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Diurnal Variation of Nitric Oxide in the Upper Stratosphere

Y. Konpo,! P. AMEDIEU,2 M. PIRRE,* W. A. MATTHEWS,* R. RAMAROSON,?

W. R. SHELDON,® J. R. BENBROOK, AND A. IwATA!

Two recent measurements of the temporal variation of nitric oxide at constant altitude near 40 km
are reported. The observations were made at float altitude with a balloon-borne chemiluminescence
detector together with in situ measur ts. The first measurement was made at 44°N on
September 17, 1987, at an altitude of 40 km from before sunrise until 1000 LT. The second observation
was made at the same latitude on June 18, 1988 at 39 km from 0800 to 1230 LT. The precision of the
NO measurements is about 10% at these altitudes, obtained through a more accurate determination
of the sample flow rate at pressures down to 2 mbar with a reduced ozone/oxygen flow rate. At an
altitude of 40 km, nitric oxide was observed to start increasing very rapidly at sunrise when the solar
zenith angle reached about 95°. After the rapid initial buildup, the rate of NO increase stabilized
for 3 hours at about 1.2 ppbv/hour. Near 1100 LT at 39 km in summer the NO mixing ratio was
observed to become nearly constant. These features of the diurnal variation of NO are in accord
with the temporal variation expected from a time-dependent zero-dimensional photochemical model.
Mixing ratios of NOy and N;Og have been determined from the measured temporal variation of NO
at 39.5 £0.5 km, using the photochemical model of Pirre et al. (1989). These derived values of the
NOy and N20s mixing ratios, 15.515.0 ppbv and 1.410.6 ppbv, respectively, are in good agreement

with other recent measurements by balloon-borne and space-borne infrared experiments.

InTRODUCTION

The catalytic reaction cycle of atomic oxygen and osone with
nitric oxide (NO) and nitrogen dioxide (NO;) is estimated to
be the major loss process for osone throughout the stratosphere
below about 40 km [e.g., McEilroy and Salawitch, 1989]. In
addition, these oxides of nitrogen (NO,) interact with reactive
chlorine species in the following way: NO reacts with ClO
through the reaction

CIO + NO — Cl+ NO, (R1)

which competes with the reaction

Cl0 + 0 — Cl+ O, (R2)

Reaction (R2), together with reaction

Cl+ 03 — CIO + O, (R3)

completes the well-known catalytic cycle of osone destruction.
The role of reaction (R1) is pronounced in the upper strato-
sphere, where NO is relatively abundant. In the lower strato-
sphere, reaction

NO, + CIO + M — CIONO, + M (R4)
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becomes important in temporarily sequestering both ClO, and
NO,. Since there is interaction between reactive species of
chlorine and nitrogen, it is predicted that the rate of ozone
destruction by an increase in stratospheric chlorine depends
critically on the NO, or NO, concentration [e.g., Isaksen and
Stordal, 1986).

In the daytime upper stratosphere, nitric oxide (NO) be-
comes the most abundant species of total reactive nitrogen,
defined as NO, = NO + NO; + NO; + 2(N,Os) + HNO,
+ HNO4 + CIONO;. The concentration of NO is controlled
by the NO,, concentration and the photochemical partitioning
among the NO, species. The dominance of NO in the NO,
family during the daytime is discussed later when the mea-
surements are compared to the model calculations of Pirre et
al. [1989]. Since NO, has a photochemical time constant of
about a month in the upper siratosphere [Shimazaki, 1984], it
is constant on the time scale of a day in the same air mass.
Consequently, the dinrnal variation of NO is caused by change
in the NO/NO, ratio which results from photodissociation of
reservoir species such as N2Og and CIONO,, and by variation
in the NO/NO; ratio. In order to investigate the complex
chemistry of odd nitrogen in the stratosphere under changing
conditions of solar illamination, precise measurements of the
diurnal variation of NO in the same air mass are needed.

