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1. + INTRODUCT ION

1.1 Object of this report.

The photoelectric spectrophotometer for measuring the
amount of atmospheric ozone is described in detaill, together
with its method of use, in the "Observers Handbook" /Annals
of the IGY, 5, L6, 19527vwhile the detaiis of its adjustment
and calibration are described in the "Adjustment & Calilbra-
tion ManuaI",2 /Ennals of the IGY, 5, 90, 1957/ However
given an instrument which has been properly adjusted and
accurately calibrated (so that, for example, the instrument
can be set exactly at the desired wavelengths and a table is
available for converting dial readings to values of
( Log I/I' + k¥ ) - where k is an unknown constant,) it is

still not possible to obtain a measure of the ozone from

‘readings on the sun, the clear sky or the cloudy sky, until

certain constants have been determined and charts constructég;
It is the purpose of this reéort to record exactly how these
constants and charts are obtained and to assess the accuracy
of the observations. |

1.2 The 41957 Series of Observations at Oxford. ' /

During the spring and early summer of 1957 in a period of
good weather an extensive series of observations was made at
Oxford, measurements being made on the A, B, C, and D .
wavelengths on both sun and clear zenith sky whenever

possible, when.ﬂ was roughly equal to 3.0 and 2.0 in the
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2.
morning and a little before noon and again a little after
noon and whenji was roughly equal fo 2.0 and 3.0 in the
afternoon. When the zenith was not clear the measurements
were made on the cloudy zenith sky; ‘Thié scries of observa-~
tions was used to check the constants and charts previously
made and is used here to illustrate these methods. It is
hoped that those in charge of other instruments will be en=-
couraged to make a similar analysis of their observations.

1.%. Procedure,

When determining these constants and constructing the
charts it is necessary to proceed in a definite order.
First, we calculate the value of (RZ~-@&' ) for each pair of
wavelengths using the work of Rayleigh and Cabannes1,
Zﬁabannes, Jd. 1929 La Diffusion Moleculaire de la Lumiere,

D. 86, Paris./; next, using the tables prepared in the

” labdfatory oalibratinn;”Wéﬁééterminerﬁneuéiﬁrééténféstriél

constant for cach pair of wavelengths, i.e. the value of -

( log I/I' + k) which would be obtained if measurements could
be made on sunlight outside the atmosphere. Thirdly, we

must nalculate the values.of the ozone absorption coefficients
for the selected wavelengths from laboratory data, allowing
for the finite slit-widths used. Here the absorption co~
efficients given by Vigroux2 have been adopted. (Annales

de Physique 12 Serie, Tome 8, 1953).

In order to obtain the amount of ozone from measurements
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made on the clear zenith sky it is necessary to construct a
chart or table relating the readings of the instrument to
the amoun£ of ozone as determined by direct sunlight for
every height of the sun. When measurements are made on the
cloudy zenith sky further charts are required and the con-

struction of these is also described.

1.4. Accuracy of the measurements.

An attempt has been made to assess the standard error
under normal working conditions of the measurcment of the
ozone as found from observations on sunlight, clear‘zenith
sky light and cloudy zenith sky light. The effect of haze

in the atmosphere is also considered.,

2.0 MEASUREMENTS USING DIRECT SUNLIGHT.

A 2.1, Molecular scattering coefficients of Air.

- The work of Rayleigh and Cabannes enables the scattering

coefficients for an atmosphere containing only air molcculcs
to be calculated with sufficient accuracy, the actual figures

adopted being given in table 1 Observers' Handbook p. U7,

2.2, Calculation of the pathlength of sunlight through the
ozone rcegion,

The pathlength of sunlight through the ozone region (i )
for any zenith distance of the sun ( Z ) is of fundemental
importance in calculating the amount of ozone and dcpends on

the height of the ozone region above the surface. It is



only makes a 1% change in}ﬁf In all the measurements used

L.

usually expressed as the ratio of the pathlength for a given

value of Z to that when the sun is overhead (Z =0, u = 1.0),

- Measurements of the vertical distribution of ozone in the

atmosphere by the @8tz "umkehr' method and from solar spectra
taken from rockets and balloons indicate an average height of
the ozone region of about 22 kms. and that height is used in
this work. If h be the height of thé ozone region above
m.s.ls. and R be the radius of the earth then

sin { = 5inZ ‘15«%"&
where sec§§=)x. If later work should show that the value of
22 kms 1s not correct - as may well be the case in other parts
of the world -~ then the value Of/x will have to be altered
accordingly. However, except when the sun is low, a small
change in the adopted height makes little difference to the

values of}J. When:H = .0 a change of L kms in the height

in the present work fiWaS lesgs than L4.O. No appreciable
error in}p,should therefore arise from variations in the

vertical distribution of the ozone.

2.%, Extra-tcrrestrial Constant.

2.31 Method of Determination.

In order to be able to measure the amount of ozone from
an observation made at a single time of the day it 1s necessary
to know the "Extra-terrestrial Constant" for the instrument,

i.e. the value of ( Log IO/IO’ + k) ( or L, ) which would be
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found if observatioﬁs could be made on sunlight outside the
atmosphere and the dial reading (R) converted to the value of
(L +k 5 by use of the wedge calibration table provided by
the labvoratory calibration. It 1s assumed. that this &alue

( L, ) remains sensibly constant from day to day though
possible changes over a long period of time ( €.8. any changes
which might occur during a sunspot cycle ) can be allowed for
by measuring the value of the constant from time to time.

The only way in which this constant can be determinéd is
by making measurements at two or more values aff; and extra-
polating back to/u.= O. This assumes that the amount of
ozone and the hagziness of the atmosphere remain constant
during any one set of observations. ( As a conseguence a
diurnal variation of the ozone which varies roughly as cos Z

cannot be found. ) Equation (2) of the Observers' Handbook

g o e e

L. = L
shows that if we plot L againstijwe should obtain a nearly
straight line, but since 'm' and Sec 7 are also involved it
will not be quite straight. We therefore eliminate 'm' by
subtracting QG —[3‘)m, since we know the value of (/3 —/3’ )
accurately. We can only eliminate the Sec Z by making the
observations at a place where the atmosphere is very clear
and therefore ( & - ' ) is very small. Then, on plotting

ﬁ:+‘(/3~/3' )nﬂ against/ug we should obtain a straight line
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from which we should get an accurate value of Lo’ if the
amount of ozone remains constant. This last condition res-
tricts the places where useful observations can be made to
stations in low latitudes where the day-to-day changes in
ozone are very small. In practice, owing to errors of
observation, small real changes in the amount of ozone and
possibly slight changes in haze, the observed points on the
graph will not lie exactly on a straight line and the estimated
best line through the points 1s used.

While the value of Lo may be obtained arithmetically
from the observatiéns, a graphical method is often convenicnt
but the graphical extrapolation as described abo&e requires a
large shect of accurate squared paper and very careful plotting
since, 1f the errors of the calculation are to be small com-

pared with the errors of observation the values of L must be

n"plottéd”to 0.0071 over a range of about 1,500, with similar
accuracy for the values of/L. However, provided we have a
rough estimate of the extra-terrestrial constant, a much
easier method is possible. Let the assumed value of the
extra-terrestrial constant be Loﬁ while the true value is LO
and let [(LE; - L) - (ﬁ-—p ' )géuu = P%  Then, if we plot
p¥ against/L'we shall get a horizontal straight line if

L ® = LO so that a very open scale of P can be used and no

=z

great accuracy inlffis requirecd. If LO:ﬂ be not equal to

LO, a curved linc will be obtained from which the correction



7

to Lf;‘ could be obtained. However if the error in L’é is 8,

then
pF g (&

j‘l‘

L1, - 1) - (p ="
(et =)+ (% - &)

t

= a constant, under the conditions assumed.
Therefore if P* be plottced against ‘4@ the observed pointsl
should lie on a straight line, of Which the slope is S5; see
fig. 2.31(a). It will be seen that the whole graphical
extrapolation can be done on guite a small piece of square

paper with no great accuracy of plotting

/

2,32, Obsgervations for the determination of the value of

L,-made at Oxford in 1957.

2.321« Calculation of Lo

During a period of good weather in the spring and summer

~of 1957 observations were made using the wavelength A, B, C

and D on sunlight, as Weil as on the zenith skylight, whenever
possible at PL= 3 and }z: 2 in the morniné and an hour before
and after noon, also When.f.= 2 anﬁ.w;: 3 during the after-
noon. There were 31 half days when observations were possible
at all three heights of the sun during fhe morning or the
afternoon.and.ﬁhese.will be used to illustrate the method of
finding the value of LO.'

