The shadow region is however illuminated
by scattered radiation from the sky all round, particulaily from the hemi-
sphere towards the sun. The light from the zenith sky is therefore made up
of the primary scattered light from the upper-part of the atmosphere and.
secondary (and multiple) scattered light. Owing to the greater air density
in the lower part of the atmosphere, however, the main secondary scattered
light would come from layers lower down in the atmosphere than the primary
scattered light. As a consequence, as the sun goes down, the primary
scattered light would decrease at a much faster rate than the secondary
scattered light.

The observed variation of the brightness of the zenith sky with the de-
pression D of the sun below the horizon agrees with the view that the sky
illumination during twilight is only in part due to primary scattered light P.
If it were due mainly to P, the variation of the sky brightness with D would
be similar to the variation of the amount of air above the lower boundary
of the directly illuminated upper atmosphere, that is, of the pressure at the
shadow boundary. In Fig. 6 are drawn the curves of brightness RR and BB,
of the zenith sky observed at Abu in the red (6300 A) and the blue (4600 A)
- and also the curve of pressure PP at the shadow limit. The height of the
earth’s shadow above the ground (for 4500-A) corresponding to different
values of D are taken from Ljunghall’s paper. -Ljunghall assumes that above
6 km., the attenuation of light in the atmosphere is due only to moleculax
acattelmg while at lower levels, the coefficient increases, becommg at ground
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level 2-2-5 .'times the value for molecular scattering. The refraction due to
the atmosphere has been neglected. It will be seen from Fig. 6 that while
the curves of BB and RR follow approximately the curve of PP down to a
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Fig. 6. Comparison of the observed zenith sky intensity with pressure at the ba @
of the illuminated layer.
-RR Observed intensity at 6300 A.
BB Observed intensity at 4600 A.
PP Pressure at the base of illuminated layer.
* Height of base as given by Ljunghall.
S$ . ‘Integrated illumgination at ground tevel duc to scattered light from' tic
whole sky during twilight, ' '
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solar depression of about 6°, they deviate more and more from it at greater
values of D. » : ‘

At solar depressions of 12° and 15°, the values of BB are more than
a thousand times greater. Many years ago, it was suggested by Hulburt®
that secondary scattering plays an important part in twilight illumination.
He showed that when the solar depression exceeds 8°, the light scattered from

" the zenith sky from the lower part of the atmosphere lying within the shadow

of the earth but illuminated secondarily by the twilight glow is comparable
in amount to the light scattered by the upper part of the atmosphere directly
lit by the sun’s rays, We now find that the discrepancy is enormous; can
all this be explained bywmultiple scattering ? From observations now avail-
able, it is possible to miake an estimate of the relative contributions of prim-
ary and multiply scattered light to the brightness of the zenith sky during
twilight, .

Koomen® and others have given values of sky brightness measured in
different azimuths and altitudes at Sacramento Peak in New Mexico (2800 m.
above sea-level) for different values of sun’s depression down to 15° below
horizon. From these measurements, one can by numerical integration
estimate the illumination due to scattered light from the whole sky at the
point of observation on the earth’s surface. This has been done and the
following are the results. " ’

Sun’s depression Tlumination
below due to skylight
horizon at ground

0° ’ 180 candles/ft.2
3° T 2246
6° 0-76
9° . 0-031

12° 0-0017

15° 0-00027

The values in column 2 are plotted in Fig. 6 as curve SS.

_ We inay,'assume as a first approximation that the scattered light incident
after sunset or before sunrise on a vertical column of the atmosphere above
the observer will vary similarly to the integrated illumination at ground ag
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given in column 2 above. PP and SS will then represent respectively the
relative variations of primary and secondary scattered light from the atmo-
sphere during twilight. Itis known that when the sun is on the horizon,
ie., at D =0, the secondary scattered light from the zenith for 4500 A is
nearly 0-25 of the primary scattered light, but we do not know how this
ratio will change when D increases. In what proportions the primary and
secondary should be combined at different times after sunset is a matter for
investigation.
5. POLARISATION OF LIGHT FROM ZENITH Sky
' - DURING TWILIGHT o )
The view that secondary scattering is the main factor responsible for
extending the twilight period is borne out by the measurements of polarisa-
tion of the sky during twilight. Robley first showed from his observations
at Pic du Midi that the polarisation of the clear zenith sky. during twilight '
fell rapidly when D increased to more than 6° but that it later attained
a steady value of 50% to 55% when the sun’s depression was between
9° and 12°. These observations have been corroborated by our Abu
observations (Fig. 4). When the secondary scattering also becomes in-
significant, the light from the zenith sky is only scattered starlight and light
from the airglow and is practically unpolarised. ‘This happens when D is
16° to 18° for bluc light. Robley found that with red light for which the
secondary scattering would be much smaller, the first dip in polarisation
and the plateau between D = 9° and D = 12° were inconspicuous. It may
be observed that the sky illumination during evening twilight, especially in
its later half, is markedly anisotropic, the light coming from the direction of
the sun being much greater than from other directions. This light, when
secondarily scattered downward by the atmosphere above the observer, will
naturally have a large polarisation. . :
Quantitative checking of these ideas with observation requires the
calculation of the intensity. and polarisation of secondary scattered light
by the spherical atmosphere when the sun is below the horizon. The calcu-
lations have been made and will be the subject of communication of Part II.
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I. INTRODUCTION

IN a recent paper,! observations of the intensity and polarisation of the
light frdmih.@géi(y during twilight taken at Mount Abu during 1951 were
presented and Buiefly discussed. It was shown that for depressions -of the
sun exceeding 7° or 8°, the zenith sky was much brighter than would be
* expected if primary scattering alone were responsible for the light and that
in the treatment of twilight problems, due account should be taken of the-
contributions from secondary scattering, as has been shown by Hulburt.?
Marked discontinuities in the polarisation of the light from the zenith sky
at solar depressions of 5°, 8°, 12° and 17° support the presence in twilight
of other contributions in addition to primary scattered light. ’

1.1. Summary of previous work

Robley? has recently given a method of calculating the irtensity and
polarisation of the secondary (multiply) scattered light during twilight. His
work is based on the work of Dr. S. Chandrasekhar* for an infinite plane-
parallel atmosphere of defined optical thickness. To compute the secondary
scattered radiation for the zenith sky for a solar depression D, Robley extends
the atmospheric path traversed by the solar rays to a vertical plane in the
atmosphere passing through the centre of the earth and making an angle
D/2 with the observer’s vertical. He then calculates the scattered light
emanating from this plane in a direction parallel to the observer’s horizon,
with certain simplifying assumptions which lead to a constant value of 50%
for the polarisation of the secondary scattered light from the zenith sky
~ throughout the period of twilight. Prima facie, this does not appear to be
correct, because observation shows that with increasing values of solar depres-
sion, the brightness of the sky becomes more and more concentrated towards
the horizon in the sun’s meridian plane.

1.2. General outline of the method adopted in this paper

The method adopted in this paper for the calculation of secondary
scattering is based on the work of Chapman and Hammad.’¢ The following
assumptions were made:—

336
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(1).The carth was taken to e a uniform sphere of radius 6370 km.,
surrounded by an exponential atmosphere of equivalent scale
height 7 km.

(2) The atmosphere was arbitrarily divided into a number of concentric
shells of 4 km. thickness, for computing the intensities of prim-
ary and secondary scattered radiations.

(3) The solar radiation falling on the top of the atmosphere was assumed
to be unpolarised and its intensity taken to be unity.

(4) The depolarisation factor d of air due to molecular anisotropy was

taken to be 0-04. ) x
(5) Higher orders of scattering than secondary were neglected.

(6) No correction was made for the absorption or scattering of light
by dust or haze.

@) Atmospheric refraction was neglected.

(8) No correction was made for reflection by the ground.

