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SIMULTANEOUS MEASUREMENTS OF NO AND NO, IN
THE STRATOSPHERE
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Abstract—Simultaneous measurements of NO and NQO, in the stratosphere leading to an NO,
determination have been performed by means of i.r. absorption spectrometry using the Sun as
a source in the 5-2 um band of NO and in the 6-2 um band of NO,. The observed abundance of
NO, peaks at 26 km where it is equal to (42 &= 1) x 10°cm3. The volume mixing ratio of
NO, was observed to vary from 1-3 X 10~% at 20 km to 1-3 X 10-* at 34 km.

1. INTRODUCTION

Since the first detection of nitric oxide in the stratosphere (Toth er al, 1973, Girard
et al., 1973 and Ridley et al., 1973) useful information about the vertical distribution of this
constituent have been derived by absorption spectrometry using the Sun as a source
(Ackerman et al., 1973) and by chemiluminescence (Ridley et al., 1974). More recently the
variation of NO vs time at 28 km after sunrise has been observed by spin flit Raman laser
spectrometry by Patel ef al. (1974) and observations from a very high flying aircraft have
been performed by Loewenstein ez al. (1974).

Separate determinations of the abundance of NO, have been derived from absorption
spectra (Ackerman and Muller, 1972, 1973; Farmer, 1974; Fontanella ez al., 1974) from
emission spectra (Harries 1973) and from photometric observations in the visible (Brewer
et al., 1973).

As it is known that NO and NO, are photochemically linked through the reaction of
nitric oxide with ozone and the photodissociation of NO, by the solar radiation with a time
constant that is very short compared with day length, it is most useful to determine both
constituents simultaneously. This appears even more crucial when it is realized that the
rate of conversion of NO into NO, at sunset and of NO, into NO at sunrise is altitude
dependent due to the variation with height of the attenuation of solar radiation by Ray-
leigh scattering and by ozone and NO, absorptions and due to the variation with height
of the abundance of ozone as an NO scavenger.

A first step towards the determination of the natural variability of NO, requires the
simultaneous measurement of NO and NO,. Such a measurement is presented here. The
method involves absorption spectrometry, using the Sun as a source, in two narrow spectral
ranges: 1913-1923 em™! in the 5-2 um band of NO and 1593-1603 cm~? in the 6:2 um
band of NO,.

2. EXPERIMENTAL DETAILS

A grille spectrometer (Girard, 1963) associated with a telescope and a Sun pointer
has been used to record the spectra.

* Institut d’Aéronomie Spatiale de Belgique, 3, avenue Circulaire, B-1180 Bruxelles, Belgique.
T Office National d’Etudes et de Recherches Aérospatiales, 29, avenue de la Division Leclerc, F-92320
Chatillon, Belgique.

651



652 M. ACKERMAN et al.

The spectrometer uses a Littrow mounting with an off-axis parabolic mirror whose
focal length is 60 cm. Its Jobin—Yvon grating ruled at 60 grooves per mm over an area of
130 x 68-6 mm is blazed at 70°. It is used in the 5th and in the 6th orders associated with
two band pass interference filters. At every inversion of the grating drive the filter wheel
switches from one filter to the other in order to scan the two wavelength ranges shown in
Fig. 1. The grilleis deposited on an 18 x 18 mm calcium fluoride window and the minimum
step is 02 mm. The resolution approaches the theoretical limit. The signal is chopped at
360 Hz by vibrating the collimating mirror at 180 Hz, which is the resonance frequency
of the mechanical mounting included in the servo system stabilizing the vibration amplitude
The spectral calibrations are performed by means of H,O and CO, absorption lines and by
the simultaneous recording of the spectra and of position grating marks. To maintain the
instrumental performance during flight the optical path inside the spectrometer is servo
controlled to balance the mechanical deformations due to temperature and attitude alter-
ations, Two auxiliary grilles located alongside of the main grille were used for this purpose.
The first was illuminated by a filament lamp, with ray paths close to the path of the solar
radiation to be measured. The light flux was received on a germanium photodiode after
reflection on the second grille. The parabolic mirror vibrating at a frequency f induces a
photodiode signal at frequencies f and 2f. The f component called error signal is used to
keep the instrument properly tuned. A gold doped germanium detector was used at solid
nitrogen temperature. The detector signals were preamplified and telemetered to the gound

Time, GM.T.
IShr 33 min iShr 32min
1 ON
o~ o~ I o~ ~
g & ¢ ggd ¢
&
e it A AT
D ‘ |
©
o
\
' <] =] o
Z z z
! T
| /. ‘ i ‘I
N /
2 -
5 2 g g z 2
] oF g 2 : 5
- & 2 2 2 =
{ 1 } 1 | L 1 | Il 1 Il i I !
1600 1595 1215 1920
Wovenumber,  cm'