In order to reduce errors due to changes in the ozone
content during the course of any set of three observations,

the upper alr pressure maps were cxamined and those days when
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large changes in ozone might be expected were eliminated. Any
day when there was a large change in ozone content between the
day before it and the day after it was also omitted; nor were
daysiof great haziness used. Unfortunately the conditions at
Oxford were such that, after this selection, only 47 half days
( a«m. or pem. ) remained for use in finding the value of L

Plots of the value of P® against lég. for the A and D
wavelength pairs and for the doublc pairs AD arc shown in
Figs. 2.321(a), 2.321(b) and 2.321(c) while Fig. 2.321(d)
gives the mecan rcsults, Although the days uscd in these
(plots had been sclected, as statcd above, the rcsults show
\great variability which makcs it impossible to place much
reliance on the valuc of LO deduccd from them. (Compare
results at Mauna Loa 8§ 2.3%3). The plots for the AD wave-

lengths, in which the effects of haze arc largely eliminated,

éféhﬁotiﬁeably less variable than thosc for the A Wévelongths
although they include the observational errors of the D wave=
lengths in addition to those of the A wavelengths., This
indicates that changing haziness is a contributary cause of
the variations. Those variations rcmaining in the AD plots
are largely due to variations in the amount of ozone during
the obscrvations; this is indeed clear from the fact that
variations in the 'D' wavelengths (which are lcss affected by
ozone) are much smallcr than those of the 'A' wavelength.

As stated in 2.31, we should expect that if atmospheric
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conditions remained constant during a sct of measurements,
then the three points plotted would liec on a straight linc.
This is clearly not the case and thcecre is a systematic tendency
for the low sun value to be below that éxpected frbm the other
two observations. This holds for all wavelengths -~ though
more marked for éome than for others - and for both morning and
evening observations. No instrumental cause has been found
for this effect and it is difficult to suggest any reason for
it other than a regular diurnal variation in the amount of
ozone which docs hot vary as Cos Z (At Mauna Loa, § 2.35; a
small effect of this sort is found but in the opposite
direction).,

The fact that the valuecs of P© for the three heights of
the sun do not lie on a straight 1inelmakcs it impoessible to

deduce a definite value of LO. We have therefore taken the

‘value of P¥ for high sun and the mean of the other two points
and used the linc through these to deduce the value of Lo’

which gives us the following values for the A wavelength

4
(1) (2) (3) Mcan of
‘ : (2) & (3)
o= 0.835 0.525  0.310 0,117
P = 0.601 0.615 0.61L 0.61U5
Difference of '/ = 0.835 = 0.417 = 0.L18
Difference of P™ = 0.601 - 0.6145 = - 0.0135

Slope of line = = 0.0135/0.418 = = 0.032
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which indicates that the value of LOE used in the provisional

table of R : N, * is too small by 0.032 and 0,032 must‘be added #*

A
to all values to give 'N', so that N = L, - L, the true
difference between the observed value; 'L', at ground level
and 'LO' outside the atmosphere.

The corrections to toﬁ for the different wavelength pairs
are given below together‘with similar corrections calculated
for 14 half days which had been rcjccted in the above work as

being liable to large variations in ozone or as being very hazy.

Corrections required to Lof

Wavelength A B c D

From 17 selected days +0.03%32 +0.021 0 -0,003
From 14 other days +0.013 =0.005 ~=0,012 =0.017

2,322, Accuracy of the value of L _found from the -
Oxford observations hd

The table below shows the standard deviation of the
differences between two adjacent values of P¥ at the three sun
heights for cach set of a.m. or p.m. observations which have
been used to obtain Lé.’ While the number of observations is
too small to allow a statistical analysis to be of much value,
some points stand out clearly and are of interest. .

(1) All values of the standard deviation decrease regularly
- with wavelength from A to D wavelengths. This shows that at
least a part of the standard deviation is due to real changes

in ozone during the period of the three obéervations.
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(2) 1In all cases the values for L?A from 0.8 to 0.5 are less
than those for L?x from 0.8 to 0.3, showing that the differ-
ences increase with the length of time between the observations:
as would be expected whether the differences were due to
changes 1in haze or ozone.

(3) It is found that the differences in P* between the ob=-
servations of a set of three, are very similar on all four
wavelengths A, B, C and D. This would suggest that the
differences are largely due to atmospheric changes and not
random errors.

(L) It is found thatéTﬁﬁpﬁﬁﬁs less thanaﬂﬁfﬁﬁwm greater
than«{APR).  This would follow if changes in ozone were the

chief cause of the variations.

Table

Standard Deviation of the difference between two adjacent
~ values of pX and estimated S8tandard Error of Lg

ser) s(te)
14}L= 0.8 to 0.5 0.8 to 0.3 0.8 to 0.5 0.8 to 0.3
A 0.011 0.014L 0.032 0.028
B 0.009 0.010 0,030 0.020
c 0,007 0.008 0.020 0.016
D 0.006 0.006 0.018 0.012
AD 0.008 0.009

(5) The general value of the standard error of a single deter-

mination of LO may be taken as about 0,020 to 0.030 so that the
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error of the mean of the 17 sets may be about iOOOﬁO or less.
The difference in the values obtained for the 17 selected days
and those for the 14 omitted days is about double this amount.
The'énalysis shows definitely that much of the error in
LO is due to changes in the atmosphere (whether in ozone or
héze) during the course of a Sét of observations. Oxford has

a most unsuitable atmosphere for this work.

2.3%, Observations at Mauna Loa., (see also g 2.64L2)

By the courtesy of the United States Weather Bureau, we
are gble to show in Fig. 2.3%(a) and 2.33(b) the results of
measurements made at the Observatory at Mauna Loa (Hawaii)
which can be used to find the value of Ly for the AD wave-
lengths., These figures may be compared with Figs. 2.321 (c)
and (d) which give the results at Oxford. The scales in all

the figures are the same. It should be noted that the days

chdsén in the”Mauna Loa results were these on whichiagserfau

tions were made right through the day, both morning and

afternoon and not morning or afternoon as had to be accepted

at Oxford. Fig. 2.33 (a) shows the results of individual days

in Feb,., 1958 while Fig. 2.33 (b) gives. the mean results for the

different months, about twelve days beihg iycluded in each

monthly mean. The means for the whole 70 days are also given.
The regularity of the results from Mauna Loa compared

with those at Oxford is striking and is clearly due to the

constancy of the ozone and to the very clear atmosphere.
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Mauna Loa appears to have an ideal climate for the determina-
tion of the value of Lo‘

As in the case of the Oxford measurcments the three points
in a plot for Mauna Loa do not lic exactly on a straight linec
but the departure is much less than that at Oxford and is in
the opposite direction. Using the mean noon valuc of P§€
= 0.830 at 1/}5_, = 0,91 and the average of the two results for
lower sun, i.e. P¥ = 0.8L46 at L@@ = 0.L2, we £ind the slope

of the line P* against lCFL = 0.007 which is the correction to

W

=

be applied to LO of AD Wavelength. The probable error of
this value 1s very small.‘ The fact that thé three values of
P* go not lie on straight lines makes it difficult to say
whether the observations indicate any change in the value of

Lo during this period.

2.%3L. Constancy of the Extra-terrestrial Constant.

Itrié”bossiblerﬁﬁa£rfhewféalwvéiﬁéréfﬂéiéwEitfa~%éfféS£;iéiﬂ'
constant may change with time, for cxamplec during the course of
a sunspot cycle, It is therefore very desirable that frequent
measurements should be made at some place with a suitable
climate, e.g. at Mauna Loa. If there is any real change in
LO it will apply to all instrumontsland all values in the
"R : N" tables of every iﬁstrument'will nceed correction by a
constant amount in N. Arrangements are necessary for inform-
ing all observatories if such a changc does take place; it

should also bhe agreed to makc the necessary change for all
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1l
instruments at the same time so that their results may be‘
comparable.

Since the calibration of all instruments has so far been
done in England where the atmospheric conditions for this work
are poor, it is possible that the "R : N" fables sent out with
the instruments may not be very accurate. At the present
time, if there exist én instrument e.g. at Mauna Loa, for
which there are accurate "R : N" tables (i.e. with accurate
value of LO) the only way in which this value can be trans-
ferred to another instrument is by bringing the two instruments
together and teking simultancous measurements on both. This
is{véry inconvenient and expensive anﬁ»there is danger of the
calibration of the instrument changing during transit.

At first sight it would seem possible to take a set of

three or more standard lamps and determinc their mean values

of-N--on- the standardised _instrument_and then transfer the .

lamps to another instrument and adjust its "R : N" tables so
that the mean reading of the lamps gave the same value of N

on the second instrument. (The use of thfee or more lamps 1is
to avoid possible changes in one lamp). In this way the set
of lamps could go the round of all the instruments. Unfore
tunately, for some reason which has not yet been found, results
differ s lightly when two instruments are comparcd by meaﬁs of

the standard lamps and by sunlight. Thus all that we get

through the medium of standard lamps is a rough approximate
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estimate of Lo’ not an accurate value,

2,35, Errors due to Light scattered within the Instrument.