II. THEORY

In Fig. 1, ABC represents a section of the earth; O is its centre and a
its radius. R, is the position of the observer on the surface of the earth.
OR, represents the direction of the observer’s zenith. Q is a point in the
atmosphere in the direction of observation RgQ. The Z-axis is chosen to
lie along the observer’s zenith OR,. The X-axis lies in the plane of the
paper such that the XOZ plane is parallel to the incident solar radiation.
The Y-axis is perpendicular to the plane of paper passing through O. The
polar co-ordinates (8, ¢) of a given direction are such that 9 is the angle
which the direction makes with the Z-axis, and ¢ is the azimuth with XOZ
as the reference plane. With this convention, the polar co-ordinates of
the incident solar radiation SP are (Zy, O). If the direction of observation
is the zenith or R,Q, its 0, ¢ are (0, 0). PQ the direction of primary scat-
tered radiation is given by (9', ¢). The unit vectors along SP, QR and PQ
are denoted respectively by k and k'

- 21, Intensity of primary scattered radiation

Consider a solar beam of intensity I, travelling along SP. I denotes
the intensity of solar radiation outside the earth’s atmosphere in 2 specified
narrow wave band, being the energy received per unit time on unit area normal
to the vector s. Let o denote the mass coefficient of scattering and p the
density of air at a distance § from P along PS.
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Fic. 1. The incident light is primarily scattered at P (where the local zenith angle of the
sun is Z, and the height R;P = ¢,). The direction PQ is defined by (6, ¢’). The direction of
observation towards the observer’s zenith is defined by # = 0, ¢ = 0. The primary scattered light
travelling along PQ gets reccattered at Q along QR, towards the observer. QRg = b,.

Then
o .
_/.G-P-ds = Tgp ' 6

is the equivalent optical path which the solar radiation has to travel in the
earth’s atmosphere before reaching P. It will be shown later that 7¢p is a
function of the vertical height ¢,, of P above the surface of the earth and
of the local zenith angle (Z) of the sun-at P. The intensity of the solar radia-
tion at P is then given by ‘

I=1, ¢ ' )

Let PQ (0, ¢) be a direction along which the incident solar radiation
s scattered from P according to the Rayleigh law of scattering. The energy
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scattered from P in a cone of small solid angle dk’ with apex at P is given
by

. 3ol
By dk' = {61+ 1d)

where d is the depolarisation factor due to molecular anisotropy and ¢’ the
angle between s and k' given by

cos i = cos Z, cos 8’ -+ sin Z, sin 0’ cos ¢’ 4

e~mse (14-cosp’'+d sin® ) e (3)

This scattered radiation is polarised and can be resolved into two beams -
of plane polarised light at right‘:a' les to each other. If Ep represents
the primary scattered emission- from P In the direction of k' with its electric
vibration along the vector n' perpendiéular to the plane sk’ at P, and Eqz,
the intensity of the radiation with its electric vector along #' perpendicular
to n', we have

By = 16n3(c11?1 v i : ®)
and

By = KBip (6)
where .

K —dt(—dcos¥ - ™

Consider a small surface area dS at Q perpendicular to PQ. The
amount of primary scattered radiation from P passing through dS per second
is given by

By (14 K) &7 X 53

where dS/s? is the solid angle subtended by dS at P and 7po the equivalent
optical path from P to Q. Tt will be later shown that 7pq which is given
by

Q
Teg = /0-p-ds
P

is a function of 0', cm and by, I dVisa small volume element surrounding
P and subtending a small solid angle dk' at dS, and if p' is the density at P,

- then the amount of primary scattered radiation passing through dS per

second from a mass element p'-dV surrounding P is given by

- B (1 + 1() e ra ;‘igs‘ Pl .dVv
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and the illtelisities R, and R,z of the normal and transverse components
of primary scattered radiation passing normally through unit area- at Q
through unit solid angle along k' is given by

ds _ p'-dv
Ru = [ Bam €7 3 < e

and
Ryt = KRyn

the 1nteg1at1011 extending from oo to Q when the whole path is illuminated
by solar rays\\ upto the shadow limit when a part of PQ lies in the shadow
region of the” e:a1th

Substltutmg the values of B, and of dV = s2.ds.dk’ in Ry, we have

3ol o, -
R = 6 (T £3d) o [ eTserop’ s ®)
and
Ry = KRy )

It must be noted that unlike the plane-parallel atmosphere, cos Z on
the actual earth changes along QP and also with ¢’. Hence gp is not inde-
pendent of ¢'. Thus the integration formule developed by Chapman and
Hammad for R,y are not applicable in this and we have adopted numerical
integration.

2.2. Intensity of secondary scattered radiation

Having obtained the values of Ry and Ry for different values of 6’
and ¢’ at Q, the next problem is to consider the effective contribution by
the volume element at Q towards the secondary scattered radiation travelling
along QR,. Let »n be the unit vector perpendicular to the k'k plane at Q.
If B,, and E,; are defined as the energy of the secondary emission for normal
and transverse components emitted at Q respectively, then as shown by
Hammad, we have

3
Eop = m) / {Al -+ KAz} Ry dk’

and

3o

st = (e 7 30) / B+ KB Rune di’
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where o
Ay =d+ 21 — d)cos?® Xpy,
Ay =d+ 2 (1 — d)cos? Xpt
B, =d+ 2 (1 — d)cos? Xy (10)
B, =d -+ 21 — d) cos?® X4
<X,,m,, Xt Xty and Xtt, are respectively the angles between the vectors » and

', nand ¢, t and n’ and 7 and t" and the formule for obtaining their values
‘are as given by Hammad

cos Xo g8 (€ — £) ‘ a
oS Xy = €O§ ' sin (¢ — &) (12)
€08 Xtn, = COS Jsin (6 — &) (13)

cos X# = sin ¢ sin ¢’ -+ cos i cos P’ cos (§ — &) (14)-
‘where , ¢', £ and & are defined by the equations

cos i = cos Z, cos 0 - sin Z, sin 6 cos ¢ (15)
-and '
.sin 4 sin ¢
né= sy (16)

_ Since dk' = sin 0'.d0'.d¢’, the equations for Ey, and Ey can be re-
written as

3 R
Eon = 167 a G+ 1d) /f {A1+KA,} Ry, sin 0'.d0".dp" (17)
and
E 30’

= 167 (I F 3d) /[ {(Bi4+ KBy} Ry sin 6.d0".dg" (18)

Knowing Ep, and Ey for a number of points along QR,, the tota
secondary scattered radiation received at R, along QR,, can be integrated.
_Its normal and transverse components R,y and Ry are given by

n = _/ Eope Tom p.ds (19)
Ry
and

Ryt = f Eyt ¢ Toro p . ds (20
Ro

where. p is the density of air at Q and qg, is the equivalent optical path from
Qto R, Itis a function of by, as well as of 0.
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III. TaBLES FOR COMPUTING THE SECONDARY SCATTERED RADIATION

The quantities required for computing Ry, by the summation method
such as s, 4s, 7gp, have been tabulated by many workers such as Sekera,?
Chapman®® and others. However, their tabulation could not easily fit into
our system, and all the quantltles required for this work were therefore
tabulated from the formule given below.

As already mentioned in 1.2, the atmosphere is arbitrarily divided into
a number of concentric layers of 4 km. thickness. The base of the nth layer
is at a height of 4 (n — 1) km. while its centre is at (4n — 2) km. The
positions of Q.are selected at the base of the different layers, and of P at
the centres of th\&ugcesswe layers. On replacing the mtegral of Equatlon ®)
by a sum, we have

3UPOIoo
167 (1 + 3d)
p' = pyeSn/® for an exponential atmosphere and H the equivalent scale height-
is assumed to have a uniform value of 7 km. ‘

If the values of =g, 7pg at the centres of the different layers and also
of 4s the thickness of the layers for any 6’ are known, Ry, can be calculated.
Since 7gp is a function of Z and ¢y, we have to calculate for a given position
of Q and a fixed value of Z,, the local zenith angle Z of the sun at the centres
of the successive layers along QP. For this, it is necessary to tabulate o
shown in Fig. 1 for different values of cm.