F1G. 1. PORTION OF RECORDING VS TIME OF THE SOLAR RADIATION PARTIALLY ABSORBED BY THE
ATMOSPHERE ON 13 MAY 1974,

Time is running from the right to the left. The spectral region of the 52 um NO band is
scanned. Then, the inversion of the motion of the grating takes place. Simuitaneously the
voltage calibration sequence marked CAL is initiated and the filter wheel is rotated to select
the spectral range in the 6:2 um NO; band that is further scanned. CO,, H,O, NO and NO,
lines are identified. Solar absorption features are also indicated, The NO lines at 1914-933
cm~! and at 1920:715 cm~! appear to be uncontaminated by any absorption and give equiva-
lent width in agreement with each other. The first has been preferred for the interpretation
since it is more intense and has been observed in May 1973 and in May 1974,
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through three channels having different sensitivities. The linearity of the system was
controlled in flight by means of calibration voltages as shown in Fig. 1.

A 42 m focal length modified Cassegrain telescope of 32 cm diameter was used to
image the Sun on the grille.

The Sun pointing system controls the attitude of the spectrometer telescope assembly.
The whole gondola is uncoupled from the balloon on the three axis. In a first mode the
gondola is oriented along a fixed axis referred to the Earth. The couples are provided by
inertia wheels desaturated by means of moving masses. At the end of the acquisition mode
a rendez-vous is realized with the Sun. A timer switches then to the tracking mode
involving optical Sun sensors. The pointing accuracy is better than 30 arc sec.

Temperatures and ambient pressure were also telemetered as described in more detail
by Ackerman ef al. (1973).

3. THE FLIGHT

The gondola was flown on 13 May 1974 from the CNES range in Aire sur I’Adour
(France). A Winzen 116 million cubic ft balloon carried the payload up to 38-5 km after
3 hr of ascent. As usual at that period of the winds inversion, the balloon remained
practically at the same geographic coordinates during the measurements namely 0°25’ East
and 43°35" North. The recording of spectra started at a solar zenith angle equal to 86°
showing the solar continuum and small absorption lines due to HyO. Solar absorption
lines were also present in the 1900 cm—! range (Kunde, 1967). Sample spectra obtained at
solar zenith angles larger than 90° are shown in Fig. 1. The two spectral ranges scanned in
sequence show telluric absorption features due to NO,, NO, H,O and CO,.

4. INTERPRETATION OF THE DATA

The identification of the lines has been based on the laboratory measurements of
Hurlock et al. (1974) and of Dana and Fontanella (1973) for NO,, on the compilation made
by Cieslik and Muller (1974) for NO and on the compilation of McClatchey et al. (1973)
for H,O and for CO,. The quantitative evaluation of the amount of NO and NO, on the
optical path has been based on the measured equivalent widths and on the absorption cross
sections whose values are listed in Table 1 and have been adapted for the stratospheric
temperatures. For NO the line of 1914-993 cm~! has been chosen for the sake of comparison
of the results of this flight with those of a previous flight for which preliminary data have
already been published (Ackerman et al, 1973).

Figures 2(a) and (b) show the evolution of the absorption due to this NO line while the
minimum altitude reached by the solar rays decreases in the cases of the May 1973 and May
1974 flights respectively. Figure 3 shows the evolution of NO, absorption lines during the
increase of solar depression angles corresponding to lower and lower minimum altitudes

TABLE 1. INTEGRATED ABSORPTION CROSS SECTIONS,
§, USED IN THE INTERPRETATION OF THE DATA

Wavenumber s (300 K)
Constituent (cm™Y) (cm? cm~! mole—1)
NO, 1914-993 956 x 10720
NO, 1600-411 3-18 x 10-1®
NO, 1600-058 1-70 % 10-1®
NO, 1596-946 2:11 x 10~
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FiG. 2(a). INTENSITY OF SOLAR RADIATION RECORDED VS WAVENUMBER DURING THE EXPERIMENT
PERFORMED ON 14 MAY 1973 (ACKERMAN et al., 1973) AT 40 km ALTITUDE.