When taking observations for the determination of LO it is
desirable that they should extend over as great a range of ﬁg
as possible, but, as pointed out in % .14 of the "Observers'
Handbook for the Ozone Speotrophotometér", when the sun is low
the intensity of the shorter wavelengths of sunlight may be so
small compared with that of the longer wavelengths that, in
spite of the precautions taken in the design of the instrument,
light of the longer wavelengths which 1s scattered by the bpti—
cal surfaces may still cause serious errors. It is suggested
in the Handbook that observations be made from time to time to
see when this error becomes appreciable. For this purpose

observations using the focussed image are continued until the

- sun—is -low. — The-ozone values are then calculated in the usual

way and plotted against N oxifA . The ozone valués which
should, of course, remain constant except for real changes with
time, will be found to begin to decrcase rather suddenly at some
value of N OP}j as the error becomes serious. It is important
when taking observations for LO that they'are not continued
until this error is appreciable. Fig. 1.55(&) shows two sets
of measurements made to find the point at which this error
begins. In the figure the ozone values calculated from the C

wavelengths are plotted against NG and the values Of,fk are also
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shown. It will be noted that while the error began to be
serious when NC was about 2.30 on the 3rd August, there was
little error up to the last observations at Ng = 2.65 on the
Lth February, this being due to different amounts of haze and
ozone.

The figure also shows the errors produced if the ground

guartz plate is used at low sun. (See Handbook 8§ L.12).

" 2., Absorption Coefficient of Ozone.

2.01. Calculation of absorption coefficients for the A, B,
- C_and D Wavelengths.

Since the beginning of the International Geophysical Year
(1st July 1957) the absorption coefficients of ozone measured
in the laboratory by Vigroux have, by general agreement, been
used at all stations. Previous to this ﬁhe values given by Ny
and Choong were used, the values of Ny and Choong being about

1.%6 times gréaféf than those of Vigroux. In calculating the

appropriate values for use in this work it is necessary to
allow for (1) the temperature of the ozone in the atmosphere
and (2) the finite band-width of wavelengths passed by the
monochromator. In fixing the absorption coefficients to bec
used it has been supposed that the ozone in the atmosphere was
at a temperature of -uuoo. Fortuﬁately at these wavelengths
a difference of 10°C does not make a serious difference to the

valucs.
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The equivalent widths of the relevant slits in A.U. of the
monochromator are:-

S1 = 9 A.U, 82 = 9 A.U. = 30 A.U.

83 |
The weighting of the absorption coefficients for the different
wavelengths is therefore that shown in the small diagrams of
Fig. 2.41(a).,

The pUblished absorption coefficients relate only to the
wavelengths having maximum and minimum absorptions and a smooth
curve must be drawn through these values with the best judgment
possible but such-a curve lecaves room for some uncertainty
(this uncertainty is however much smallef than the differences
that will be discussed in 2.42.) Figure 2.41(a) shows the
absorption coefficients given by Vigroux and also those by Ny
and Choong in the region of 311L4.5 A.U. (the shorter wavelength
of the 'C' pair). The Ny and Choong values have been divided
by 1;36750 make tgém.éﬁﬁf&kiﬁatei&ﬂéduéiﬁfé‘%hé %&gf&ﬁ%‘vaiﬁésgﬁ
Owing to the absence of measurementS’by'Vigroux between 3113
A.U., and 3130 A.U. some uncertainty exists in drawing the curve
in this region, though the values of Ny and Choong are of some
help. This particular wavelength i1s used to illustrate the
method of finding the absorption coefficients because it pre-
sents the greatest difficulty, other wavelengths having less
uncertainty.

Owing to the presence of FraunhWbfer lines the solar spec-

trum may not be uniform over the band of wavelengths passed by
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any slit and this may invélidate the weighting. A test to sece
if such an error could occur was made using the 'A' wavelengths
which seemed to be the most likely to be affected in this way.
A vessel with quartz windows and containing ozonised oxygen
could be placed in front of the entrance slit of the instrument
and the absorption by the ozone in the vessel was measured using
alternateiy the zenith sky and a tungsten lamp as the source of
light, As no difference in the measured absorption was found
in the two cases it seems that non-uniformity of the solar

spectrum causes no appreciable error.

2.b2, Absorption Coefficients of the Ozone in the Atmosphere.

It has been shown that when using two pairs of wavelengths
e.g. AD, the effect of haze is largely eliminated and an

o 7 . L {_i"’ ] ) .
accurate value of {{&~ﬁ€}ﬁ-”£wimﬁufmékf should be obtained from

such an observation. Clearly if the absorption coefficients

and the measurements are correct, the same value of x should be
obtained whichever set of wavelengths is used, but this is not
found to be the case. The mean values from a large number of
measurements made for thé determination of LO gave the following

i

results:-

Wavelength AD AC . BD
Ozone 0.345cm 0.375cm 0.331cm

Since observations in two different years and observations made

at guite different values of pt all show the same differences
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and since any errors arising from the calibration of the
instrument are likely to be quite small, it appears that they
must be real and the onl& explanation seems to be that the
absorption coefficients measured in the laboratory do not apply
to the ozone in the atmosphere. We may look at the matter in
a different way and calculate the value of szﬂﬂ)AC/(ﬁhﬂﬂ)BD
from a set of observations when figures as those giVen in the

table below are obtained.

Values of (e-d') AG/(&’}‘. -t )BD

jﬁ Mean Value Max imum Minimum
3 1.196 1.2041 1.154
~ 1 02OL|- 1 52Ll-6 ‘1 0155
Sy I 1.196 1.238 1.14L7
AL L Ae187 B Y- S L A

The mean deviation, regardless of sign was 0.016. The labora-
tory value of @ﬁ-&f)AG/@X~@J)BD is 1.056 and it is seen that
even the lowest atmoépheric ratio is much greater than the
laboratory fatio.

These differences in the absorption coefficients would be
accounted for if there were another gas in the atmosphere which
had absorption bands in the region of the spectrum used in this
work, Oxides of nitrogen are an obvious suggestion. Until we

have further information all we can do is to use adjusted values
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of the absorptions coefficients for the B and C wavelengths
which will make the average values of X equai for all wave-
lengths used.

The maximum and minimum ratios given in the table differ
from the mean value by about iB% and errors of this magnitude
are unlikely to be exceeded in the values of ozone as found
from the standard measurements. Further the AD wavelengths
having the largest vélue of (¢t ~ot') are likely to be the
least affected. However a' study of the absorptions of such
gases as are likely to exist in the atmosphere 1s needed.

So far we have used only the results from é double pair
of wavelengths thus eliminating the effect of haze. It is,
however, desirable to fix the value of (& - ') for one pair
of wavelengths. This is much more difficult in a climate
such as that of Oxford owing to the effect of haze. Assuming
mSecWZ,=j#5and_(Eaﬁf)AD,= 0, we have

(6§ -8") =Py = Pupl & - ﬂf)c/(ﬂ.~ o) pp
and (- ")y = (- at),p x/By-(§ - §')7/P,p

Thus, accepting, say the value of (ﬁ;-aﬁJ)AD We can determine
either (& - &') assuming (&n~<ﬁf)c or we can determine (ﬂi—qx')c
assuming (% - ©'). What we have done is to calculate the

value of ( &= cﬁ)o which will make (% - %') = zero on the
clearest days since (%~ %') is not likely to be negative.

We can thus arrive at a probable mean value of (& - &') for all

the days on which the observations were made, which can be used



Table illustrating adjustments to values of absorption coefficients that
lead to consistent estimates of ozone from atmospheric observations.

Wavelengths - A B C D AD AC BD
P-(& - &Y) : 0.615 0.40L4 0.280 0.124 0.491 0.335 0.280
Accepting Vigroux's values :
as published we get (=- &) ; 1.762 1,223 0.865 0.374 1.388 0.897 0.849
Wiiich give values of x : 0.3L9 0.329 0.324 0.332 0.354 0.374 0.330

Accepting (ﬁ—u.)A_ 1 762 we get (smag ) 1.762 1.158 0,800 0.357 1,405 0.961 0.801

which give values of = - 0,349 0.3L9 0.350 0.347 0.34L9 0.34L9 0.350
Accepting Vigroux's (m-=f) for meaﬂ ’

B& C we get (m—=l) : 1.849 1.215 0.840 0.375 “1.474 1.009 0.840

which give values of x ; 0.333 0.332 0.334 0.331 0.332 0.332 0.333

Accepting (s-=t) —(w— o ), from f
Vigroux we get (ﬁ—uL? :

0.950 0.791
0.353 0.35L

*

N
o
o

_ 1.7 1.44L 0791 0.353
which give values of 3t f 0.353 0.353 0.354 0.351 O

O
S
=

(®)oz
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with the mean résults of the obscrvations, The accompanying -
table gives at the top the mean value of P-(% ~&') Tfor a set
of observations at Oxfordywhiie the second line shows the
absorption coefficients as given by Vigroux and the corres-
ponding mcan ozone values, The other lines show possible
adjustments to the ozone absorption coefficients to make the
values of ozone equal from all sets of wavelengths. We have
actually uscd that in the last line, accepting the absorption
for the AD wavelengths as that given by Vigroux. This work
should be repeated in a clear climate where the effect of haze

is negligible.

