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Meteorological and Ozone Data for the Project STRATOPROBE
Balloon Flights of 8 and 22 July, 1974

S.E. Bain, C.L. Mateer and W.F.J. Evans

Atmospheric Environment Service, 4905 Dufferin St.
Downsview, Ontario, M3H 5T4

[Manuscript received 29 March 1976]

ABSTRACT

The meteorological conditions at the
earth’s surface and aloft for the two
research balloon flights of Project
STRATOPROBE on 8 July and 22 July,
1974, are presented and discussed
briefly. Trajectories of the balloon

temperature and ozone profiles taken
at Churchill before ihe launches and
during the flights, which are necessary
for the evaluation and interpretation
of some of the experimental data, are
also presented.

flights at float level are traced. The

1 Introduction

In this paper, we present the meteorological conditions and ozone profiles
associated with the first two flights of Project STRATOPROBE from Churchill,
Manitoba, on 8 July (Flight 1) and 22 July (Flight 2), 1974. The ozone
mixing-ratio and temperature profiles are required for the reduction of mea-
surements of constituents such as nitric acid, and also for the interpretation of
the measured nitric oxide, nitrogen dioxide, and nitric acid concentrations in
terms of photochemical theory.

The second section of this paper summarizes the meteorological conditions
on the launch dates. The third and subsequent sections present the temperature
and ozone profiles derived from ozonesondes launched at intervals starting six
hours prior to the launch of the large research balloons and ending approx-
imately six hours after launch. Supplementary temperature data from rocket-
sondes and the NIMBUS 5 satellite are also included. The surface synoptic and
the 10-mb height maps are included so that effects of meteorological transport
on the theoretical interpretation of the constituent measurements may be
considered.

2 Meteorological conditions

a Flight 1
The surface synoptic map for 0000 gMT 9 July 1974 is shown in Fig. 1(a).
The surface weather conditions were ideal for this flight since a high pressure
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SURFACE SYNOPTIC| ~-
FLIGHT 1
———-JET STREAM

Fig. 1(a) Surface synoptic map for 0000 GMT 9 July 1974. Dashed line shows position
of jet stream.

region with an associated north-south ridge extending into Northern Ontario
had moved gradually southward to remain stationary just to the north of
Churchill for several days. This high pressure region maintained a relatively
constant pressure of 1020 mb bringing sunny skies and light surface winds to
the launch site.

A pressing problem for this flight was the position and strength of the jet
stream, since the strong turbulence and large wind shears near the jet can
structurally damage a large volume research balloon. The launch was originally
scheduled for 7 July 1974 but by then an extremely strong jet stream had
moved directly over Churchill with maximum winds measured by radiosonde
at 120 kt. The jet stream began to move southward the next day and by the
beginning of the launch window at 2100 GMT on the afternoon of 8 July,
the main core of the jet stream was just south of Churchill and the maximum
winds aloft were from the NNW at 50 kt. The location of the jet core is
indicated by the dashed line on the map in Fig. 1(a). The 10-mb height analysis
for 1200 oMt 9 July 1974 is shown in Fig. 1(b). A study of this map indicates
that the float level winds were approximately 20 kt from the ESE. The flight
trajectory of the high altitude balloon from launch at 0103 GMT 9 July until
termination at 0015 GMT the following day is also indicated on this map. This
balloon which had a volume of 1.2 X 10° m? attained a float altitude of
approximately 13 mb.
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Fig. 1(b) 10-mb contour chart for 1200 gMT 9 July 1974. Dotted line west from Churchill
shows balloon track.

The surface weather conditions at Churchill during this launch were:
Wind: SW 5 kt.

Temperature: 21°C.

Pressure: 1018 mb, steady.

b Flight 2

Fig. 2(a) shows the surface synoptic map for 0000 Mt 23 July 1974 which
depicts the surface weather conditions close to the time of launch. The
dominant feature affecting Churchill weather was the Low (988 mb) centred
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Fig.2(a) Surface synoptic map for 0000 gMT 23 July 1974.

to the south of Devon Island with an extensive associated NW-SE trough reach-
ing from Devon Island to just south of James Bay. This Low, which had been
slowly weakening over a period of a few days, delayed the launch for two days,
due to the associated poor weather conditions at Churchill. By early evening
on the 21st, the ridge associated with the High (1018 mb) to the south of
Lake Winnipeg pushed into the region bringing clear skies. Unfortunately,
further delay was incurred due to the development of a strong surface gradient.
However, on the 22nd, the gradient slackened sufficiently to permit a launch.

There were no significant jets at the 300-mb level during Flight 2, the
strongest wind being 60 kt over Lake Winnipeg. Above Churchill itself the
maximum winds aloft were less than 40 kt. From the 10-mb map in Fig. 2(b)
for 1200 gMmT 23 July 1974, it was determined that the winds along the float
level flight path were from the SE at 20-30 kt. The trajectory of the second
flight with a larger balloon of 3.3 x 10% m?® which floated at a higher maximum
level of 6.3 mb is also indicated from launch at 2318 eMT 22 July until
termination at 2156 GMT on 23 July. The surface weather conditions at
Churchill during this launch were:

Wind: NE 5 kt.
Temperature: 19°C.
Pressure: 1014 mb, rising.

3 Temperature profiles
Figs. 3 and 4 show the vertical temperature profiles obtained from the
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Fig. 2(b) 10-mb contour chart for 1200 oMt 23 July 1974. Dotted line west from
Churchill shows balloon track.

ozonesondes launched during Flights 1 and 2, respectively. The solid dark line
in all cases represents the U.S. standard atmosphere for July, 60°N.

The five soundings taken during Flight 1 do not deviate significantly from
the standard atmosphere. However, for Flight 2 the soundings show a distinct
inversion at 250 mb. From the inversion up to 45 mb the soundings are very
close to the standard but at 45 mb the atmosphere becomes warmer than the
standard, continuing so to the top of the soundings.

As additional information, we have included the temperature profiles
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Fig. 5 Ozone mixing-ratio profiles over Churchill on 8 and 9 July 1974. Solid curves
are July-August average from Hering and Borden (1965). (To convert to volume
mixing ratio multiply by 0.60.)
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Fig. 6 0Ozone mixing-ratio profiles over Churchill on July 22 and 23, 1974. Solid curves
are July-August average from Hering and Borden (1965). (To convert to volume
mixing ratio multiply by 0.60.)
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obtained from rocketsonde data for 10 July and 24 July at Churchill and
satellite inversion data from the SCR experiment on the NIMBUs 5 satellite.
These data provide an extension of the radiosonde temperature data to higher
levels. The obvious disagreement between the rocketsonde and satellite data is
within the larger error of the satellite technique.

4 Ozone mixing-ratio profiles
Figs. 5 and 6 depict the vertical ozone mixing-ratio profiles for Flights 1 and 2,
respectively. The solid dark line in each diagram represents the average ozone
mixing-ratio profiles based on the July-August mean ozone densities calculated
by Hering and Borden (1965) from 13 ozone soundings made at Churchill in
1963 and 1964.

The differences between the 1974 ozone soundings reported here and the
average curve are typical of the variability to be expected at this latitude and
season.
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ABSTRACT

Far infra-red stratospheric emission
spectra recorded with a Michelson
interferometer on board the AES bal-
loon gondola during the 22-23 July
1974 flight from Churchill, Manitoba,

densities of H,O and O; derived for
an altitude of 22 km. The possibility
of detection of other constituents by
present and future instrumentation is
assessed.

are discussed and integrated column

1 Introduction

The far infra-red and submillimetre portions of the stratospheric emission
spectrum are dominated by minor constituent emissions, particularly those of
H>0 and O;. The major atmospheric components N, and O, are homopolar
molecules with no electric dipole moment and do not exhibit pure rotational
spectra in this region, while the two other relatively abundant constituents, the
inert gas argon and the symmetric molecule CO; produce no far infra-red
emission. The O, molecule does, however, possess a magnetic dipole moment,
the weak rotational transitions of which produce a simple series of triplet lines
through the far infra-red region which compete in intensity with those of H,O
and O;. Furthermore, their presence in the stratospheric spectrum leads to a
method for minor constituent concentration determination by suitable nor-
malization of the observed spectrum without the necessity for precise
photometric calibration (Burroughs and Harries, 1970). This can be accom-
plished because the amount of O, at all altitudes in the stratosphere is both
stable and well-known. Line strengths for these transitions can be calculated
from the equations given for the dipole moment matrix elements by Tinkham
and Strandberg (1955) (with minor corrections and modifications; see Gebbie
etal., 1969). These values have been verified by the laboratory measurements
of Gebbie et al. (1969) to rather limited accuracy. Several groups have utilized
this technique in the recent past to derive H.O and O3 concentrations as func-
tions of latitude and altitude up to 15 km from aircraft measurements (Harries
and Burroughs, 1971; Bussoletti and Baluteau, 1974). Many other minor but
important constituents of the stratosphere show pure rotational spectra in this
wavelength region, of sufficient strength to be detected in emission in the
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stratosphere. Such molecular species as HNO;, N.O, NO, have been detected
at aircraft altitudes in the 10-35 cm—! region by Harries et al. (1974a) and
tentative concentration values obtained by utilizing line strength values derived
from laboratory measurements by Fleming (1974).

These slowly varying emissions from uniformly distributed constituents in
the stratosphere, in a spectral region where detector noise dominates all other
sources of noise, are ideally suited to spectroscopic methods such as Michelson-
Fourier spectroscopy in which the multiplex advantage and high instrumental
throughput can be utilized. It is with this type of instrumentation that most of
the advances in these measurements have been achieved in the past few years.

The present paper discusses the results obtained from a Michelson inter-
ferometer on one balloon flight of the AES of Canada gondola in July 1974
from Churchill, Manitoba (latitude 58.7°N, longitude 94°W) in the late
evening hours, (0105 oMt 23 July 1974). A method is discussed for the
normalization of the present spectra to the O, emissions when weak O3 lines
are contributing significantly to peak emissions in the O, and H,O line posi-
tions. This method utilizes synthetic spectra derived from the programme
compiled by McClatchey et al. (1973). Integrated column density values for
H,0 and O; are derived by this method for spectra taken at 22 km during the
above flight. The possibility of detection of other atmospheric constituents such
as HCI, HNO3, NO, or N0 is discussed in the context of the present results
and some indication is given of the sensitivity of instrumentation used in
flights during 1975, for which the data analysis is not yet completed.

These limiting values of minor constituents are compared to those expected
from a combined absorption-emission experiment to be carried out with
improved Michelson interferometers on a flight in 1976. A balloon-borne
telescope successfully test-flown in 1975 will be utilized to provide the requisite
solar steering in this experiment.

2 Experimental details

The Michelson interferometer used in the 1974 flights was a simple rapid-
scanning instrument based on the NpPL-Grubb-Parsons cube design equipped
with plane mirrors and a 19-pum mylar beamsplitter. One mirror was mounted
on a motor-driven precision-micrometer thread to produce the varying path
difference between the divided beams. A toothed wheel and photo-cell system
on the motor shaft provided mirror position information for digitization of the
detector signal after the flight. The characteristics of the liquid-helium-cooled
Ge(Ga) bolometer detector and its associated optics and filters are given in
Table 1. Continuous scanning of the mirror produced characteristic signals
(interferograms) whose highest frequency components (associated with the
highest wave numbers of interest, ~ 150 cm—1) corresponded to the approx-
imate cut-off frequency of the detector element (~ 20 Hz). The interferogram
from this type of instrument represents the Fourier transform of the incident
spectrum and post-flight computation of the inverse transform produces the
emission spectrum.
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TaBLE 1. Instrument and flight details

Detector Liquid-helium-cooled Ge(Ga) bolometer
NEP = 0.5 x 10713 W Hz~ /2
(Infra Red Laboratories, Tucson, Arizona).

Filters  White polyethylene window, 4.8 mm (253K) Quartz wedge (77K)
Black polyethylene 0.2 mm (77K) Mesh filter, cut-off 130 cm~! (2K)
PTFE blocking filter (2K) (C.P.S. Cambridge U.K.)

Optics  TPX lens 25 mm diameter f/1.1 (2K)

Michelson Interferometer
Beamsplitter Mylar 19 um (Dupont Inc.)
Mirror movement 5.1 cm
Time per scan 70 s
Viewing direction Zenith angle 75°, 180° from solar azimuth

Flight
Launch 2318 gmt 22 July 1974
Rate of Rise 180 m/scan
Height of Fig. I spectra 21.5 km (47 mb) and 22.5 km (40.5 mb)
Time of Data ~0105 gmt 23 July 1974

The instrument was mounted with its field of view centered at a zenith angle
of 75° in the anti-sun direction in azimuth, orientation in this direction being
maintained by the solar steering device on the over-all gondola.

The detector characteristics were such that microphonic noise from the
boiling helium severely degraded its signal-to-noise ratio until the A point of
the helium was reached at a pressure of 50 mb, after which time quiescent
evaporation of the helium allowed the detector to operate at its design sensi-
tivity. Good data were recorded from this altitude of 20.5 km for a period of
20 min after which the liquid helium supply unfortunately failed. A series of
twelve good spectra were obtained in this time and have been analyzed to
produce the present results.

3 Discussion of observed spectra

Fig. 1 shows two of the observed spectra between 20 and 130 cm~! to a
resolution of 0.2 cm—! computed from 50-s sections of the interferogram
records telemetered from the balloon. The reproducibility between these
spectra taken in this short period by the rapid-scanning technique compares
very favourably with that of other published spectra (Baluteau and Bussoletti,
1973) taken over much longer periods by phase-modulation methods and fully
Justifies the initial design decision. The expected positions and relative strengths
of H»0O lines are indicated above these spectra while Q-branch and weak line
positions of O, are shown below the spectra. The reference lines of O, are
shown below those of Os. The quality of the data becomes relatively poor below
30 cm~! because of poor instrument transmission and detector noise and
above 130 cm—! because of optical and electrical filter cut-off. The spectrum
in the region around 47 em~! is superimposed upon a relatively wide but
smooth peak which is thought to be an artifact of the instrument, although its
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Fig. 1 Two spectra between 20 and 130 cm—1 to a resolution of 0.2 cm—1, separated vertically to facilitate comparison. Line positions and
relative strengths are indicated for the H,O lines above the spectra while the O, Q-branch and weak line emissions are shown directly
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exact source is as yet unidentified. Except in these regions, the observed spec-
trum agrees extremely well with a calculated synthetic spectrum when allow-
ance is made for instrumental transmission. The overall envelope on which the
spectrum is superimposed has its origin in the fact that the central peaks of
the interferograms overloaded the data telemetry. This background variation
has little effect upon the analysis of limited portions of the spectrum for the
determination of minor constituent concentrations, as has been shown by
Harries and Burroughs (1971).

The dominant lines of this spectrum are from H,O with several lines showing
considerable width in the wings, and Q-branch emissions of O3 which can be
identified up to wave numbers of 80 cm—!, The O, pure rotation lines are
weaker than these other constituents but the strong central line of each triplet
can be easily identified as far as 95 cm—1! except where strong blending occurs.
Weak Oj lines dominate the regions between lines as far as about 70 cm—!
making the identification of lines from other constituents relatively difficult in
these regions. It is on the basis of these Oy lines that a lower limit can be set on
the sensitivity of this type of equipment for the detection of minor constituents.

No emissions from other minor constituents have been unambiguously
identified in these spectra but several significant peaks are worthy of further
consideration. Detailed comparison of selected portions of an average of four
spectra with a single-layer calculation of a synthetic spectrum for H,0, O, and
O; at a temperature of 220K has led to several tentative identifications. Such a
comparison of the averaged spectrum uncorrected for instrument transmission
(varying relatively rapidly in this region) with the calculated emissivity over a
limited wave number range containing two regions of interest is shown in Fig. 2.
The synthetic spectrum has bzen convoluted with a sinc®x function appropriate
to an apodized interferogram (see Chantry, 1971).

The observed spectral shape near expected HC/ emission at 41.7 cm—?! does
not match the synthetic spectrum closely, whereas weak Oj; lines do match
closely in nearby spectral regions. It is tempting to assign this observed emission
to HC! although estimated column density on the basis of quoted line strength
(Sanderson, 1967) is considerably above other measurements (e.g., Farmer,
1974). More definitive identification must await analysis of higher resolution
spectra. The presence of the isotopic pairs of lines from HC/® and HCP7
should serve to make this identification somewhat simpler than for other
constituents.

A similar situation of high predicted column density also occurs in the case
of NO; in which Q-branch emissions at 37.8 cm—1! are tentatively identified
between the O, line at 37.3 cm—? and the H,O line at 38.8 cm—! even when
revised line strengths from Fleming’s work given by Harries et al. (1974b) are
used. There is some indication that aircraft data from these aunthors also leads
to abnormally high NO, mixing ratios on the basis of this Q-branch emission.

Considerable structure is seen between strong lines beyond about 60 cm—?
which exceeds that predicted by the synthesis calculations and on the basis of
coincidence between several predicted line positions and observed peaks it is
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Fig. 2 Expanded section of an average of four spectra between 32 and 45 cm—1, com-
pared to a calculated synthesis of the expected emissivity from an atmosphere at
220K, with column densities of 1.15 X 1018 molecules cm—2 forH,0, 5 x 1018
molecules cm—2 for O, and 1.56 X 1023 molecules cm—2 for O,

Fig. 3 Sketch of a typical spectral region containing lines from H,O and O, and a Q
branch of O,, with blended weak lines from O, and H,0. Contributions at the
peak from each constituent are assigned the letters a to g.

tempting to assign these to HDO and CO lines. Again, predicted intensities are
considerably below the observed peak heights.

These results indicate that some part of the analysis procedure or one or
other of the initial assumptions is suspect and this matter is being actively
pursued at the present time. Should it be found that expected amounts of these
constituents do in fact contribute the observed level of emission then the
estimated limits for these constituents given later in this paper will require
revision.

4 Method of normalization of the spectra
The determination of integrated column densities for H.O and O; in the
stratosphere from the observed spectra requires the correct normalization of
spectra to the O, lines, whose line strengths are known and whose concentra-
tion can be easily determined. This normalization, while relatively easy to make
for spectra taken at aircraft altitudes, where H>O lines and Q-branch O; emis-
sions are strong, is made difficult at balloon altitude because of the greater
contribution to the overall spectrum from weak O; and H,O lines, particularly
in blends with stronger lines. It is necessary to allow for these weak-line con-
tributions at the peak positions of strong lines. The following method utilizes
synthetic spectra from the AFCRL programme (McClatchey et al.,, 1973) to
achieve a normalization.