The spectral region from 1913-5 cm~? to 1915-3 cm~! recorded during sunset is shown. The

upper spectrum corresponds to a solar zenith angle, ¥, equal to 89°. For each of the other spec-

tra y was larger than 90° and the minimum altitude reached by the solar radiation in the

atmosphere is indicated. The NO line at 1914-993 cm™! appears clearly, well separated from the

solar absorption line at 1914-73 cm~*, [t is well separated from the closest CO, lines due
to the (12202)-(0101) transitions that occur at 1914-541 cm~? and 1915-328 cm™1.

of the solar rays. The equivalent width is shown in Fig. 4 for NO and NO, vs minimum
altitude reached by the solar radiation in the atmosphere. These values are used in the
inversion process involving the division of the atmosphere in layers of 2 km thickness.
The correct amount of absorber is introduced in the successive layers in order to reproduce
the observed integrated absorptions by means of an iterative Newton—Raphson process
(Hartree, 1958). The Voigt line profile is represented by the approximation derived by
Whiting (1968).
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Intensity,

FIG. 2(b) INTENSITY OF SOLAR RADIATION RECORDED VS WAVENUMBER DURING THE EXPERIMENT
PERFORMED ON 13 MAyY 1974 AT 38-5 km ALTITUDE.

An intensity change corresponding to 10 per cent of absorption at the position of the NO

line at 1914-993 cm~! is indicated. The other main absorptions are identified in Fig. 1, The

rate of growth is obviously different for the NO line and for the CO, lines while the minimum

altitude reached by the solar radiation in the atmosphere decreases. The altitude is indicated

in km for each spectrum excepted for the u?op;{) one obtained at a solar zenith angle ¥ equal

5. RESULTS AND DISCUSSION

The deduced vertical distributions are shown in Figs. 5 and 6 for NO and NO, respec-
tively. Numerical values are listed in Table 2 for NO, NO,, NO -+ NO, and for the NO,
over NO ratio. The sum of NO and NO, is plotted versus altitude in Fig. 7. The limits of
uncertainties indicated in Table 2 and in Fig. 5-7 are given to take into account the un-
certainty in determining the equivalent widths from the spectra, amplified by the inversion
process leading to the vertical distributions of number densities. They do not include the
effects on the inversion process that could be due to the conversion of NO into NO, by
reaction with ozone when the photodissociation of the latter decreases. Theoretical con-
siderations (Brasseur and Nicolet, 1973) indicate that for an average ozone profile the
NO, over NO ratio should exhibit a broad maximum of its day-time value close to one in
the 20-30 km altitude range. The observed values listed versus altitude in Table 2 indicate
that the measurements still correspond to day time ratios down to at least 25 km. The
sunset conversion process has no significant effect on the values given here for (NO + NO,)
over the whole altitude range considered within the given limits of uncertainties. The range
of uncertainty is larger for the NO measurements of May 1973 than for those of May 1974.
This is due to the smaller equivalent widths observed in the first case for which no value is

given for altitudes lower than 24 km where the uncertainty appears to be too large.
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F1G. 3. INTENSITY OF SOLAR RADIATION RECORDED VS WAVENUMBER DURING THE EXPERIMENT
PERFORMED ON 13 May 1974,
The spectral region shown is in the range of the 6-2 um band of NO,. The lines are identified
in Fig. 1. The upper spectrum corresponds to a solar zenith angle, %, equal to 89-5°. For
each of the other spectra y was larger than 90° and the minimum altitude reached by the solar
radiation in the atmosphere is indicated in km. Two of the lines selected for the quantitative
interpretation are indicated. An intensity change corresponding to 10 per cent of absorption
is shown,
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FIG. 4. INTEGRATED ABSORPTION EXPRESSED IN ¢cm~* DEDUCED FROM THE EQUIVALENT WIDTHS

MEASURED THAT HAVE BEEN USED IN THE INVERSION PROCESS TO DETERMINE THE NUMBER DENSITIES

Each value corresponds to a minimum altitude expressed in km reached by the solar radiation

in the atmosphere. The NO curves for May 1973 and May 1974 are very different even if their

overall shapes are similar. The overall shape of the NO, curve differs much from the ones
observed for NO.
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F1G. 5. NUMBER DENSITY OF NO VS ALTITUDE OBTAINED BY THE INVERSION PROCESS.

The differences between the values obtained in May 1973 and in May 1974 is outside the uncer-

tainty limit discussed in the text. They relate not only to the abundances but also to the shape
of the vertical distributions.
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FIG. 6. NUMBER DENSITY OF NO; VS ALTITUDE OBTAINED BY THE INVERSION PROCESS.
The results are in good agreement with the values reported by Ackerman and Muller (1972,
1973) and by Fontanella et al. (1974). They are lower than those obtained by Brewer et al.
(1973).