2.5, Accuracy of Direct Sun Observations of Ozone.

2.54, Accuracy of Reading.

Measurements using a constant weak artificial source of
light show that the errors in reading the records made on the
diéi afévgivéﬁ épﬁrdkiméfelyﬁﬁy”

QTR = 0.1 x Trace width.

Except for observations made on the 'A' wavelengths when ﬁﬁ is
greater than about 3 and the atmosphere is hagy, trace widths
for D.S. observations are usually less than 2° ‘so that &R
from this cause will be less than 0,2° 05N being less than
0.002). When j is small, trace widths are of the order of
0,5O to 1.0°. Occasionally, in very hazy conditions and With
low sun, the 'A' wavelength trace widths might be 59, Dial

readings are normally recorded to the nearest 0.1°.
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In general for the 'AD' wavelengths, where the difference
of two readings is involved, we may say that ﬁ*(NAD) may be
expected to be about O.OOBAwhile occasionally going up to

0,005 in poor conditions.

2.52., Constancy of the Instrument.

The monthly routine tests with the 'Standard Lamps', made
to check the constancy of the instrument, show (apart from
steady drifts for which allowance is made) a variability of
5(R) = 0,19 i.e. &(N) = 0.001. There is a strong tendency
for valucs of the dial reading with the Standard Lamp on all
four wavelengths to be high or low together at any one time,
Whether this is due to a change in the standard Lamp or to
real changes in the instrument, it is clear that values of

NAD will be little affected,

2.5%. Atmospheric Conditions. . ..

Using two pairs of wavelengths (ec.g. A & D) any change in
atmospheric conditions between the observations on the 'A' and
'D' wavelengths will cause an error in Nype It is the usual
practice to make the measurements in the order, A, D, A to
eliminate the cffect of changing height of the sun and any
regular changes in haziness. The change in the dial reading
(R) éo be expeoted between the two 'A' readings (made about one
minute apart) due to change in the height of the sun is usually

much less than 10,'yet-it is very seldom that the recorded
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-change is not in the direction expected. When the sky is
covercd by patchy cloud obscrving is'difficult and the crrors
may increase. '
Summarising the above three sections, we may say that
éﬁ(NAD) is not likely to exceed 0.005 and is usually less

(possibly 0.003),

2,5, Observational Checks on AécuracY.

2,51, Oxford,

Fig. 2.541(a) is given to show the agreement between obe
servations ﬁade with threc different instruments at the same
time. The observations were made during the calibration of
instruments Nos. 15 and 18 to deduce their value of the extra-
terrestrial constant by domparison with instrument No. 1 for
which the value was already known. Since the dial reading
( R) is only taken to the nearest 0.1° corresponding to- about

10.001 in W, it is seen that bthe agroement is good. The steady
increase in N with time is, of course, due to the decreasing
value offi.

Some 40 pairs of mcasurements are availlable where thé two

observations were made within about 20 minutes of each other

using the same instrument. These show

. - Tyse, . — :‘_. f e

T

In another similar set of measurements were made in which the two

observations of a palr were made on two different instruments
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and yet showed the same standard deviation. This would indi-

e N
RN

cate that & (%) = 0.003cms.  The standerd error in N,
corresponding to a value of (5@::: ﬁ%) = 0,003cm varies With/:..,L

and is A N 2 —

& (Nyp) 0.00L 0.008 0.013

When }g is small the value agrees with that expected from 2.53,

but when the sun is low the observed error is greater than
expected.,

When we come later (8 L) to consider the observed accuracy
of observations @ade on the cloudy zenith sky we shall have to
use pairs of observations made up to three hours apart. It
will therefore be useful to have the corresponding & (=) figurc
for two D.S., observations also made three hours apart and this

e 3 C( X !
is found to be & 2125(1) ~:££S(2) = 0.0055cm compared with

vy

the value of 0.00Lcm for nearly simultancous observations.

2.5L2, Results from Mauna Loa.

- The Observatory at Mauna Loa, situated at a height of
about 11,000 £t. in the Pacific high pressure area, has a ,
climate which, for such Work‘ds the determination of the value
of ’LO’, is probably unsurpassed at any other station where
there are instruments for measuring atmospheric ozone by the
spectroscopic method used in this work. Owing to its low
latitude (20°N) and rather constant pressure conditions, the

day~to=-day changes in ozone are small while its altitude ensures

a hage~frce atmosphere, By the courtesy of the United States
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Weather Bureau we have been supplied with the measurements
made at this station.

The following discussions apply only to the measurcments
made with the 'AD' wavelengths using direct sunlight.
(1) The differences (irrespective of sign) between two obser-
vations of a pair made at intervals of one hour, four hours,
nine hours, eleven hours, thirteen hours and fifteen hours are
shown below. They include all obse;vations made in the three
months May, June and July 1958, |

Average change (irrespective of sign) of measured 0zonc

Values of/; Time Inter- . Average differ-
val (t) Jt ernce in ozone
=2 and}A&39 .M, O D.MM,

' same day .1 hr. 1.0 0.0017 cm
p21 and}iﬁQ same day L hrs, 2.0 0.0028 "
}JL':z and h32 "N 9 hrs., 3.0 0.0038 "

B3 amd gz MW T 0 AThrs. 33 —= 0,004t -
/U.'l‘»B (pom,) and U~3 (a.m. '
next day) 13 hrs. 3.6 o.0043 "

FﬁZ(pmJ mﬂ%ﬁQ(mm.
next day) 15 hrs. %49 0.0045 "

The difference in ozone value from observations made one
hour apart are remarkebly small although the values of‘ﬁx, and
therefore the dial readings of the instrument, were quite
different at the times of the two observations of a pailr.

(2) The average value of the ozone measured at the same value

of /ﬂ,for morning and afternoon observations are almost identi=-
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cal indicating that there is no appreciable diurnal variation
in ozone which is asymetrical about noon. (This result dogs
not, of course, dépend on an accurate knowledge of the value of
LO). The significance of the slightly higher value of the
measured ozone at }L = 3 has not yet been determined.

(3) 1If the average difference between two observations of
ozone (irrespective of sign) made t hours apart is plotted
againét the square-root of 1t the points lie nearly on a.
straight line. This, of course, is what would be expected if
the changes in ozone with time were random. If it is justi-
fiable to extrapolate this line back to gero time interval we
obtain the very small value of 0.001 cm for the difference
between two obsefvations made nearly at the same time., This
would indicate errors in NAD at the different values Of;}L

of the order of

e g e g g
N 0.001 0.0015 0.0025

2.6, Atmospheric Hagze,

2,61, Discussion of Mcthods of Mcasurement .

The haziness of the atmosphere can be measured with the
ozone spectrophotometer in two different ways. In the first

method, using observations with direct sunlight, we find the
DS _ . DS
D ~ TTAD
~for any other two pairs of wavelengths) using equations (L) and

o

value of ( &~ %') which will make x (and similarly
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(5) (see Observers' Handbook, page L8). Tn thesecand method
we use observations on the zenith sky and find the difference
quiﬁ'between the observed value of Pv%?r and the value of
the same quantity which had been measﬁred on very clear days
with the same height of sun and the same ozone value. (On
very clcar days the value of ﬁgwiﬁ is therefore zero). This
value is similar to the "cloud correction" discussed in 8 L.2
except that haze takes the place of cloud. |

When designing the spectrophotometer we wished to make
the effect of hage on the measurcment df ozone by direct sun-
light small and with this object the wavelengths passing slits
and S, (see Observers' Handbook, page 51) were kept.as close

2 3
together as possible whilc maintaining a sufficiently large

8

difference in the absorption coefficients of ozone (x =o'},
Hence the instrument cannot be expected to give accurate
-values of (& ~-&")v— -On-the-other-hand-it-was-desired-to
measure the effect of cloud as accuratcly as possible and
slits S, and SLL were fixed approximately 1000 AU apart. The

3
value of ANZ% should therefore give a good measure of the

c
'whiteness' of the sky.

It will be clear that these two mcecthods of measuring haze
do not measure quite the same thing. (& -~ §") depends only
on the differential scattering of the two wavelengths involved

and is thus a mcasure of thosc particles in the atmosphere

whose size is comparable to the wavelength of light; large



28.

particles, which scatter all wavelengths equally, will have no
effect as is seen in the case of. observations taken through
thin cirrus cloud. The value of Zkhdﬁ?depends on the amount
of sunlight added to the zenith blue sky light through
scattering by all particles which are not so small that they

scatter in the same way as pure air.

