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Stratospheric Odd-Nitrogen: NO Measurements at 51°N in Summer

B. A. RIDLEY AND D. R. HASTIE

Depdrtment of Chemistry, York University, Downsview, Ontario M3J 1P3

The altitude distribution of nitric oxide was measured during three balloon flights in August 1976 and
1978. Median values of the volume mixing ratio at 18, 24, 30, and 34 km were 0.4, 1.4, 6.5, and 13 ppb,
respectively. The data are discussed in relation to an average profile of nitrogen dioxide measured for this
season and latitude and in relation to current one-dimensional models of the stratosphere.

INTRODUCTION

During the summers of 1974-1978, balloon flights have
been conducted either independently of or jointly with the At-
mospheric Environment Service of Canada (AES) to obtain
measurements of trace species in the stratosphere at 51°-
59°N. A principal aim of the AES project Stratoprobe flights
was to obtain simultaneous altitude distributions of the princi-
pal odd-nitrogen species NO(=NO, + NO + HNO,). Evans et
al. [1976, 1977, 1978; see National Academy of Sciences, 1979]
have found that profile measurements of NO, and HNO, ob-
tained by long-path techniques were remarkably similar dur-
ing all these flights which were made under substantially simi-
lar conditions of stratospheric O,, temperature, and
circulation. In contrast, in situ measurements of NO [Ridley et
al., 1976; Evans et al., 1978] sometimes exhibited considerable
differences in the altitude profiles. Although considerable var-
iability in NO distribution in the stratosphere seems to be an
accepted occurrence [e.g., National Academy of Sciences, 1979;
Hudson, 1979), gross changes in the abundance of NO for con-
ditions where O,, temperature, NO,, and HNO, are invariant
would seem implausible. In fact, our observations of gross
changes in stratospheric NO prompted a reexamination of the
air sampling and calibration technique employed. As has been
discussed by Ridley and Schiff [1981], it is likely that some
measurements of NO reported earlier from this laboratory un-
derestimate the actual abundance of NO. However, the nature
of the problem identified in that paper was such that it is im-
possible to distinguish which of or by how much the earlier
measurements are in error.

In this paper, measurements of NO obtained by using im-
proved air sampling and in sitp calibration are presented. It is
suggested that these and some earlier measurements are typi-
cal of summer conditions at 51°N. The results are discussed in
relation to measurements of nitrogen dioxide reported by the
AES and are also compared to predictions from stratospheric
models that are used to estimate possible ozone changes in the
atmosphere owing to human activity. These models have been
recently reviewed and summarized in the Hudson [1979] re-

port.
EXPERIMENTAL

The NO volume mixing ratio was measured with a chem-
iluminescence instrument that has been described previously
[Ridley et al., 1977; Ridley and Schiff, 1981]. Two flights were
made in conjunction with the AES from Yorkton, Saskatche-
wan (51.3°N, 102.8°W), in August 1976 to obtain simultane-
ous measurements of HNO,, NO,, and NO. Another flight of
the NO instrument was made from the same location in Au-
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gust 1978. For the 1976 flights the AES also made extensive
measurements of O,, using both a Dobson instrument and
Mast-Brewer sondes. Those data have been reported by Evans
et al. [1979]. For the 1978 flight, 11 EEC ozonesondes were
flown between August 10 and 24. The NO results for both
years are given in Figures 1-3, together with the O; volume
mixing ratio obtained from several sondes launched to span
the time of the odd-nitrogen balloon payload. Corresponding
temperature data are given in Figure 4.

Ridley and Schiff [1981] have described a modification of
the air sampling and in-flight calibration procedure that mini-
mizes sampling errors that have likely occurred on some of
the earlier flights. This modification was made prior to the
flight in 1978 but not for the two flights in 1976. Thus we have
more confidence in the data obtained in 1978. However, the
overall agreement between the measurements in the 2 years
for very similar atmospheric conditions also lends confidence
to the validity of the data obtained in 1976, because the sam-
pling problem discussed in Ridley and Schiff [1981] would al-
ways tend to underestimate atmospheric NO. Clearly, it is im-
possible to assess measurement uncertainties for the 1976
profiles, but they are certainly no less than the +30% uncer-
tainty estimates for the data of August 12, 1978, which are
given in Figure 3. A discussion of the known sources of pos-
sible error in the measurements has been given by Ridley and
Schiff [1981].