A sketch of a typical spectral region of limited extent containing H,O, O,
and Q-branch peaks is shown in Fig. 3. The unknown contributions from the
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three constituents at the peak positions of these three lines are indicated by
lines below this spectrum and designated by the letters a to g. Assumptions
made at this stage are that the equivalent black-body curve for the assumed
atmospheric temperature does not vary significantly over the chosen wave
number range and that the instrumental line width is considerably greater than
the emission line width at this altitude, particularly the equivalent Q-branch
width, Ratios of observed peak heights Ry = (b + e)/(a+c + f) and Ry =
(d + g)/(a + ¢ + f) for the H.O and O, peaks compared to that of the O,
peak can be obtained from the observed spectra. These ratios can be expressed
in terms of auxiliary ratios r; = ¢/b, r, = d/b, rs = e/g and r, = f/g which can
be obtained from synthetic spectra for individual constituents, these ratios
being slowly varying functions of integrated column density. The ratios x = b/a
and y = g/a represent the true ratios of peak heights of H,O and Oz Q-branch
to the O, line, respectively. Thus, if 7, rs, r5, and 7y can be determined by
assumption of a reasonable value of integrated column density for each
constituent (i.e., to the correct order of magnitude) then the required ratios
x and y can be written as

(Ry — r3R;) (R, — ryRy)
D

and y =- D

where D = (1 — ryR2) (1 — r1R;) — (#4R; — r3) (r1R2 — r»). Values of inte-
grated column density for each constituent can thus be obtained from these x
and y values for the synthetic spectra.

Errors can arise in a number of ways in this method, not the least of which
is the use of peak heights rather than integrated area under a line, and the
assumption of order-of-magnitude values for constituent column densities for
determining r; to ry. It is important that the correct instrument convolution
function be used in the synthesis since the “feet” of this function (particularly
for unapodized interferograms for which this function is sinc x) will substan-
tially affect closely adjacent lines.

Nevertheless, the method is expected to produce reasonable values from
which a detailed fit to the overall synthetic spectrum can be made when account
is taken of the instrument transmission function. The comparison method gives
vertical column density directly and the exient of the correction applied by this
normalization procedure in the present spectra is found to be as high as 80%
for H,O and 40% for Os.

X =

5 Results

Measurements on eight combinations of lines from these spectra have resulted
in mean values of integrated column densities after application of the nor-
malization procedure of 1.1(% 0.7) X 10'® molecules cm—2 for H.O and
5.0(= 1.8) x 10'® molecules cm—2 for O3 above 22 km, which compare
favourably with other observations at this altitude and on this particular flight.
The method depends critically on the correctness of the synthetic spectrum as
well as upon other factors already mentioned. Initial indications are that at
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least in the case of certain specific lines, the model is in error and that this
might have contributed to the wide spread in values from which these aver-
age column densities were derived.

6 Estimation of limiting sensitivity for constituents of interest

In order to provide an assessment of the usefulness of the present technique
and to produce design figures for future experiments both in emission and in
solar absorption, a rough estimate has been made of the expected signal-to-
noise ratio for various constituents on the basis of the present spectra. The
noise level on the spectra was obtained by comparison of fluctuations both in
peak heights and in relatively line-free regions between the twelve observed
spectra. Line strengths of detected weak O, lines which were considered to be
about twice this noise level were used to provide a limiting value for the
equivalent width, which for weak lines is simply given by W = Sag(¢), where
S is the line strength of the particular transition, a is the integrated column
density in the vertical direction and g is a geometric factor dependent upon
zenith angle (g(¢) = sec ¢ for ¢ < 80°). The equivalent width for these
peaks, using a = 5.0 x 1018 molecules cm—2 obtained earlier, is found to be
about 5 X 10—3 em~". Using this figure the limiting value of a can be esti-
mated for any constituent, and the limiting mixing ratio found by assumption
of a constant scale height between constituents equivalent to that of the over-
all atmosphere of 8 X 10% cm. Thus a ratio of detectable mixing ratio m, (to a
S/N ratio of 2 in the spectrum) to presently accepted mixing ratio m can be
derived and for the present situation m; = 9.25 x 10—28/S where § is the line
strength for the chosen line of each constituent. The estimate for future emis-
sion experiments is made on the assumption that improved resolution (by a
factor of 4) and improved S/N ratio (X 2) will be achieved and that view-
ing down to 90° will also significantly increase detectability of these weak
lines (by a factor of 2). Thus, an overall improvement of 16 is expected. For
the absorption experiment, the solar intensity should be substantially higher
than that from the atmosphere and a further gain of about a factor of 10 is
included in the calculation. The limiting mixing ratios are listed in Table 2 for
each of the constituents for which line strength estimates are available. These
have come from the work of Fleming (1974) and Sanderson (1967) (HCI)
and Rosenberg et al. (1972) and Fox (1971) (CH,). Notwithstanding the
uncertainties in the quantities used in this estimate, the values in Table 2 give
a good indication of the usefulness of the technique and will help in design of
future instrumentation. Fig, 4 shows graphically the ratio of typical m/m, for
each constituent and each category of experiment.

7 Conclusions

The present technique of far infra-red emission spectroscopy utilizing high
efficiency Fourier spectroscopy and helium bolometric detectors has been
shown in this initial test flight to give reproducible spectra from which con-
stituent concentrations of H.O and Os can be derived at balloon altitudes,
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TasLe 2. Estimated limiting detectable mixing ratios for various molecular species

Molecular Species

Typical Line

Detectable Mixing Ratio (m,)
(Conditions of Observation)

Strength Emission 75° Emission 90° Absorption 90°
Wave S Av =0.2cm™? Av = 0.05cm™! Av = 0.05 cm™! Typical
Number cm™~! W=5x10"3cm™* W=5x10"3¢cm™! W=25x%x10"%cm™! Mixing
cm™! (molec cm—2)~1 (1974) (Future) (Future) Ratio
H,0 30.56 0.143 x 102 6.5 x 1077 4 x 1078 4 x 10-° 1-3 x 1076
(weak)
0, 54.214 0.137 x 10-2° 6.75 x 1077 4.2 x 10~8 4.2 x 107° 7 x 10~¢
(weak)
HNO, ~32 6.2 x 10720 1.49 x 10~8 9.3 x 10-1° 9.3 x 1071 5 x10-°
HCI 41.7 1.5 x 10-18 6.17 x 10-1° 3.9 x 10~11 3.9 x 10712 1.5 x 101°
N,O ~18 4.1 x 10722 2.26 x 10-¢ 1.4 x 1077 1.4 x 1078 3 x 10-7
Cco 50-60 1.1 x 10-2! 8.4 x 1077 5.3 x 10-8 5.3 x 10°° 107
NO, 37.8 1.9 x 10-2° 4.9 x 1078 3 x 1077 3 x 104 2-6 x 10-?
CH, 94.2 1.2 x 10-22 7.7 x 10-3 4.8 x 10~°¢ 4.8 x 1077 8 x 1077
NO ~30 7.4 x 10-22 1.25 x 10-% 7.8 x 10~8 7.8 x 10°° ~107?°
S0, 28.8 8.8 x 10~ 1.1 x 1077 6.6 x 10~° 6.6 x 1010 1.6 x 1071°
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Fig. 4 Diagrammatic representation of the expected detectability of trace constituents,
on the basis of weak Oj line detection in the present experiment. The ratio of
typical volume mixing ratio to the estimated measurable mixing ratio (m/m,) is
shown for each constituent in order of decreasing detectability.

when correct account is taken of weak lines contaminating H.O and Oj peaks
in relatively low-resolution spectra. A recent report by Harries et al. (1976)
of higher resolution data over a range of altitudes and zenith angles from 15
to 35 km indicates that reliable measures of mixing ratios for other constitu-
ents such as HNO3 and NO: can be derived. Estimates of the potential detect-
ability of future instrumentation show that this type of experiment should
yield good estimates of constituent concentrations. In particular, it is demon-
strated that it should be possible to obtain good measurements of pure rota-
tional spectral lines of the environmentally important molecule HC! at two
specific wavelengths in the far infra-red with equipment flown on the 1975
flight series and instruments being prepared for the combined emission/absorp-
tion flight in the 1976 flight season.

It is unfortunate that premature failure of the cryogenic coolant system pre-
vented this instrument from operating through the important sunset and sun-
rise periods. New coolant vessels have resulted in considerably enhanced cry-
ogen lifetimes and high-resolution data from redesigned Michelson inter-
ferometers mounted on a tilting arrangement for limb scanning should pro-
vide measurements of temporal and altitude changes of the minor constitu-
ents discussed earlier.

In view of the importance of the O, magnetic dipole emissions in the deter-
mination of concentrations in the stratosphere, further laboratory work is
urgently needed to verify the theoretical line strength predictions for these
lines, particularly beyond 65 cm—2.

The combined technique of emission and solar absorption in future flights
should provide more precise altitude profiles of these constituents since the
solar pointing control accuracy is sufficient to provide beam widths through
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the atmosphere of fractions of a degree and this is essential for the accurate
derivation of altitude profiles when the constituent exists in narrow layers, as
pointed out by Farmer (1974). The continuously scanning emission measure-
ments will monitor important temporal changes during the vital sunset and
sunrise periods.
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ABSTRACT

A spectrophotometer which is cap-
able of measuring atmospheric nitro-
gen dioxide by remote sensing has
been included on board the STRATO-
PROBE 1 and 1 balloon programs.
The results obtained from the STRATO-

PROBE 1 flight from Churchill, Man-
itoba, on 22 July 1974, and prelim-
inary results from the STRATOPROBE
1i flights from Yorkton, Saskatchewan
on 17-18 August 1975, will be pre-
sented here.

1 Introduction

Nitrogen dioxide has strong absorption bands in the visible and near ultra-
violet regions of the spectrum and for wavelengths between 430 and 450 nm
the absorption varies rapidly with wavelength. This permits the measurement
of atmospheric NO, by measuring its relative absorption of sunlight, using
methods similar to those which are used to measure atmospheric ozone.

A program to measure atmospheric NO, was established in 1972 by Prof.
A.W. Brewer at the University of Toronto. A spectrophotometer which was
originally designed to measure ozone (Brewer, 1973) was adapted to mea-
sure NO,. The instrument is a modified 15-cm Ebert spectrophotometer which
is capable of measuring simultaneously the light intensity at three wavelength
intervals with a resolution of 0.5 nm. Earlier ground- and aircraft-based re-
sults have been formally reported (Brewer et al., 1973, 1974). The program
has been extended to be included in the AES stratospheric balloon projects dur-
ing the summers of 1974 and 1975, Results from the 1974 program and some
preliminary results from the 1975 program will be given here.

2 Method of measurement

The amount of NO, is determined by measuring the intensity of sunlight after
it has been absorbed by atmospheric NO,. The intensity of sunlight at an iso-
lated wavelength A, after passing through the atmosphere, is given by:

@Y

where [, is the intensity of sunlight outside the atmosphere at wavelength A,

logio I = logyo Ion — anX — By,
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FiG. 1 The absorption spectrum of NO, (from Hall and Blacet, 1952) as measured at
25°C. The three wavelengths used in this work are indicated by arrows.

o, is the decimal absorption coefficient of NO, (in cm—1) at wave-
length A,

X isthe optical depth (in cm at STP) of NO; in the path,

B is the Rayleigh scattering coefficient (per standard atmosphere) at
wavelength A, and

m is the number of standard atmospheres in the optical path.

We measure light at three wavelengths in the NO, absorption spectrum with
a resolution of 0.5 nm: \; = 437.7 nm, A, = 444.8 nm, and A3 = 450.0 nm.
The NO, absorption at these three wavelengths, as indicated in Fig. 1, has a
large variation with wavelength. The light intensity at each of the three wave-
lengths may be expressed in three equations similar to (1) with subscripts 1,
2, and 3 designating wavelengths Ay, Az and A, It is now possible to form a
combination of equations such as (1):

1 1, 1, 1,
log,o—l— — 1.46log, 52 7 = log;o 5> T —~ 1.46 logw]
or F=F —AAa X 2
where AAa = (o, — ;) — 1.46(0, — a3) = —7cm ™’

B, — B, _ weighting factor used to
and 146 = B, — B;  eliminate Rayleigh scattering.

The weighting of light intensities given in (2) is such that F, our measured
quantity, has maximum sensitivity to NO, and negligible sensitivity to Ray-
leigh scattering and all other effects which have slow monotonic wavelength
dependence. Ozone absorbs at these wavelengths; however, its absorption is
small and also nearly linear with wavelength. Using the absorption coefficients
given by Vigroux (1953) and a typical ozone distribution, the effect of ozone
on a measurement of F is about 4% that of NO,. This correction may be easily
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Fig. 2 The geometry of the tangent path technique. Tangent rays are approximately
220 km for 1-km-thick layers. A profile for NO, may be determined by compar-
ing measurements at symmetric solar angles about 0° elevation. The effects of
balloon-altitude changes during twilight may also be compensated.

applied to our measurements. We know of no other stratospheric constituent
which absorbs light in such a way as to interfere with our measurements and
we have carried out tests which indicate no interference caused by another
stratospheric substance.

From our measurement of F we may deduce the amount of NO; in the solar
path provided we know F,. From a balloon platform at 35 km it is possible to
measure F, directly when the sun is higher than 20° elevation because the
amount of NO, in the solar path is then negligible.

We have used our instrument to make laboratory measurements of AA« for
NO, at room temperature and atmospheric pressure, and have found a value
of —7.0 cm~—1. This value compares favourably with —5.91 cm—1 from Hall
and Blacet (1952) and —8.17 cm~1 given by Johnston (1974). The absorp-
tion coefficient was found to be independent of pressure. Bass et al. (1976)
have measured the effects of temperature on NO; absorption between 185 nm
and 410 nm and for wavelengths at 410 nm they indicate about 10% less
absorption at 235K than at room temperature. The effects of temperature on
our AA« in the wavelength region between 430 nm and 450 nm have yet to be
measured.

Vertical profiles of NO, may be measured quite accurately from a balloon
during sunrise and sunset. This is accomplished by taking advantage of the
very long tangential path lengths which result when the sunlight passes through
the atmosphere below the balloon. For example, a ray tangent through a 1-km
thick shell traverses a path of about 220 km through that shell. The geometry
of this is shown in Fig. 2. The vertical profile is measured by first determining
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Fig. 3 The function F as a function of solar zenith angle as measured during sunset on
July 22, 1974 from a height of 34 km. F increases during sunset because the sun’s
rays pass through atmospheric NO,. The shape of this curve is used to determine
a unique vertical profile of NO,. Error bars indicate the error due to Poisson noise
for an individual point.

the amount of NO- in the layer directly below the balloon and then proceeding
to lower and lower layers.

3 Results

The usual timetable for the balloon flights allowed a late afternoon launch
with the payload reaching float altitude about one hour before 0° solar eleva-
tion. Direct sun measurements were taken during sunset and during sunrise
the next morning.

The evening measurements from the Churchill flight of 22 July 1974, are
shown in Fig. 3. Meteorological conditions during the flight are given by Bain
et al. (1976, this issue). The morning measurements of this flight are not
available because of an instrument failure in the extreme cold overnight. This
problem was rectified for subsequent flights. Fig. 3 shows the increase of F
during sunset. This is caused by more and more NO; absorption as the sun’s
rays pass deeper and deeper through the earth’s atmosphere. The error bars
indicated in Fig. 3 are the single point errors which are estimated from the
Poisson noise of photon counting.

The values of F in Fig. 3 were used to determine a unique vertical profile
of NO,. Fig. 4 shows the reduced evening profile for the Churchill flight as
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Fig. 4 Three measured profiles of NO,: sunset 22 July 1974; sunset 17 August 1975; and
surnrise 18 August 1975. The range of aircraft measurements made with a different
NO, instrument from a height of 15 km during October and November 1973 are
also shown. The continuity between the aircraft measurements and the balloon
measurements is quite consistent considering there is a spatial and time difference
between the two sets of observations. This figure illustrates the difference between
morning and evening NO, profiles. The estimated absolute error for all profiles is
+20%. The error bars on the profile of 22 July indicate the estimated relative
error due to Poisson noise.

well as the preliminary evening and morning profiles for the flight of 17-18
August 1975 from Yorkton, Saskatchewan. Also included in this diagram are
previous measurements made from on board an aircraft at a height of 15 km
during October and November 1973 (Brewer et al., 1974).

In the reduction from the absorption as a function of zenith angle to NO,
concentration as a function of height, corrections have been made to account
for atmospheric refraction. The effect of refraction is to make the apparent
position of the sun higher than its actual position. Consequently, the solar rays
pass through the atmosphere at a higher tangent height than that which would
be expected if refraction were neglected. Because the tangent rays are higher,
the overall path length through the atmosphere is reduced. As a result, the
concentration of NO; is corrected to larger values by about 5 to 10% between
10 and 15 km and less than that above 15 km.

The effects of the finite diameter of the sun have also been considered in
the data reduction. As with refraction, the apparent position of the sun is
raised. This is because the lower part of the sun is attenuated significantly more
than the upper part. Incorporated into this correction is the fact that the limb
of the sun is less bright than the centre of the solar disk. It was found that the
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finite sun correction is about 15% of the correction due to atmospheric re-
fraction.

The data in Fig. 4 illustrate one interesting feature. We have previously
found that for lower altitudes there is usually a significant amount more NO,
in the evening than in the morning, as indicated by the aircraft measurements.
The results of the balloon measurements indicate that this diurnal variation is
present but perhaps less pronounced at 30 km. The larger amounts of NO. at
dusk may be explained by the slow dissociation of N.O; into NO, and NOs
during the day and the recombination of NOs and NOj; to form N.O; at night.
A further discussion of this photochemical process is given by Evans ef al.
(1976, this issue).