657



658 M. ACKERMAN et al.

Il[ T T LA N L

km

[
(=]
|
|

NO + NO,

Altitude,

Jllll 1 1 1 Lo L
i0° 10

Number density, cm™>

FiG. 7. SUM OF THE NUMBER DENSITIES OF NO AND NO; DEDUCED FROM THE EXPERIMENT OF

13 MAY 1974, vS ALTITUDE.

The vertical distribution shown here corresponds to a decrease by a factor of 10 of the NO,
volume mixing ratio from 34 to 20 km.

It is unambiguous that the NO densities derived from the May 1974 experiments are
larger than those measured in May 1973 by means of the same instrumentation used under
the same conditions. No precise deduction can however be drawn at present from this
point, since the NO, over NO ratio depends on the ozone profile, which is not available to
the authors for comparison at the two periods. For this reason it is not possible to attribute
the observed difference to a variation in time of the NO, over NO ratio or to an increase of
the sum of both components that could for instance, be related to transport processes or
to other phenomena. It should however be mentioned that the tropopause altitude over the
Gulf of Biscay was higher (=13 km) in the case of the May 1973 experiment than in the
case of the May 1974 one (=~9 km). The NO; vertical distribution is in rather good agree-
ment with the values deduced by Ackerman and Muller in 1972 and by Fontanella et al.
(1974). All of them seem to be within the limits of the possible natural variability.

The vertical distribution of the sum of NO and NO; shown in Fig. 7 exhibits a well
marked maximum centered at about 27 km. The total amount in a vertical column between
20 and 37 km is equal to (5-3 &£ 1:5) X 10*® molecules per cm® This amount would corre-
spond to an apparent volume mixing ratio above 20 km equal to (4:9 + 1-5) X 107°.

TABLE 2. NO AND NO; RESULTS

NO May 1973 NO, May 1974 NO,, May 1974 NO + NO,, May 1974

Z(km) (10° cm~?) (10° cm~?) (108 cm™*) (10% cm-3) NO./NO, May 1974
36 3542 1146 6+2 17+8 0-55
34 60+ 3 16 + 6 8+25 24185 0-50
30 10 + 4 2045 19+4 3949 0-95
26 6+3 21+6 21+ 4 42 410 1-0
24 4412 1847 20 14 38 + 11 -1
20 - 5543 135+ 4 19 7 3
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TABLE 3. VOLUME MIXING RATIOS

NO + NO, NO + NO. + HNO,;* NO + NO, + HNO,}

Z(km) (M) M) M)
35 1-2 x 10-® 1-3 x 10-# 1-3 x 10-8
34 1-3 14 14
30 1-1 1-3 1-4
26 64 x 10-° 10 1-2
24 4-2 79 X 10~ 1-0
20 1-3 33 1-0

* HNO, values taken from Lazrus and Gandrud (1974).
T HNO; values taken from Murcray et al. (1974) and Fontanella et al. (1974).

In fact this number can be a factor of 3 too small compared with the real maximum mixing
ratio observed and listed in Table 3 where two sets of mixing ratios of the sum of three
odd nitrogen molecules, NO,, NO and HNO; are also given. The numbers for HNO, are
from in situ measurements (Lazrus and Gandrud, 1974) in one set and from spectroscopic
measurements (Fontanella et al., 1974; Murcray et al., 1974) in the other. In the first
case the volume mixing ratio of the odd nitrogen molecules decreases by a factor of 4
from 30 to 20 km while in the second case it remains practically constant and equal to
(1-2 4 0-2) x 108 over the whole altitude range considered. Similar values, slightly varying
or constant with height in the middle stratosphere have been derived or used in various
models (Brasseur and Nicolet 1973; Diitch, 1973; MacElroy er al, 1974; Crutzen,
1973; Isaksen, 1973). This emphasizes the need for resolving the discrepancy between
the in situ and spectrosopic measurements of nitric acid that is considered in all the models
above mentioned as the main loss agent for stratospheric oxides of nitrogen.

6. CONCLUSIONS

The variation with altitude of the concentration of NO, appears to be firmly established
by these first measurements. A considerable variation of NO at the same local time and
season is observed in comparison with the results of those of a previous experiment one
year earlier.

The main role played by nitric acid in the balance of odd nitrogen molecules in the
lower stratosphere has been experimentally demonstrated. This should obviously be taken
into account in models dedicated to realistic practical predictions of future trends of
atmospheric constituents. Such models ought particularly to represent among many other
aspects, the observed natural variations of various kinds from ab initio computations.

The measurements presented here can be considered as a first order attempt to determine
the stratospheric abundance of odd nitrogen molecules. A more complete picture could be
drawn if other constituents including at least O; and HNO; were also measured simul-
taneously with NO and NO,.

It should be noted that possible uncertainties on the molecular absorption cross sections
have not been taken into account in the absolute values given here and that more laboratory
data are needed in this field.
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