There remains a proviso concerning the flight of August 19,
1976. Upon launch, the 3 X 10'* m* balloon suffered a large
tear near the bottom that was observed to allow entrainment
of a considerable quantity of near-surface air likely rich in
NO,(=NO + NO,) from support and launch vehicle exhausts.
Consequently, expulsion of this trapped air as the balloon as-
cended may have perturbed the ascent data. Certainly, the ob-
served mixing ratio of NO in the 18- to 20-km region is much
larger than observed on the other two flights. Whether this is
due to atypical dynamics in the stratosphere or to expelled air
is speculative. Nevertheless, the reasonable agreement be-
tween the ascent and descent data suggests that possible con-
tamination of the payload (~80 m below the balloon) was in-
significant at higher altitudes or at later times.

DiscussioN

Evans et al. [1977, 1978, 1979] have reported that total col-
umn O, and temperature were similar for flights made from
Yorkton in 1975 and in 1976. In 1976, total O, for 3 days
spanning August 19 and 28 were 291 + 3 and 309 £ 13 matm-
cm, respectively. In 1978, the sondes flown gave a value of 302
* 11 matm-cm. It is evident from Figures 1-4 that above
about 15 km the distributions of O, and temperatures are also
comparable for the 2 years. At lower altitudes the variations
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Fig. 1. NO (lower scale) and O, (upper scale) volume mixing ra-
tios for the flight of August 19, 1976. Launch time: 1200 LT (1800
GMT) Times for ozone measurements are GMT. NO: Solid circle in-
dicates ascent data; open triangle, descent data. The solar zenith angle
during ascent is indicated.

reflect changes in the height of the tropopause. An exception
to the similarity of the O; profiles for the 2 years is that the
persistent ‘notch’ near 22.5 km observed in 1976 and de-
scribed by Evans et al. [1979] is not obvious in the 1978 pro-
files. Instead, it is not clear whether a slight peak near 24 km
or a weak notch near 26 km exists in the 1978 mixing ratio
profiles. Nevertheless, the gross features of the in situ O; and
temperature distributions and of the long-path measurements
of NO, and HNO, [Evans et al., 1977, 1978; McElroy and
Kerr, 1979; Evans and O’Brien, 1979] are quite similar for all
the summer flights made from Yorkton by the AES. Con-
sequently, similar abundances of NO would be anticipated for
the 2 years, and this is substantiated by the overall similarity
of the data given in Figures 1-3. We can only conclude that
the mixing ratios of NO determined from flights near Church-
ill in 1974 [Ridley et al., 1976] and from Yorkton in 1975

shown in Ridley and Schiff [1981] underestimate the actual

NO abundance owing to the sampling and calibration prob-
lems mentioned previously.

The NO measurements shown in Figures 1-3 were made at
different times of the day so that any intercomparison of them
must consider the expected daytime variation. N,O, formed
during the night is photolyzed during the morning to produce
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Fig. 2. Same as for Figure 1. NO measured on ascent during after-

noon of August 28, 1976. Launch time: 1550 LT (2150 GMT).
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NO.,. Since the quantum yield for N,Os photodissociation is
not known, it is not possible to calculate accurately the rate at
which this temporary reservoir is converted to active NO,.
However, the quantum yield is usually assumed to be unity,
and models at 30°N at equinox typically estimate about a 25%
increase in NO in the 20- to 25-km region as the solar zenith
angle (x) decreases from 50° to 30° in the morning compared
to only 10% from noon to x = 75° (J. Chang, private commu-
nication, 1979). For the measurements reported here, x
changed from about 50° through 36° at noon to about 75° in
the afternoon, and thus an intercomparison of the three pro-
files should not be greatly perturbed by differences in the time
of measurement. Certainly, the observation that during the
August 12, 1978, flight the descent measurements are higher
on average is consistent with the change in zenith angle, but it
also must be remembered that different air masses are sam-
pled on ascent and descent. For the present purposes it is rea-
sonable to consider the measured NO profiles as representa-
tive of high sun conditions.