In all, two morning and two evening profiles will be obtained from the 1975
program. It is hoped that these results and those of flights which are being
planned for the future will contribute to a better understanding of the compo-
sition and photochemistry of our atmosphere.
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ABSTRACT

The altitude distribution of nitric acid
vapour was measured from observa-
tions of atmospheric thermal emission
in the 11.3-um band during a balloon
ascent launched at 2317 GMT on 22
July 1974 from Churchill, Manitoba
(latitude 58.7°N). The total amount
of nitric acid above the tropopause
was 0.32 matmcm. The nitric acid

layer was peaked at 24 km with a
maximum mixing ratio of 5.5 ppbv.
This measurement is similar to other
available measurements of nitric acid
in terms of layer shape and peak con-
centrations. The total amount of 0.32
matmcm is consistent with aircraft
measurements of the latitudinal varia-
tion of nitric acid.

1 Introduction

As part of Project STRATOPROBE, which had the objective of making coordi-
nated measurements of key nitrogen constituents in the ozone layer chemistry,
it was necessary to develop a technique to measure the altitude distribution of
nitric acid from the same balloon payload as instrumentation designed to mea-
sure nitric oxide, nitrogen dioxide and ozone. The thermal-emission technique
employed by Murcray et al. (1973) was chosen and an instrument was de-
signed to make nitric acid profile measurements based on the same principle.
Measurements of the atmospheric thermal-emission spectrum from Murcray
et al. (1973) over the spectral region from 9 to 14 um are shown in Fig. 1.
The nitric acid band is located in the atmospheric window at 11.3 um and is
relatively free from interference by other atmospheric constituents. Five inter-
ference filters were used to cover this spectral region; the band-passes of these
filters are also indicated in Fig. 1 in relation to the nitric acid emission feature
at 11.3 pm. Note the broad band pass of filter B (11.0 to 11.6 um) and the
narrow band pass of filter D (11.23 to 11.39 um); these filters were used to
measure the nitric acid emission feature. Filters A, C and E provide supple-
mentary information on the atmospheric thermal-emission spectrum which has
not been analyzed in this paper.
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Fig. 1 'The wavelength position of the bandpasses of the infrared interference filters in

relation to the thermal-emission spectrum of nitric acid observed in the atmosphere
by Murcray et al. (1973) at 3.4, 10.0, 20.1 and 24.7 km.

2 Theory of thermal emission measurements
Consider a layer i with:

T; = temperature of layer i,

P, = mean pressure of layer i (expressed in atmospheres),

R; = radiance at top of layer i, IR,

B(T;) = black body emission of layer i, —

AR, = change in radiance across layer i, layer iT"’ Py, Uy, Qi Ak,
hy = altitude of layer i, € Ti

Ak = thickness of layer i, IR, + AR;  h;
e = transmission of layer i,

€ = emissivity of layeri=1— 7,

U, = amount of nitric acid (atmosphere—cm),

Q. = volume mixing ratio of nitric acid,

(S°/8) = effective continuum absorption coefficient of the nitric acid band.

The appropriate radiative transfer equation is:

(R¢T1+AR1) ‘—R¢=€1B(T¢) (1)
or AR; == ¢ B(T};) since 1; = 1.0 for an optically thin layer. (2)
Thus €; = AR/B(T)). (3)
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Now for weak absorption, ¢; = (5°/8) U.. Here, the observed thermal emission
of the layer is treated as the ideal black body radiation multiplied by the emis-
sivity due to absorption by the amount of nitric acid in the layer.

Inverting, U, = AR,/B(T:) (5°/8) (4)
and the volume mixing ratio Q; = U,/ (P.ah; -273/T;). (5)

The effective band absorption coefficient was derived from the measurements
at laboratory pressure and temperature by Goldman et al. (1971) with the
expression

(8¢/8) = (8'/8) (1'/T;)*>
The appropriate room-temperature values of the band absorption coefficient,
(S§1/8) were 8.4 cm—! and 11.3 cm—! for the filter B measurements and filter
D measurements, respectively.

The nitric acid band is located in a spectral region relatively free from inter-
ference by other atmospheric gases. Scattered solar radiation is negligible due
to the long wavelength, and contributions from the water vapour continuum
will be insignificant above the tropopause at 11 km due to the low mixing
ratio of water vapour in the stratosphere.

3 Instrumentation

The five infrared interference filters were mounted on a continuously rotating
wheel with one revolution every two minutes. A cross section diagram of the
instrument is shown in Fig. 2. The total optical system is enclosed in a liquid
nitrogen jacket with a capacity of 7 1. Extreme attention was paid to insula-
tion design in order to obtain a long “hold time”; as a result, operation of the
instrument is possible for more than 12 h under flight conditions.

Incident radiation enters the narrow aperture at the bottom of the cone of
the copper jacket and is modulated by a 200-Hz Bulova tuning fork chopper.
The radiation then passes through the filter wheel with the five interference
filters mounted on it. The rotating filter wheel is driven by a set of gears from
a fibreglass shaft attached to a d.c. Globe motor in the warm electronics sec-
tion. The filtered radiation is then focussed onto a mercury cadmium telluride
detector by a concave and flat mirror combination. The detector is operated
with a 1 k@2 load resistor and a 4-volt bias. The signal is amplified by a low
noise, low input impedance preamplifier. This is followed by two parallel lin-
ear and logarithmic amplifiers with a phase sensitive detector in each channel.
The output filters have a 0.5-s time constant and the total instrument has a
noise equivalent brightness of 10~ W cm~% sr~! um—!, which permits a sig-
nal to noise of ~30 on a typical observation of the total nitric acid layer.

The entire instrument is enclosed in a 30 em X 30 em X 60 cm block of
foamed polyurethane with a 1.6-mm fibreglass shell. The instrument was
mounted on the antisolar side of the STRATOPROBE 1 gondola with the optical
axis at a zenith angle of 62.5°. Flight data were sampled at 7 samples/second
by the pulse-code modulation telemetry system.

The instrument was calibrated radiometrically before and after flights with
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NITRIC ACID RADIOMETER
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Fig. 2 A cross section view of the nitric acid radiometer.

a liquid nitrogen cooled “cold target” black body, the temperature of which
could be varied from about 90 to 300 K in order to provide a range of radiance
levels similar to those encountered in a balloon flight. The liquid nitrogen
jacket is pressurized to maintain a constant detector sensitivity. The variation
of detector sensitivity with pressure was measured in a high altitude simula-
tion chamber; a small measured increase in instrumental sensitivity of 25%
was corrected for in the data analysis.

4 Flight data

The present measurements were obtained from the ascent of the second STRA-
TOPROBE I flight launched on 22 July 1974 at 2317 GMT from the airstrip at
Churchill, Manitoba (latitude 58.7°N, longitude 94.3°W). The ascent to 34.5
km took approximately 120 min. The radiance data measured on this flight
are shown in Fig. 3. A measurement by Murcray et al. (1973) from September
1970, at 33°N (small circles), is included for comparison. The radiance data
measured by the 11.0 to 11.6 um filter are indicated by the large open circles
and the radiance data measured by the 11.2 to 11.4 um filter are indicated by
the solid triangular symbols.
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and Murcray et al. (1973).

The tropopause was located at 11 km and is readily apparent in the radiance
profiles as an inflexion at this altitude. The detailed temperature structure is
givenin Bain et al. (1976).

The observed radiance profiles were processed according to the expression
in (5) to obtain the altitude distribution shown in Fig. 4. The radiosonde
temperature profile data used to invert the radiance profile are given in Bain et
al. (1976). The data from filter B yielded the profiles denoted by the closed
circles while the analysis of the filter D data yielded the profile indicated by
the open circles. The difference between the two profiles gives some indication
of the relative error of the measurement, since the profiles were measured by
two interference filter channels. An estimate of the relative error in the shape
of the profile due to instrumental errors, such as detector noise, is 0.5 ppbv,
roughly constant as a function of altitude. The absolute accuracy of the mixing-
ratio profile due to uncertainty in the absolute radiometric calibration is esti-
mated to be =30%. It should be noted that the layer peak is located at 24 km
with a peak mixing ratio of 5.5 ppbv.

5 Comparison with other observations

A comparison of the nitric acid profile obtained at Churchill (58.7°N) on 22
July 1974 with measurements of the altitude distributions of nitric acid at high
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latitudinal variation by Murcray et al. (1975).

latitudes in spring by Lazrus and Gandrud (1974) is shown in Fig. 5. A pro-
file measured by Murcray et al. (1973) at 33°N in September, 1970 is also
shown. It should be noted that the Lazrus and Gandrud (1974) measure-
ments were made with an in situ sampling filter technique and generally indi-
cate nitric acid concentrations a factor of two smaller than those measured
by Murcray et al. (1973) with the thermal-emission technique. In any case,
the altitude distribution observed in this paper appears to have the same gen-
eral shape, similar peak altitude and peak concentrations as other measure-
ments of nitric acid profiles. Vertical profile measurements taken exactly at
60°N in mid-summer by other experimenters are not available for comparison.

The total overhead amount of nitric acid measured was 0.32 matmcm; this
is compared with recent results on the latitudinal dependence of total nitric
acid from Murcray et al. (1975) in Fig. 6. The measured amount increases
with latitude from 0.1 matmcm at the equator to more than 0.35 matmcm at
60°N. The measurement from this paper at 58.7°N in July is indicated by
the large dot; it appears to be consistent with the overall latitudinal trend in-
ferred by Murcray et al. (1975).

6 Summary and Conclusions

The distribution of the volume mixing ratio of nitric acid as function of altitude
was measured at 58.7°N on 22 July 1974. Although no significant diurnal
variation was expected, it should be noted that the measurement was made in
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the late afternoon between 2317 and 0130 ¢mT. The nitric acid layer was
peaked at 24 km with a maximum mixing ratio of 5.5 ppbv. The total amount
above the tropopause was 0.32 matmecm. The measured distribution is con-
sistent with other available measurements of nitric acid. A factor of two dis-
crepancy between the thermal-emission technique and the in situ filter tech-
nique has been noted. A detailed comparison of the observed nitric acid distri-
bution with theory is carried out by Evans et al. (1976).
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ABSTRACT

In July 1974 an NO/O; chemi-
luminescent instrument was used to
obtain measurements of NO in
the stratosphere during two bal-
loon flights launched from Churchill
(59°N, 95°W). On the first flight,
an altitude profile was obtained in
which the NO volume mixing ratio
was observed to increase from 0.3 to
2.7 ppbv between 19 and 29.5 km.
On the second flight, the mixing ratio

was observed to increase from 0.25
to 2.7 ppbv between 19 and 29 km
and to remain almost constant at
about 2.7 ppbv from 29 to 34.5 km.
On this flight, the sunset decay of NO
was also obtained while the payload
was at a constant float altitude of
34.5 km. These decay measurements
are compared satisfactorily with the
results obtained from a time depen-
dent stratospheric model.

1 Introduction

The measurement of NO altitude profiles in the stratosphere provides an
important means of assessing photochemical dynamical stratospheric models
used to estimate the effect of anthropogenic perturbations on O;. However, the
altitude profiles of a minor constitutent such as NO depend on a complex inter-
action of chemistry and dynamics. Since most models parameterize dynamics
with a single parameter, the eddy-diffusion coefficient, and use average insola-
tion conditions because of the large differences in most chemical and flow
time constants, agreement between measurement and theory cannot be ex-
pected to be very exact. Thus one ought to explore other methods of validating
the models. One such method is to measure the diurnal variation dependence
at a given location and altitude. Diurnal changes for NO occur on a much
shorter time-scale than most atmospheric motions so that a test of agreement
between models and measurement will be a test of specific chemistry uncom-
plicated by serious dynamic influences.

In this paper we present NO measurements which allow both of the above
types of assessments to be made. In-situ measurements of the height profiles of
NO and the first measurement of the change in NO concentration at a constant
altitude through sunset are presented. Due to the apparent variability of NO
profiles measured, no theoretical comparison is made since the models used to
date cannot simulate such short-term profile variability. However the constant-
altitude sunset data are compared with a time-dependent model calculation.
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Simultaneous measurements of NO, NO,, HNO; and O; also provide a
means to check models. Such measurements were also made during one of the
flights described herein. An intercomparison of these results is given in another
paper in this issue (Evans et al., 1976).

2 Experimental

The NO/O; chemiluminescent instrument for in-situ NO sampling has been
described in detail by Ridley and Howlett (1974). Experimental tests in the
laboratory and during balloon flights to confirm the absence of sampling errors
with the payload configuration used here have also been described (Ridley
etal., 1975a). Provision is made for on-board calibration of the instrument by
the periodic addition of small known flows of NO to the ambient air flow from
a high pressure cylinder containing a few ppm of NO in N.. Analysis of this
flight cylinder by comparison with laboratory standards just before and after
the balloon flights gave results which agreed to 5%. The estimated accuracy
of the data presented below is =30%.

The balloons were launched from Churchill, 59°N, 95°W. Flight 1 occurred
on 16 July 1974, using a 2.3 x 10* m® balloon with the payload suspended
some 30 m below. Measurements were made between 1700 and 2000 LT during
ascent and float. Flight 2 occurred on 22 July 1974 using a 3.1 X 10° m?
balloon with the payload suspended about 100 m below. Measurements of the
NO altitude profile and decay during sunset were made between 1930 and
2310 LT. Visible sunset occurred near 2308 L. For Flight 2 there is an uncer-
tajnty of 0.5 km in the float altitude of the payload. Below about 29 km the
uncertainty is much less.

3 Results
The NO mixing ratios obtained for solar zenith angles, x, less than 90° are
shown in Fig. 1. The corresponding number densities tabulated in Tables 1 and
2 were calculated from the mixing ratios using atmospheric data provided from
radiosondes released from the Churchill Meteorological Station. The O; and
temperature profiles shown in Fig. 2 were obtained from an ozonesonde
released directly after the NO experiment was launched. Oy, temperature and
weather information for Flight 2 are reported by Bain ef al., (1976). The
tropopause altitudes for flights 1 and 2 were both approximately 11 km.
For both flights, the NO mixing ratio increases quite strongly between about
19 and 29 km, a trend in agreement with earlier flights from New Mexico
(Ridley et al., 1975a). Flight 1 exhibits significantly higher mixing ratios
between 20 and 28 km, though the two profiles converge at higher altitude.
When x < 90°, on either flight, there is little variation in the measured mixing
ratio during the float duration. Over the nearly 2-h float period of Flight 1, the
box in Fig. 1 indicates the extremes determined, whereas the average NO
mixing ratio was 2.7 = 0.2 ppbv. For Flight 2, the x  90° measurement period
was much shorter (~25 min) but the average was again 2.7 = 0.2 ppbv.
During the float period of Flight 2, measurements of NO were made through
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Fig.1 High-sun NO mixing-ratio altitude-profiles obtained during the two balloon
flights.

sunset. The open circles of Fig. 5 show the decay of NO, expressed as the ratio
of NO during sunset to the average high sun (x < 90°) value of 2.7 ppbv. The
instrument operated for an additional 2.5 hours after visible sunset until the
coolant and O, supplies were depleted but the NO mixing ratio remained below
the detection limit of the instrument at this altitude (~0.06 ppbv). This con-
firms the expected absence of NO during night-time conditions.

4 Discussion
The principal reactions which govern the interconversion of NO, and NO are:

NO + 0, - NO, + O;: ky,
NOZ + 0 g NO + 02: k2,
NO, + hv > NO + 0: Jyp, (A < 405 nm).

In the day-time stratosphere, the characteristic time-constant for the attainment
of steady-state conditions is of the order of a few minutes, depending on the
O3 concentration and temperature, while the characteristic time constant for
macro-transport is much longer. Consequently, the photochemical steady-state
condition should be valid and

[NOZ:' — k1[03] (1)
[NOT  Jwo, + k,[0]°
Since both the photolysis coefficient, Jxg,, and [O] decrease to zero in the
absence of sunlight, this simple mechanism predicts conversion of NO to NO,
at sunset and re-appearance of NO at sunrise. The decay of NO into NO; at
sunset involves two time constants: (1) the time constant for conversion of
NO into NO., t; = 1/k:[O5] and (2) the time constant for change of NO; into
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TABLE 1. Nitric oxide data for
flight of 16 July 1974

Number
Altitude Density
(km) (cm~?)
17.5 9.4 x 10°
18.6 7.2
19.6 8.2
21.2 11.0
23.2 13.0
24.8 12.0
25.8 15.0
26.8 14.9
28.8 11.0
29.4 4+ 0.3 13 + 1*

*average of 25 measurement cycles

TasLe 2. High-sun nitric oxide data for flight of 22 July 1974

Number Number

Altitude Density Altitude Density

(km) (cm~%) (km) (cm~3)

17.2 7.9 x 10® 30.5 9.7 x 108

18.9 5.5 31.0 9.1
19.7 4.6 31.8 7.7
20.6 4.7 32.0 7.5
21.5 5.6 32.4 7.6
22.9 5.6 32.8 7.1
23.5 6.4 33.5 5.4
24.1 5.8 33.7 5.5
24.6 7.1 34.0 5.9
25.9 7.0 34.1 6.0
26.7 6.7 34.4 5.3
27.5 5.4 34.4 4.9
28.2 6.5 34.5 5.7
29.4 8.5 34.5 5.7
29.9 9.1 34.6 6.0
34.6 5.6

NO, t, = 1/(Jyo, + ks[O]). At sunset, if #; is of order a few minutes, then as
t; (initially 2 minutes) becomes longer NO decreases, but because #; is still
short NO and NO, remain in quasi-photochemical-steady-state and the decay
is determined essentially by the time constant #,. However if ¢; is much longer
than 1, (e.g., t;, = 40 min at 50 km) then much of NO will survive well-past
sunset and the decay will depend only on #,, i.e., temperature and [O;].

The time constant ¢, is determined mainly by UV solar flux so that f, starts to
increase before visible sunset.

5 Comparison of altitude profile data

Fig. 3 compares the high-sun Churchill data with measurements obtained
during several flights from Holloman Air Force Base, New Mexico (Ridley
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et al., 1975a). All of the New Mexico data were obtained during the morning
after Uv sunrise on the payload using either of two essentially identical instru-
ments. Although the altitude profiles exhibit similar trends of increasing mixing
ratio with altitude between about 20 and 30 km there are extreme differences
in the measured mixing ratios of up to an order of magnitude in the 21-27-km
region. These differences are in excess of the estimated inaccuracy of each
particular experiment. Eq. (1) illustrates that the partitioning of NO,, into NO
and NO; is quite sensitive to temperature through k; and to the O3 density and
a detailed analysis of all of the data to allow for these differences and the
changes in Jyo, will be reported at a later time. However, a qualitative com-
parison of just the ozone and temperature profiles for the Churchill flights and
the New Mexico flights indicates that these factors cannot produce the order
of magnitude change observed experimentally.