3.1. s, the distance of the centre of the layer from the base of another layer
in any direction ‘

e
Ry = e s g~Tra e /B Ag (21)

From Fig. 1, we have
(a4 cp)? = s+ (a + bﬂ)2 -+ 25 (a + by) cos ¢
On neglecting ¢y,? and by? in comparison with the other terms,
52 4 2s(a -+ bp)cos 8" — 2a(cy — by) =0 (22)

With the help of Equation (22), the values of s were tabulated for differ-
ent values of ¢ and 6’ = 0°, 15°, 30°, 45°, 60°, 75°, 80°, 85°, 88° and 90°
when the position of Q is at by, the ground level. From this table, it is easy
to obtain the values of s corresponding to any b, and 0’ between 0° and 90°
with sufficient accuracy. For positions of Q above the ground, when 6’
can take values greater than 90°, QP can intercept some of the lower layers
twice. This was appropriately allowed for in computing the path lengths
for 0" between 90° and 180° at similar intervals. It is expected that the
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tabulated values of s are correct within 1 km. when s is small and within
2km. when it is large.

3.2. ds, thickness of the layer in any direction

Equation (22) was used to calculate the distance 4s between the bases
of two consecutive layers for all the above-mentioned values of 6. Log, 4s
was tabulated for all values of ¢y, by, and 6 required in the calculation.

3.3.  Z, the local zenith distance of the sun for any position of P for a given Z,
In Fig. 1, the vertical through P (PR,0) makes an angle o with the Z-
axis. It can be :‘;"epresented by (e, ¢) and Z is given by -
‘ c?)k‘s‘th_= cos Z, c0s a - sin Z, sin a cos ¢’ (23)

a can be determined ‘from the relation

S
a -+ ¢y

sin a = sin 6 - (24)
The values of sin o and cos a were tabulated for all the positions men-
tioned in 3.1 and used for the other similar positions as necessary.

When Z is greater than 90°, there is a limit below which P would not be
illuminated by direct sunlight. Limiting values of cos Z for different values
of ¢, can be obtained from '

sin Zg = (25)

.
a -+ cm
With the help of Equation (24) tables of cos Z were prepared for Z,
~ corresponding to 90°, 94°, 98°, 102° and 106° for all the values of 6’ and by,
and at intervals of 15° for ¢'.
3.4. 7gp, the equivalent optical path from outside the atmosphere to the point
P which is at a height cy, above ground and for different values of cos Z
Consider a point P situated at a height ¢, in its vertical above the
surface of the earth. Let the incident solar radiation make an angle Z with
- OP (Fig. 2). Let P’ be any point in SP, at a distance s from P and at a
vertical height # from the ground. The density at P’ is given by

p = poe—h/ﬂ

and the equivalent optical path 7sp-(cos Z, ¢m) as defined by (1) is given by
P
Tp (€08 Z, Cp) = op, [ eMHds | (26)

8 (=D _ 6(1+d)
Po=3x X TN, X 6—7d (27)
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where
A = wave-length of the incident radiation
n, = refractive index of the air
N, = number of molecules per c.c. at the ground
po = density of the air in gm. per c.c. at the ground.
From Fig. 2, we have, .
(@a+h2=s>+(@+cp)?+ 2s(a + ¢pp) cos Z

and kneglecting' cm? and 72 compared to the other terms, we_have,

E s (et cem)cosZ
: h= o 4 s+ em

P
Can

P

Cm

——

a

o O

Fic. 2 Fic. 3

On substituting this in Equation (26) and carrying out the integration, we
have

WaHe_c 200

7gp (COS Z, Cmm) = 0py N/T

i@+t cp)cosZ
[1— By EEIRE5] 0

The function Erf (y) is tabulated in books of Mathematical Tables at
regular intervals between O and 3 while for y > 3, we can use the standard
expansion formula. It can be shown that for cos Z = 1 and ¢y, = 0, Equa-

tion (28) reduces to

m/er
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7o (1,0) = opgH = 7
= the vertical optical path (29)

After substituting op, by =o/H in Equation (28), the equation was used
to tabulate rgp (cos Z, O)/r, for a number of intervals of cos Z between 0

~ and 1. From this, we can calculate 7gp for any wave-length by selecting ;.

The intervals are sufficiently numerous to obtain 7gp/ry for any cos Z within
the accuracy required. For positive values of cos Z and ¢, e /2 is the
most important factor and

A . s (€08 Z, ¢m)[y = 7gp (cO8 Z,, O) e=Cn/H |7, (30)
For negative Vzll\ﬁéﬁ\ of cosZ, the following method is used. From
Fig. 3, s '

a -+ hy
a-+ ¢y
from which h, can be calculated for a given Z and cp. Then
Tsp (€08 Z, Cin) — 27p (0, O) e-h/H
T T1

= gin Z
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Using Equation "(31), 7sp (COS Z, ¢y)/m, were tabulated at regular intervals
from zero to the shadow limit for different values of ¢, from ¢; to ¢, For
higher values of ¢, the calculations were carried out whenever necessary.

3.5. Tpo, equivalent optical path between any two points in the atmosphere
From Figs. 4 A and B, we can write -

Tpg (€08 8’y em, 10 by) _ 7gp (oS O, Dy)
’Tl - ‘Tl o

;\\‘\ | © Tgp{cos (9;1— @), ¢y} - : -

W

For negative values of ', for which PQ intersects the surface of the earth,
the calculation of 7pq is similar to that indicated in Fig. 4 C. '

TV. INTENSITY AND POLARISATION OF THE ZENITH SKY

In this section the results of the computation of the intensity and polar-
isation of the primary and secondary radiations from the zenith sky during
twilight for =, = 0-2 corresponding to A = 4350 A are given. The effect
of adding a fixed intensity of night air-glow radiation with a polarisation of
4% as obtained from twilight observations is then discussed.

4.1. Ry, primary scattered radiation received from any direction for different
values of Z -

Ry, was calculated with the help of Equation (21). The summation
extends over all the layers which lie in the sunlit part of the atmosphere.
I, was taken to be equal to unity, and op, = 7y/H from Equation (29).
Equation (21) shows that the part e "roe~»/™ As is independent of ¢’ and
Z, An auxiliary table of {— 7pq — cp/H - Loge 4s} for different values
of by and 7, = 0-2 was prepared to reduce the work of computation.

‘When: Ry, was computed for different values of 6" and ¢’, for Z, = 90°
and b, = by or by, it was noticed that for a fixed ¢, the graph of Ry, against
cos ¢’ was nearly a straight line forivalues of 6" between 0° to 75° and between
100° to 180° (Fig. 5). It was slightly curved when ¢ lay between 75° and
95°, ‘Therefore, Ry, was obtained by linear interpolation after computing
its value for cos ¢’ = 1:0, 0-5, 0-0, — 0:5 and — 1-0 for a given b,. This
procedure was adopted when Z, was 90° and 94° and the whole sky more
or less illuminated by direct solar radiation. For higher values of Z;, Ry,
was calculated individually for each ¢’ and ¢’ as only a small portion of the
sky could then get direct sunshine.
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level (b, = 0 km.).

cos ¢’

- FiG. 5. Variation of the normal component of primary scattered light{(Ry,) with solar azimuth
(cos ¢") for different zenith angles of the sky from 15° to 90° as seen by an observer at ground
The sun is assumed to be on the observer’s horizon (Z, = 90°).

4 l T T l T
ZO= 90° b|.
3 \
80
. 60 r
rz :
m.-'
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| \\\ \,
~ ' 8s -
M&\T\ o0
0 | b 1 I
-0 05 0 -0-5 -1-0

"The variation of the normal component of primary scattered radiation
as received by the observer at the ground from different parts of the sky
for Z, from 90° to 102° is shown in Fig. 6.

