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Abstract: Brief descriptions are given of the various direct
and indirect methods of determining the vertical distribution
of atmospheric ozone, using its chemical or optical properties.
Some attempt has been madé'to evaluate these methods in terms
of accuracy and applicability. Numerous references (eig,hty—
two) are given, as well as an indication of the three lines

of research in this field ocurrently being pursued by the
authors.

1. INTRODUGTION

‘ - Methods for the determination of the vertical distribution of
| ozone may in general be divided into three main classes. These are:

| (1) Chemical methods, which are essentially methods of
| determining local concentrations at various heights
in the atmosphere.

(ii) Direct optical methods, which require air-borne
apparatus.

(iii) Indirect optical methods, which are based on ground
observations.

It is convenient to discuss the advantages and disadvantages
of these classes in general before outlining the principles and parti-
cular characteristics. of 1ndividual methods.
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" Both classes (i) and (ii) involve taking the eqiiipment to the
heights to which the vertical distribution is to be determined, by balloon,
rocket, or aeroplane. In the case of balloon or rocket-borne apparatus
this necéssitates recovery of data and/or apparatus. Telemetry or radio-
sonde techniques ensure that the data is obtained, but may increase the
cost; weight and sources of error. They also necessitate suitable ground
fééeiving'ani/or recording apparatus. Most specific methods have been
adapted to the type of radio-sonde equipment standard in their country of
origin (Britain, U.S.A., France, Germany) and would require modification
to suit Australian equipment.

At present the determination of detailed local concentrations
at various heights has only been achieved by chemical methods, which, as
will be outlined, are subject to considerable sources of error. Most
reliable data has been obtained by balloon-bormne spectrometers, although
not with such detailed height resolution. ’

, " Chemical methods are to some degree subject to a number of
sources of ‘error (see for example Brewer and Milford, 1960). Briefly
we may list: :

(a) Absorption of ozone in the detector-inlet system. This
can be serious, and is difficult to avoid and detect.

(b) Errors in air-flow measurements due to changes in pumping
rate, interference by water vapour, differences between
ambient and pump temperatures, and leakages.

(¢) Incomplete absorption of the ozons in the air sample by
the reagent.

(d) Interference by other oxidants such-as nitrogen dioxide.

(e) Variations in the reaction rate with temperature and
pressure, or due to incomplete buffering of the reagent.

: Some of the above sources of error will be systematic through-
out, and will therefore affect the absolute values but not the height
profile. Intercomparison tests, notably Moreland (1960), suggest how-
ever that some chemical methods may be subject to gross errors in profile
as well as in absolute values. Further intercomparison tests would
appear to be necessary before any particular ozone-sonde can be considered
to be reliable.

Most optical methods require the calibration of filters, photo-
tubes, or other optical systems, although some methods obviate these
calibrations by eliminating sensitivity and transmission factors in the =~
reduction of the data. Calibrations may be expensive and time consuming.
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" Indirect optical methods in gemneral involve large path lengths
in the atmosphere;, leading to smoothed veértical distributions lacking in
detail.,” However, these methods use ground-based equipment which, while
it may be expemsive, is léss liable t¢ damage or loss than air-borne
apparatus, and is more accessible to checking. ~ Such apparatus also
needs only periodical calibration. Reduction of the raw data is very
complex, computer techniques often being desirable. In the case of the
Dobson spectrophotometer, however, no great skill is required for
routine observations. Some indirect methods are sensitive toozone at
very high altitudes, well above the limits of balloon-borme apparatus.
Air-borne apparatus can operate in cloudy weather, at least above eloud
level, whereas ground based methods (except the Dobson spectrophotometer)
are hampered by cloud.

Chemical methods may be performed at any time, whereas some
optical methods are restricted to certain times of day. The limited
time resolution of chemical methods makes them unsuitable for rockets,
and may restrict their height resolution on balloon ascents. However,
nearly all chemical methods can give a vertical profile in the time
neécessary for a balloon ascent (about 2 hours). Some direct optical
methods are fast enough for good height resolution during rocket
flights. Most indirect optical methods, on the other hand, require
several hours to gather the data for one determination.