Loewenstein et al. (1975, 1976) have made a series of NO measurements
from a high-altitude aircraft at 18.3 and 21.3 km to investigate both the sea-
sonal and latitudinal dependence of NO. Their latitude data suggest little varia-
tion at 18.3 km between 30° and 60°N for summer conditions. At 21.3 km an
increase of about a factor of two is observed from 30° to 60°N. Their data also
suggest a strong seasonal dependence of NO at both 18.3 and 21.3 km with
about an order of magnitude increase from January to July between 33° and
48°N. The higher mixing ratios obtained for the present two northern flights
tentatively support an increase in NO with increasing latitude if a straight com-
parison at geometric altitudes is made. However, an obvious seasonal effect is
not distinguishable from the limited number of balloon flights reported here.
Instead, the data suggest that substantial natural variability occurs.

Short-term variability is indicated by differences in the two Churchill profiles
which were obtained only 6 days apart, with similar tropopause heights.
Shorter-term variability still was observed during the two-hour float period of
the November 13, 1973 flight. During the first part of the float period between
0910 and 0950 LT the NO mixing ratio increased from about 1.7 to 2.8 ppbv.
Similar observations of a steady increase of NO after UV sunrise until about
local noon have been made. (Ridley et al., 1975b; Burkhardt et al., 1975)
This increase can be interpreted as a result of photolysis of N2O; formed during
the night. However, during the subsequent hour of the float period of the flight
of Nov. 13 the NO decreased from 2.8 to about 1.0 ppbv. This short-term
decrease does not have a ready photochemical explanation and is therefore
most likely a result of natural variability. Substantial variability has also been
observed with long-path 1R absorption techniques by Ackerman et al. (1975).
They observed an increase by factors of about 4 and 6 at the highest and lowest
comparable altitudes on flights made one year apart from the same location.
Short-term variability is also exhibited in the data reported by Loewenstein
etal. (1974, 1975). Murcray et al. (1974}, and Lazrus and Gandrud (1974)
have also observed considerable variation in HNOj, the predominant NO,
species below about 27 km.

Fig. 4 shows the data of Fig. 3 relative to the altitude above the tropopause.
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Fig. 4 Same data as Fig. 3 but plotted w.r.t. height above the tropopause.

Over-all, there is some convergence of the Churchill and New Mexico data. The
interpretation of such a plot for two different latitudes is not readily made.
Since O3, temperature, transport and insolation all may change with latitude,
the differences are not due to a simple general lowering of the tropopause as
northern latitudes are approached. However, the agreement noted may suggest
that both latitudinal and seasonal variations should be investigated with respect
to the tropopause as well.

Due to the variability of NO, discussed above, it is difficult to make a detailed
comparison of the measurements with models, other than to note that the
models appear to represent some mean value of NO. No present model, either
1-, 2- or 3-dimensional, is able to simulate the variability of NO noted above.

6 Sunset data

In Fig. 5 the measured decay of NO during sunset is compared with the results
of a time-dependent photochemical model. This model includes all reactions
and up-dated rate coefficients which have time constants short enough to be of
importance in the diurnal variation. The calculation is for the particular date,
location and payload altitude of Flight 2. The solid curve of Fig. 5 is the cal-
culated ratio of NO,/NO,g0- for the actual temperature and ozone conditions
determined for Flight 2. The remaining curves and symbols, as explained in
the caption of Fig. 5, illustrate that the computed NO, /NO,_ 0o sunset ratio is
fairly insensitive to reasonable ozone and temperature changes. The agreement
between the calculated and measured ratio is quite good. For the altitude,
temperature and ozone conditions prevailing during the experiment, ¢, is of
order a few minutes. Thus, as discussed earlier, the NO decay is determined
primarily by f. A plot of ¢ is shown in Fig. 5. Changing O, and/or temperature
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Solid circles: Time constant ¢, = as calculated from model (a) below.

1
Ino, +i,10]
Open circles: The calculated ratio of the measured nitric oxide mixing ratio to the average high
sun (3 S 90°) measured value of 2.7 ppbv.

Full line: Model calculation (a) using the measured O; temperature data and for the location of
the payload at an altitude of 34 km.

Dash-dot line: Model calculation (b); same as (a) except that the O, concentration was
arbitrarily increased by 307,

Double-dash dot line: Model calculation (c); same as (a) except that the temperature was
- decreased by 10° C.

will change the absolute amount of NO but not the shape of the NO profile as
the sun sets.

Burkhardt et al. (1975) have reported measurements of NO during sunset
at 33°N in May 1974 which show features of NO disappearance similar to those
of the present results. Their measurements, however, are complicated by a
rather severe loss (~7 km) of payload altitude during sunset and by the lack of
simultaneous O3 measurements. In spite of this, the same time-dependent model
used here can reproduce their results reasonably well if a typical ozone profile
is used, a reasonable total NO, profile is adopted, and allowance is made for
the loss of balloon altitude.

7 Summary

The sunset decay of nitric oxide observed experimentally has been shown to
be well-accounted for by a straightforward time-dependent photochemical
model. The data also confirm the expected absence of NO during night-time
conditions. The observed differences in the two NO profiles are not as readily
explained. However, the variation does introduce a qualification in the inter-
pretation of simultaneous measurements of NO, species obtained by a mixture
of in-situ and remote-sensing techniques. The latter measurements are, of
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course, averages over a much larger scale and over atmospheric paths that
extend farther and farther from the payload as the sun sets.
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ABSTRACT

The simultaneous measurements of
NO, NO, and HNOj; mixing-ratio
profiles carried out on the STRATO-
PROBE balloon flight of 22 July 1974
have been simulated with a time-
dependent model using the mea-
sured temperature and ozone profiles.
The calculated ratios of NO/NO,,
HNO,/NO, using currently accepted
photochemistry are consistent with
the measured ratios within the experi-
mental errors of the measurements.
The measured NO>/NO ratio is al-
most a factor of two smaller than
predicted, although the discrepancy is
still within the experimental errors. A
remarkable proportionality in the
NO; and Oj profiles has been noted

and is unexplained. A time-depen-
dent simulation has been employed
to convert the measurements into
diurnally-averaged profiles suitable
for intercomparison with two-dimen-
sional stratospheric models and a
comparison with constituent profiles
from Prinn et al. (1975) is carried
out as an example. The NO, mixing
ratio, formed from the sum of the
NO, NO; and HNQO3z measurements
is similar to the NO, mixing ratio
from several one- and two-dimen-
sional models used to predict the
effects of SST’s on the ozone layer.
The odd nitrogen mixing ratio 1s
roughly constant from 20 to 35 km
at 11 ppbv.

1 Introduction

The stratospheric models which are used to predict the effects of future fleets
of ssT’s, freon usage and increased fertilizer production on the stratospheric
ozone layer are extremely dependent on the exact photochemical reaction set
used to model the distributions of minor nitrogen constituents. In addition,
previous measurements of single species such as nitric oxide or nitric acid

have indicated wide variability.

In 1973, the Atmospheric Environment Service organized a project to ob-
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Fig. 1 The time-altitude profile of the STRATOPROBE 1 flight launched at 2317 from
Churchill, Manitoba, on 22 July 1974.

tain a set of simultaneous measurements of nitric oxide, nitrogen dioxide and
nitric acid in order to verify the currently accepted photochemical schemes
for the nitrogen chemistry of the ozone layer. These measurements are re-
ported in papers by Ridley et al. (1976, this issue), Kerr and McElroy (1976,
this issue) and Evans et al. (1976, this issue). In order to interpret the photo-
chemical relationships between the nitrogen constituents, it is essential to mea-
sure the ozone distribution accurately and to measure the temperature profile,
both for the number density and for the calculation of rate constants which
are temperature dependent. The ozone and temperature measurements, to-
gether with the general meteorological conditions, are reported by Bain et al.
(1976, this issue).

2 Balloon-flight measurements

The measurements were made during a high altitude research balloon flight
on 22 July 1974 launched from Churchill, Manitoba (latitude 58.7°N, longi-
tude 94.1°W). The altitude of the balloon as a function of time is shown in
Fig. 1. The measurements of the altitude profiles of nitric acid, ozone and
nitric oxide were taken during the balloon ascent; during the two-hour mea-
surement period the solar zenith angle varied from 75° at 15 km to 84° at
30 km. Remote-sensing measurements of nitrogen dioxide were made during
sunset by long-path solar absorption; hence the inverted NO. profile corre-
sponds to a solar zenith angle of 90° and this time difference from the NO
and HNO; measurements must be accounted for in the comparison with theory
by the use of a time-dependent photochemical model. It should also be noted
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TABLE 1. Atmospheric parameters for the simulation

Number Ozone
Altitude Temperature Density Concentration
(km) (K) (cm~?) (cm~3)

0 288 0.2575E + 20 0.1555E + 12
2 281 0.2072E + 20 0.6260 E + 12
4 269 0.1665E + 20 0.1006 E + 13
6 254 0.1355E + 20 0.6553E + 12
8 239 0.1090E + 20 0.5931E + 12
10 224 0.8720E + 19 0.5795E + 12
12 221 0.6479E + 19 0.2622 E + 13
14 226 0.4675E + 19 0.2373E + 13
16 223 0.3494E + 19 0.2322E + 13
18 224 0.2567E + 19 0.4187E + 13
20 225 0.1886 E + 19 0.4901 E + 13
22 227 0.1381E + 19 0.5341 E + 13
24 229 0.1013E + 19 0.4163E + 13
26 230 0.7503 E + 18 0.4351E + 13
28 234 0.5492E + 18 0.3716 E + 13
30 238 0.4042E + 18 0.2735E + 13
32 241 0.2998E + 18 0.2210E + 13
34 245 0.2236E + 18 0.1688E + 13
36 249 0.1666 E + 18 0.1117E + 13
38 255 0.1241E + 18 0.7169E + 12
40 260 0.9320E + 17 0.4628 E + 12
42 266 0.7040E + 17 0.3002E + 12
4 270 0.5358E + 17 0.1965E + 12
46 274 0.4100E + 17 0.1293E + 12
48 274 0.3001 E + 17 0.8124 E + 11
50 275 0.2496 E + 17 0.5807E + 11
52 275 0.1952E + 17 0.3903E + 11
54 274 0.1530E + 17 0.2635E + 11
56 274 0.1190E + 17 0.1761 E + 11
58 270 0.9383E + 16 0.1190E + 11
60 266 0.7398E + 16 0.8091E + 10

that the NO, measurements were made in a somewhat different air mass,
since the tangent point of the sunset NO, measurements is ~200 km west of
the balloon location.

Table 1 gives the ozone and temperature profiles employed in the inter-
comparison; these are composite profiles derived from a series of four ozone-
sondes flown 6 h before, during, 6 h after and 12 h after the launch time of the
STRATOPROBE I payload which included the ozonesonde experiment as part
of the scientific package. Data from a rocketsonde fired from Churchill on
23 July 1974 were used to extend the temperature profile up to 60 km.

The measured profiles for NO, NO, and HNO; are shown in Fig. 2 along
with the O; profile which has been divided by 10%. The NO, and Oj; profiles
are remarkably similar in shape, which will be discussed in Section 4.

3 Theoretical simulation

A one-dimensional time-dependent model was employed to simulate the tem-
poral variation of the major nitrogen constituents for the conditions of the
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balloon-flight measurements. The time variations in the mixing ratios of NO,
NO;, N;Os, and HNO, over a 24-hour period at an altitude of 30 km are
shown in Fig. 3. This demonstrates the necessity of using a calculation which
includes the effects of changing solar elevation angle to interpret measure-
ments of NO and NO.;; HNOQOj; has little diurnal variation below 30 km. This
also indicates that the optimum time to measure N:O; would be just before
dawn when the concentrations could be as high as 2 ppbv.

The model is an extension to the time-dependent case of earlier work by
McConnell and McElroy (1973). The main characteristics important to this
simulation will be outlined. The chemical rate coeflicients and photodissocia-
tion parameters employed are those recommended by ciap in Monograph 1
(1975). In particular, the rate constant for HNQO; formation from NO; and
OH used the new parameterization by Tsang (1974). A value of 5 x 10—
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was used for the reaction rate OH + HO,; this is critical to the determination
of OH concentrations and effects the ratios of HNO; to NO and NO..

4 Ratios of the nitrogen constituents

Fig. 4 shows the ratio of NO. to NO formed from the measured profiles of
Fig. 2. Under photochemical steady-state conditions at fixed solar angle this
ratio would be given by the expression:

Ryoynvo = kno+0,[031/(Uno, + kno,+0[0]). 1)

However, since the NO measurements were taken at varying solar angles
around 80° and the NO; measurement at 90°, the theoretical ratio was cal-
culated from the time-dependent model output at the times corresponding to
the solar zenith angles of the actual observations.

The error limits indicated for the measured ratio correspond to +30% for
the NO measurement and =20% for the NO. measurement. The simulated
ratio should also be considered to have a range of error of ~*£20% associated
with it, corresponding to =10% in the ozone densities and *2°C in the tem-
perature measurements. Another limitation to the theoretical simulation is
that albedo effects have not been included because of the complexity of this
effect, although this effect would tend to decrease the calculated ratio.

The observed ratio has a similar altitude variation to the simulated NO,/
NO ratio, but is a factor of 1.8 larger at most altitudes. The discrepancy could
be resolved in several ways. Measurements of the NO, concentrations may be
too large, or measurements of NO too small by a factor of up to 1.8. Alterna-
tively, the value currently accepted for the rate constant at ~220 K for the
NO + Oj; reaction may be in error, although the difference from theory is only
slightly less than the combined estimated error of the two measurements.

If transport effects were unimportant, the ratio HNO3/NO, would be given
approximately by the expression:

R = kou+no,lOH][M] @)
HNO3/NO> Juno, + Kou+nno,[OH] .

(Note that this approximate expression neglects the presence of N,Os which
produces some variation in this ratio at night as shown by the time-dependent
model simulation in Fig. 3). In Fig. 5, this simulated ratio has been taken
from the HNO; profile corresponding to the range of solar angles encountered
during the ascent measurement and the NO, profile at solar angle x = 90°.
The model was run for 100 days to achieve reproducible diurnal variations
from day to day. It should be noted that there will probably be transport effects
on the observed ratio at altitudes below 20 km and these have not been ac-
counted for. In making the comparison between the simulated and measured
ratios, estimated errors of +56% and —38%, due respectively to the =20%
accuracy of the NO, measurements and the =25% accuracy of the HNO;
measurements, should be considered. The simulated ratio is in good agree-
ment with the measured ratio at most altitudes; the shape, as well as the mag-
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nitude, is similar to the measured ratio. It should be noted that this ratio is
very sensitive to the hydroxyl concentrations in the model; these correspond
to a “moderate” OH model since a value of 5 X 10—1! was employed for the
rate coefficient of the reaction between OH and HO.. A range of a factor of 3
is available in the OH concentrations since the laboratory value for the rate
coefficient is only constrained to the range 2 X 10—1' to 2 X 10—, However,
the upper limit has recently been lowered to 5 X 10—11 by the atmospheric
measurements of Anderson (1976), which indicate large hydroxyl concen-
trations close to the upper limit permitted by laboratory measurements of the
rate constant.

The third ratio which can be obtained from the experimental measurements
is the ratio HNO3/NO shown in Fig. 6. This ratio can be obtained from the
previous ratios by the expression:

RHNO3/NO = RHNo,/Noz : RNoz/No

The model-simulated ratio has a similar altitude variation to the observed
ratio and is only slightly smaller at most altitudes. Although the HNO; profile
has little diurnal variation, this ratio has a significant time variation due to
diurnal changes in NO concentrations at some altitudes.

As was noted earlier, the altitude distributions of NO; and Oj in Fig. 2 are
similar in shape. A detailed examination shows that the ratio of the observed
concentrations for the two constituents is approximately constant with a small
variation between 0.7 X 10—% and 1.0 x 10—%. The same feature is reproduced
in the time-dependent model simulation with the proportionality factor about
40% smaller. A cursory examination of several two-dimensional models indi-
cates a similar behaviour in the summer hemisphere and suggests that this is
a photochemical effect. An exact explanation of this proportionality is lack-
ing, but it may prove to be a useful empirical means to estimate the amount of
NO; present at a specific location and time when only ozone measurements
are available.

A quantity which is unaffected by diurnal variations and which is expected
to be relatively uniformly mixed in the stratosphere is the mixing ratio of odd
nitrogen which, aside from N.O;, is approximately equal to the quantity often
designated as NO, = NO + NO; + HNO;.

The measured HNO;, NO. and NO mixing-ratio profiles have been con-
verted to the same solar zenith angle (80°) by using the time-dependent model
and summed to obtain the NO, mixing-ratio profile for 22 July 1974 at 59°N.
In Fig. 7, this may be compared with the odd nitrogen mixing-ratio profile
from the two-dimensional model of Vupputuri (1975) (curve C) and the
two-diffiensional model of Prinn ef al. (1975) (curve B). On the right-hand
side of this figure, the results from one-dimensional models of Crutzen and
Isaksen (1976) and McConnell and McElroy (1973) are included. (The
tropopause height of 16 km for 30°N has been aligned with the observed
tropopause height of 11 km at 59°N to facilitate the comparison.) There is a
significant difference in solar insolation.
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distribution from several one- and two-dimensional models of the stratospheric
ozone layer.

All the models indicate mixing ratios which are approximately constant
from 20 to 40 km and in the range 10 to 15 ppbv. The measured profile indi-
cates an odd nitrogen mixing ratio of ~ 11 ppbv, approximately constant with
altitude above 20 km. The Prinn et al. (1975) profile for 60°N in July is very
similar in shape, but 20% greater than the measurements from Churchill.