4.2. E,, and Ey:

observation

Equation (17) can be rewritten as

3op E ) 2 1
poBon = 167 (10 _{f 1d) [{AH‘KAz} Rm'd‘/’

Secondary emission from any point in the direction of

sin &' .d¢’
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(o]
98 102
istributi rmal component of primary scattered radiation rcceived at
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Knowing the values of {A; 4+ KA,} and Ry, at definite intervals of 6’ and
¢’ for different values of by, and Z,, further calculation was carried out in

the following manner:

First, summation was carried out over ¢, keeping 0" constant. R,
was multiplied by the corresponding {Aq -+ KAy}, the arithmetic means of
the consecutive products were then added and the sum multiplied by d¢’
= 0-5237 radians corresponding to 30° interval. Symmetry about the
principal plane gives the value for 30° from the tabulated values for 15° .
 intervals. v

For summation over ¢, X [{A; -+ KAy} Rypdd'] was multiplied by -
the corresponding valuesqf sin ¢, and the arithmetic means of consecutive
terms were taken. Ry, includes the exponential eXp (— 7sp — Tpg). . These
were then multiplied by cor‘responding intervals of 40’ in radians. The sum-
mation of the product multiplied by 3o pol167 (1 + 1d) gave the value of
po Bay for the particular level b, and Z, under consideration. The values
of pg Eay and pgBy so obtained are given in Table I for different values of
by, and Z,.

TABLE I
po Eon, for the observer’s zemith for different values of b, and Z,

Zy 90° 94° 98 102° ~106°
bﬂ
b, 0:245%x 10 0-143x10-5 0-015x10-6 0-013 x 10-8 0-000 x 10-10
by 0-339 0-199 0-032 0-051 0-025
by 0-445 0-262 0-062 0-133 0-117
b, 0-535 0-326 0-101 0-287 0-383
by 0-584 0-406 0-162 0-605 1-037
b 0-587 0-491 0-237 1-040 1-994
b, 0-295 1-389 2-769
by 0-311 1-507 3-048
» po By, for the observer’s zenith for different values of b, and Z,
by - 0-077x10~* 0-044%10-5 0-004 x 10-6 0-002x10-8  0-000x 10-10
b, 0-113 0-062 0-008 0-008 0-003
by 0-156 0-082 0-014 0-021 0-013
b, 0-193 0-105 0-022 0-046 0-045
by 0-214 0-132 0-036 0-096 0-125
by 0-216 0-162 0-053 0-167 0-244
b, 0-066 0-225 0-340
be 0-071 0-247 0-383
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Fig. 7. Vertical distribution 6f primary and secondary scattered light from the zenith sky
during twilight for solar zenith angles from 90° to 106°.
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It will be seen from Table T that the computation has been stopped at

be for 90° and 94°.  For heights greater than b, the value corresponding.

to b has been used. A similar remark applies to heights greater than by
for 98°, 102° and 106°. This is justifiable because at these heights, the density

becomes relatively small and the effective contribution to the light received:

by the observer becomes negligible (see Fig. 7).

4.3. Rop and Ryi: Normal and transverse components of the total secondary
scattered light as received by the observer at the ground from his zenith

Equation (19), can be rewritten as _
Ryn = SpoBgn ¢Ton Gl As (33)

the summation extending over all the layers above the point of observation.

ds = 4km. for 0 =0°, ¢ = 0° 7y, is the same as 7pq for 6" = 0° and
by, = b, when the observer is situated at ground level and the direction of
observation is along his zenith. The valué of poEsy 1s the arithmetic mean
of two successive values of b, given in Table I. The vertical distribution
of primary and secondary scattered radiation from the zenith sky for differ-

‘ent solar angles are plotted in Fig. 7.

The values of Ry, and Ry are given in Table II along with Ry, Ry,
P; and P, where P,, P, are the percentage polarisations of primary and
secondary scattered light. P is defined by

Rn Rt A
R R, X 100 (34)

P=
TABLE II

Intensity and polarisation of the primary- and secondary scatleted
radiations from the zenith sky

Zo R]n th Pl % . R2n th P?. %

9 1-30x10-% 0-052x10~2 92:3 2:43x10-* 0-84x10¢ 49
94 6.93%105  0-31 x10° 91-4 1-52x105 0-48x10° 52
9 9.0 X105 05 x10° 8  4:13x107 0-94x10~ - 63
102 . . . 1-26x10-8  0-20x10-8 72
106 .. .. .. 1:95%10  0-24x10-10 78
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4.4, Variation of the intensity and poldrisaﬁoﬁ of the zenith sky during twilight

Figure 8 gives the variation of Rip, Ryt, Rapn and Ry with Z,. Smooth
curves were drawn from the values given in Table II and from them, the
yalues were read out at each 1° interval to calculate the intensities and polar-
isations of the zenith sky at different zenith angles of the sun.

Figure 9 shows the variation with Z,, of (a) the primary scattered
radiation Ry, (b) the primary and secondary scattered radiations together,
R, +Ra (0 Ry + Ry + Ro when R, is the background night air-glow
radiation assumed to be constant at 1-92x10-? and (d) the observed intensity

vy

Z ¢ R NP '1,."|_,*\;\1‘, T - T
1 i
N B
3 e ———_ :
=
>
=
U) i s i
= 6
nd
’.—
z
© =
Q
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8
]
10 L l ! !

90 94 98 102 106
SOLAR ZENITH DISTANCE

Fic. 9. Variation of the intensity of the zenith sky during twilight.

Ry .. Primary scattering alone.

R, + R, .. Primary plus secondary scattering.

Ry + Ry + R Ry R, plus background night air-glow of constant
intensity.

of the zenith sky for A = 4,500 A during evening twilight as observed at

Mount Abu.. The magnitude of R, was fixed from observations of the zenith

sky when the sun was more than 18° below the horizon,
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It can be seen from the figure that the secondary scattered radiation
becomes more and more important after 95°, Between 98° and 102°, the
light received by the observer is mainly secondary scattered radiation. After-
wards, the night air-glow becomes comparable in intensity to secondary
scattered light, and by 106°, practically only night sky emission remains as
the factor contributing to the zenith sky intensity.

In Fig. 10 are given the curves of polarisation of the zenith sky when
the different contributions are considered singly or jointly. The curve giving
the polarisation of the primary scattered light shows that it is 929 at sunset
and decreases to 88 at 100°. On the contrary, S representing the polar-
isation of the secondary scattered light shows an increase from.48% at
sunset to 79% at 106°. Adding the normal and transverse components of
the twe sadiations from the zenith sky and calculating the effective- polarisa-
tion, the polarisation gets reduced to 849 at sunset. After 94°, the secon-
dary scatteréd radiation becomes relatively more important and the polar-
isation shows a rapid fall; after 98°, P becomes unimportant and P 4+ S
follows S. .

If night sky radiation of intensities Ry, = 1-00x 10~° and Ry =0-92
x 1079 be added to Ry, + Ry, and Ry + Ry respectively, and the polarisa-
tion recalculated (Curve P +4- S 4 N), the curve gradually changes its course
when the zenith distance of the sun increases beyond 99°, and the change
becomes rapid after 102°. When Z is greater than 108°, night conditions
get fully established. \

When the calculated polarisation curve is compared with that obtained
by observation, it is seen that while there is agreement in general features,
there are some important differences. The observed values of polarisation
‘are markedly smaller. The transitions are sharper in the observed curve
than in the calculated one.*

This is probably due .to the following causés —

(1) The effect of dust in the atmosphere and of tertiary and higher
orders of scattering have been neglected. Inclusion of these in
the calculation will decrease the polarisation. ’

(2) The density of the atmosphere has been assumed to decrease expo-
nentially with height with a scale height of 7 km. Actually, there
are well marked stratifications in the atmosphere and the decrease
of density with height is not a simple exponential. The difference

* Recent observations of polarisation at Mount Abu with a better type of polaroid have
shown 80% polarisation at sunset and 55 to 60 between 8 and 12° solar depression, .
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Fic. 10. Polarisation of the zenith sky during twilight for different zenith distances of the sun.

r

S

P+S
P+S+N

Obseryed

Percentage polarisation of piimary scattered light.
Percentage polarisation of secondary scattered light.