The O, and NO distributions were not measured exactly si-
multaneously, so that a detailed comparison of structure in
the profiles is not meaningful. However, there are rather per-
sistent features in the O, profiles, and it is interesting to note
that there is a hint of a local maximum in NO for both flights
in 1976 at the altitude of the O, notch referred to earlier.
There is also an indication of a local minimum in the NO de-
scent data near 24 km where there appears to be a weak O,
mixing ratio maximum in 1978. Thus there is some evidence
for an anticorrelation between NO and O, which would be ex-
pected for air volumes that contained the same NO, but dif-
ferent O, abundances. But if these persistent features in O, are
due to transport of air from different source regions, then an
anticorrelation between O; and NO need not be expected.

In spite of these differences in detail, it is suggested that the
NO mixing ratio profiles of August 12, 1978, and August 28,
1976, are typical of the lower and middle stratosphere for this
latitude and season. For the discussion to follow the envelope
of these two distributions is given in Figure 5, and the median
of this envelope is used in calculations. Because of the pos-
sible problem associated with the August 19, 1976, flight,
those data have not been used further, although inclusion of
the higher altitude data would not change the calculations or
conclusions.

OZONE MIXING RATIO (PPMV)

N ! 0
T LI lllll T T LI ||||| T L} LI | hlll
s oo -
,—.. [ ]
- le -
7 (‘ F) &
30+ 38 . 9
a
s 26L°7 36, .0 N
: L]
£t o ‘a’ -
o * " wo -
§ 2215 am 48'?
= [ ] -
B * o
I /8F . -
- e®0 i
4—-——-54%: 4 S %
! °-:. v ° /0/8 16 b
L e a0’ © 1278 16 00 i
@ ® /378 23 00
10 . . -
Lol Lo bl Lo
5 / 5 10 30

NITRIC OXIDE MIXING RATIO (PPBV)

Fig. 3. Same as for Figure 1. NO: open circle indicates ascent;
solid square, descent data for the flight of August 12, 1978. Launch
time: 0845 LT (1445 GMT).
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Comparison With Other Measurements

Direct support for the suggestion that the envelope of
Figure 5 is typical of NO in summer at 51°N is provided by
a comparison with the measurements of Loewenstein et al.
[1978] made from a U-2 aircraft. They have made extensive
latitudinal surveys of NO in the 18- to 21-km region, usjng a
chemiluminescence instrument of similar design to that used
here. Our data are in good agreement with the range and av-
erage measured, using the U-2 for this season and latitude as
shown in Figure 5.

Further support for the suggestion made above results from
a comparison of the NO data with the average of NO, mea-
surements obtained over several years at Yorkton by
McElroy, Kerr, and Evans [Evans et al., 1978; see also Na-
tional Academy of Sciences, 1979]. Some of the NO, data used
to formulate this average were obtained on the same balloon
flight as the NO measurements in 1976. The daytime NO,/
NO interconversion is rapid throughout the stratosphere, and
the ratio should, in terms of present chemistry, be given by the
photochemical steady state expression

[NO.] - knoso,J0s] + kciomolClO] + knomo [HO;] o)
[NO] Ino, + koo, [0]

Jno, is the photodissociation coefficient of NO, and the k’s are
the rate coefficients for the reaction between the species in-
dicated. The first term in each of the denominator and numer-
ator of (1) are dominant in the altitude region of interest here.
Expression (1) was evaluated at 2 km intervals, using (1) the
average of O, and temperature data for the 1976 and 1978
flights; (2) the average of the fall ClIO measurements of Ander-
son et al. [1980]; (3) neglecting the minor term involving O
atoms and HO, radicals; (4) calculating Jyo, according to the
method described by Isaksen et al. [1977], using an albedo of
0.25. In the calculation of Jyo,, the solar flux values of Acker-
man [1971], the low temperature absorption coefficients listed
in Hudson [1979], and the low temperature quantum yields of
Davenport [1978] and those of Harker et al. [1977] were used.
A possible uncertainty of +20% was assigned to Jyo, to allow
for uncertainty in the above parameters and, more impor-
tantly, for uncertainties in the treatment of multiple scattering
and albedo.