The NO, mixing ratio at 43°N in May 1974 has been estimated by Acker-
man et al. (1975) from simultaneous measurement of NO and NO. combined
with estimates for HNOj; obtained from Murcray et al. (1973). Their estimate
of 12 = 2 ppbv, roughly constant over the altitude range from 20 to 35 km, is
consistent with our measurement of 11 ppbv, approximately constant with
altitude above 20 km.

In order to make a proper comparison of the measured profiles with the
NO, NO., and HNO; profiles from a two-dimensional diurnally-averaged
model such as that of Prinn et al. (1975) it is necessary to convert the ob-
served profiles which were measured at a particular time of day (solar zenith
angle) into equivalent diurnal-average profiles. In the past, modellers have
often attempted to compare their diurnally-averaged model profiles directly
with constituent profiles measured at a specific time (such as sunset); how-
ever, this type of intercomparison can only be made properly with the use of
a separate time-dependent model (or at minimum an equilibrium calculation
which accounts for the changing photodissociation rates as a function of solar
zenith angle).
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profiles into diurnally-averaged con- NO, and HNQ, with the corresponding
centration profiles. predicted distributions from the model

of Prinn et al. (1975).

Fig. 8 shows the conversion factors f;, f., and f; to be applied to the ob-
served profiles of NO, NO,, and HNO3, respectively, in order to convert them
into diurnally-averaged concentration profiles suitable for intercomparison
with two-dimensional model calculations which employ diurnally-averaged
photochemistry. These conversion factors were calculated from a comparison
of a steady-state run of the mode! with time-dependent concentrations for
the actual times of the measurements.

Note that the maximum correction is less than a factor of 1.5 for NO, less
than 1.6 for NO,, and less than 1.4 for HNOj;. This indicates the size of the
error that can be made by comparing measurements directly with diurnally-
averaged model profiles.

In Fig. 9 the diurnally-converted altitude distributions of NO, NO, and
HNOj are compared with the corresponding profiles from Prinn et al. (1975).
The agreement with our converted profiles is excellent and we take this to
imply that the Prinn et al. (1975) model presents a parameterization of the
nitrogen photochemistry of the stratospheric ozone layer sufficiently good for
ozone-depletion simulations. (It should be noted that the Prinn et al. model
employs a rate constant of 2 x 10~'° for the OH + HO, reaction and does not
include N,Oj in the nitrogen chemistry. )

5 Conclusions

Altitude mixing-ratio distributions of NO, NO,, and HNO; have been mea-
sured on the same balloon flight together with the ozone and temperature pro-
files. This is sufficient information to test the currently recommended photo-
chemistry of active nitrogen constituents. The measured ratios of NO,/NO,
HNO;3;/NO, and HNO;/NO have been successfully simulated to better than
a factor of two at most altitudes using a fully time-dependent photochemical
model. This demonstrates that the nitrogen photochemistry employed in cur-
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rent models is a reasonable representation of the actual atmospheric chemical
processes.

The measured altitude distributions of NO, NO, and HNOj3; have been con-
verted into the equivalent diurnally-averaged profiles to facilitate intercom-
parison of the results with two-dimensional models which, up to now, have
used diurnally-averaged photochemistry. The profiles of Prinn et al. (1975)
are in reasonable agreement with the converted versions of the measured nitro-
gen constituent profiles. By combining the NO, NO., and HNQO3; measure-
ments, the total odd nitrogen mixing-ratio distribution has been inferred. This
demonstrates a mixing ratio of ~ 11 ppbv roughly constant from 20 to 35 km,
in agreement with most models, and particularly similar to the profile from

Prinn et al. (1975) for 60°N, July.
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Solar Ultraviolet Flux Measurements
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ABSTRACT

Solar ultraviolet fluxes were mea-
sured with a Y-metre Ebert spec-
trometer flown as part of an Atmo-
spheric Environment Service balloon
payload from Fort Churchill on 8
July 1974. The spectral region from
1820 to 3150A was scanned each

zenith angles from 37° (noon) to
69° with the balloon initially at a
float altitude of 28.6 km. Fluxes in
the window region 1900 to 2200A
were analyzed to determine ozone
content above the balloon. Values
from 0.069 to 0.11 cm NTP were

7.5 s with 1.5A resolution from 1256
to 0025 UT on 10 July. These mea-
surements covered a range of solar

obtained at heights over a range from
28.6 to 25.3 km.

1 Introduction

A Ya-metre Ebert spectrometer was flown on two Atmospheric Environment
Service balloon flights in July 1974 from Fort Churchill, Manitoba. The pur-
pose of this experiment was to record the solar spectrum from 1820 to 3150A
and to measure the stratospheric absorption of this solar radiation. Accurate
knowledge of the deposition of this energy in the stratosphere and the photo-
dissociation rates of oxygen and other molecules such as freons are essential
in determining the effect of pollutants on depletion of the ozone layer.

2 Instrumentation

The spectrometer used was a ¥4 -metre Ebert-type spectrometer with an EMR-
542F solar blind photomultiplier. Fig. 1 shows an external view of the instru-
ment. It was of rugged construction originally designed for rocket studies of
vacuum ultraviolet auroral emissions but equally suitable for balloon work.
It utilized a 50-mm square grating, ruled 2400 lines/mm and blazed for peak
efficiency at 1500A. The instrument scanned over the 1820 to 3150A spectral
region each 714 s by means of a stepping motor which advanced the grating
in 0.005-degree steps at the rate of 250 steps/s. The photon counts accum-
ulated during each 4-ms interval were telemetered to the ground and recorded
on tape. Curved slits 0.1 mm wide and 29 mm high were used giving a spectral
resolution of approximately 1.5A.
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Fig. | Spectrometer showing entrance baffle on the front and the detector with amplifier
adjacent.

The instrument was mounted on the balloon gondola with a servo-control
system which kept the instrument pointed at the sun throughout the daytime
portion of the balloon flights. A quartz diffusing screen with an effective trans-
mission of about 0.4 was placed in the front of the entrance baffle. This elimi-
nated the need for pointing accuracy any greater than =2°.

The spectrometer was calibrated with a standard quartz iodide lamp over its
useful range of 3150 to 2500A and with a deuterium lamp from 2500A to
1900A. These calibrations were made after the balloon flights. While the shape
of the spectral output of the deuterium lamp was quite reproducible, the abso-
lute flux was not accurately known. The resulting absolute calibration, in view
of these factors, is estimated to be accurate to about =25% only.

Peak sensitivity of the whole instrument was in the region 2100-2300A
falling off by an order of magnitude at the high end of the scan at 3150A.

3 Flight data

Solar spectra were obtained during the first balloon flight throughout the day
from 1256 ¢MT 9 July to 0025 GMT 10 July 1974. These spectra covered the
range of solar zenith angles = 68° through y = 37° to ¢ = 66°. During
this daytime period the balloon floated at a near constant height of 28.6 km,
dropping to 25.3 km in the late afternoon.

A second balloon carrying the spectrometer was flown on 23 July but fail-
ure of the high voltage supply about two hours after lift-off, when the balloon
had just reached 19.8 km, prevented obtaining any useful data on that flight.
Accordingly, all of the spectral measurements discussed in this paper are
from the first balloon flight of 9 July.
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Fig. 2 Typical solar spectrum from 1900 to 2900A above a background of scattered light
and interference shown by the dashed line, for solar zenith angle of 37° and
balloon height of 28.4 km.

Fig. 2 shows a portion of a typical solar spectrum obtained for the range
1900 to 2900A. Below 1900A no measurable solar flux reached the balloon
level, while above 2900A the flux rapidly increased with wavelength and gave
counting rates (> 10% Hz) which were beyond the linear capability of the
photomultiplier detector. This spectrum was recorded near noon at a solar
zenith angle of 37° and is the average of 20 successive 7V2-s scans. Inter-
ference from the telemetry transmitter gave a relatively constant background
counting rate of about 3700 Hz and this shows up as noise in the 2200-2600A
region where the absorption of solar flux is complete. The scattered light con-
tribution to this background was small.

Solar radiation was recorded in the 1900-2200A “window region”.
Throughout the 2200-2600A spectral region absorption by ozone (Hartley
bands) above the balloon is complete. Below 1900A, there is complete ab-
sorption of radiation by molecular oxygen (Schumann-Runge bands).

The solar flux incident on the earth’s atmosphere has been measured by
Broadfoot (1972) and others and is fairly reliably known over this wave-
length region. The absorption coefficients of ozone throughout the whole
spectral range from 3100A to 2000A were first measured by Inn and Tanaka
(1953) and have since been studied and confirmed by Grigg (1968). Using
these data and measurements of solar flux at balloon level it is possible to
calculate the total amount of ozonc in the path from the balloon to the sun,
using either the spectral region 2800-2900A or 2100-2200A.. The latter region
was chosen since the response of the instrument was fairly flat there and hence
the results are potentially of high accuracy. In these calculations, the effect of
Rayleigh scattering and absorption by O, were neglected as the changes in
those coefficients were small over the 2100 to 2200A interval, compared to
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TABLE 1, Measured ozone above balloon

Time Solar Balloon
GMT Zenith Altitude Ozone
9 July 1974 Angle (km) (cm NTP)
1615 45.5° 28.6 0.069
1747 38.4° 28.6 0.064
1932 37.2° 27.4 0.082
2026 39.9° 26.5 0.094
2039 41.6° 25.9 0.11
2250 48.5° 25.3 0.091

the change in absorption coefficients for ozone, and it was the shape of the
spectrum, or slope, that was used to calculate the amount of ozone in the path.

The results of these determinations of ozone content above the balloon are
shown in Table 1 for a selection of balloon levels and solar zenith angles
throughout the day of the flight. They have been converted to the equivalent
ozone content vertically above the balloon by dividing the amount measured
in the slant path to the sun by the secant of the solar zenith angle. The increasing
amount of ozone measured above the balloon, 0.069 to 0.11 cm NTP, was due
undoubtedly to the decreasing height of the balloon as the day progressed. The
measured value of 0.069 cm of ozone above 28.6 km can be compared with
the value of 0.1 cm above that height extracted from ozone densities reported
by Mateer and Godson (1960) for Edmonton, a comparable latitude, in
summer.

Fig. 3 shows an expanded portion of the solar spectrum in the region 1900
to 2300A and illustrates the potential of such measurements from balloon
for obtaining precise values of ozone density through most of the ozone layer.
The absorption above 2100A is due almost entirely to ozone. Ozone content in
the slant path to the sun from the solid line spectrum is calculated to be 0.082
cm. A spectrum obtained by Simon (1974) with a rather similar spectrometer
is shown for comparison. A marked difference in absorption is seen, due to the
fact that their balloon was 10 km higher and above much of the ozone layer.
Ozone in the optical path above that balloon was calculated from their spectrum
to be 0.011 cm. The observed spectrum is seen to be a very sensitive function
of ozone content. Measurements in this spectral region can thus give very
precise values of ozone density through most of the ozone layer, provided the
spectrometer is carried up through the ozone layer near mid-day when the solar
zenith angle is small. At the balloon height of about 28.6 km, solar radiation in
the window region has been almost entirely absorbed when the solar zenith
angle exceeds 60°. Cann et al. (1976, this issue) have carried out a computer
simulation of solar spectra from 2050 to 2150A over a range of solar zenith
angles (40° to 80°) for comparison with observed spectra.

The appearance of the solar spectrum observed below 2100A is determined
largely by molecular oxygen in the optical path, due to absorption in the
Schumann-Runge system. Absorption peaks can be seen in Fig. 3 from the
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Fig. 3 Expanded portion of solar spectrum from 1900-2300A. A spectrum obtained by
Simon (1974) is shown for comparison. The Schumann-Runge O, absorption
bands are identified.

(0,0) band head at 2025A and succeeding Schumann-Runge bands to the
(4,0) band at 1924A. This spectral region has not been investigated in any
detail, particularly at high resolution, although its importance in the
photochemistry of the stratosphere is recognized. The comparison spectrum
(Simon, 1974) shows much more absorption due to the longer slant path
through the atmosphere but has no spectral detail since the spectral resolution
was only 6A.

4 Summary
Solar spectra were obtained over the range 1900 to 2900A in a balloon flight
from'Fort Churchill in July 1974. Accuracy of the absolute fluxes is estimated
to be =25%. It is seen that the measured flux for the range 2100 to 2200A is
a very sensitive function of ozone content above the balloon and can be used to
obtain reliable ozone profiles under controlled balloon-flight conditions.
Further effort will be devoted to improving the calibration of the spec-
trometer. The instrument will be flown as an integral part of further
Atmospheric Environment Service balloon studies of photochemistry of the
stratosphere and significant minor constituents.
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ABSTRACT

Solar ultraviolet fluxes in the wave- 40° to 80° over the wavelength region

length region 1900 to 2300A were
measured during the first balloon
flight of Project STRATOPROBE on July
8, 1974, over a range of solar zenith
angles at a float altitude of 28.6 km.
High-resolution computer simulations
of the measured spectra were made
for a range of solar zenith angles of

2050 to 2150A, and comparisons
made with the observed spectra at 40°
and 47°. Qualitative agreements were
obtained but there were significant
discrepancies between the simulated
and experimentally obtained fluxes.
Sources of the discrepancies are
discussed.

1 Introduction

The solar flux transmitted into the stratosphere in the 2100-A window region
of the spectrum has special significance at the present time because of general
concern over the inadvertent disturbance of the ozone layer by man. Activities
which may seriously affect the photochemistry in this layer include the release
and upward diffusion of chlorofluorocarbons used in refrigeration and aerosol
spray cans, upward diffusion of N,O from chemical fertilizers and the release
of oxides of nitrogen by high altitude commercial ssT fleets.

The radiation in the 2100-A region is responsible for the production of
ozone through the photodissociation of molecular oxygen and also for the
photodissociation of CFCl; and CF.Cl,. The accurate simulation of this flux
is thus essential to photochemical transport models used to model the global
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ozone layer and depletion of ozone due to injections of NO, and chlorine com-
pounds. An early experimental study of the ultraviolet flux in the atmosphere
was carried out by Brewer and Wilson (1965) but with inconclusive results.

The purpose of the ultraviolet experiment on Project STRATOPROBE was to
obtain measurements of the solar flux at various altitudes and solar zenith
angles in conjunction with measurements of temperature and ozone in order to
determine how well the actual atmospheric fluxes could be simulated. The
measured spectra are reported by McEwen and Meredith (1976, this issue). In
this paper we report a high spectral resolution calculation of the spectral trans-
mission of the atmosphere which we use in conjunction with solar flux measure-
ments, made at altitudes above significant absorption, to simulate the solar
flux at the balloon float altitude of 28.6 km..

2 Basis of the calculations
The atmosphere was divided into a number of layers of unequal thickness and
each layer was assigned mean values for temperature, pressure and species
concentrations. For a layer of thickness L, the transmission 7(v) at frequency v
is given by
T(v) = exp (— (V)

=exp(—~L Z Nio(v) 1)

where 7(v) is the optical depth, N; the number density of species i, and o:(¥)

is the absorption cross-section for species i at frequency v. For a molecular
absorber,

3
O) = 9 v T RHFe)  duwt Y Srab() @
viv Ji
where R, (7, ) is the electronic transition moment, g, is the Franck-Condon
factor, S, ;~is the Honl-London factor for the J’ to J” transition and b(v) is
the line shape factor or profile. Summations are over all lines in the band (v’,v”)
which contribute at a frequency v.
For molecular Rayleigh scattering the extinction cross-section is (Penndorf,
1957)

8n? 2-1?* 6+3
o) = 8- v RS2 3

where N is the total number density of air molecules, n the refractive index at
frequency v and p is the depolarisation factor. In equations (2) and (3) the
frequency » is expressed as the wave number, e.g.,cm~".

It is clear from the above equations that in order to calculate the spectral
transmission T (»), information is needed on species number densities, N;,
temperature and also pressure as a function of altitude (temperature and
pressure control the line intensities and shapes). Information is also required
on the line positions and transition probability parameters for Eq. (2); more
detailed information may be found in a paper by Cann ez al. (1976).
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In order to obtain the spectral transmission, the optical depth was first
calculated for each layer, according to Egs. (1) to (3) and then summed.
Taking the negative exponent of this gives the transmission 7(v) for the
atmosphere above the balloon float altitude. Then, if Io(») is the solar flux
incident on the atmosphere, the flux at balloon float altitude is given by

1(v) = Io(v) - T(v). C))

3 Atmospheric model

The model used was based on the U.S. Standard Atmosphere (1966) for 60°N
in July supplemented by the high altitude (above 120 km) model for summer,
with an exospheric temperature of 600K, and modified by ozonesonde data
acquired at the time of the research balloon flight. The series of ozonesonde
flights carried out in coordination with the experiment provided temperature
and ozone concentration data up to 35 km (Bain et al. (1976), this issue).
Above 35 km the ozone and temperature data are more uncertain. The ozone
profile above 45 km was taken from a series of high altitude ozone profiles
inferred from O»('A) rocket measurements from Churchill in July and August
in previous years (Evans and Llewellyn, 1970). Between 35 and 45 km, an
interpolation of the two different profiles was employed. It is hoped that the
high altitude ozone profile for this flight can be improved when the NIMBUS 1v
BUV data have been processed. A table of the model used for the spectroscopic
calculations is given by Cann and Nicholls (1975).

4 Spectroscopic data

The absorption and extinction processes included in the calculation were:
absorption by the ozone continuum, O» Herzberg continuum (432, + < X33,7),
O, Schumann-Runge lines (B33, — < X®3,~) and Rayleigh scattering by air
molecules. The ozone absorption data of Griggs (1968) were used: the effect
of temperature has not been reported in the literature but one may assume this
to be small for the continuum region. Absorption cross-sections in the O,
Herzberg continuum were calculated using the Franck-Condon density prin-
ciple, Cann et al. (1976).

The contributions from lines of the O, Schumann-Runge bands were com-
puted to high accuracy using a line-by-line technique. The pre-dissociation
broadening, well-known in this band system, is only poorly known for the
weak bands in the 2050-2150 A spectral range; an estimate was included, how-
ever, along with pressure and Doppler broadening using the well-known Voigt
line profile. A total of 371 spectral lines were included.