Effective percentage polarisation of primary plus secondary scattered light..
Total effective polarisation when night air-glow of constant intensity and
4% polarisation is added to primary plus secondary scattered light.

Observed zenith sky polarisation at Mount Abu.

between the courses of the observed and calculated curves between.
94° and 98° can be related to the existence of the warm ozone layer
between 30 and .60 km. An attempt is being made to remedy
these defects in the theory, ’ ’
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V. POLARISATION OF THE SKY AT POINTS 30° FROM THE ZENITH AND
IN THE PRINCIPAL PLANE OF THE SUN .

In Part I, we also presented the observations of polarisation during
twilight from two directions in the sky other than zenith, (1) at 30° from
the zenith on the sunside 8 = 30°, ¢ = 0° and (2) at 30° from the zenith
on the anti-sunside, 6 = 30°, ¢ — 180°. These curves while showing the
general features of the zenith polarisation curve, show some differences.
In order to understand this, calculations have also been made of the polarisa-
tion in these two directions. They are plotted in Fig. 11.

The polarisation curves for the sunside show that the polarisation of
primary scatteleé\]{ght (P) increases with Z, and so also the polarisation of.
secondary scattered’ light (S). However, the secondary scattered radiation
is polarised to a much smaller extent than the primary and hence the resultant
polarisation P 4 S, increases with Z, in the beginning when the primary
scattered radiation is prominent and decreases afterwards when-Z, = 94-5°,
For Z, = 100°, the primary scattered radiation is negligible and P + S
practically coincides with S. On adding the night sky radiation, the P+ S
curve deviates from the S curve at 100°, and by 102° a sharp fall occurs.

'On the anti-sun side, the polarisation of P shows a fall with Z, and the
rate of increase of S is much smaller than on the side of the sun. This causes
a slight fall of polarisation in the beginning and a comparative flat region
between 98° and 102°.

VI. SUMMARY

The formule for the intensity of the secondary scattered light from the
sky as developed by Chapman and Hammad for a plane- -parallel infinite
atmosphere of defined optical thickness have been modified so as to deal
with the twilight problem in which the curvature of the atmosphere is of

. fundamental importance. Calculations have been made of the intensity
and polarisation of the light received from the zenith sky for different valies
of the sun’s zenith distance from 90° to 107° and for a radiation for which
the optical thickness of the atmosphere is 0-2. For 0° to 5° solar depres-
sion, the primary scattcung is predominant; as the angle increases, the
secondary scattered light becomes more and more important and when the
sun’s depression is 8° to 12°, it is the principal contributing factor. After-
wards, the night air-glow becomes comparable in intensity and when the
solar depression is 17° to 18°, only the air-glow radiation remains. The
calculated values of intensity and polarisation are compared with the observa-
tional data collected at Mount Abu, '
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SOLAR ZENITH DISTANCE

Fie. 11, Polarisation of the sky at points 30° from the zenith in the principal plane of the sun.

TNy

+5
+S+N

Observed

.. Percentage polarisation of primary scattered light.

.. Percentage polarisation of secondary scattered light.

.. Effective percentage polarisation of primary plus secondary scattered light.
. Total effective perceniage polarisation when night air-glow of constant

intensity and 4% polarisation is added to primary plus secondary scat-
tered light.

. Observed sky polarisation at Mount Abu.
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The ozone content of the abmosphers in ¢if @?Pﬂﬁ parts
oi the sarthy, i found o vary botween (.15 Lo U.40 om st
Helel'e Hovause of the wary hizh sbsorpiion geelliclent of
vzone in %h&"‘ib&deIJiﬁt, bl small arount of ozone prosent

3

in the atmosphere h& impovoant elffects (1) by cousing a rise

ol & ﬁﬁﬁ““ﬁwbﬂ-wiﬁh helght above 30 fm in the St?atﬁﬁ%ﬁ@r&

and (2} gwﬁuaeg' z plant and animal life on the sarface of

Lhe eargh

st ﬁ&@%ﬂ&hﬁﬁiﬁ&liy'aﬂﬁi?ﬁ radiation, The study

&

8 bwotal osone seound and ips distribusion wish hwz shty dsg

also of loportance on aceount of 1vs variabilivy sssoclated

AN

wi bl dageto=day changes in weathere The work done by dliferent
workers on differont aspects of abwospheric ozone studies has

been peviewed by Fabey {1950) ia YLY Gzone “tmaarier;uue“, by

B

btz {19531) in the "Uompendlum of Meteorclogy" and by Frof,.

BelleBamonathon {1954} in his Presidential Address to tihs

mesting of the Internationl Heteorelogicsl sssociation,

Lbuboratory experiments hove ilished several
absorpiion bands of ozone oub ol which ths following ones are

iopertant for the study ol atmoespheric suonc.

§ 4 [ ¥ i3 <: ‘ B Yy ? S e T TPAY: JEe Y
te Happley Sawd @ debwesn 2000 4 and 3200 4 with maximun

g e o3 ? RCEPP . . S N o e Al e g v oy L = g oy g LI g
ab B553 e lhiu is 4 wvery stroung abserption band and

KR e S -
i dndependent of tenpalabult.
5
e SFELN 3 inag ol ¢ Yook obs KR R ¢ bands J..L‘. 3 ff&&‘." FALSER R |

o © e .
3200 ﬁ te 30Y0 Ae.  The absoerpulor manima are influenced

Ly Lomperalilrg,

HhT R
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The values of o ,od end 3 ,f3 siven in Table 3 bavc

aternational Unone Commission Circular No.

=

been changed by the

-

957 =nd toe v lues o of , ek Found by

™~

Joh dated Sth July,

3

Vizroux (1953) have been adopted, ‘It has been decided that all
ozone stations shbuldtadopt these new values simultaneously from
the 1st July 1957, The new values of (of - mﬁ) are approximately
1.36 tirmes lower .- ti:an those adopted previously, Because of the
fact that wnat We ﬁéésure by the Dooson opectrophotometer is

. L o
(ol - te( )x, the effect of adopving the new values of (oﬂ-ﬁq")

to increase the totcl ozone by about 36 %.

It is recommended that the present tables for

D)

calculating vertical distribution continue to be used, but if

. N 2 i ’
the al ozone amounts are calculated with the new (ol ~ of )
alues as given in the above Circula the calculated ozone

amount should first be divided by 1.36 before using the tables,
4t the end of the calculation; all the ozone values, both total
as well @s the amount in each layer, should be multiplied by

1.36,



THe CaLOULATION OF TH: VaiTICAL DISTRIBUTION
OF OZONE ZY THE GOTZ UMRESHR-EFFLCT (MA&THOD B).

'

By '

oot JiAallalNaTHAN & J,V,DAVA

Fhysical Hesezrch Laboratory, shmedabad 9. India,

The present note gives the details of Method B for

calculating the .vertical cdistribution of ozone in the atmosphere

™,
from observations on the umkehr-efiect, - The method was
. P mE 1
originally due to GStz, Meetham and Dobson( ).

although the method is noé free ffom 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 comparativély_eaSy to use in clear weather

at all stations equipped with a Dobson Spectrophotometer,

The measurements recuired are the ratios df the
intensities of light of twWo Wave—lengths from the clear zenith
sky, one of which is much more absorbed by ozone than the other,
for zenith distences Z of the sun varying from AO? of 667 to 90°.
Considering for example, the 1light of two wave-lengths 3112 E
and 3323 K (for‘which the decimal absorption coefficients of
ozone are 1,23 and 0,08 respectively), it is found that the

i
o

ra%io LA='LQg.r 1(5112>/l(3323)} in the light from the zenith

20.0’



sky decreases as 7 increases until a value of about 86°,5 is

reached, and then increases as Z increases to 90°,

Instead of L, one can plot N = 100(Ly- 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

24 so as to zive an open scale when the sun is near the horizon,

Sample curves of N against 7% for >\},3112/3323 and

T
h

\ N 3054/3253~§;e shown in Fig, 1. (Curves C and A respectively).