2,62, Measurement of Haze by Observation on Direct Sunlight.

In principle, having fixed the constants discussed above
(8 2.1 to 2.4L), we can obtain an estimate of (§ -~ &') from
observations with any two pairs of wavelengths for which we can
assume that the values of (%~ %') are e@ual. For the A and

D wavelengths, for example, we have

DS ey s e
X D = PD/(‘J"‘- G“7):D - (:’J_ 3'>D/(‘(‘i"“m")D
._\.,.DS —- Y] - car 40N - 4 ,:-; - *"‘f " 4 ,._ ]

and x5 = Pyp/ld-ot), o (e=2"),p/(ct=e'), o

or ( Q-—.g’;')D,:.PD,a- Pyp =X (2 =~ a“;f;')A/({ﬁ.,,gr}i'.)AD,y ; '
3 = L =
if (% [ )AD 0.

If we put in the values of (¥ ~ ') found suitable for atmos-

pheric ozone we have (% - %')D_AD = Py - 0.254 P,

(6 = §")g_pg = Pg = 0833 P,

(2~ 8')D_BD_= Py = 0.440 Ppo

o “ —
(6 = §')p_gp = Pp = 0.806 Py
However, as stated above, it is not to be expected that very

accurate values for (& = 8') will be obtained. In § 2.541 it
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was shown that the standard error in NADA“‘ wés about 0.00L.
This error would lead to a standard error in (& - &') of about
0.005. In Fig. 2.63(a) values of (%~ &') as obtained from the
A and C wavelengths are plotted against the value from the B and
D wavelengths measured at the sém@ time, The scatter of the

points is about what we should expect.

2.63, Measurements of Haze by Measurements on the Zenith Sky.

As stated above, the chief effect of haze on the wvalue of
gf_\__!“‘\i‘éj?will be the scattering into the instrument of light of
approximately the spectral composition of sunlight in addition
to the normal, bluer, zenith light. Clearly particles which
are large compared to the wavelength of light will produce an
effect. A hazy day on which thé haze is composed of large
particles (e.g. a winter day with high relative humidity) will
give a large value of A\N%TF but may have a small value of
(%4~ %'Y)., On the other hand with low relative humidity the
haze particles will probably be of all sizes and we may expect
some relation between zﬁﬁi% and ($~-%'). Fig. 2.63(b) shows
the relation actually found at Oxford and also the relation with

the estimated visual haziness.

2,0, Observations on the Zenith Blue Sky.

%,1. Construction of the chart for the zenith blue sky.

The total amount of ozone cannot be obtained directly from

observations on the light from the zenith blue sky unless the
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vertical distribution of the ozone be known (and even then there
is great difficulty in making the calculations) but it is
possible to make an empirical chart (charts Ic and IAD of Hand~-
book) using nearly simultaneous observations with the AD wave-

lengths on the direct sun and with the AD or C wavelengths on

ZB
C

as ordinate and with J4 8s abscissa when lines of equal ozone

the zenith blue sky. Such charts may be made with Ni% or N

run roughly diagonally across the chart, It is rather more
convenient to use Nﬁgém, or NgBA}a as ordinate since the lines
of equal ozone are then roughly horizontal and a more open
ordinate scale can be used since the range is smaller,

FPigs. 3.1(a) and 3.1(b) show such charts (drawn on a reduced
scale) for the AD and C wavelengths. As days with an amount
of ozone well above, or well below, the average are few, there
is always difficulty in drawing the lines for very high or very
"low ozoné values., = Extrapolation from the more frequent values
is easler when using N4u. rather than N as ordinate.

On a simple theory which neglects the effects of multiple -
scattered light, the separation of the lines of equal vaiues of
x at j =1 should be equal to (o ~mc‘)AD or (mr_ng)G, In
the case of the AD chart this apbears to be the case, In the
cagse of the C wavelength chart the separation for a difference
of ¥ = 1,00 c,m, is 0,98 comparcd with the value of (m:—ix’)c
from Vigroux's work of 0,865 or the value suggested in 8 2.42
of 0.791, Presumably the larger value observed for the C

wavelengths 1s due to multiple scattering but it is not known
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why the AD wavelengths do not show a similar increased value.
Possibly the range of ozone on the days of observations was too

small,

ZB DS

The values of N - N may vary from instrumcent to
instrument since this difference involves the scattering by the
G.9.P.5s and these are not quite neutral and differ slightly from
one to another. The effect wi}l be small in the case éf the
AD. wavelengths since both wavelengths will generally be
affected nearly equally, but the C wavelength chart for one
instrument may not quite suit another instrument for this
reason,

In the case of the AD wavelengths, if we plot the value of
lﬁi%4¢ o Nﬁ%{yj for nearly all simultaneous observations
against. the value of/&, it is found that all the points lie on
a narrow band (see Fig. L.11(a)) and arc almost independent of
the ozone Valué for_values‘ofjmless.than about 2.2.. (It is.
convenient to plot Nég_rather than N since the former changes
little Withfu.and it is not necessary to correct the observa- .
tions of a pair for small differences in}}a) . Since we can
DS

[ﬂy?L for any value of x this relation

allows us to calculate any value of Nig4bgwhen the sun is fairly

calculate the value of N

high. This is very useful when constructing the zenith chart
for the AD wavelengths (see fig. L.11(a)). It is not found
worth while to extend the zenith chart for AD wavelengths be=-

yond}mAz 2.2 since the results are variable, presumably because
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differences in the vertical distribution of the ogzgone begin to

affect the values.

3,2, Observations on the zenith blue sky with the 'AD'
wavelengths. .

3,21, Hazme effect,

It has been shown in § 2.0 that observations using two
pairs of wavelengths (e.g. AD.), have a great advantage over
those using one pair of Wavelengths (e.g. A or C) since, While
the latter are seriously affected by the haziness of the atmos~
phere, the values from the double pair of Wavélengths are
almost unaffected. In the case of the zenith sky the effect
of scattering by the large particles of haze will be to add an
amount of light, which is nearly of thé»spectral composition of
sunlight, to the light from the clear blue zenith sky, i.e.
light from a hazy zenith sky will héve more long wavelengths
relatively to short wavelengths and the deduced ozone value
will be too great (see Fig. 3.31(b)). When a double pair of
wavelengths is used the effect of haze will be similar on each
pair and the difference of the two values will be but little
affected. A plot for the AD wavelengths similar to %.31(Db)
indicates a small effect when the sun is high, but little

effect Whenjﬁiexoeeds about 1.5,

3,22, Accuracy of measurement of xig
The value of Xig is the most accurate estimate that we

have of the value of x and we may obtain an indication of the
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errors of xig by comparing them with the values of xﬁg made

nearly at the same time. Such a comparison indicates that

XZB DS

CT[“AD = Xpp = 0,005 cm.

If & (x,5) = 0,003 em (sce § 2.4) then cﬁ'{xZB)= 0.00k cm.

.AD
A value of ﬁi{x%§} = 0,004 cm corresponds to a value of

5{ﬁi§) at different values of }1 L

M= -1 2 3
[ 7B\
aﬁ@TAD) - 0.006 0.010 0.010

which are very similar to the corresponding values given in

8 2.4 for observations using direct sunlight.

343, Observationé on the zenith blue sky using the 'C!
‘ and C!' wavelengths.

2.31, Effect of Hazec.

As mentioned in 3%.21 the value of NgB is much influenced
by hazinecss of the zenlth sky. Three possible measures of this
-hééiness are availabié}; o | - . | |
a. Measurements of (& - $') from nearly simultaneous D.S.
observations.
be. The value of NG' as compared with the same value on very
clear days.
c. Visual estimates of the haziness - whiteness of the gky
or visibility.
The most convenient measure of the haziness is obtained
from the value of Ngg (as used in the "cloud correction", -

see section L4). Apart from a small effect depending on the
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value of the total ozone which is easily allowed for, the
value of this quantity should be the same on all good clear
days; ‘the difference between the value on any given day and
that on very clear days will be a measure of the haziness on
that day. Fig. 3.31(b) shows how the error in xéB depends on
the haze as measured in this way. Clearly a correction dee~

7B

pending on the observed value of NC‘ (equivalent to a "cloud

correction" - see section L) should be used to correct for haze.

DS
G

of the ozone, this error was overlooked since haze causes an

In the earlier work when X was used as the most reliable value

- . DS .
almost similar error in xj (see section 2).

3.32._ _Accuracy of measurement oﬁ_xggg
As in 8 3.22 we can get an estimate of the errors of ng!

by comparing pairs of obscrvations (ng, - ng) made nearly at

. the same time. If the ZB observations are corrected for the

haziness of the sky as described in g 3,31 then we £ind

o

2B GDSE o s : : : :
ﬁiXCO' AQé’“'O°OO6 Clle 1ndlcat1ng a standard error

o

ﬁ[?gg& == 0,005 or almost the same as that for corresponding
measurements using the AD wavelengths. It seems, however,

definitely larger than the figure for:ﬂ(??%)‘ (0,00% cm.)