2. CHEMICAL METHODS
(a) Potassium Iodide ‘Method

Since ozone is a very strong oxidizing agent, an obvious
method of determination is to use a chemical which may be quantitatively
oxidized by ozone and subsequently to use standard analytical techniques
to determine the extent of oxidation. Potassium iodide has been the
most commonly used substance, although aldehydes and some other orgamic
compounds have been used.

In the iodide method, the air is pumped through a heavily
buffered neutral aqueous potassium iodide solution and the free iodine
thus liberated is absorbed by sodium thiosulphate to prevent loss of
iodine by evaporation.

0y + &I + H,0 —>2KOH + 0, + I, (1)

2N323203 + I, —> Wal + N9,246 (2)
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‘The amount of thiosulphate remaining unconverted to tetra-
thionate is then determined by titration. With some variations this is
the basis of the methods variously developed or discussed by Regener
(1938), Paneth and Glueckauf (1941), Gluecksuf et al.(1944), Ehmert (1949
and 1952), Bowen and Regener (1951), Teichert (1952), and others.

" Numerous preceutions and procedures have been recommended by
various workers to avoid several sources of error, notably incomplete
absorption of the ozone from the air sample, oxidation of air intake
tubes (Brewer, 1955), and the necessity for buffering. '

- . Due to the complexity of the apparatus and procedure, the
above applications of the potassium iodide method refer principally to
heavy ground-based installations, although Kay (1953) and Brewer (1955)
describe its use in aircraft to measure the vertical distribution.

Regener has used an electrolytic titration of a KI - Na23203

solution as the basis of a chemical sonde (Regener 1957, 1959). This
sonde measures the average ozone concentration through a layer whose
thickness is a function of solution concentration, atmospheric ozone
density, rate of ascemnt and the rate of air flow through the reaction
chamber. However; with normal balloon ascension rates, the sonde is
unable to indicate detailed variations of ozone demsities.

The elsgtrochemical sonde developed by the Oxford group
(Brewer and Milford, 1960) gives a continuous measurement of the ozone
concentration in the air passed through the resection vessel. The air
under test is drawn through a pure potassium iosdide solution, a potential
of less than one volt being applied between two electrodes im the solu-
tion. = The iodine liberated as in (1) is clectrolytically reduced at
the cathode, 12 + 26 -——» 21—, whereupon the iodide ions are drawn to

the anode where iodine is reformed by the reverse reaction. Thus the
flow of current between the electrodes is determined by the rate of
arrival of ozone at the instrument. However; re-circulation of the
free iodine refcrmed at the anode would prevent the quantitative
estimation of liberated iodine, and thus of atmospheric ozone.

Brewer has used two distinct methods tc prevent the return of
the reformed iodine from the asnode to the cathode. In the so-called

transmogrifier, the problem was solved by arranging for a small but
continuous flow of solution from cathode to ancde without re-circulation,
the flow acting as a barrier., The alternative "bubbler™ prevents the
re-circulation of 12 by employing an anode of silver ox mercury, whose

iodides are very insoluble.
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Useful resulis have been reported by Brewer and Milford (1960)
and MacDowall (1960) using the Oxford-Kew ozonesonde. ‘However, in a
recent intercomparison test (Moreland 1960), it was concluded that
although the potassium iodide sonde of Regerier was useful for special
projects where a skilled operator is available, the Oxford-Kew sonde,
as developed by Mast Development Co., Inc., was unsatisfactory in that
it failed to respond to the high ozone concentrations in the lower
stratosphere. Nevertheless it was suggested that the simplicity and
rapid response of this instrument gave it great potential for field use.

An earlier intercomparison test at Arosa (Brewer et al.. 1960)
suggested that although an absolute accuracy better than 15 per cent
could not be guaranteed, the relative shape of the curve was expected
to have high accuracy.

Both these intercomparisons have been carried out with the sp-
called transmogrifier.