<
Y

The light reaching the observer from the sky in any
direction is sunlight scaﬁtered by the whole columm of atmosphere
in that direction. It includes primary as well as multiple
scattered light, If only primary scattered light from molecules
is considered; it is easy to obtain an expression for the light

of any wave-length reaching the observer from the zenith,

In Part I, the method is described of calculating the
vertical distribution of ozone, first on the assumption that the
light from the zenith sky ié only primary scattered light. =&
short section is added expleining the effect of secondary
ht and & method of correcting for it. & fully

scattered 1i

oy
=y

worked out example follows.

In Part II, supplementary tables applicable to stations

at or near two higher levels, 912 mb and 810 mb are provided.

3-0-
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I, ua‘culaulon of prlmary scattergc llvht recelved from the

zenitnh sky at the around:..
For CulCUchldo the ll“ht scattered- vértically

downward‘ ﬁheiatmosphele i lelded into luyerft ), The first
layer iarfrom;nae ground (1013 mb Jevel) to 6 km. The second
layer ié'frqx 6 km ba 12 km. T ne other layers are each 6 km

'thick‘uy’to'sg,km abOve 54 km uhe whole atmosphere is treated

.

as one loyers |

v , ~'1013 b, -
P - frassure at hei ht g taken from roecket panel

_’data.liiable 2]
& mn S «iﬂasD of air in the nt® 1ayer expregsed as a
N_Lractlon of tne total masge of a;r in a standard
:atmosphere wh1ch exerts a pressure of 1013 mb -at
h its base.‘AFhe alr 1n eagh & km layer is supposed
'Ato oa concentrrted at & height of 2 km above the
'oase of “he layer,f Thess assumpbions are not
free from ObJeCulona but are 51mple and reasonably
“-, accurate‘ | o
';3‘/3 - UeCLbal.ocaftéring coefficients fqr ivht of
. vweve 1ea~phg«% )(=by a standard étmbSphere’.
o, & . uablmal dDoO;leOﬂ coeificients of ozone for

AN qper cm of ozone at 5.7,P (xuole 3)»

hene



g

The table'inC1udes‘aata for all the four pairs of
wave-lengths normally ﬁséd for bzoneAdetermination
with the Ogone épectrophotometé;,

Integfatéd &ifwb@thffrém ihe top.dfhthe atmosphere
tQ;hg(gxpressedvagumgltiple,qfvairémass in one

stgnd;rq_atmosphere), and from h vertically

downward to the observerg (Tsble 4}. For an

observer at. pressure-level pgy = 1013 mb, .

=
R

P E Qh(Z)_FIWB;“Where,Ch(Z)-is the
oo R - i

Chapman function for a spherical atmosphere for

Czenith snzle Z with the vertical through the

observer. The values of Ch(Z) have been.

v

“tabulated by‘M:V.Wiikés(3>,"Whilé éonsidering

gir-mass in the slant path above a, particular
height h, it is to be noted thst the temperature
of the air in the first few kilometsrs above h

-2

exerts a dominant influence, The mean temperatures
LU B TVERREY T Rend =

in the atmosphere as shown by ropkebfascentsﬂhave

been taken as a guide in preparing Table 1A.

i . Do b e
 If the observer is located at & pressure-

Iével‘kpo'instead oir at Po,“thé %alges’bf Fp in

50..’



all (O“u in’ L'ol@ h exoept tle Llrbt oW
(qorrespondlngubo 2: km) shoul@ be chanNed to

i : Lo e

o R
K 4o 2 3Ch (2} - j Supplement ary Table LX
Po - s . ‘

has been 5rgnared for k = 0, 9 and 0,8 corresoonalng
'uo pressuze levels 91? and 810 b respectlvely.
“These Wlll hold. for sbatlons at 1 km and 2 km
~wgbfevb1ley zbove sea level bor the lowusc
Vlayer, in: Teble h _;nas oepn tdheﬂ to hae 3 km
abofe 1013_mb level, This is_su;ilclenzly
.cccurate. o

A s - Total ~eometr1ﬂal ul nt pDuQ of ll”ht in each

- layer.
/Ssho - -f;qureépondinw vert*cal béth in the layer. .
A8 ~ivh _ = have becn uahuldtbd in Table 6 fo; all those

layers in which there is a olant paLh. A

Constant value o the radius a = 6370 km has

nsen used, See Jigm, 3.0 For ]3yers in whlch
there is only a vertical path, DN & - Ah =0,

T

Vi, V2o yj he. upto ¥y are the omone amounts in
10-3cm/km in successive layers as we gzo up; it 1is assumed that

the ozone amount above 54 km is nezligible so that the total

:

Gvug



ozone amount x = Oyq + 6(y24“y3%"” v ye).  The factor 6 in
. . -, a

; first term on the rizht will require a smzll adjustment if

D

ti

I

AV A
Lre 8Ta

ion is above the 1013 mb level,

The total ozone ¥ in the path of the lignt when the

zenith distance of the sun is 7 and the light is scattered from

o th : . - . .
The n leyer is given by the sum of the ozone amounts in the

e

slant path and i£$%he vertical path. In the n“" layer, part of

)

the path is vertical and part slant,

¥ r Yr & hln

Jouz.

i
AT
&)

i-:\ .
0
H
-
E»-f

3 % 4
= oYy (disp - Zﬁahr)-+“ E: Yy éﬁhr
Ty s .

- il’l +« X e -
Tables 6 provide the values -of A s - Oh for

)

calculating Y, for the light scattered from each layer and for

NI AR L B . ] " o 4 . . Q
different zenitn distunces of the sun ranzing from 37° to 907,
in example of the calculation of Y is gziven in Table 8.
The intensities of the primary scattered lizht of
wave-lengtn )\ for whp nCh laver at the sround is given by
SE -y

. : -1 Yo, - e e ST
152H1==1”§3,,£inh x 10747 where K i3 a constant depending

on the value of Z. and 1 the totel intensity from «ll the layers

is ziven by



s B
N T -
I = £ ‘,,_-Ln = .t';.. !«i‘ ﬁww : f" nl.ﬂ x 10 [ ﬁ< .L‘.:
!

The ratio of the intensities of the primary scattered

“

w f
light of two WaV6“1en£thS4k.and }y-from the zenith sky is

ziven by
ST )
o T e - '
I _ ;3 g 2,,_.‘ :.ﬂ. i; m, X 10° RIS e Yg
/ Ea 'rg"‘“ o s : a7 s f »
t [3 b | fimy x 107 N Y_:}
f -

The values of Loz A my - BF for different layers
e ]

and Z required in the computation of Log(I'/I) are given in

Tables 5A, B, C and D corresponding to differeant pairs of

Forms I, II and III are for computing Log(I'/I) for
any assumed ozone distribution and for making changes in it
corresponding tc smzll chances in the distribution. These are

ziven at the end,

By the method of éuCcessive ap»nroximation, the ozone
amounts in the different layers are so adjusted that the
calculated values of Log(I'/I) agree with the calculated values
~at four or five points of the umkehr curve within the limits of
experimental error, In pr“otlce a constant is added to the

calculated velue of Log(I'/1) so that the calculated and the

s . . . P PR 1, - ~O
observed values coincide at some fixed zenith distance like 607,

8...



where tihe intensity is dete1m1acd mdinly by Lho-' u; amount of
e o wrOp
ozone .and not by its distrivucion. 707, 750, 80°, 840, 66,5,

'

(O‘d vo.«.uf". o i 3o PR I+ tane
687 and 90  are convenient points to choose for flublﬂg the

vorrection for vecondary Jcattering

In.the_abqva,'éccouﬁt i§ taken oﬁiyfof”ﬁhe primary
Soattered'ligh&;from fhé moleculesbbf the atmésphere. But the
air is'illuminateé:ﬁot_only-by'direct sunliﬁht but also by liﬁhtv
ocattered once or more by the rest of the atmospnere and by the
grouna. Neglect of the 1llum1natlon of the alr column by
diffused llDAL would e JuStl Tied if *qe ratio of the 1ntensities
of light of two dlmf reut wave-lengths (w ﬂlch is the quanulzy
actﬁaliy'measvred) _3ve Wlth sufficient accuracy the ratio of

the prlmarv ac&ubered lizht only of the Same two rddlovlons for

different Aeﬂltﬂ dlSudnLeS of the sun.