5 Atmospheric transmission calculations

A detailed study in which test cases run for a 0.5-A spectral region for 26, 25
and 10 layers showed that in fact 8 atmospheric layers were adequate for com-
puting the spectral transmission down to the balloon float altitude of 26.8 km,
accurate to well within the limits set by the data and spectroscopic constants
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Fig. 2 High-resolution ultraviolet atmospheric transmission down to 26.8 km for solar

zenith angles from 40° to 80°.

used — these layers were specified for a spherical atmosphere. Tabulated layer
specifications are given by Cann and Nicholls (1975).

In Fig. 1, the various contributions to the atmospheric absorption are shown
for the simulation conditions at an altitade of 28.6 km and a solar zenith angle
of 40°. Ozone is the major source of absorption above 2085 A while the O
continuum is dominant below this wavelength. O, Schumann-Runge bands are
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Fig. 3 Ultraviolet atmospheric transmission degraded by a 2 A instrumental slit func-
tion for solar angles from 40° to 80°.

present in the 2095-A and 2065-A regions, but do not contribute significantly to
the absorption. The contribution from Rayleigh scattering is also small. This
demonstrates that, for practical purposes in models, the absorption can be
conveniently calculated using only O3 absorption and the O, Herzberg conti-
nuum absorption over the wavelength range from 2050 to 2150 A. This is not
true at shorter wavelengths where the Schumann-Runge bands of the v” = 0
progression appear and become important. The errors in the ozone and Ray-
leigh scattering extinction coefficients are about 5%. The O, continuum
should be accurate to 10% but the line absorption contribution is only ac-
curate to around 30%.

Fig. 2 shows the calculated transmissions for various zenith angles from 40
to 80°; the logarithm (base 10) of the transmission is shown as a function of
wavelength. This figure demonstrates that the transmission varies from 10%
to 0.01% at 2050 A over this range of solar angles and should permit a good
evaluation of the accuracy of solar flux simulations, even at a constant float
altitude. The eventual aim of this work is to check the accuracy of solar flux
simulation in models as a function of altitude, both in high-resolution and
parameterized calculations. Fig. 3 shows the same transmission curves de-
graded with a 2 A instrumental slit width for the same range of zenith angles;
the very weak oxygen lines no longer show.
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6 Comparison between observed and simulated solar spectra

A NRL solar spectrum earlier reported by Brinkmann et al. (1967) is shown
in Fig. 4. Since the spectral lines in the terrestrial absorption spectrum do
not contribute significantly to the atmospheric absorption (see above) there
is no fine structure in the transmission spectrum. Hence the transmissions
shown in Fig. 3 may be multiplied by the spectrum in Fig. 4 to give the expected
solar spectrum at 28.6 km (Eq. (4)). This has been done for solar zenith
angles of 40° and 47° and compared with the experimental results in Figs.
5 and 6, respectively. In Fig. 5 the measured and simulated spectra have
similar appearance but the latter is less intense by a factor about 2.5, which
is greater than the estimated calibration error of the spectrometer (= 25%).
In Fig. 6 the measured flux is again larger than the simulated flux, although
the 47° experimental spectrum has a poorer signal-to-noise ratio than the 40°
spectrum. The attenuation due to the larger air mass at 47° is about the same
for the experimental and simulated spectra so that the former spectrum is
again larger than the latter by a factor about 2.5. The discrepancies in the
absolute fluxes between the experimental and the simulated spectra can be
largely, if not entirely, explained by the various uncertainties in both sets of
spectra. Ozone densities are a major source of uncertainty although the column
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deunsity along the optical path inferred by McEwen and Meredith (1976) (e.g.,
2.4 x 10'8 cm—2 for 40°) is effectively the same as that used in the simulation
spectrum (2.36 x 10'® cm—2). The error bars at 2100 A in Figs. 5 and 6
show the effect of = 30% uncertainty in the total amount of ozone along the
optical path. As noted in Section 3, ozone densities were measured only up to
35 km at the time of the balloon flight. Densities at higher altitudes were ob-
tained from the literature (Evans and Llewellyn, 1970). If the ozone densi-
ties for altitudes > 40 km are reduced by a factor 2, which is not unreason-
able, then the simulated photon flux in Fig. 5 (40°) is further raised by about
0.3 X 10 photons sec—!' ¢cm—2 A—! A combination of these two factors,
raising the simulated flux, with the instrument calibration error (* 25%)
lowering the experimental flux, almost brings the experimental and simulated
fluxes into coincidence. Further, the NRL solar spectrum used here could easily
have an absolute error of + 25%, as is shown by comparisons in the recent
review by Simon (1975). In addition, some variation with solar sunspot cycle
may be expected.

Continuation of this work will include a careful scrutinty of the assump-
tions and procedures concerned. Future work will be conducted using more
recent solar data at higher resolution; this last is necessary when the line struc-
ture of the strong Schumann-Runge bands are important, i.e., at lower wave-
lengths.

7 Summary

A simulation of the expected solar flux spectrum in the wavelength range 2050
to 2150 A has been carried out using realistic high-resolution atmospheric
transmission calculations for the observed temperature and ozone concentra-
tions for the STRATOPROBE I balloon flight of 8 July 1974 from latitude S9°N
and a NRL solar spectrum. A comparison between simulated and measured
spectra at solar angles of 40° and 47° shows unexpectedly high experimental
results but these are in approximate agreement with the simulations when all
sources of uncertainty are included. The purpose of this initial simulation was
to evaluate the feasibility and limitations of this experiment. A final objective
is to simulate the observed spectra as a function of altitude under known ozone,
temperature and number-density conditions.

The calculation will be extended down to 1900 A for future work using a
more recent, and higher resolution, solar spectrum. Efforts are required to
improve the absolute calibration of the flight spectrometer as well as the ac-
curacy of the ozone and temperature profiles above the balloon float level.
The future availability of ozone BuUV satellite data should improve the accuracy
of the ozone profile. The accuracy with which we can execute this type of ex-
perimental comparison limits the extent to which the production terms for
ozone in stratospheric models can be verified. The photodissociation of chloro-
fluorocarbons in the stratosphere is also affected by this same flux in the 2100 A
window.
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ABSTRACT

A mean meridional circulation model
of the stratosphere, incorporating
radiative heating and photochemistry
of the oxygen-hydrogen-nitrogen at-
mosphere, is used to simulate the
meridional distributions of O3, HO,,
N,ONO,, temperature and the three
components of mean motion for the
summer and winter seasons under
steady-state conditions. The results
are generally in good agreement with
the available observations in the nor-
mal stratosphere. The model has been
applied to assess the effects of water
vapour and nitrogen oxide perturba-
tions resulting from aircraft emissions
in the stratosphere. It is found that a
fleet of 500 Boeing-type sst’s, flying
at 20 km and 45°N in the summer
hemisphere and inserting NO, at a
rate of 1.8 megatons per year, has the
effect of reducing the global total
ozone by 14.7%. Similar calculations
for 342 Concorde/TU-114’s, cruis-
ing at 17 km and injecting NO, at a
rate of 0.35 megatons per year, show
a global-average total-ozone reduc-

tion of 1.85%. Although water va-
pour is considered important, because
of its ability to convert NO. into
HNQO;, the direct effect on global-
average total-ozone reduction result-
ing from the 100% increase in the
stratospheric water content is less
than 1%. The changes in the chem-
ical structure (HO,NO,), tempera-
ture, and mean motions associated
with the ozone reduction are also in-
vestigated in the case of the 1.8-
megaton-per-year NO, perturbation.
It is shown that the reduced meridio-
nal temperature gradient in the mid-
dle and upper stratosphere resulting
from the NO, perturbation leads to
the weakening of the tropical easterly
jet in the summer hemisphere and
mid-latitude westerlies in the winter
season.

The sensitivity of the model solu-
tions to an alternate choice of input
parameters (diffusion coefficients and
solar photodissociation data) is tested
and the main deficiency of the model
is pointed out.

1 Introduction

Ozone has long been recognized as one of the most important trace substances
occurring naturally in the earth’s atmosphere. Because of its intense absorp-
tion properties in the ultraviolet part of the solar spectrum, it not only protects
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life at the ground from the sun’s harmful ultraviolet radiation, but it also pro-
vides the dominant source of thermal energy to drive the circulation in the
stratosphere.

A few years ago environmentalists voiced concern that a fleet of high-flying
aircraft might reduce the ozone balance by exhausting substantial amounts of
water vapour and nitrogen oxides into the stratosphere, and that serious conse-
quences on the earth’s biological system and its climate would follow. This
concern over man’s impact on the environment led to the initiation of the
Climatic Impact Assessment Program (crap) in the United States in 1971.
Over its three operational years, the program has contributed significantly to
our knowledge of ozone photochemistry and of the radiative and transport
properties of the stratosphere. For example, the important photochemical
reactions leading to the formation and destruction of ozone, and the odd hydro-
gen and nitrogen compounds have been identified and their reaction rates have
been confirmed. Numerical model calculations incorporating the water vapour
and/or nitrogen oxide reactions in the ozone photochemistry have shown these
reactions to reduce stratospheric ozone significantly (Johnston, 1971; Crutzen,
1972; Hesstvedt, 1973; Rao and Christie, 1973; Stewart, 1973; Rao-Vupputuri,
19744, b; Chang, 1974; McElroy et al., 1974; Whitten and Turco, 1974; Shima-
zaki and Ogawa, 1974; Cunnold et al., 1974; Hunten, 1974; Widhopf, 1974),
although the calculated percentage decreases of ozone by artificial NO, differ
depending on the dimensionality and the complexities of photochemical-
dynamical considerations of the model.

The problem of assessing both the effects of natural concentrations of HO,
and NO, and their perturbation by a potential high altitude fleet on the ozone
balance and other meteorological elements is a complex one. First of all, it
should be emphasized that in the stratosphere the concentrations of Os, HO,
and NO, are mutually interdependent through the oxygen-hydrogen-nitrogen
photochemical system. In addition, the temperature structure, and consequently
the large-scale motions, are largely determined by the ozone distribution
through radiative heating while the motions themselves influence the distribu-
tions of radiatively active gases such as ozone and other minor constituents.
It is thus evident that only by treating these non-linear interactions in a numer-
ical model can one properly describe the behaviour of naturally occurring
trace substances and evaluate their perturbation effects in the stratosphere.

One-dimensional vertical diffusion models usually include very comprehen-
sive photochemical schemes and provide important first approximations to
the background concentrations of the minor constituents in the stratosphere.
However, it is well-known that in the stratosphere the large-scale quasi-hori-
zontal eddy mixing and mean meridional motions also play a significant role
in determining the overall concentrations of certain trace gases such as Os,
N20, HNO;. This is particularly so in the lower stratosphere where the photo-
chemical time-scales for these chemical species are large compared to the trans-
port time-scales.

There are also a number of two-dimensional models which include fairly
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comprehensive photochemical schemes and allow horizontal, as well as ver-
tical, transports. Unfortunately, most of these models specify the temperature
structure and mean meridional motions and, in so doing, neglect the coupling
between temperature and the radiatively active minor constituents.

The more sophisticated three-dimensional general circulation models of the
troposphere and stratosphere are so complex that they must leave out some
of the important coupling effects between chemistry and dynamics because of
computer limitations. Although a simplified three-dimensional model (based
on quasi-geostrophic conditions) incorporating the interaction between dy-
namics and ozone photochemistry has been reported (Cunnold et al., 1974)
the model still uses simplified chemistry and does not calculate the structure
of the chemical trace species affecting the ozone distribution.

Despite the limitations imposed by having to parameterize the large-scale
eddy processes it has been shown recently (Rao, 1973) that the major inter-
actions between atmospheric composition, temperature and transport pro-
cesses can be incorporated in a two-dimensional model.

The objectives of this paper are: first, to investigate the seasonal and lati-
tudinal structure of the normal stratosphere with respect to temperature, ozone
HO, (HO, HOy), N.O, NO, (NO, NO,, HNO;) and the mean circulation,
taking into account their mutual interrelationships; and second, after compar-
ing the computed results with available observational data and testing the
validity of the model for the normal stratosphere, to assess the effects of HO,,
NO,, resulting from a hypothetical fieet of high-flying aircraft.

2 Transport model

The stratospheric transport model used for the study is the two-dimensional
mean circulation model developed by Rao (1973). It runs from 10 to 55 km
in the vertical and from summer pole to winter pole in the horizontal. The
grid spacing is approximately 3 km in the vertical and 10 degrees latitude in
the meridional direction.

The model equations are those governing the zonal momentum and heat
balance and the continuity of the net mass and ozone, and they are averaged
with respect to time and longitude.

The eddy fluxes of heat and ozone are parameterized using a mixing length
representation on a sloping surface in the meridional plane (Reed and German,
1965). The eddy fluxes of momentum in the horizontal direction, however, are
related to the meridional thermal gradients (Williams and Davies, 1965). The
diffusion coeflicients k,,, k,., k.. were derived from heat flux and temperature
data in the stratosphere after the study of Reed and German. The radiational
heating and cooling is incorporated in a form which allows for the major inter-
actions among ozone, temperature and mean circulation.

The boundary conditions applied are such that both temperature and ozone
mixing ratio are specified at the lower and upper boundaries and zero hori-
zontal flux is assumed at both poles. The seasonal values of zonal winds are
specified at 10 km and the vertical component of mean motion based on
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thermal equilibrium (Murgatroyd and Singleton, 1961) is used at the top
boundary. Further, both the zonal wind and the north-south component of
the mean motion are assumed to be antisymmetric with respect to the poles.
The sensitivity of the numerical solution to each of these boundary conditions
has been tested and documented by Rao (1973).

It should be noted that the values of k,,, k., and k.. reported by Reed and
German (1965) are generally overestimated in comparison with the new
values computed by Luther (1973) using more recent data on heat fluxes,
temperatures and wind variances (Qort and Rasmusson, 1971). In view of
this apparent discrepancy, a sensitivity test on the model results has been per-
formed using a new set of diffusion coefficients.

3 Photochemical model

The primary mechanism by which ozone is produced in the earth’s atmosphere
is by the photodissociation of molecular oxygen and the subsequent recombi-
nation of atomic oxygen and molecular oxygen in the presence of neutral par-
ticles (Chapman, 1930). However, it is destroyed not only by photodissocia-
tion and by recombination with atomic oxygen but also by catalytic chain
reactions involving, among other substances, water and nitrogen products.
The principal chemical and photochemical reactions leading to the formation
and destruction of ozone, the odd hydrogen and the odd nitrogen particles, in
an interactive manner, are listed in Table 1. The choice of reactions and rate
coefficients is based on the simplified sets of chemical reactions prepared by
Johnston (1973). The reaction rates are the revised NBs values (Garvin and
Hampson, 1974), and these are recommended by ciaP for incorporation into
transport models. The additional reactions involving hydrogen and nitrogen
compounds and their implications for the ozone layer have been discussed
rather extensively in the recent literature (Hampson, 1964; Hunt, 1966; Crut-
zen 1969, 1971; Leovy, 1969; Johnston, 1971, 1973; Hesstvedt, 1973; Bras-
seur and Nicolet, 1973; Rao and Christie, 1973; Rao-Vupputuri, 1975; and
others). Based on reactions R1 to R30 the photochemical tendency equations
for O3, HO,, NO, and N-,O could be written in a form that is more suitable
for a transport model. Thus we have!:

d
Sk = A, - BLg? — ({CLaNO,) + Dy(HO) + EJy(HOY), (1)
dy(HO
WO . Flyasy + J30u(HNOs) — Gy(HO,)
~ {HY(NO,) + K(HNO)}(HO,), (2)
dX(NOx)z 2K14X(N20)J5°‘3x_ o 2K 1J (5x*(NO,)
dt X, R3(K72(NO,) + aR3K ¢)

aR3K,6 — K 70(NO,) 3)
K,77(NO,) + aR;3K,¢’

1From here onwards all the chemical species will be expressed in units of volume mixing
ratio, except for ozone which will be expressed in units of mass mixing ratio.

+ 2x(N2)J(N>)
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TaABLE 1.

The important photochemical reactions and reaction rates affecting the concentra-
tions of ozone and other trace species in the stratosphere

Rate Coefficients

Reactions (cGs Units)
R1 0, + hvlf—(h—zi—uin—*O + O Ji (Solar flux dependent)
R2 O+0;, + M———— >0, + M Ky, = 1.07 x 1073 ¢*10T
R3 0O+ 0; —_—0, + 0, = 1.9 x 10-1Lg~2300/T
R4 03 + hv—— A< ll_um“>02 + 0 J4 (Solar flux dependent, see text)
RS 0, + mX=03um o L o0 Js (Solar flux dependent)
R6 o¢D)y+ 0,——— 0, + 0, K¢ = 2.5 x 10710
R7 otD)y+ M—— 50+ M K, =5.4 x 1011
R8 NO, + hvli—o—ﬂlﬂﬂvo + 0 Jg (Solar flux dependent, see text)
R9 NO+O+M-— — »NO, + M = 3.96 x 1033 g240/7
RI0O NO,+ O— — —+NO + O, Kio=09.1x 10712
Ril NO+ Oj———— —»NO; + O, K =9 x 10-13 g-1200/7
Ri2 N,0 + ;,VMETB‘,NZ + 0 Ji2 (Solar flux dependent, see text)
RI3 N, 0 + O(!D)—————> N, + O, Ki3=1.1x 1071
R14 N,0 + O(*D)——— > NO + NO Kia=1.1x 10"1°
R15 NO + hy A< 0 19 um —>N+ 0 J1s (Solar flux dependent, see text)
RI6 N+ O, —f‘—-——>NO + 0 Kis = 1.02 x 10~14 T g~ 3130/
R17 N+ NO — 3N, + O Ki,=2.7x10"1!
R18 OCD) + H,0—— - —>2HO Kig = 3.5 % 10°1°
R19 O('D) + CHy— ——» HO + CH; Kis = 4.0 x 10°1°
R20 HNO, + =03 H0 s L o, J2o (Solar flux dependent, see text)
R21 HO + 0, ——>HO, + 0, Ky = 1.6 x 10712 ¢~1000/T
R22 HO+ O— 0, + H Ky, = 4.2 x 10-1!
R23  HO; + O —HO + 20, Kaz = 1.0 x 10713 ¢—1250/T
R24 HO, + O— ————— > HO + O, K4 = 8.0 x 10~1L g—500/T
R25 H+ O, + M—— 3 HO, + M Kys = 2.1 x 10~32 2907
R26 H+ 03— — > HO+ O, K6 = 2.6 x 1012
R27 HO, + HO, - > H,0, + O, Kyp =3 x 10-11 g=500/T
R28 HO + HO,—— H,0 + O, K;3 =2.0 x 10-11
R29 HO + NO, + M HNO, + M 8.5 x 1072% %7
* NO2 + Mo HINO, Kas = T+ 1.5 x 1079)
R30 HO + HNO3;—  ——— H,0 + NO, Kso=1.3 x 10713
dy(N,0 K,y + K;)Jsa N,O
__Xi 2 ) — _"I12X(N20) ( 13 14) 5 SXX( 2 ) (4)
where:
A— 2(&)&
2
pair m2
B = 2 (K3)m2
(p2/paxr)[M] msj
[M] = P/RT,,
o[M]K,’
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a = [0,]/[M],
D = 2K,,[M],
2Ky,
k=g,
F o= ZKla'XE(Hzo)
K,

a3 = m/m3!