Observations of the diurnal variation of NO in the upper
stratosphere are very limited; however, at lower altitudes, more
observations have been made, mainly with in situ chemilumi-
nescence NO detectors [e.g., Ridley et al., 1977; Kondo et al.,
1985, 1988, 19894, b] (see Kondo et al., [1988] for a more com-
plete set of references). Ridley and Schiff [1981] measured the
temporal variation of NO at 40 km near sunset. Roscoe et al.
[1986] observed the temporal variation of NO between 32 and
43 km in the morning hours, as well as in the afternoon, using
a balloon-borne infrared emission radiometer. To investigate
the photochemistry of odd nitrogen, precise measurements of
NO in the morning are very important because photodissoci-
ation of the various reservoir species, such as N3 Og, occurs at
that time.

The NO measurements reported here are more accurate than
previous determinations using the chemiluminescent technique.
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We have significantly improved the precision of chemilumines-
cent NO measurements, mainly through a more precise de-
termination of the flow rates relevant to our balloon-borne
chemiluminescence detector [Kondo et al., 1989c]. Here the
diurnal variation of NO at about 40 km from sunrise through
midafternoon is reported. Quantitative comparison of the ob-
served results with a photochemical model is described. A
detailed analysis of the observed and calculated dinrnal NO
variation allowed estimates to be made of the NO, and N2Os
mixing ratios.

INnsTRUMENTATION

The two balloon measurements of NO presented here were
made in 1987 and 1988 with a chemiluminescence detector.
This instrument was used previously for balloon observations
up to 32 km in 1983 and 1985 [Kondo et al., 1985, 1988]; af-
ter those experiments the instrument was modified to achieve
better precision at 40 km. Detailed descriptions of the chemilu-
minescence NO detector used for the present experiments have
been presented by Kondo et al. [1989a, b, c]. Fluctuations of
the zero level of the instrument have been used to obtain an
estimate of 25 pptv as the detection limit of the NO instru-
ment for 10 s of operation. This value was confirmed during
the nighttime flight in 1987, as described later. For NO mixing
ratios above the detection limit the major sources of error in
the NO measurements are the uncertainty in the mixing ratio
of NO in the N; gas used for calibration during flight, and the
mass flow rates of the NO calibration gas and of the sample
air. The fluctuation level of the signal is not significant during
daytime NO measurements. One of our gas bottles with an NO
concentration of 1.98 ppmv used for calibration has been eval-
uated recently at the NOAA Aeronomy Laboratory where this
value was confirmed within an accuracy of 3% (D. W. Fahey,
private communication, 1990). Estimates of the uncertainties
in the NO measurements are given in Table 1. The precision of
the NO measurement derived by adding these uncertainties is
about 10%. For the second balloon experiment in 1988 the NO
instrument was further modified to measure NO, by adding a
gold converter {Kondo et al., 1990]. A schematic diagram of
the NO/NO,, instrument is shown in Figure 1. The sample
air is drawn through the inlet by a Roots pump directly to
the reaction chamber for NO measurements. In an alternative
measurement mode, sample air first passes through a gold con-
verter heated to 300°C to reduce NO, into NO catalytically,
upstream of the reaction chamber. In order to maintain a high
conversion efficiency of NO, to NO, purified carbon monoxide
(CO), passed through charcoal and Teflon filters, is mixed with

TABLE 1. Uncertainties in NO and NO, Measurements

Parameter Uncertainty %
NoO NO,
Zero level <0.1 5*
Mixing ratio of
NO cal gas 3 3
Cal gas flow rate 2 2
Sample air flow rate st 20°
Conversion efficiency 2
Fluctuation of signal 1t 3*