little consideration shows that,thiélassumption is
_nét Ju’ ied. Oflthe'light of two wave-lénths'under ooﬁpafisoni
one is rmuch more absorbed by pzone than vhe othcr and
consequentlya the condtrlbuations from ﬁﬂe different loyers 0¢>

the atmosphere to the total primary-scattered light from the

renith are diiferent, and vary differently with the zenith

90 9



distsnce of the sun. The multiple scattering which is depen oemt

~

on the distribution in height of the pfimary,soattered light

will naturally diifer for the two wave-lengtlrs,

“Let P, P' be the intensities of primary scattered

. . . rx . o - ' N W t: . v ’ . . .

light of tae two wave-leniths A, A from the genith, end M,
M! ¢he intensities of . the multiple scattered light.

What we measure with the spectrophotometer is Log I/I?

for different solal zenith distances,

Now I . P A M P (1 +NP )
I IR P (1 4 B1/PT)

We could correct the I/I' curve to give the P/P' curve if we
knew the valuss of_M/P,and,M?/PY for different'zenith distances

of the sun, o _§ ' - ,. . - .

G.?;Walton(q) has @élcuiated the intensities of primary
(P) and Secondafy (5) scattéfed light‘from the zenith sky for
différen@ altitudus‘of the suh,i‘After evaluating S/P for
'apéropriate valuasvoftK andAfg for a few simple distributions of
ozone with total ozone amounts of 0.30 and 0.18 cmi he has
calculated the corrections o be applied to the observed
intensity-ratios to convert them to what they would be if there

were only primery scattering, -He fornd that the corrections

10...



varied with the zenith distince of the sun, but were nearly
onstent when sec Z was between 5 and 20. The effect of

corrgcting for the secondary scattering was to lower: the C.C.

of the ozone by 2 to 3 ki,

Remana than, ﬁborty and_hulkarni(5) obtained similar
results by‘deriving umkehr curves For (3112 /¢ °O 5) from the
observed umkchr curves of I(3112)/I(3323) and 1(3075)/1(3278),
The object of us %‘\Qxe Gorived curve was to compare ﬁhe

S A
intensities of two wave~len rths both of which are pretty stroangly
absorbed by ozone; in thet case, the assumption I/I' = P/P' would
be more nearly correct., They came to tﬁe same coﬁclusion as
Walton viz., that the effect of taking multiple scattering into
account was to increase the ozone amount in the layers below the

a

maximun of ozone and to recduce it at higher levels,

Althoush there are still a few unsolved cuestions
about thL corr>CElon required for multiple scatterinz, it is
believed that Table 7 proviles for dlfierent solzr zenith

distances, reasonable corrections when the ozone amount is

between 0,18 and 0,30 cm.



Table T

Pressure at different heights above sea-level

oy g B b e W ey e by s e ban e S ks e s ey o b o . MAe KON Mt Ve o d B Ay Bhe Bt ke e s P Eep e R

Height km Pressure mb 4, Height km Pressure mb

g R e vm et s oy e G20 ek e o me n T T S e TR S SR M i Tu e T e e S Smr e Smm e e W e M e e AR b ew P Gt s e e e ca

o 101 3 i 1490
2, 8035 48 1,15
6 \\457 5 S50 o902
8 73724 Sho v 04547
iz Boes 56 0.26
1k 50,7 60 0.254
18 Y 62 0.194
‘20 ‘ 56.9 66 0.111
3005 - ea 0,082
26 225 7 0,045
30 s 0,033
32 A 9.3 | 78 - 0,017
36 . 5432 80 0.012
38 ‘ - 4,07 . 8L 0.007
42 2,43
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Taple 2

Lozarithm of the mass.of air in different la ayers expressed as
fraction of tﬂc mass in. & vertical column of the std atmosphere.

Laver Loz Am, Layer Log Am,
0-6 1T.715 42148 3,100
6-12 Tolily3 L8-54 5.778
1218 1,101 54~60 L. 161
18-24 2,676 60-66 Lo 14,9
24~30 2,250 - 66-72 5,820
30-36 3,8 L 72-78 5. k31
_______ OhR L DNSS. o c78-8h - B.o00
fd016~2

Decimal absorption COuLLlCltJbu of ‘ozone and scattering
coeificients of gunOopﬂCTb Tor, lizht of different Oalrs o1
‘lvckVL-“leﬂ bhs. .

-‘-...._..._.._._....-...._.....__...__..-...-...-am-—-...—-—---.-n-—---—..-....——_-..'.’...,_...«.__.4.....-4.....-“_._——._-_—.-—-._

A 3054/3253 2,58 0.16  0.503  0.38L  -0.1173
B 3085/3291 1,77 0012 0.L81 0,365 - 0,1198
©C 319273323 1,23 - 0,08 0.464 -0.350 " 0.122)

D o75/3399 0.5k 0.0 Oe4R50.318  0.1260

c(, t{. refer te 1 cm of ozone at ;;T,P.‘andjjg ;f% “to an

‘atmosphere which exerts a pressure. of 1013 mb at its base.
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ixemple
an ezample showing the calculation of Log(I'/I) is
given below: It relates to an umkehr curve obtained at Ahmedabad
on 16-10-56 with C pair of wave-lengths, The total ozone amount
vias 0,192 cm, The values of N observed on lizht scattered from

the clear zenithsky ure given in Yable 9B.

et
Y

A trial distribution was assumed to start with; this
was based on a general knowledge of average distribution
corresponding to 0,192 cm, The values of y {in 10"30m/km)

assumed to exist in layers 1 to 9, were
0, 0.5, 0.5, 5.5, 12,0, 8.0, 3.8, 1.4, 0.3.

In Teble 8, is shown an example of calculating
¥ = In+x, the total ozone in the path of the 1lizht when the

zenith distance of the sun was 8695,

~

Using these values of Y and Form I, the vglues of
Log(I'/I)z « L were conputed for different values of Z. £n
evzmole is shown for 4 = 8675. 43 we are interested only in the
relative values of L, or of ¥ which is equal.to.TOO(Lo - L) when
-4 changes, the computed value of 100 Log(I'/I) at 60° has a
cofrection‘added to it so that it becomes identical with the

. . 0 ; , o .
observed values of N at 60 . The same correction term is added
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Ifrial QlSurluuthﬂ and cbﬂn es in Lrlal
~in units of 1073 Cm/km
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bxample showing corraction due to secondary scatterinz and its effect.
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Layer 1 2 3 Ly 5 6 7 8 9
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Form II for computing Log(I'/I) for a changed initial distribution

0.192 cm.

0.08 x

H
o

U5

tation: Ahmedsbad % = 86

o1
.

sbe: 16=10-56

L= 1,23

10
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n

0,1

ange in y
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+0, 004
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: —O:OOS

<]

+0,006 0,000

-0, 001
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to . the computed values for all other engles also, We thus get
2 computed (copstant-L) or N curve which can be compatred with
‘the  observed curve. 4 sample calculation is shown in- Tiblos 94

and- 9B and #Forms I and I,

The values of ¥ calculated according to tihe trial
distribﬁtiOnvénd_adjusted so theat the_observed and caletulated
values coincide et 60°, are entercd in row k4 of Table 9B. It
will be noticed that the computed values are»Significahtiy lower
at 90° and significantly higher at 75% and 80°,. The Pirst defect
can be remediéd by adding a swall ambqht;of ozohe at Ehe'tbp.
To.remedy the seéondvdéfeot, somé_ozonefhgs to be brought down
from. the middle,layerérto thé_bottom layéfs, These chHanges in

distribution are made in successive approximation, Form II is

W

used for computing changed Log(I'/I).