(b) Heat of Decomposition

The Armour Research Foundation has developed an ozone messur-
ing device based upon the heat of decomposition of ozone (C. and E.N ,,
1960; McCully et al., 1960). The analyser (see also Olmer, 1959)
consists of a detection cell, amplifier, and recorder. The detection
cell is built around a simple rotor consisting of two concentric hollow
cylinders which are bisected by a plane which binds the cylinders to
the concentric shaft. ~One half of the rotor surfaces is painted with
a catalyst consisting of a mixture of the oxides of copper and manganese.
A motor slowly turns the rotor (4 rpm) so that thermistors are alter-
nately exposed to the air warmed by ozone decomposition, and the undis-
turbed air stream. A low-frequency A.C. signal can then be taken from
a D.C. energised Wheatstone bridge, the peak-to-peak signal being a
measure of the ozone concentration. A dry ice trap has been success—
fully employed to avoid interference due to water vapour. The asuthors .
quote useful limits of sensitivity in the present equipment of the
order of 0.1 to 10 ppm* of ozone, with an accuracy of :.10%°

It is planned to use this apparatus to monitor the ozone con-
centration between 40,000 and 150,000 feet. No details are given of
the means of transmitting the data from the balloon carrier. As yeot
the equipment has only been tested in aireraft.

(¢) Quinol-Krypton 85 Clathrate

The clathrate (Mandelcorn 1959) is a crystal of hydroquinone
containing krypton atoms trapped in the crystal lattice in such a way
“that escape is impossible until the chemical forces that bind the
*ppm = parts per million
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crystal together are overcome. Krypton 85 is used since kryptom, being
an inert gas, is'incggable of entering ihto plant or animal metabolism,
while the isotope Kr®> is a low energy beta emitter of half life 10.3
years.

The apparatus consists essentially of an air pump, a drier to
remove water vapour by means of molecular sieves, the clathrate reaction
cell, Geiger Muller tube and ratemeter, and finally a flow valve. The
ozone, pumped through the clathrate reaction bed, quantitatively oxidizes
the quinol, Iiberating the KrS5 which is swept along by the air stream to
the detector, where it is counted in a standard way. The great sensiti-
vity of the beta counting makes possible the detection of ozone in the
parts per 1010 range or better (compared to parts per 107 for the K.I.
methods). The weight of the apparatus, without transmitter, can be
brought under 10 pounds. No field tests have as yet been reported.

(d) Chemiluminescence

Regener has developed a device which uses the luminescence of
a dry substance in the presence of ozone for the automatic quantitative
determination of small ozone concentrations. In this apparatus, the air
is pumped oveér the chemiluminescent disc (luminol adsorbed on silica gel).
- The luminol converts the energy from the decomposition of ozone molecules
‘into photons which can then be detected by a phobomultiplier. The
rhotomultiplier current controls the audio frequency of a blocking
oscillator; this audio signal (40 - 200 c/s) is used to modulate the
standard U.S. Weather Bureau radiosonde transmitter.

The meteorological modulator unit (TPU) of the standard radio-
sonde is comnected to the transmitter in alternation with the ozone
controlled modulator every 15 seconds by means of s motor driven switch.
The 15 seconds corresponds to the time taken for one intake or expulsion
stroke of the breather pump which passes 500 cc of air per minute over
the chemiluminescent disc. The switching sequence is arranged so that
the transmitter is connected to the ozone modulator during the intake
period of the breather pump whereas at other times it is comnected to
the meteorological modulator. N

This method is claimed to have a negligibly small response to
. atmospheric NOZ’ Further advantages lie in the high semsitivity of the

apparatus, the fact that the response is instantaneous, and that no
liquids are used. The apparatus developed by the Albugquerque group
measures 5 x 5 x 6 inches and weighs 1100 gms without thermal insulation.
The author has successfully tested the apparatus to heights up to 33.5 km.
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BEarly work on chemiluminescence due to the oxidation of
organic compourids by ozone was carried out in the 1930's by
U.Constantinove-Schlesinger (1935, 1937, 1939 and 1942).