L.0. Observations on the Cloudy Zenith Sky.

L.1. Measurements using the light from the Cloudy Zenith
Sky and the 'A' and fD’ Wavelengths,

Lh.11. Principle of the Method.

The top of a cloud will be illuminated by (a) direct sun-
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light and {v) scattered light from the wﬁole hemispherc of sky;
the light which leaves the bottdm surface of the cloud will be
a mixture of (a) and (b) and there seems no reason to expect any
differential absorption of anj wavelength within the cloud,
while, since the scattering is-by relatively large cloud drop-
lets, it may be expected to be the same for all the wavelengths.
Since sources (a) and (b) have different spectral distributions
and we do not know the proportions of light from (a) and (b)
emerging from the lower surface of any cloud, we cannot in
general use this light to obtain a mcasurement of the ozone.

However it 1s observed that, when the sun is not too low,
the value of NAD is very similar for the two sources (a) and
(b) above; see Fig. L.11(a). Strictly the valucs of Nﬁ%
shown in this figure should be the values obtained with the
ground quartz platé in position, (since it is in position for
_ observations on the direct sun) and using the light from the

whole hemisphere of clear blue sky. However. a direct compari-

ZB
AD

hemisphere sky with ground guartz plate showed the difference to

son of the valuecs of N with simultaneous values using the

AD
to be rather the greater, i.c. nearcr the value for sunlight,

be small Whenjy-is less than 2 and the hemisphere value of N,

when.ﬂﬂis greater than 2. In the'speoial case when these two

values are equal the valuc of N as measured on light emerging

AD
from the lower surface of the cloud will be independent of the
relative proportions of sunlight and sky light in it and we can

use such measuremecnts on the cloudy zenith sky as if they had
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been made on the clear blue sky. (It is found better to refer
such measurements to the zenith sky rather than to direct sun-
light). In practice the method is found to work rcasonably
well provided,ﬁ is not greater than about 2.5.

We may simulate the effect of a cloud‘by placing a ground
quartz plate above the entrance slit of the instrument and
exposing it fully to the light‘of the sun and skye. Such a
test was made on a cloudless day as ﬁagradually increased.,

The result showed that the values oé NAD for the clear zenith
sky and for the artificial 'cloud' were within 0,010 so long as
the sun was fairly high.

Figure 4.11(b) shows how similar are the changes in NA and
ND caused by cloud. In this case simultanecous observations
were madé on the zenith sky using two instruments, one‘set for
the A wavelengths and the other for the D wavelengths. Values
of NA and ND are plotted as ordinate with time as abscissa
during a period when the zenith was partly clear and partly
cloudy. The figure is drawn so that the values of NA and ND

are equal for the clear blue periods. The two observations

(the 5th and the last) when the values of N, and N do not agree

A D
were taken when the cloud had rapldly changed and it is probable
that the two instruments did not look at exactly the same part
of the sky.,

In Fig, L.11(c) is seen the effect of cloud on the Zenith

values of NA’ ND and NAD’ two direct sun observations also
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being obtained. On this day\a belt of rain lasting for‘éome
two hours cleared off about 10.50 with clearing skies and was
followed later by a small cumulus shower. The first observa-
tions were taken on the cloudy zenith sky when the rear part of
the cloud of the rain belt was overhead. v Shortly after this
a measurement with direct sunlight was obtainegyfollowed by an
observation on the nearly clear zenith sky (only a little thin
cirrus being present). Tater as the small cumulus passed
overhead, observations were taken continuously until rain began.
Finally another observation was possible with direct sunlight
though the zenith did not clear enough to allow a second measure-
ment on the clear blue éenith sky . (In the figure the values
of N%p are plotted rather than N since Néu_is nearly independent
Of/A for both the sun and zenith measurements).

The following points are worth noting:=-

(1) 0Cloud at 10.L45 gave a value of Nig identical -with the later
ZB »

AD°

(2) At the beginning and at the end of the cumulus shower the
values of Nig were similar to the values of Nig
darkest part of the cloud was passing over and just before the

rain, the value of Nig increased by about 0.020 which would

blue sky value of N

s, but when the

correspond to an increase in ozone of about 0,013 cms. This
is an example of the "Cumulus Effect" discussed in 8§ L.3. The
value of N for the 'A' wavelengths is affected by the cumulus

cloud more than that of the 'D' wavelengths, which would happen
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if there wvere a real increase of ozone within the cloud.

L.12. Accuracy of Zenith Cloud measurements by the 'AD'
wavelengths.,

We may estimate the accuracy of measurements made by use
of light from the cloudy zenith sky by comparing these values
with the values obtained when using sunlight as in 8 3, but the
time between two observations of é pair is of necessity much
longer than when comparing zenith blue sky and direct sunlight
measurements and will usually be about three hours. During
these three hours real changes will have occurred So.that not
all the difference will be due to errors of measurement. The
standard deviation for two measurements using sunlight and made
three hours aﬁart was found to be O.0055 cm. and this figure
should be kept in mind when considering the accuracy of cloud
observations.

Comparison of pairs of observations shows that'for obser-

vations taken within three hours

{20 DS ...
\:f;TPCAD - XADj 2= 0,010 cm.

so that for the standard error of an observation in the cloudy
o {20 .

sky & kXAD) ot O.0085 cm.

This is about twice the figure for observations on the zenith

blue sky. The greater inaccuracy of the cloud observations

may be due to the following:=-

(a) Ideally the observations on the 'A' and 'D' wavelengths

should be made at the same time on the same piece of cloud.
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This is not practicable and observations are actually made in
the order A, D, A, D, A. Such a series occupies about two
minutes. Care is taken to'chooseqas uniform a piece of cloud
as possible but appreciable variations not infrequently occur.
An idea of the variability with typical stratocumulus cloud can
be obtained from Fig. Lh.12(a). In this case observations on
the 'A' and 'D' wavelengths lasting about 25 seconds each were
made alternately. The ozone values shown at the bottom of the
figure were calculated from the mean of two values of NA and
the intermediate value of ND. It is recommended that at least
three measurements be made on the_'A' wavelength and two on the
'D' wavelength. This will clearly reduce the variability of
the calculated ézone value. Some improvement may be made Dby
taking still more observations but with increasing length of
time the variability of the cloud will increase also. This
 variability undoubtedly causes a substantial part of the error
of measurements using the cloudy sky.
(b) A further cause of inaccuracy may be that there is some
real differential absorption of the Waveleﬁgths within the
cloud. There is.no information on this point.
(c) A small correction would be expected for those observations
which are made at times other than when/u.is about 1.65
(see 8 L.11).

(4) The "Cumulus Effect" for which see below (8 L.3).
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L.2. Measurements using the light from the cloudy zenith sky,
with the C and C' wavelengths.

L,21., Principle of the Method.

The light received by the instrument from the cloudy
zenith sky will be a mixture of sunlight and sky-light and
there is no reason to expect that within the cloud there will
e any different absorption or scattering of one wavelength of
a palr relative to the other. If it were possible to measure
the relative proportions of sunlight and of sky-light received
by the instrument we could correct the actual observation to
what it would have been if only sunlight or only sky~light had
been received. This can be done approximately if observations
are made on another pair of Wavelengths which are not absorbed
by ozone.‘ In practice the C and C' pairs of wavelengths are
used (the small absorption of the C' Wavelength = 3323 AU, =
is easily allowed for). We know NG’ for both sunlight and
sky—lighf from observoﬁions on oleaf; oloudleés days, since the
Value at any given zenith distance of the sun will always be

the same. The observed vélue of N on the cloudy sky will

ot
then allow us to find the proportion of sunlight and sky~1ight
in these wavelengths reaching the instrument. It is reason-
able to assume that the same proportion will also hold for the
C wavelengths.

In practice a more empirical method is used; on days

with some cloud and some clear blue sky, observations on the
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C and C' pairs of Wavélengths are made as patches of cloud
and patches of blue sky pass across the zenith. If the
observed differences between the blue sky and cldudy sky
values are ﬁsNG and AkNC? we f£ind on plotting A NC against
g&NCg that the points cluster round a line for any given
value of‘fi.

Figure L.21(a) shows a set of observations which were
made, first on the clear blue sky and later on the cloudy sky.

The differences X and X' show the changes in NC and N caused

C!
- by the earlier part of the cloud while the changes due to the
later part of the cloud, when there was slight drizzle, are
shown by Y and Y'. |

Figure L4.21(b) shows the results of a number of observa-
tions which were made with the object of constructing the
" "cloud correction" curves. Each point represents differcnces
such as X and X' orrf and Y'. | From many sets of observaﬁioné
such as these, "cloud correction" curves have been constructed
for diffcrent types of cloud and different values of};.