The calculated NO,/NO range is given in Figure 6. Also
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Fig. 4. Temperature profiles corresponding to the ozonesonde
flights of Figures 1-3. The solid line indicated on the August 1978
data is from the model of J. Chang (private communication, 1979).
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Fig.5. A comparison of the range of NO measurements of August
12, 1978, August 28, 1976 (cross-hatched region) with the one-dimen-
sional model range (shaded region) from Hudson [1979]. The ozone
profile range is also compared to that from one of these models, viz.
solid circle, J. Chang (private communication, 1980). The average and
range of NO measurements by Loewenstein [1978] for 51°N are in-
dicated by the thin rectangles.

shown is the observed NO,/NO ratio determined from the
median of the NO data and a median NO, determined by us-
ing two methods. In the first method, since the evening twi-
light determinations of NO, by McElroy, Kerr and Evans [see
National Academy of Sciences, 1979] are strongly weighted to
x = 90° the profile was converted to one at x = 50°, more ap-
propriate to the time of the NO data, using factors NO,(x =
90°)/NO,(x = 50°) from the diurnal model of J. Chang (pri-
vate communication, 1979). These factors were 0.47, 0.65,
0.79, and 0.78 at 14, 20, 26, and 32 km, respectively. In the
second method, a model independent ‘daytime’ NO, profile
was determined simply by averaging the morning and evening
twilight NO, data. Above about 23 km, the ‘observed’ NO,/
NO ratios obtained by the two methods are in reasonable
agreement with that calculated from (1). At lower altitudes
the model corrected observed ratio is almost a factor of 2
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Fig. 6. A comparison of the photochemical steady state NO,/NO
ratio (shaded region) with that based on the average of the NO data
reported here and the average of the NO, data of McElroy and Kerr
[see National Academy of Sciences, 1979]. The open circle indicates
the observed ratio using model corrected NO, evening twilight data
[see text]. The estimated uncertainty is given at 14, 22, and 34 km.
Open square, observed ratio using the average of morning and eve-
ning twilight NO, data. The shaded region is the calculated NO,/NO
ratio allowing + 20% uncertainty in Jno,.
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larger than the central value determined from (1), while the
simple average observed ratio is up to a factor of 3 larger. This
latter discrepancy is larger than the combined estimated un-
certainty in the observed and calculated ratio shown in Figure
6, but the calculated ratio range does not include the uncer-
tainty in kyo,0, Or in the measurements of O; and temper-
ature. Although the comparison is made between in situ and
long-path techniques, the observed ratio is derived from aver-
aging data over several years, and this should compensate to
some extent the fact that the measurements are made in dif-
ferent air masses. Nevertheless, we cannot conclude that the
discrepancy between the observed and calculated NO,/NO
ratio at lower altitudes provides strong evidence that ex-
pression (1) is invalid. Instead, it is apparent that the observed
and calculated ratio is in better agreement than that discussed
by Evans et al. [1976]. This is mainly a result of the larger NO
abundances determined with the modified sampling and cali-
bration procedure and to a lesser extent owing to the inclusion
of better approximations for the effects of multiple scattering
in the calculations of Jyo,.

Comparison With Stratospheric Models

Recent reports [National Academy of Sciences, 1979, Hud-
son, 1979] concerning the current status of the effect of human
activity on atmospheric ozone imply broad agreement be-
tween most measurements of odd-nitrogen, odd-hydrogen,
and odd-chlorine and abundances calculated by atmospheric
models. This broad agreement argues implicitly for the essen-
tial validity of the principal predictive working tool used in
these reports—the one-dimensional stratospheric model. This
type of model is meant to be representative of global average
conditions but is usually run for particular conditions such as
for 30°N at equinox with zonally averaged eddy-diffusion pa-
rameters. The results from a number of modeling groups have
been conveniently summarized in the report by Hudson
[1979], and it is notable that the range of concentrations for
most trace species predicted by these different modeling
groups is quite narrow. This likely results from the justifiable
use of the same recommended photochemical and kinetic in-
put data [e.g., Hampson and Garvin, 1977]. From a com-
parison of the then available measurements of odd-nitrogen
with the range of model results, the Hudson [1979] report con-
cluded that there were two significant discrepancies. First, cal-
culated HNO, abundances, especially those above about 25
km, appeared much larger than most measurements. Second,
upper stratospheric NO abundances were also overestimated
by calculations so that both discrepancies implied an over-
estimate of NO,. Reasons suggested in the Hudson [1979] re-
port for the discrepancy involving NO encompassed uncer-
tainties in estimates of eddy-diffusion parameters and in the
strength of the mesospheric source of NO.