G = 2K,,IM]1B* + 2K23[M]B

(CEE
41— KaolMDIM]
G+D
7 = KoIM]
®+1D°

B = x HOy) ozK2K21[M]2 + Kj2J,4
X(HO) “Ksza[tMT + Kpudy’

x(HO,) _
J(HO) = 1+ B,
R. = X(NO,) aK Ko [MT oy

VT ANO) T aK, Mg + KioJaoay’

_ WHNOy) _ (Ky[MDIMINHO)
27 XNOY) T Uy + Ky [MIx(HO)’

_ x(NO,)
P T (NO)

xe(H,0) = x(H,0) + 2x(CHy).

¥ is the mass mixing ratio of ozone.

m, m,, m; are the molecular masses of air, oxygen and ozone, respectively.
[0.], [M] are the number densities of molecular oxygen and air, respectively.
p, is the density of molecular oxygen.

P is the pressure.

T is the temperature.

R is the gas content.

%e(H,0) is the effective water vapour mixing ratio.

R

=1+ Ry + RyR,,

In deriving (1) to (3) it is assumed that the individual trace constituents
in each of the odd oxygen, hydrogen and nitrogen systems are in photochemical
equilibrium among themselves. This assumption is generally valid in the
stratosphere except near the winter pole in the case of HNO;. Since the winter
polar region represents only a small fraction of the mass in the present model
atmosphere, the neglect of transport on the HNO; distribution will not ser-
iously alter the NO, results.
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In order to close the photochemical system we still require two more equa-
tions for H,O and CH,. In this study the concentration of water vapour and
methane are specified from the measurements of Mastenbrook (1974) and
Ehhalt and Heidt (1973) instead of treating them as variables in the model.

As one can see from (1) to (4) the constituent mixing ratios of O3, HO,,
NO, and N,O are not only mutually interdependent among themselves, but
they are also coupled to the radiative and transport properties of the strato-
sphere through the ozone continuity equation. In view of these non-linear
effects it is more appropriate to solve the continuity equation for ozone, HO.,
NO, and N,O simultaneously, thus allowing for the feedback effects of tem-
perature variation on reaction rates. In this respect the present experiment is
different from the other 2-D models (Widhopf, 1974; Prinn et al., 1975)
which ignore the coupling effects between temperature, mean meridional mo-
tions and trace constituents which are important in the stratosphere.

Additional boundary conditions on the hydrogen and nitrogen species are
required to solve the continuity equations for HO,, N,O and NO in conjunc-
tion with the ozone, temperature, zonal momentum and mass continuity equa-
tions. We assume zero horizontal flux at the poles and zero vertical flux at the
top boundary for all the hydrogen and nitrogen species. At the lower boundary
the N.O mixing ratio is prescribed from the measurements by Schutz et al.
(1970) while an average tropospheric value for NO, (Junge, 1963) is
adopted. Because observational data are lacking, the lower boundary condi-
tion for HQ, is interpreted from one-dimensional model results.

There appears to be some question as to the validity of the lower boundary
condition on the NO,, mixing ratio which is based on the average tropospheric
value (3 parts per billion by volume). Recent measurements around the tro-
popause indicate NO, (NO + NO, + HNO;) mixing ratios considerably less
than the average tropospheric value. Because of this uncertainty on the NO,
lower boundary value, a comparative test has been performed with a reduction
of 50%.

4 Solar fluxes and photodissociation parameters
In order to compute photodissociation rates and solar heating by ozone in
the model, we require spectral data on solar intensities outside the atmosphere,
absorption cross-sections and quantum yields for the chemical species under
consideration and the scattering cross-section for air. The data on solar fluxes,
absorption cross-sections and quantum yields for ozone and molecular oxygen
and the scattering cross-section for air were taken from Byron-Scott (1967)
and the method of computing J5, J, (the dissociation rates for oxygen and
ozone) and the solar heating by ozone was described by Rao (1973). The
spectral domain considered covers the wave-number range 13500 to 59375
cm—! (1684.2-7407 A). It includes modified spectral data published by
Brewer and Wilson (1965) within the 41237-55555 cm—' (1800-2425 A)
range.

A more recent data compilation of solar fluxes and absorption cross-sec-
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tions by Ackerman et al. (1970) shows that the values of solar intensity and
the absorption cross-sections for molecular oxygen are much higher than the
values tabulated by Brewer and Wilson, especially around 2200 A (the values
differ roughly by a factor of 3 in solar fluxes and 2 in the case of the cross-
sections of O5). In view of these discrepancies, the sensitivity of the latitudinal
distribution of the total ozone column has been tested by using the two sets of
spectral data.

We also require additional spectral data on the absorption cross-sections of
N0, NO, NO, and HNO; to compare Jy,, Jy5, Js and Jao. The photodissocia-
tion cross-sections of N,O are taken from Bates and Hays (1967) and for
NO; and HNOj the values reported by Johnston and Graham (1973) are
used.

It is difficult to determine the photodissociation rates of NO, since one re-
quires a detailed knowledge of the absorption spectrum in the Schumann-
Runge bands of molecular oxygen. Recently Cieslik and Nicolet (1973) have
attempted to calculate J15 in the stratosphere using the detailed cross-sections
of molecular oxygen determined by Ackerman et al. (1970) and these values
are used in the present calculations.

As far as the production of atomic nitrogen {2[N)}J(N:)} by cosmic rays
is concerned, a value of 5 molecules cm—? s~ is chosen arbitrarily, based on
the study by Brasseur and Nicolet (1973). More recently, however, Nicolet
(1975) has shown that the production of NO by cosmic rays varies consider-
ably with latitude, height and solar activity in the lower stratosphere. In the
light of this new evidence a case experiment has been performed to test the
effect of latitude-height variations of NO production rates on the model results
for the conditions of solar minimum (maximum NO production rates).

§ Discussion of results

a Natural Stratosphere

Two different types of experiments were carried out to determine the steady-
state meridional structure of the temperature, the three components of mean
motion, ozone, HO,, N,O and NO, for summer and winter in the stratosphere.
The first experiment was a computation for an uncontaminated background
atmosphere incorporating radiative-photochemical processes in an oxygen-
hydrogen-nitrogen atmosphere. The second experiment was identical to the
first except the calculations included the deposition of stratospheric pollutant
gases resulting from a hypothetical fleet of high-flying aircraft. In addition, the
first experiment was repeated to test the sensitivity of the model results to the
uncertainties in the diffusion and chemical rate coefficients, solar spectral data,
boundary conditions and production of odd nitrogen by cosmic rays.

Figs. 1 to 7 give the meridional distribution of ozone, temperature, HO, N,O,
NO, NO; and HNO; (solid lines) which were derived in a self-consistent man-
ner under the combined influence of radiation, O-H-N photochemistry and
transport processes, in the first experiment. Also derived as a part of the simul-
taneous solution were the three components of mean circulation, the results
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Fig. 1 Meridional cross-section represent- Fig.2 Meridional cross-section represent-

ing the computed distribution of ozone ing the distribution of temperature
mixing ratio (ug g—?%, solid lines) in (°K) in the normal stratosphere
the normal stratosphere (O-H-N at- (solid lines) and temperature reduc-
mosphere, experiment 1) and per- tion (dashed lines) in the same ex-
centage reduction in the ozone mixing periments as in Fig. 1.

ratio due to 1.8 megaton-per-year
NO,, injection at 45°N and 21.2 km
in the summer hemisphere (dashed
lines, experiment 2).

of which will be discussed later. The most significant conclusion that can be
drawn from these figures is that the natural variations of HO,; and NO, can
indeed play a substantial role in the ozone and thermal balance of the strato-
sphere and can contribute to achieving a satisfactory agreement between the
computed distributions of ozone and temperature and those observed. Note,
for instance, that the computed distribution of ozone mixing ratio in Fig. 1
has several features that are in good agreement with the observations shown
in Fig. 8. The height of the ozone maximum and its magnitude are calculated
correctly. Also the calculated ozone ridge at high latitudes in the winter hemi-
sphere (not shown by the ozonesonde data in Fig. 8) is in good agreement
with the recent BUv satellite observations (Krueger et al., 1973). In spite of
the over-all good agreement between the computed ozone variations and obser-
vations, the model underpredicts the ozone mixing ratios at high latitudes in
the lower stratosphere during the summer season. This deficiency is reflected
in Fig. 9 in which the computed latitudinal distribution of total ozone is com-
pared against the observed amounts. The computed ozone deficiency could
be attributed either to the inadequate transport of ozone from the tropics to
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Fig. 3 Meridional cross-section represent- Fig.4 Meridional cross-section represent-

ing the distribution of HO (units 105 ing the distribution of N,O mixing
particles cm—3) in the normal strato- ratio in the normal stratosphere de-
sphere (solid lines) and percentage rived in the same experiment as in
change in the HO concentration Fig. 1. (O-H-N atmosphere, experi-
(dashed lines) in the same experi- ment 1). Units are ppbv.

ments as in Fig. 1. Negative values
represent increase.

the high latitudes or it could be related to the overprediction of NO, and conse-
quent excessive destruction of ozone at high latitudes in the summer hemi-
sphere.

Consistent with the ozone distribution, the computed meridional temper-
ature field is also in good agreement with the observations reported by Cunnold
et al. (1974) for summer and winter. However, there are differences in details
between the model results and observations with respect to the equator-to-
pole temperature gradients and the height of the stratopause level in the sum-
mer hemisphere, which could be related to the uncertainties in the transport
characteristics through diffusion coefficients and boundary conditions.

The predominant chemical process leading to the formation of HO, (HO
and HO,) radicals in the normal stratosphere is the reaction between H,O
and the electronically excited oxygen atom O (D), with additional contribu-
tions from the reaction between CH, and O(*D). The CH, contribution was
taken into account in the definition of effective water vapour without going
into complex CH, photochemistry. The termination reactions R27 to R30, on
the other hand, act as sinks for HO, radicals. However, the ultimate distribu-
tion of HO,, in the atmosphere is determined by the mutual interactions among
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Fig. 5 Meridional cross-section represent- Fig. 6 Meridional cross-section represent-

ing the distribution of NO (ppbv, ing the distribution of NO, (ppbv,
solid lines) in the normal stratosphere solid lines) in the normal stratosphere
and the percentage increase in the and the percentage increase in the
NO mixing ratio (dashed lines) in NO, mixing ratio (dashed lines) in
the same experiments as in Fig. 1. the same experiments as in Fig. 1.

O-H-N photochemical systems with transport processes playing an indirect
role.

Fig. 3 presents an example of the variations of HO in the meridional plane
for summer and winter seasons. It exhibits strong seasonal as well as height
variations in the stratosphere. The radical shows maximum concentrations
around 43 km in the summer hemisphere. The latitude-height variation of
HO, is similar to that of HO except the height of maximum concentration is
lower, roughly coinciding with the ozone maximum.

The time constant (time to achieve photochemical equilibrium) of the HO,
system is small compared to those of the ozone and NO, systems in the strato-
sphere, and thus the transport processes do not appear to play a significant
role in the distribution of HO and HO.. However, it should be remembered
that the transport processes can have significant control over the distributions
of ozone and NO_ which in turn control the concentration of HO,.

There are no measurements of HO and HO; in the stratosphere to judge the
accuracy of the model calculations. However, the computed distributions of
HO and HO, should be considered valid in the sense that these radicals, to-
gether with the NO, distribution, explain the ozone and temperature struc-
ture of the normal stratosphere in a self-consistent fashion. As one might ex-
pect in the case of HO,, the computed profiles of HO and HO, at 30°N in the
summer hemisphere in this model are generally in good agreement with the
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corresponding calculations in the one-dimensional model of McElroy et al.
(1974).

N,O is created at the earth’s surface through biological activity, and it dif-
fuses upward into the upper atmosphere (Bates and Hays, 1967). In the
stratosphere, its destruction by photodissociation and oxidation with O('D)
provides the predominant source of NO,. Additional contributions to NO,
may be produced by cosmic rays, mainly at high latitudes in the lower strato-
sphere (Nicolet, 1975). Since both N.O and NO, are influenced by ozone
(through O (D) and photodissociation rates) the concentration of which is, in
turn, controlled by NO,, the final distributions of N.O and NO, again result
from the complex mutual interaction between the O-H-N photochemical sys-
tem and the transport processes.

The meridional distribution of N.O is presented in Fig. 4 for summer and
winter seasons while the distributions of NO, NO,, and HNO; resulting from
the decomposition of NO,, are illustrated in Figs. 5, 6 and 7, respectively.

The distribution of N-O shows that in the stratosphere mixing ratio de-
creases with height from the lower boundary (10 km) and becomes small
above 45 km. In the meridional direction, the N.O mixing ratio decreases from
the tropics to high latitudes in both hemispheres. In the case of the NO,
(NO + NO. + HNOQO3) mixing ratio, the distribution in the lower stratosphere
resembles that of ozone, with mixing ratio increasing from tropics to high
latitudes in both summer and winter hemispheres. In the upper stratosphere,
however, the NO, mixing ratio decreases from summer pole to winter pole.
The height of the NO, maximum and its variation above that height seem to
be strongly influenced by the photochemical sink term associated with the
reaction R17. As shown in Figs. 5, 6 and 7 the NO,, distribution consists pre-
dominantly of NO in the upper stratosphere, NO + NO, in the middle layer
and HNQO; in the lower stratosphere.

The present observational data on N.O and NO, (NO, NO; and HNO3) are
insufficient in terms of spatial and temporal variations to make detailed com-
parisons with the model results. However, the comparison of the model compu-
tations with the available observational data may provide an initial basis upon
which the model results can be judged.

The comparison between the computed profile of N2O at 45°N in the sum-
mer hemisphere and the observations is given in Fig. 10. Also shown in Fig. 10
are the one-dimensional model calculations by Bates and Hays (1967), Crut-
zen (1974) and McElroy and McConnell (1971). It is particularly encour-
aging to see that the agreement between observations and model results is good.

In Fig. 11(a), the computed number densities of NO + NO, for summer at
45° latitude are compared with the simultaneous observations of Ackerman
et al. (1975) for May 1974 at 43° 35’ latitude. Although the agreement be-
tween model results and observations appears to be good, it should be pointed
out that both NO and NO; exhibit strong diurnal variations through reactions
R8 and R10 which of course cannot be simulated in zonally and seasonally
averaged models. Due to this limitation one should exercise caution in com-
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paring the measurements of trace species which exhibit diurnal variations with
the model calculations. '

The computed distributions of both NO and NO (see Figs. 5 and 6) exhibit
strong seasonal variations which cannot be verified with the available obser-
vations. The variation of NO. in the lower stratosphere is of interest in that
its mixing ratio has a maximum at 55°N in the winter hemisphere and then
suddenly drops to a low value at the winter pole. This may be attributed to a
high value of HNO3/NO: ratio in the winter polar stratosphere where there is
no solar radiation.

The computed profile of HNO; at 45°N in the summer hemisphere can be
compared with direct sampling-filter measurements by Lazrus and Gandrud
(1974) in Fig. 11(b). The agreement between observations and the model
results is good above 20 km with the model calculating correctly the altitude
and magnitude of the peak mixing ratio of HNO;. Below 20 km, however, the
calculated values (solid line in Fig. 11(b)) are larger than the observations,
which may be related to the incorrect specification (according to current
measurements) of the lower boundary condition for NO,. The seasonal and
latitudinal variations of HNO; (Fig. 7) appear to be in qualitative agreement
with the observed variations reported by Lazrus and Gandrud (1974) which
exhibit an increase in HNO; from equator to high latitudes and higher mixing-
ratio values in winter than in summer.

b Perturbed Stratosphere

The satisfactory agreement between the model results and the observations
suggests that the model can be applied with reasonable confidence to assess
the perturbation effects of HO, and NO, on ozone, the temperature and
mean circulation.

The perturbation effect of HO, has been tested by simply doubling the
background water vapour concentration in the model. The results show that
the total ozone decreased by about 1% on a globally averaged basis. This small
percentage decrease suggests that ozone is relatively insensitive to the strato-
spheric water vapour content. This is due to the fact that the increased HO,,
resulting from the doubling of water vapour, acts to convert NO, molecules
into nitric acid (reaction R29) which does not react with ozone, thereby re-
ducing the catalytic destruction of ozone by NO,. For example, a 30% increase
of HO, in the lower stratosphere (around 21 km) resulting from the water
vapour perturbation has the effect of reducing the NO, by 10 to 15% convert-
ing it into HNQj3. The net effect of the water vapour perturbation in the strato-
sphere is a slight decrease in the total ozone caused by the reduction in the
ozone mixing ratio, mainly in the upper and lower stratosphere. In fact, the
results show a slight increase in the ozone mixing ratio taking place in the
middle layer coinciding with the level of ozone maximum.

It is clear from the above discussion that, although the direct effect of the
water vapour perturbation on ozone is small, water vapour itself is important
to the ozone balance because of the ability of its radicals to convert NO; into
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HNO;. Indeed similar conclusions have been reached by Johnston (1974)
and Crutzen (1974) based on one-dimensional model results, although the
latter author has reported a slight increase in the total ozone due to doubling
the water vapour in the stratosphere. Perhaps this discrepancy could be re-
lated to differences in the rate constants for the reactions R21 to R23. It should
be pointed out that the rate constants for these reactions are temperature-
dependent in our model while they remain as constants in Crutzen'’s calcula-
tions. The temperature changes due to water vapour perturbation are not sig-
nificant except in the summer upper stratosphere where the reduction in the
ozone mixing ratio produced cooling up to 4 K.