1Values for 40-km altitude.
*Values for 28-km altitude.
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the sample air [Bollinger et al., 1983; Fahey et al., 1985]. The
efficiency of conversion of NO; into NO has been measured in
the laboratory to be 0.99+0.02 at pressures between 7 and 60
mbar [Kondo et al., 1990]. The sensitivity of the NO, system
for NO is calibrated during the flight periodically in the same
way as for the NO measurement. The sero level of the NO,, sys-
tem is determined by adding compressed purified air near the
entrance of the inlet tube. The NO, measurement system of
this NO/NO, instrument is described in detail by Kondo et al.
[1990]. The instrument used in the 1988 flight can be switched
by telecommand from the NO to the NO, measurement mode
and vice versa during a flight. In 1988 it was operated in the
NOy mode during ascent between 12 and 28 km and in the
NO mode afterward. The sources of errors that affect the pre-
cision of the NO, measurements and their estimated values
are listed in Table 1. The uncertainty of the flow rate of the
sample air for NO, measurements is significantly larger than
that for NO measurements, due to a much reduced flow rate
through the converter, especially at pressures lower than 30
mbar. By summing these uncertainties the precision of NO,
measurement is estimated to be 35% at 28 km and 25% at 20
km. In both flights, osone was measured in situ on board the
gondola with a UV photometer from the University of Houston
[Robbins, 1985; Robbins et al., 1990] to an accuracy of about
+5% and with a chemiluminescent ozone instrument from Ser-
vice d’Aéronomie [Aimedieu and Barat, 1981; Aimedieu, 1983;
Aimedieu et al., 1987] to an accuracy of about +10%.

Barroon OBSERVATIONS

The first of these observations in the upper stratosphere was
made on September 17, 1987, on a balloon launched from the
Centre National d’Etudes Spatiales (CNES) balloon-launching
center at Aire sur I’Adour in France (44°N, 0°W). The gon-
dola was suspended 250 m below a 600,000-m® balloon; launch
was at 0210 universal time (UT), and float altitude of 40.2 km
(2.7 mbar) was reached at around 0500 UT. Measurements
of NO at this altitude were made until around 1000 UT, at
which time a slow descent was initiated. The NO profile ob-
tained during the descent has been presented by Kondo et al.
[19894], together with the temperature profile and the ozone
profile measured by the UV photometer. The ozone mixing
ratio measured at float altitude by the UV photometer and
the chemiluminescence instrument were 5.8 and 5.7 ppmv, re-
spectively; the temperature at float altitude was —27°C. A
photograph taken from Meteosat II at 0930 UT shows that
southern France was dotted with a light cloud cover of a few
percent at that time.

The measured NO concentration versus UT at float altitude
is shown in Figure 2, along with fluctuations in the altitude of
the balloon. During this flight, local solar time and UT were
nearly identical; local solar time was only 1.5 min ahead of
UT at sunrise. The variation of the NO concentration near
sunrise is shown in greater detail in Figure 3 as a function
of solar zenith angle (SZA). The nighttime value of the NO
mixing ratio was about 0 +0.02 ppbv. At sunrise, when the
SZA decreased to 96°, NO started to increase slightly and then
increased rapidly between 95° and 91°. For reference, a calcu-
lated curve of the NO; photodissociation coefficient (Jxo0z), as
described below, is also shown in this figure; the simultaneous
increases in the measured NO mixing ratio and Jno2 near sun-
rise can be noted. After 0600 UT, NO continued to increase at
an average rate of 1.2 ppbv/hour for three hours. Kondo et al.
[1988, 1989b] observed a similar increase in NO at 33 and 26
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Fig. 1. Schematic diagram of the NO/NO, instrument used
for the flight on June 18, 1988. MLV, magnetic latch valve;
MFC, mass flow controller; CPR, constant pressure regu-
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Fig. 2. Temporal variation of NO versus universal time (UT)
measured at the float altitude of 40 km. The altitude of the

balloon is shown as a solid line. Solar zenith angle (SZA) is
given on the upper scale.

km. The rate of increase in NO seems to have become smaller
around 0930 UT. However, there are irregular variations in the
NO data, so the detailed structure of the diurnal variation of
NO in the late morning is not well defined by the present data.

The second experiment, which investigated the temporal

lator; PMT, photomultiplier tube; and C. Filter, charcoal
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Fig. 3. Temporal variation of NO near sunrise versus SZA.
The calculated photodissociation coefficient of NO> provided
by S. Solomon {private communication, 1990) is shown as a

solid line.

variation of NO in the late morning hours, was launched on
June 18, 1988, from the CNES balloon launching site at Gap
(44.5°N, 6°E) using a 400,000-m* balloon. The same gondola,
but with the NO/NO, instrument for this flight, was launched
at 0503 UT and reached a float altitude of 39.1 km (3.7 mbar)



22,516

at 0735 UT. It stayed at that altitude until a slow descent was
initiated at around 1200 UT. The descent NO profile between
39 and 28 km measured in the afternoon has been presented
by Kondo et al. [1989a], together with the osone and temper-
ature profiles. The NO, measurements performed during the
ascent at altitudes between 12 and 28 km have also been de-
scribed previously [Kondo et al., 1990]. The temperature and
ozone mixing ratio measured by the UV photometer at float
altitude were —14°C and 5.340.2 ppmv, respectively. From a
photograph taken by Meteosat II at 1200 UT, about 20% of
southern France was covered with clouds. However, the region
below the balloon flight path was free of thick clouds.