Considering the scatter of values in the observed
umkehr curve, it was considerecd that the values in the last row

‘of Teble 9B were sufficiently satisfactory and that the

distribution given in the last row of Table 94 accepted as the

‘distribution, provided the zenith skylisht was assumed to be

due only to primary scatterine,

The observed values given in row 3 of Table SB were

corrected for seconcary scattering according to Table:7, The

A36;§b



1,

new distribution to fit the .corrected observed curve and the

corresponding cszlculated values of N are given in Table 9C,

The following hints may be of some help in making

the changes in distribution,

(1) ' Wwith an assumsd trial distribution, celculate Log(I'/I)

e constant to tThis sSo as Lo make

ct

cat 4 = 60°, aAdd an appropria
a
N o o
it ecuzl to the observed value of H/100 at 60°.
: L . . - . aa0 .
(2) Czlculate Log(I'/I) for 90° and €8, and apply the
same correction. If the calculated value is too high, remove a
little ozone from the top laysr to layer 6 or 7. If it is too
low, add some ozone to the top, 4 small change at the top will
B . ~ R o o -
make a larsce difference in N(90°) and H(887).  Get agreement

at 88° and 90° to within 2 units of N.

, ) ) - '- ' ~ (@] X | hY
(3) Calculate Log(I'/I) for 86.5, 8,° and 75° and add
the same correction to each, Adjust ozone in the middle and

actory agreement at all the

by

lower layers so as to get satis

points,



iI ZSupplemwntarv Tebles for use ﬂt stz Llons 51tuated at about .

lz-mb level -and at 810-mb level,

1@ nglm NJOlchdLlonS in the t:ibles for a station at

0.9 p, ( = 912 mp) and at 0,8 p. = 610 mb) are given bblOW.

C o
It is assumud’that the values bf h in aoth these caseo may be
taken to be 3’“m instecad of 2 km, lhlS is sufficiently accurate
for the pre obﬂ1 _purpose, The air. mass in tup first layer (ground‘

to 6 km) should bagghanged.as glven in Table 2X.

If the pressure at-thé.station—leVel s kpg, the value
of_?_is_given_by o
P s kP “rbh(Z) - {]
Q) . _ , o
The first row3bf' ble 4 for bhicorrespondlnﬂ to thc lowcst
layer is changed as shown in Teble WX, The values of Fp in all
the other rows are decreased by O, TOO wh hen tae suatlon lS at or

near 912 mb, and by 0,200 whén it is at or near 210 mb ,

ﬁor SLathDS al or near 912 mb and 810 mb respactively,-
thc V”lueu of Log A M, - f% F in the second columns of tables
54 to SD.(Corrcsponding to the lowest layer) recuire the éﬁahgés
glven in Tobles 54 (X) to 50U (&), For stations upto a height
2.5 km, the tables for the nearest pressure-level may be

used without appreciable Error,

38 ;;.b ‘



ffor the succeedinz layers 2, 3, L ste., the values of

- 3 . . , o 5 . e
Log ﬁznh - ;ﬁF tabulated in Tables 5A to 5D should be increased
by (1 ~ kj)4 £for a station av pressure level kp,. Thus, for a

stetion at 912 mb level, 511 the values in the third column of

Teble 54 should be increascd by 0,100 ?%, and for a station at

the 810 mb level, by 0.200 3% . #n example is given in Table
1 - . .

S5A(Z) for the secddmd and third layers.,

The values of s ~ /A h in the sccond column of
Table 6 corresponding to the first layer recuircs a small and
rather insiznificant chense, duc to the raising of the centre

L3

- Q

of the layer from 2 to 3 km. These changes for sach value of

NN

are tabulated in Table 64, - .

It is recommended that cach station should modify

tables Tor raezuler use at the station,

<7 39,



Teble 2%

S T S T e S e e R s e, s
< B
P, Log [y my
1013 mb 1.715
912 mb 1,622
810 mk T.503

The An's in the other layers remsin the s.me as in Table 2.,

LPOO ()
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Table 5A(X) Log Am - 3F for the lowest layer

“";TIZZ:ZIZ{%Z??EE:::::IZﬁ:::::XZE—IE%iEI.f:::Z
ceeo 1013 mb 912 wb 810 mb_j 1013 mb_ 912 mb__ 810 mb__
37 | T.112 7,081 T.012 7,255 T,209  T.128
60 2,816 2.819 2.750 7.028 7,009 2.928
70 2. 455 2,499 2431 2,753 2,765 2,684
75 2,095 2.180 2,112 2,178 2,521 2o by
80 7,396 3,562 3,494 5,945 2,050 3.969
81, i 127 L.IS9  T.370 o L.976 3,192 3,111
§6.5 | 5,369  B.829 6,760 ; 5.588 5,963 5,882
88 . B.sk Boge B.653 | 7.9k3 B.507  Buke7

90 {15.459  Th.995  TR.OR7 § T12.832 . T1.983 11,903
T aple s8(X) Lo Am, - fAF for the lowest leyer
om0 T N
oo | 1013 mb G912 mb 810 mb | 1013 mb 912 mb  £10 mb
37 1:7.138 T,104  1.034 T 277 1229  Tel47
60 2,855 2,854 2,783 I, 062 T,039  Z.957
70 2.510 24548 2,078 7,801 24807 24725
75 7,166 3,243 2,173 2.539 2,576 24493
80 3, 498 3,652 3,581 2,032 Z.127 Z.045
81, L 284 L.578  L.507 3111 3.312 3,229
86,51 B.545 5,039 B.968 | 5.792  L.ikh K061
68 § 8,485 7.215  T.1hh 6,228 5.760 5,078
90 %»Tﬂ.oaz T3.548  TT.478 1 77,370 70,460 10,378
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. __._,__,____?&_:'_211%-___,_"______..*_“-_.,_3.\_-3_22.2.2 ........ —
ceemof 12120 912 mb 810 wb | 1013 mb__ 912 mb_ 810 mb___
37 | T.159°  T,123  T.050 | T.295  T.2u5 T.16%

60 | Z.ggs  Z.pgi  2.808 | T.os9 063 2979

70 | Z,553  2.586 | Z.514 Z.838 2.8 2,757

75 2.220  Z.202 © Z.220 7,588 7.619 7,535

g0 5.576 7722 5.649 2,101 2.189 2,105

B | Th05  T.688  Le13 | T2t Tuuor T2
86.5 | 5728 5201 Ba28 | %953 | T.287 203

g8 | 8,750 T kbR _.7{369' 6, L5L 6,960 '6.876

90 TL.564  T3.975  T3.903 | TT.795 . T0.837 70,753
"—"*-””"EZBi;~EEZiI_£EéiZf§;M:"ﬁ"E*ESgwgﬁé"ES%QSZ"iQQQE """""""""""
[ SRS N 1 S N N
e[ 1013 wb_ 912 uwb 10 wb | 1013 mb_ 912 mb 810 mb
37 | 1,205 'T.1é5" 7,088 T.334 T4280 7,193

60 5,955  Z.943 5.857 T, 146 T4 1,027

70 | Z.650 2,673 2,597 7,918 2,912 Z.825
75 | 2346 Zaoh 2,327 2,691 2711 7,623

g0 ?’§.756 3,882 3.805 '2,249 “.32b 2,233

8, | 5683 T.932  T.856 | 3447 3,609 3.522
86.5 | 5,147 5.572 5,496 L.297 L.592  EK.505

8¢ 7.326 7.961 7}884 6.935 5.386 5,299

90 173,670 12,95, T2.878 T0.702 9.640  9.553
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Tzble 6L

. 1 A s . e . .
Ja8 - Zh for the firsg layer when the centre is at 3 km.
,,,,,,,,,,,, T e e e e e et 2 et et e e
- Z :
' 37 20 70 75 80 8 1a &
Layel"‘\ .60 84 86.5 88 90
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