It will be noted that at YY' there was slight drizzle and
also that the "cloud correction' given by YY' is greater than
that given by XX'. This is frcquently found in the casc of
very dark cloud and particularly when there is rain or drizzle
and shows that no unique 'cloud correction' can ever be

obtained.

The corrections to NC are generally between 0.02 and 0.06
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so that the whole correction corresponds (for average values
ofjm and x) to between 0.01Q cm, and 0.025 cm. of ozone. The
average error involved in the corrcction is probably not more
than a £ifth of this amount corresponding to errors in ozone
of between 0,002 cm. and 0.005 cm.,

L.22. Accuracy of measurements using the ¢ and C' wavelengths
and the Cloudy Zenith Sky,.

A comparison similar to that given in 8 L.12 between pairs
of observations, one made on the A & D wavelengths using dir-
ect sunlight and the other on the ¢ & C' wavelengths using
the cloudy zenith sky, the two observations of a pair being

made within about three hours, gives a value

ZC
cc'!

Taking the standard deviation of two observations using the AD

& (% Ko ) = 0.010 cm.

wavelengths and direct sunlight made within three hours of

each other as 0.0055 cm. (sec 8 2.65) we can estimate the -

standard error of one cloud measurement as O.OO85 Cll. 0OZONE.
The followipg are probably the chief causes of error in

the measurements on the cloudy zenith sky using the ¢ & C'

wavelengths:=

(a) The mcthod assumes that the measurements on the ¢ and ¢!

wavelengths are made on the same cloud which, in fact, is not

possible when using only one instrument and the best that can

be done is to make a series of measurements on the C and ¢

wavelengths alternately, and to choose a time for the observa-
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tion when the cloud is as uniform as possible., The
conditions vary very greatly with the type-of cloud and in
many cases with, say, uniform alto-stratus cloud very good
results can be obtained. On the other hand it may be almost
impossible to take observations which are worth anything
when alto-cumulus cloud with clear blue patches covers the
sky. Figure Lh.22(a) shows two typical series of observations
on different types of cloud. It is usual to take at least
three observations on the C wavelengths alternated with two
observations on the C' wavelengths but, if time can be spared,
there is an advantage in increasing the number. |
(b) There is no doubt that the idea of using a "cloud correc-
tion" to correct an observatior using the C wavelengths on the
cloudy sky to the value it would have had if the sky had been
clear, can only be realised very approximately and different
" individual clouds under different conditions (particularly -if -
there are more than one cloud layer present) may require
different corrections. The values used are those which seem
to fit best the average clouds..

(¢) The "Cumulus Effect" (see 8§ L.3).

L.3, The "Cumulus Effect!,

It has always becn found that if observations are made on
the cloudy sky when a thunderstorm or a big cumulonimbus cloud
is overhead ( see Bakerian Lecture Proc. Roy. Soc. A Vol. 185,

Do 165, 1946) the amount of ozone whether found by the AD or
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the CC' method is much greater than that from adjacent
measurements with direct sunlight or on the clear zenith sky e
In the case of thunderstorms the increase may be very large,
up to 0,200 cm; or more, but the effect is also often shown by
guite small cumulus clouds to a much smailer extent -~ of the
order of 0,020 cm., o

It has never been possible to find the cause of this
apparent increase in the ozone or whether there is really a
large concentration of ozone within the clouds. Attempts
have been made to detect an increased concentration within the
cloud by making direct sun observations when the sun was seen
through dis;olving false cirrus from a large cumulonimbus
cloud, but only in one case was any increase found and this
may not have been really connected with the presence of the
cloud. While ozone might well be formed in thunderstorms, it
is surprising that electrical potentials-should be great
enough in small cumulus clouds.

The increase in Nig shown in Pig. L.11(c) just before
the rain‘occurred when a small cumulus was passing overhead
would amount to about 0.010 cm. of ozone and is typical of the
effect in small cumulus. It will be seen from the figure
that the 'A' wavelengths are much more affected than the 'D'
wavelengths as would be the case if there were really a con-
centration of ozone within the cloud. The apparent increase

in ozone in cumulus clouds is roughly the same whether the CC'

or the AD wavelengths arc used.
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For synoptic and climatological purposcs it is gencrally
the stratospheric ozone which is of interest and any local
effects should be avoided. In the case of isolated cumulus
and cumulonimbus this is easy but cumulus are often embedded
in layer clouds such as stratocumulus when the only indica-
tions of their presence overhead may be that the cloud is very
dark, It is therefore general practice to avoid any dark
cloud when making the observations and particularly any cloud
from which rain is falling, since abnormally high values may
be expected in these conditions.

L.h, Comparison of cloudy zenith measurements with AD and CC'
wavelengths,

A comparison of pairs of ozone values deduced from measure-

ments on the cloudy zenith sky with the AD and CC' wavelengths

ZG
AD

= 0.007 cm. This is only half the value which would be

made nearly at the same time givés a value of < (X272 - ng,)
deduced from the standard error (0.0ﬂO cm) of the ozonc values
deduced from eithef the AD or the CC' wavelengths above, on the
assumption (a) that the observations are "independent" and (D)
that the value of 0.010 em. is not unduly increased by the
‘interval of time (some three hours) between the observations of
a pair which were compared. It is difficult to estimate the
relative importance of these two effects, but certainly at
times, the "Cumulus effect" will bé responsible for raising

the ozone value deduced from both pairs of wavelengths.



2.31(a)

2.%21(a)
2.321(b)
2.321(c)
2.321(d)

2.33(a)
2.33(b)
2.35(a)
2.41(a)
2.541(a)
2.63(a)
2.63(b)

3.1(2)
3.1(b)
3.31(a)
5.31(b)

LIST OF DIAGRAMS

Diagram to show method of calculating LO.

Plot of P*, against 1/¢ for calculating L, Oxford.
Plot of Pg against 1/p for calculating L_, Oxford.

Plot of PzD againét 1/u for calculating L_, Oxford.
Plot of meaﬁ values of P& p¥ p% P¥ ana P¥

A
against 1/p, Oxford.

ws}
Q

D AD

Plot of PiD against 1/p, Mauna Loa.

Plot of monthly means of P

=z
Exd

AD
Observations showing errors due to skylight on

against 1/s , Mauna Loa.

G.Q.P., and scattering of light within the
instrument.

Absorption coefficients of ozone determined by
Vigroux and by Ny and Choong.

Simultaneous observations with three instruments
using direct sunlight. ‘

Comparison of (§ - Y) obtained from different
wavelengths.

<t

Observed relation between ANy, and (% - & and

>AD
visual clearness.
Zenith blue chart for AD wavelengths.
Zenith dPlue chart for C wavelengths.
(Figure‘omitted)

Effect of haze on ozone value found from zenith blue
sky, C wavelengths.



List of Diagrams continued.

L.11(a)

L.14(b)

Lho11(e)

L.12(a)

Lh.24(a)

L.21(b)

L.22(a)

2.31(a)

Difference between zenith blue sky and simultaneous
direct sun measurements, AD wavelengths.

Simultaneous observations on zenith blue sky with A
and D wavelengths, showing effect of cloud.

Observations on sun and clear and cloudy zenith,
A and D wavelengths.

Extended séries.of observations with A and D wave-
lengths, showing variability due to cloud.

Observations showing effect of cloud on zenith values,
C and C' wavelengths.

Typical set of observations to deduce "cloud
correction" curves.

Extended series of observations on zenith sky showing

variability of cloud, C and C' wavelengths.

ERRATA to DIAGRAMS

For (L =~ Li) read (L

2.321(a), (v), (c), (d) For "P" read "P*"

2.33(a), (b), For "P" peag "P™
2.35(a) "In caption, after ‘“errors" add "due'.



th. 13{ (Cl-)



0-6b—

0-64

ProT OF Pa AcansT Vu FOR CALCULATION OF L

OXFORD

1957

N

| ?ﬁo,w

- Y 0S8

054

052

0

\

|

|

|

Feg, 2321 (&)

0% 09 08

Y

\
/



02 0— ‘™~ ]
| D
P ' ‘
] L1 ]
| _02 04 AM 06 09 08 06 PM o4 0-2

Fda. 2:321(b)
>

J

0
Lot of FD AGAINST %A FOR CALCULATION: OF Lo, Qﬁ%:s R



052

5 . ;
0 04 o 06

-

08 09 08 06 o4+ 02

Fi.a. 2:321 (¢) <
PLoT of PAD AGAINST

Yk

l 3
/i ' OXFORD

R CALCULATION of L, 1957




062 - T
060— 048y
&
042— | 046 -
P BN
’/\ 040—
P - —10-30
o C ?\7\%
o— = S
| Ot— OXFORD —lo2s
DA MEAN_VALUES
04— o—O DN Q_
]

02 04 06 08
Fig 2321 l/,u N
Rot of MEAN vALUES oF Pa Pe Pc Pb + Pap

AGRINST /M
FOR CALCULATION OF L OXFORD 1457




S ——> '
03 0§ 07 03 10 09 07 05 03

e_

O

)
O
!
|
1
I
1
(

TR

Zeros of each curve dc‘s!aln.ced B qive o.PProxéma.l"dJ e?ua.l spacing.