The NO mixing ratio measured at float altitude from 0730
until 1230 UT is shown in Figure 4. Local time was 16 +7 min
in advance of UT during this flight. During the first half of
this period the NO concentration increased slowly from about
11 to 12 ppbv, after which time it became nearly constant.
By combining the data from the two flights reported here, the
diurnal variation of NO near 40 km from before sunrise until
past local noon has been experimentally measured.

Resuvrs anp Discussion

For quantitative analysis of the observed NO data, a time-
dependent zero-dimensional model described by Pirre et al.
[1989] was used. Related reaction rate coefficients appropriate
for the measured temperatures were adopted from Jet Propul-
sion Laboratory [1987] (hereinafter JPL [1987]). From the mix-
ing ratio of total reactive nitrogen ([NO,] = [NO] + [NO:] +
[NOs] + 2[N;0s] + [HNO;] + [HO;NO;] + [CIONO:;]) at 40
and 39 km and the diurnal variation of the SZA, the temporal
variation of each species can be calculated. For the partitioning
between NO and NO; the photodissociation of NO; plays an
important role. The NO, photodissociation coefficient, Jyo2,
has been calculated recently by Solomon et al. [1989]; here,
values of Jyoz provided by S. Solomon (private communica-
tion, 1990) have been used for SZA larger than 85° and are
shown in Figure 3. The effects of multiple scattering were in-
cluded in the calculation, and an albedo of 0.15 was assumed,
consistent with the light cloud cover observed during both bal-
loon flights. All other calculated results described in this paper
are based on the model of Pirre et al. [1989].

NO Diurnal Variation

First, the temporal variation of NO has been calculated for
the conditions at float altitude on September 17. The mea-
sured temperature of —27°C and an ozone mixing ratio of 5.75
ppmv (the average of the values measured by the two ozone in-
struments) were used at the pressure level of 2.80 mbar for the
calculation. The calculated temporal variation of NO for three
values of the NO, mixing ratio (14.0, 14.5, and 15.0 ppbv) are
compared with the observed values in Figure 5. The calcu-
lated NO concentration agrees with that observed to within
0.5 ppbv, or 5%. This agreement is quite good considering
the accuracy of the measurements and the fluctuation in the
data. But when the comparison is examined in more detail, it
is noted that the observed rate of the increase in NO between
0530 and 0700 LT exceeds the calculated rate. However, in
Figure 5 it can be seen that (1) the calculated initial buildup
of NO at sunrise is the same for all three values of NO,, (2)
the final phase of the initial increase agrees best with an NO,
concentration of 14.0 ppbv, and (3) the measured late morning
NO concentration agrees best with NO, = 15.0 ppbv.

To compare in detail the first hour of increase in NO at
the beginning of the morning, the calculated values of NO for
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Fig. 4. The same as Figure 2, but for the observation at 39
km on June 18, 1988.

[NO,] = 14.5 ppbv were compared with the observations as a
function of solar senith angle, as shown in Figure 6. In this
figure it can be seen that agreement between the observed and
calculated NO mixing ratio is noticeably improved by assuming

SZA(deg)

98 87 77 66 S7 49
1S T T T T T T T I T ] !