The measurements in the 18- to 21-km region by Loewen-
stein et al. [1978] indicate only a weak latitude dependence for
NO from 30°-55°N in the summer and early fall. Further, the
three NO profiles obtained at 32°N in fall by Ridley and Schiff
[1980] are quite similar to the present results. Thus it is rea-
sonable to compare the NO distribution of Figures 1-3 with
the results from the ‘global-average’ one-dimensional models
of the Hudson [1979] report. This is done in Figure 5. A fur-
ther assessment of whether the comparison of specific experi-
ments with these models is legitimate can be made by com-
paring the O, and temperature distributions. In Figures 4 and
5 the O; and temperature distributions from one of these
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models (J. Chang, private communication, 1979) are com-
pared to the 51°N measurements. Above about 30 km, the
model O, is about twice that measured, and the model tem-
perature is nearly 10° lower. This model calculation would
therefore tend to keep more of NO, as NO, above 30 km,
Consequently, the observation in Figure 5 that the measured
NO is about a factor of 2 larger than the model range at
higher altitudes may not be significant. Certainly, the present
data and that obtained at 32°N [Ridley and Schiff, 1981]
would suggest that current models do not overestimate NO in
the middle to upper stratosphere in contrast to the conclusions
of the Hudson [1979] report. However, in the lower strato-
sphere, below about 23 km, the data reported here and that of
Loewenstein et al. [1978] would indicate that these same mod-
els significantly underestimate NO. This is the altitude region
where one-dimensional models are particularly sensitive to
transport parameterization.

SUMMARY

A nitric oxide distribution obtained, using instrumentation
with a modified air sampling and in situ calibration proce-
dure, was found to be in good agreement with results from a
previous year obtained without the instrument modification.
The distributions were then combined to form an average pro-
file which was suggested to be typical of summer conditions
near 51°N. When this is compared to average measurements
of NO, for the same latitude and season obtained by the AES,
the NO,/NO ratio is in reasonable agreement with that ex-
pected on the basis of photochemical steady state at least in
the middle to upper stratosphere. At higher altitudes the range
of NO measurements reported tend to be larger than but still
in reasonable accord with that predicted from one-dimen-
sional models. At lower altitudes these models estimate signif-
icantly smaller abundances of NO than are reported here.
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Correction to ‘Stratospheric Odd-Nitrogen: NO Measurements
at 51°N in Summer’

In the paper, ‘Stratospheric Odd Nitrogen: NO Measurements at 51°N in Summer,’ by B.
A. Ridley and D. R. Hastie (J. Geophys. Res. 86, 3162, 1981) Figures 5 and 6 do not show
the shading indicated by the caption. Below are the corrected figures.
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Fig. 5. A comparison of the range of NO measurements of August
12, 1978, August 28, 1976 (cross-hatched region) with the one-
dimensional model range (shaded region) from Hudson [1979]. The
ozone profile range is also compared to that from one of these
models, viz. solid circle, J. Chang (private communication, 1980).
The average and range of NO measurements by Loewenstein [1978]
for 51°N are indicated by the thin rectangles.
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Fig. 6. A comparison of the photochemical steady state NO,/NO
ratio (shaded region) with that based on the average of the NO data
reported here and the average of the NO, data of McElroy and Kerr
[see National Academy of Sciences, 1979]. The open circle indicates
the observed ratio using model corrected NO, evening twilight data
(see text). The estimated uncertainty is given at 14, 22, and 34 km.
Open square, observed ratio by using the average of morning and
evening twilight NO, data. The shaded region is the calculated NO,/
NO ratio allowing * 20% uncertainty in Jyo,.
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