" More recent work has been carried out in the laboratory by
Peregud and Stepanenko (1960).

3 DIRECT OPTICAL METHODS
(a) Ultra-violet Spectrographs and Optical Ozonesqndes

" 77" "One of the earliest measurements of the vertical ozone
distribution was carried out in 1934 by E. and V.H.Regener when their
balloon-borne ultra-violet quartz spectrograph took photographs of the
s0lar spectrum as a function of height. Further measurements have
since been carried out with both balloon-and rocket-borne spectrographs.
However; such flights are expensive especially as the quartz spectro-
graph may be damaged upon landing. Furthermore, the apparatus must
be re¢overed in order to evaluate the photographic plates, which is not
satisfactory for current meteorological analysis.

The development of the radio-telemetering U.V. intensity
meter by Stair and Coblentz in 1937 eliminated the necessity of recov-
ering the apparatus. However, this and other early work (Stair and
Coblentz, 1939, 1941; Stranz,1949) suffered from’ the lack of suitable
cheap filters, the relative infancy of telemetering techmiques and the
intervention of the war. In the last few years these shortcomings
have been largely overcome and the I.G.Y. saw the use of two optical
ozonesondes (Kulcke and Paebzold, 19573 Vassy, 1958) at a mumber of
stations. .

T These sondes both measure the light intensity in two
spectral bands (several hundred A.U. wide) in the region of the
Huggins ozone absorption band; the two glass filters and the photo-
tube give a measure of the light intensity from the sun, in two
spectral bands, only one of which is appreciably affected by ozone.
The Getrman authors have stated that the coloured filter. glasses are
somewhat temperature dependent. On the other hand Vassy claims that
the filters of the Schott WG series show a negligible temperature
effect. The use of narrow pass band multilayer interference filters
may overcome this possible objection, and also eliminate the depend-
ence of the effective absorption coefficient of ozone on the total
effective thickness of the ozone in the light path.
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The German sonde relies upon modulation, by a chopper, of the
light falling on the phototube so that a simple RC amplifier may be used
to amplify the photocurrent. This current is then fed to a milliammeter
whose reading is mechanically converted into morse signals for the German
Graw-sonde. On the other hand, the French ozonesonde incorporates a
relaxation oscillator made up of a capacitance, resistance and neom tube.
The output pulses, after amplification, operate a relay which can easily
be coupled to the standard French radiosonde. Both these devices have
been adapted to the radiosondes used in their respective countries.

The accuracy and detail of the derived vertical distributions
is limited, as it is necessary to take small differences between reélative-
ly large total thicknesses of ozone above the apparatus. Small absolute
errors in total thickness determinations may thus lead to large fractional
errors in the mean concentration in a thin layer of the atmosphers. I

In general optical ozonesondes do mot require highly skilled
operators, although reduction of the results is oftem tedious.
Optical ozonesondes may be subject to absolute errors due %o inaccurate
absorption coefficients, calibrations of filters and/or phototubaes ete.
Some” errors may also arise due to the assumed spectral distribution of
sunlight.

A recent intercomparison test (Brewer et al., 1960) compared
the German optical ozcnesonde with the Brewer electro-chemical sonde, and
the distributions derived from the "umkehr" method and the infra-red
method. Fair correlations were obtained, particulariy with the infra-
red method.

The Melbourne group is at presend experimenting with an ultra-
violet filter photometer attached to the standard Australian radio—sonde.

(b) Balloon-borme Light Sources

Regener (1954) experimented with a balloon-borne hydrogen dis—
.charge tube, separated by 420 feet from a receiver UV spectrograph.
Special circuitry was designed to flash the tube every 20 seconds for
several hours. A second spectrograph, to monitor the light source
during the flight, was mounted next to the lamps.

Absorption over the 420 foot path should then give a measure
of the differential vertical ozone distribution, which is potentially of
greater absolute accuracy than that derived from integral measurements as
in normal optical sondes. However the one reported flight of the appara-
tus did not reach a sufficient altitude to determine the stratospheric
ozone distribution.