SEP.17, 1987

10 |

NO(pPpbvV)

Sh  6h 7h 8h 9h 10h 1lh
LOCAL TIME

Fig. 5. Comparison of measured (circles) and computed val-
ues (solid lines) of the NO mixing ratio versus local time
(LT) for the observations of September 17, 1987. Computed
curves are for NO, values of 14.0 ppby (bottom curve), 14.5
ppbv (middle curve), and 15.0 ppbv (top curve).
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Fig. 6. Comparison of measured values (circles) and com-
puted curves (solid line) of the NO mixing ratio near sunrise
on September 17, 1987, for SZA less than 86°. For the calcu-
lation, an NO, mixing ratio of 14.5 ppbv was assumed. The
thin curve resulted from using the ozone concentration mea-
sured just before sunrise, and the thick curve resulted in an
assumed average increase of 10% in the osone concentration
or the equivalent through an increase in kg (see text).

an ogone concentration during the previous night 10% larger
than that measured just before sunrise. The change in NO
during this phase is due mostly to the photodissociation of
NO., as investigated in more detail below using the numerical
model. There is remarkable agreement between observed and
calculated values of NO during the rapid increase at SZAs
between 95° and 92°.

Since an assumed increase in the ozone concentration re-
sulted in improved agreement in Figure 6, the effect of ozone
on the form of the diurnal variation of NO is discussed below.
The rate of increase in NO during the first few hours after
sunrise depends significantly on the amount of N2Og present
at that time. An augmented amount of N2Os would increase
the rate at which NO builds up just after sunrise due to a re-
duced NO,, concentration and a larger production rate of NO,
through the photodissociation of N2Og. N3 Oj is formed during
the night by reactions

NOz; + 03 —» NO; + O;
NO; +NO3; +M —» N,0s + M

(R5)
(R6)

The rate coefficient ks is
ks = 1.4 x 10_13ezp(—2500/T) em® st

where T is the temperature (°K) [JPL, 1987].

The sum of the NO; and N2Os concentrations during night-
time is governed by the following continuity equation [Flaud et
al., 1983]:

22,517

Z5(NOs] + [N:05]) = ks NOS][O]

Consequently, the product ks[Os] is expected to influence
the diurnal variation after sunrise. Also it should be noted
that the values of ks and ozone concentration that control the
nighttime production rate of N2Og are not those that were
measured during the early morning, but rather the values that
prevailed from sunset on the previous day until sunrise. The
uncertainties of the osone mixing ratio and ks are summarized
in Table 2. The temperature measurement at float altitude has
an uncertainty of 2°K. The uncertainties of the temperature
of 1° and 2°K are reflected in the 4 and 9% uncertainties in
ks. In addition, the uncertainty in the laboratory determina-
tion of ks is 25% for a temperature of 250°K [JPL, 1987]. The
effect of the change in osone on the diurnal variation of NO
has been calculated and is shown in Figure 7a. Improvement
in the agreement between measured and calculated values of
the NO concentration brought about by a 10% increase in the
O; mixing ratio is seen mainly in the region of SZAs greater
than 86°. The calculated diurnal variation of NO by using ks

TABLE 2. Uncertainties in k5[Os)

Uncertainty %

[Os] 10
ks(AT = 1°K) 4
ks(AT = 2°K) 9
ks(absolute) 25

SZA(deg)
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Fig. 7a. The same as Figure 6 but for all of the NO obser-
vations made at float altitude on September 17, 1987.
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increased by 25% is shown in Figure 7b. In this calculation
the NO, mixing ratio was assumed to be 14.7 ppbv, the value
which provides the best overall agreement between calculated
and measured NO values. It can be seen that the agreement
between the observed and modeled NO variations becomes im-
proved to some extent. Since an increase in osone concentra-
tion has similar effect to a corresponding increase in ks, a 10%
increase in the osone mixing ratio and 15% increase in kx will
have an effect similar to a 25% increase in kx alone.

SZRA(deg)

98 87 77 66 57 49
15 T T T T T T J 1 T I !

SEP.17, 1987

10 | NOy=14.5 Pva\

k (+257%)

NO(ppb V)

S5h 6h 7h 8h 9h 10h
LOCAL TIME

Fig. 7b. The same as Figure 7a but for the computed curve
(solid line); a value of ks increased by 25% was assumed.
For this computation, an NO, mixing ratio of 14.7 ppbv was
assumed (see text). For comparison, the standard model
result is also shown,

11h

The change in albedo can affect the NO mixing ratio through
the change in the photodissociation rate of NO;. It was found
that adoption of an albedo as large as 0.6 increases the NO
mixing ratio between 0900 and 1100 LT by about 0.5 ppbv
or 5%, while it causes little change in NO at hours earlier
than 0730 LT. This effect increases the rate of change in NO
and thus improves the agreement between the observation and
the model. However, such a large albedo is quite unlikely on
September 17, when a very light cloud cover was observed, as
already discussed.