In order to determine the perturbation effects of NO, on the structure of
minor trace constituents and of temperature and ozone in the stratosphere,
two sets of calculations were performed. In the first set, the artificial source of
NO, was injected at a rate of 1.8 megatons per year at 21 km and 45°N in the
summer hemisphere. This injection rate is considered to be representative of a
fleet operation consisting of 500 Boeing-type SST’s and, when distributed
uniformly over a 10° latitude belt and a height spread of 3 km, it corresponds
to an additional NO,. source of 10° molecules/cm? sec. The second set of cal-
culations is identical to the first set except the NO, injection rate is 0.36 mega-
tons per year and this may represent a fleet of 342 Concorde-type aircraft in
the stratosphere. In addition, both sets of calculations have been repeated with
the altitude of injection changed and also with the injection switched from
summer to winter hemisphere at the same latitude.

The dashed lines superimposed on the natural distributions of ozone, tem-
perature, HO, NO, NO. and HNQO; represent the percentage changes
resulting from the 1.8 megaton NO, injection at 21 km and 45°N in the
summer hemisphere (Figs. 1 to 3 and 5 to 7). Evidently, the artificial NO,
injections of the magnitude discussed here could lead to a major perturbation
in the natural level of NO- (Fig. 6) which in turn produces substantial changes
in ozone and temperature structure in the lower and middle stratosphere (Figs.
1 and 2). Although the peak perturbation in NO. coincides with the location of
the NO, injection, the maximum changes in ozone and temperature shift
towards the summer pole. This may be attributed partly to the transport effect
and partly to the longer duration of sunlight and consequently more efficient
photochemical processes near the summer pole. It is of considerable interest
to note that the concentration of HO increases in the lower stratosphere (Fig.
3) as a result of the NO, perturbation. As discussed earlier, the increased
density of HO radical has a stabilizing influence on the ozone destruction
through the conversion of NO; into HNQO;. Without this effect, one would
expect even greater reductions in ozone and temperature in the lower strato-
sphere.

The latitudinal variations of total ozone depletion resulting from the 1.8
megaton per year NO, injection for the altitude bands centered at 21.2 and
18.5 km are shown in Fig. 12. Also shown in Fig. 12 is the latitudinal variation
of total ozone depletion due to 0.35 megaton-per-year NO, injection at 18.5
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Fig. 12 Latitudinal variation of percentage total ozone depletion due to 1.8 megaton
per year NO,, injection (45°N, summer) for the altitude bands centered at 21.2
km (solid line), and 18.5 km (dashed line). The lower curves represent calcula-
tions with 0.35 megaton per year NO_ injection for the altitude bands centered
at 18.5 and 15.8 km.

and 15.8 km. Evidently there is a marked variation (almost by a factor of 2)
in the total ozone depletion from summer to winter latitudes. It is significant
to note from Fig. 12 that ozone depletion is highly sensitive to the altitude of
the NO, injection. For instance, the 1.8 megaton per year injection at 21.2
km reduces the total ozone by 15 to 25% whereas 18.5-km injection leads to a
reduction of no more than 9 to 18% . The results for a 0.35 megaton per year
injection are quite similar to those for 1.8 megaton per year injection except
the amplitude variations are much smaller.

Because of the sensitivity of total ozone depletion to the altitude of NO,
injection, the global average reduction of total ozone has been computed for
the injection heights of 20 and 17 km, corresponding to projected flight levels
for the Boeing-type supersonic transports (ssT’s) and Concorde/TU-114
SsT’s, respectively. Based on the first set of calculations, a fleet of 500 Boeing-
type ss1’s flying at 20 km and injecting NO, at a rate of 1.8 megatons per year
in the summer hemisphere would have the effect of reducing the global average
total ozone by 14.7% . Similar calculations in the second set show that a fleet of
342 Concorde/TU-114 sst1’s flying at 17 km and injecting NO,, at a rate of
0.35 megatons per year during the summer season would reduce the global
average total ozone by 1.85%. These results are in general agreement with
the poT report of findings by Grobecker ef al. (1974) which concludes that
375 Concorde/TU-114’s and 500 Boeing type sST’s would reduce the ozone
by 1.5 and 12% respectively.

It has been calculated (Hesstvedt, 1973) that a 1% reduction in total ozone
would result in a 2% increase in the erythemogenic ultraviolet radiation (0.29
to 0.32 um) reaching the earth’s surface (which has been translated into 2%
increase in skin cancer by one CIAP study). Based on this relationship the po-
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tential biological effects resulting from the operation of a large sst fleet are of
some significance.

Because of the coupling between radiative-photochemical and transport
processes, the changes in ozone and temperature structure produced by the
artificial injection of NO, can also affect the zonal wind and mean meridional
circulation in the stratosphere. Fig. 13 shows the influence of background
water vapour and nitrogen oxides and the 1.8 megaton-per-year NO, pertur-
bation injected at 21 km and 45°N (in the summer hemisphere) on the vertical
profiles of the zonal wind. It may be seen from Fig. 13 that the NO, perturba-
tion has the effect of weakening both the easterlies at 25°N in summer and the
mid-latitude westerly jet at 35°N in the winter hemisphere. However, the in-
fluence of background water vapour and nitrogen oxides is more significant
than the effect of the 1.8-megaton-per-year NO,, perturbation. The NO, per-
turbation considered here has no significant influence on the mean meridional
motions although the background concentration has the effect of decreasing
the subsidence motion at higher levels in the winter polar stratosphere.

¢ Sensitivity of the Model Results to an Alternate Choice of Input Parameters
and Boundary Conditions

Although this model is completely interactive and one need not specify the
temperature structure and mean meridional motions, the results still depend
on the particular selection of input parameters (such as diffusion coefficients
and solar spectral data) and boundary conditions. Since it is difficult to verify
the accuracy of any particular choice of input parameters it may be useful to
test the sensitivity of the model results to an alternate choice of these parame-
ters preferably derived from more recent observational data. As mentioned
earlier there are considerable differences in the solar fluxes and oxygen ab-
sorption cross-section data (Brewer and Wilson, 1965) used in this study and
those compiled recently by Ackerman et al. (1970). Sirhilarly there are differ-
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ences between the values of diffusion parameters reported by Reed and Ger-
man (1965) and those determined by Luther (1973). In order to test the
sensitivity of the computed latitudinal distribution of total ozone, the experi-
ment for the normal stratosphere has been repeated with recent solar spectral
data given by Ackerman and diffusion coefficients reported by Luther. The
results show that the new solar spectral data have the effect of producing signi-
ficantly higher ozone mixing-ratio values in the middle and upper stratosphere
and displacing the level of ozone maximum upward by about 5 km while the
new set of diffusion coefficients contribute to lower values of ozone mixing
ratio below the level of ozone maximum. The net effect is a small change in
the total ozone distribution.

The second test experiment has been performed by introducing the latitude-
height variation of NO production rates by cosmic rays, as given by Nicolet
(1975), instead of the fixed value of 5 mol cm—3 s—! which was used in the
earlier run. The results indicate that there is no significant measureable differ-
ence in the meridional variation of the total ozone column between the two
experiments although the ozone mixing-ratio values in the lower stratosphere,
particularly in polar latitudes, are lower by about 1% in the later experiment.
This is due to the localized nature of high NO production rates in the polar
lower stratosphere (Nicolet, 1975).

As shown in Fig. 11 (b), there is considerable discrepancy between the com-
puted results of HNO, and observations. To test the lower boundary influence,
an experiment has been carried out with the lower boundary value of NO, re-
duced to half its original value. As can be seen from the dashed curve in Fig.
11(b), there is better HNO; agreement in the lower part of the lower strato-
sphere with this new boundary specification. The new lower boundary condi-
tion has also contributed to a better agreement with observations in the lower
stratosphere in the case of NO and NO,. This suggests that the original NO,
lower boundary value of 3 ppbv was too high. In fact the current observations
on NO, appear to be supporting the later value (1.5 ppbv).

As a consequence of neglecting the hydrogen peroxide (H:0:) photo-
chemistry in the chemical scheme adopted for this model, the reaction R27
appears as a sink for HO,, in equation (2). It is possible that the photodissocia-
tion of H»0- could regenerate some of the HO,, lost in the reaction R27. To
test this effect, the experiment for the normal stratosphere has been repeated
by excluding reaction R27. The results show that the exclusion of the HO,
sink due to reaction R27 has the effect of overestimating the HQO, concentra-
tion by a factor 2 in the lower stratosphere and about 40% at higher levels in
the upper stratosphere. However, it should be pointed out that there is a factor
of 10 uncertainty in the rate coefficient for the reaction R28 and the value
adopted for this study is its lower limit. The test results also show that by
increasing the rate coefficient for reaction R28 by a factor of 10, the HO,
concentration decreases by a factor of 2 to 3 depending upon the latitude;
height and season. Undoubtedly we need observations and better reaction
rates to resolve the present uncertainties in the HO,, calculations.
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It has been suggested that some of the excess NO produced at ionospheric
levels under certain geophysical events (occurrences of auroras for example)
can be transported downward in the stratosphere. Although it appears un-
likely that this could take place (because of photodissociation of NO on its
way downward) a purely hypothetical test experiment has been conducted by
varying the prescribed downward flux of NO, at the top boundary (55 km).
The results indicate that downward fluxes of NO, exceeding 10¢ mol cm—2 s~
can produce significant effects on the ozone and temperature structure of the
stratosphere.

Although the feedback effect of temperature variation of chemical reaction
rates has always been included in the model, its stabilizing influence on ozone
destruction has not been output explicitly. As pointed out by McElroy et al.
(1974) a local increase of NO, leads to a decrease in ozone which will be
followed by the associated decrease in temperature. Because of the inverse
relationship between ozone concentration and temperature (through tempera-
ture-dependent rate coefficients of reactions such as R1 and R3), particularly
in the regions of the stratosphere where radiative-photochemical equilibrium
conditions exist, the decrease in temperature leads to an increase in ozone mix-
ing ratio. With a view to identifying the stabilizing influence of temperature-
dependent rate coefficients on artificial NO, perturbations, the 1.8-megaton-
per-year NO, injection (at 45°N and 21 km in the summer hemisphere) ex-
periment has been repeated with a fixed temperature field. The results show
that the global average reduction of total ozone with a fixed temperature field is
22% as compared to the value for the previous case. This suggests that the
feedback of temperature variation on reaction-rate coefficients can have a sig-
nificant influence on ozone destruction and the lack of this effect in a numerical
model can lead to an inaccurate assessment of the effects of aircraft emissions
in the stratosphere.

6 Summary and conclusions

A mean meridional circulation model of the stratosphere, incorporating
radiative heating and photochemistry of the oxygen-hydrogen-nitrogen atmo-
sphere, is used to compute simultaneously the meridional distributions of
ozone, HO,, N.O, NO,, temperature and the three components of mean motion
under steady-state conditions, taking into account the principal interactions
among them. The model results are shown to be in satisfactory agreement with
the available observations in the normal stratosphere. This suggests that the
natural variations of HO, and NO,, particularly the latter, interactively play
a substantial role in the ozone and thermal balance of the stratosphere and
significantly contribute to rectifying the initial discrepancies between earlier
model results and observations.

The model has been applied to assess the perturbation effects of HO, and
NO, resulting from the expected future aircraft emissions in the stratosphere.
The results show that the increase of stratospheric NO, resulting from a 1.8-
megaton-per-year artificial NO,, injection at 21.2 km and 45°N in the summer
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hemisphere would reduce the total ozone column by between 15 and 25%
depending on the latitude and season, with a globally averaged value of 17.4%.
It is also shown that, for the same NO, injection rate, the ozone reduction is
highly sensitive to the altitude of insertion (the higher the altitude the greater
is the ozone reduction). Associated with the ozone reduction, significant
changes take place in the temperature and chemical structure of the strato-
sphere. The behaviour of the stratosphere perturbed with a 0.35-megaton-per-
year injection is quite similar to that described for the 1.8-megaton-per-year
injection except the amplitude of variations in ozone, temperature and other
minor constituents is much smaller. The effect of doubling the stratospheric
water vapour content on total ozone reduction is shown to be much less (about
1% ) than the effect of the 1.8-megaton-per-year NO,, perturbation on ozone.
However, the water vapour perturbation has a significant stabilization effect on
ozone reduction because of its ability to convert NO; into HNO;.

The results of the test experiments on the sensitivity of the model solutions
to alternative choices of input parameters suggest that the incorporation of a
new set of input parameters (diffusion coefficients and photodissociation
data) based on more recent observations does not alter the main conclusion
drawn in this study. The tests on the boundary conditions of NO,, indicate that
the value (3 ppbv) specified at the lower boundary is excessive and one can
improve the model results on odd nitrogen, particularly HNQ;, in the lower
stratosphere by reducing the NO, lower boundary value by 50%.

Despite the limitations of the parameterized large-scale eddy mixing this
interactive two-dimensional radiative-photochemical transport model is found
to be extremely useful for the study of the meridional structure of temperature,
ozone and the other minor trace constituents in the normal stratosphere and
to determine the changes in that structure which might result from the introduc-
tion of artificial NO, by a fleet of stratospheric aircraft. Further extensions to
the model, involving the chlorine compounds, are now being undertaken in
order to assess the impact of anthropogenic sources of freons (chlorofluoro-
methanes) on stratospheric structure and ozone distribution.
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NOTES AND CORRESPONDENCE

THE “ARGOS” SPACE-BASED
PLATFORM LOCATION AND DATA COLLECTION SYSTEM

NOA
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From mid-1978 until 1986, specialists in the Earth sciences, the ocean sciences
and the sciences of the atmosphere will be able to make use of the ARGOs opera-
tional platform location and data collection system.

The ARGOS system is intended to gather information concerning the environ-
ment from small automatic stations distributed all over the globe, and to locate
mobile platforms such as balloons, drifting buoys, etc.

Users Users

General description
The ARGOS system consists of various fixed stations and mobile platiorms on
Earth, reception and data collection facilities on board TIROS-N series satellites,
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and the ground-based data collection, processing and redistribution facilities.

ARGOS system platforms can be fitted with between 4 and 32 sensors each;
they automatically transmit coded messages at regular intervals without having
to be interrogated.

The system’s reception and data collection facilities are located on board
operational meteorological satellites of the TIROS-N series, Since two of these
satellites will be in polar orbits at any one time, the system guarantees con-
tinuous worldwide coverage. Each satellite picks up a mixture of messages
transmitted by the platforms within its reception area; it performs signal acquisi-
tion (on a random access basis), data decommutation, and frequency measure-
ments, and then generates a message to be fed to the satellite’s central telemetry
memory.

After interrogation by one of the Noaa telemetry network stations, the satel-
lite transmits its stored telemetry messages. The in-coming messages are re-
transmitted to the NESS station at Suitland, Maryland. Complete blocks of ARGOS
data are then relayed to the cNES Space Center at Toulouse where platform
location calculations and data decommutation operations are performed. The
processed results are communicated to users less than 6 hours after the measure-
ments are made. Arrangements can also be envisaged for the real-time pro-
cessing of data on a regional basis. In this case, the satellite would transmit in
real time, but at a reduced bit rate, over a VHF channel. However this will only
be possible with data-coliection-only platforms.

User platforms
Each message transmitted by a platform comprises 80 to 304 bits, or 32 to
256 useful bits, i.e., 4 to 32 8-bit words. Since each transmitted word can
correspond to the output of one sensor, each platform may be fitted with from
4 to 32 sensors.

For mobile or moving platforms that must be located, the optimal repetition
period is 40 seconds; for data-collection-only platforms the optimal repetition
period is 200 seconds.

All ARGOs platforms contain a common transmitter package consisting of a
stable oscillator and a signal processor. The balance of a given platform’s
equipment consists of the user’s sensors and an interface — interface specifica-
tions are determined by the number and types of sensors. The transmitter sensor
inputs are of the analog (variable voltage or frequency) and serial digital types.
The transmitter power rating is about 3 Watts and the transmission frequency
is 400 MHz. The mass (approximately 2 kg), dimensions, and power consump-
tion (about 200 mW on average) of the standard transmitter package have
been optimized to meet the expected operational requirements.

A company in the PROSPACE group, E.M.D. (ELECTRONIQUE MARCEL DAS-
SAULT), has been awarded a cNES contract to study, develop and manufacture
ARGOS platforms for trials and orbit determination. E.M.D. is also producing the
ARGOS equipment to be placed on board the TIROS-N satellites. This company
previously supplied platforms for the EOLE program and has acquired consider-
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able experience and know-how in the field of satellite platform location and
data collection. It is this experience, and the company’s manufacturing re-
sources, that will enable E.M.D. to supply platforms of all types (for buoys,
ships, and land applications) that are both cNES certificated and of the highest
quality.

It should be noted, however, that users are free to supply their own platforms,
provided they meet certain criteria regarding interference with the rest of the
system. Further details can be obtained on request.

If operated solely with data-collection-only type platforms distributed evenly
over the entire Earth, the system’s total capacity would be 16,000.

If operated only with location and data collection type platforms equipped
with 4 sensors each, the total capacity would be between 3000 and 4000.

Some 200 platforms can be accessed simultaneously by one satellite.

The probability of successful reception of messages transmitted by a platform
is a function of latitude; outside the zone between 40°N and 40°S the proba-
bility is virtually 100% . Where platform location is performed, the accuracy
is between 3 and 5 km and is determined, in part, by the type of platform
(balloon, buoy, etc.), the quality of its sub-assemblies, and, in particular, the
stability of the oscillator.

A detailed brochure describing the ARGOS system, the conditions for becoming
a user, and the various data processing arrangements offered will soon be
published. To obtain a copy write to: CNES/DGP/PRO, 129, rue de I'Université,
75007 PARIS, France.

The ARGOS system is being developed as a joint Franco-American project; the
participating agencies are:

— CNEs (Centre National d’Etudes Spatiales) —~ France.

— NASA (National Aeronautics and Space Administration) — U.S.A.

— NoaaA (National Oceanic and Atmospheric Administration) — U.S.A.
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