Fig. 2'33()




' Mauna_ Loa
042
| | | | |
0N -
N Mean ) (70 days) uou___,___f—:_é/ )
038 — \%/—__Mm:h__@ A |
Py
O o Dec- Tc..n/ o Y Jc S— __Q:_/_’:‘_S
056—0\_ — o JA‘K@\"- ]
v :
‘ C— o Feb o] . -
| | | | | |
0-3 os RM o7 g9 10 09 07 PM 0§ 03
¢ ' >
Fiq 2:33(b) /u ’

PLOT 0F MONTHLY MEAN VALUES OF PAD FOR CALCULATION OF L,
' Mauna Loa, 1958




3701 —
ag0l— i_2_5_2_ oo B
A /J.Ts /T+ \“'O' """ o, /f:g /“-;é
350/— L | I -
%
X(_ \.
°
310F— ‘ |
v
300— Focus |
290/— 3-8:53 0 GQP —
/‘1-:5 =4 :S =k
280— T / T | /i T J ]‘ _
120 [-40 60 180 Ne 2.00 920 240 260
Fiq2:356) | | | | | | | |

OBSERVATIONS SHOWING ERRORS TO SKYLIGHT ON_GQP AND SCATTERING OF LIGHT WIT NSTRUHEN
[+) OUN. Q



ARSORPTION COEFFICIENTS OF OZONE DETERMINED

BY VIGROUX AND BY NY « CHOONG
5 _~ FOR THE ‘C' WAVELENGTHS

We,(.ght'u\.cj }or SZ —_

:
'3 — : : —
\ e 131AU —
}
2 — |

Centre ;f sl

A bsorpl‘ion Coef :

o
o
Q
o

" 09— O O Vigroux | _
| 000 Nj P Choon3 - |36 o

< 20RU —

08—
Scheme for coex.sht..mi Sa
90— | &‘:mu
i 3080 3090 300 310 3(20 330

F'c‘g. 24 (a)



SIMULTANEOUS OBSERVATIONS WITH THREE INSTRUMEN TS
USING AWAVELENGTH ON DIRECT SUNLIGHT.

| | No. 1
No. 19
~ | No. 18
’ ? Re,a.déns efcor
L of I° ~ ]
N Corrected
A
A\ Ny=0-010
\J/ _ }: A -
| | |
0940 0450 1000 (0.0 /020
Flg. 2541 () GMT

Zeros of corves are displaced approx. 0-0t in Np_to avoid confosion.




| I l
0-05 (- —
\ 00Ok |- o —_
\ ) o. [
] A@ . . o: . . ° 0o .
- W oom L o Bt
5 VQ oe ° : * ° ° N
—_ ° Ce oo )
00l k_.“ U B _
! . ..O. : :: .. ° ¢ *
°o’t « °
°
b 1
0 __ _
I l l l

—— (5-8)p—
Fuq:2:63 (a)  Comharison O;‘(é-b’) oltained from

cdifferent wavelemgths.



| | | | I I I [ ]
0 0-01 002 003 Lo
/ 3 ey
& 8"'8' o s
—( )RD 7 ' b . d X o
S 3 > 3> » P
o Y ¥ 5 9 =
o > O & & & =
°
o0 oo -
N o o
o o
o 5 o S
. (o) (o]
AN: o (o] T 0 2]
C L) % o g oo o o °
) AN_=00l o
° o o s °
o o
v 000 % o0©° 8 ®
o? ° o
ogo 8 og 8 8o g° cé)
le) 8 ooo o o qg Og S o
8 § o g %
o o ' oo
| | | | . | | | | |

Fig 263(t)  OeseRvED RELATION BETWEEN AN AND (8-$)ap
OR_VISUAL CLEARNESS. (UxFORD SuMMER 1957.




—
—
—
—
—
—

(-0
FLCB 3 (a)
Zenith Urlye sk chavt fov AD AN

— —s




——

\
02 \
] X:3~9\O
| —
3\ ' X350
%
Z

Ok

Fiq 31 (b) Zenith blue sk chart. C )

——



0% | | | T |

O
O o O
| O
03 —
A OO
O 4
0 o 0 .
AN | O 50
C O .
0 — O O o
0 — o . 9% %o
_ o OOO O
000 0O , | :
D ' .
© ' | | | | |
0 0-0! 0-02. 003 004 005 cm.
Fig 331 (b)

—(XE® -XEB)——

EFFECT OF HAZE ON 0ZONE VALUE FOUND FROM ZENITH BLUE SKY. CAN




DIFFERENCE BETWEEN ZENITH BLUE SKY ¢ SIMULTANEOUS DIRECT SUN
MEASUREMENTS FOR AD WAVELENGTHS. ALL CLEAR DARYS OXFORD |958.

008 | | | | | |
DL
oos - Og _
@@
&
0-0k |— | _
3 & &P
5 3002 — | | _
A% @
=
l ® o
1 5 | G é
g5
=
—-0-02 {— ‘ —]
FLq. 4-ti(a)
®
oon | | | | | L9

-0 /2 A [ o [-8 20 22 A



s =mg

030_ +02]0

25
3G
5
™ M+ed

) Yo
™) RIYM
™ PIYM

5 Haog

55 w0} rup

y.do- LD
25 g
98 4o
25 3ybiq

x Fi
= "
g
7 "l @
P4 i .
] =
.m b d|
= 2 3
« (e et
o
o 3
O nN.. J
. 0
Y
= I
l - |m
< £
J
5| N
2 v
3 3
L (9
~
~ = |
i <
M A
6 C .




FLg: A-H(C) Obseyvattons on Sun and Clemr?(_lo udy Zenilh,

Note eq/ualiftﬁ of AD values for Clear ¥Cloudy Zemith.

s D5— © 5
N A XN o©
Al %0
070 ° 00000 o ©
A R T NP
Ds—— - Ve
&
O - D5
A = 2B
020 o = Z (loud.
Noju DAL
3 000 0o 00
o o ° °
o
ZB- - - - - A T e
ADAL § 00
V4 )
_O__‘_S-S' —‘B—o——_-———--—— ———o—ooqg ————— - - = - - S0 - -
P— —C
0-50 e
- {
1100 - 1130 GMT
ey : 33
ik 3 ER R R
R h s 2359 32 £ 3 3
T 2 SRV : <
°5 ¢ x d v u
dQ N Sbt v (i _; _2
Q2 5 c 2 A d ¢
& g cdAa (k=12 S 3



EXTENDED SERIES OF 0BSERVATIONS ON STRATOCUMULUS CLOUD
WITH ‘A AND ‘D' WAVELENGTHS SHOW(NG TYPICAL. VARIABILITY
OF MEASUREMENTS.

" _m“_w

058

059

01>

N:D//u

012 +— O—W ///O\M |

04]

'-"N " A/Q\
T S 59
oK M -

310 o

10§ | . |

300 | | D |
0940 (000  GMT
g 412.() % 0950



S I

S S

T

2)ECup
24577

ooy
1+op

ooy

LUJ Q\GNO

paop>

~ 3467
-
vy

2Mm9
,‘.\d@wu

Fia. 421 ().

G THE EFFECT OF CLOUD ON

JaSERVATIONS SHOWIN

ZENITH VALUES
WITH C o C' WAVELENGTHS.




i
o o
~ goo ©
0 ©
030 pb— _
o) ] o
o o
N ANU o o
o (o]
O'o o © °
020 — ° —]
o
| v o
| 0lo |— ]
o Ac. clood
: (o} -
0 0-02 0-04 0:06
—A Nc_*—)
53.4—'2l(b)

IYPICAL SET OF OBSERVATIONS MADE To DEDUCE
“CLOUD CORRECTION" CURVES,
| AN IS THE DIFFERENCE BETWEEN THE CLOUD
. VALUE AND THAT OF CLEAR BLUE SIY.




Croupy Zemith Swky. C a C'AX.

el —

I=ANC=0-010 CAL
N | ' UnL_Form Rs.
N C‘ Ak
1=ANc =000
1 = ANC; O’blO o C M\
Unclu.(.akéng .
c' AN
[- ANy =000

10 SEconDd OsservaTions ALTerRNATE C e C' AN

Fig- 4-22(\) EXTENDED SERIES OF OBSERVATIONS
WITH C ¢« C’ WAVELENGTHS ON CLOUDY ZENITH SKY
SHOWING VARIABILITY WITH DNIFORM ¢ VARIABLE CLOUD.