In summary, it can be said that the observed and modeled
diurnal variations agree to within the uncertainties in the mea-
surements of NO, ozone, and temperature and the value of ks.

Next, the temporal variation of NO observed at 39 km from
0800 LT to noon on June 19, 1988, is compared with that cal-
culated. The calculation was made for a pressure of 3.77 mbar,

KONDO BT AL.: NITRIC OXIDE IN THE UPPER STRATOSPHERE

which was the mean float pressure level. The measured osone
mixing ratio and the temperature at this altitude used in the
calculation were 5.4 ppmv and —14°C. The calculated results
for [NO,] = 16.0, 16.5, and 17.0 ppbv are shown in Figure 8. It
can be seen that the calculated curves agree with the observed
NO concentration for [NO,] = 16.5 ppbv within 0.5 ppbv,
a value within the uncertainty of the NO measurements. The
calculation predicts an NO increase of about 1 ppbv between
0800 and 1200 LT, in good agreement with the observations.
The rate of NO increase after 0800 LT and the daytime NO
mixing ratio are insensitive to change in the ozone concentra-
tion of the order of 10%, as can be secen from the calculated
curves in Figure 7a. Therefore, for comparison of the calcu-
lated and observed NO concentration during late morning on
June 18 the effect of the uncertainties discussed above for con-
ditions at sunrise (September 17, 1987, observations) is negli-
gible compared to the uncertainty in the NO measurements.
The calculated temporal variation of NO, NO;, NOs, NO,
= NO 4+ NO; + NO;, NzOs, and HNO; species for [NO,] =
16.5 ppbv at 39 km on June 18 are presented in Figure 9 to
show the diurnal variation of the partitioning among the NO,
family. It can be seen that the change in NO during the first
hour after sunrise is caused mostly by the photodissociation
of NO,, since the mixing ratio of NO, (as defined just above)
changes little during this period. It can also be seen that most
of the photodissociation of N2Og occurs within 3 hours after
sunrise. The rate of the increase in NO during this period is
controlled by the rate of photodissociation of N;Og and the
slow shift in the NO/NO; ratio due to the increase in Jyo2

SZA(deg)

53 42 32 24 21
15 T T T T T T T T J | I

NOy=17.0PPbv

NC(ppbv)

1 | 1 1 1 1 1 | 1 1 1
l:]7h 8h 9h 10h  11h 12h
LOCAL TIME

Fig. 8. Comparison of the measured (circles) and computed
values (solid lines) of the NO mixing ratio for the observa-
tions of June 18, 1988. Computed curves are for NO, values
of 16.0 ppbv (bottom curve), 16.5 ppbv (middle curve), and
17.0 ppbv (top curve).
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Fig. 9. Computed diurnal variation of NO, NOz, NOs, NO,
= NO + NO; + NOj, N;Og, and HNO; for an NO, value
of 16.5 ppbv at 39 km on June 18 at 44°N.

with decreasing SZA. The HNO; concentration varies little, as
can be seen from the figure, and the CIONO; concentration
is negligibly small at this altitude. This model shows that
the daytime NO, concentration is very close to the total NO,
concentration and that daytime NO accounts for 70% of NO,,.

NOy

As discussed above, the most probable values of the NO,
concentration at 40 km in September and 39 km in June are
14.5 ppbv and 16.5 ppbv, respectively. Previously, Kondo et
al. [1989b] reported an estimated NO, concentration of 14
ppbv at 26 km at 32°N in July 1987 from a similar comparison
of the observed and modeled diurnal variation of NO. The
NO,, concentration at 32.5 km can also be derived from the
observed NO temporal variation at 44°N in October [Kondo
et al., 1988]. However, their NO values at 32.5 ki have been
found to be overestimated by about 25% [Kondo et al, 1989}).
These revised NO values and the present model yield a derived
NO,, mixing ratio of 18.5 ppbv at 32.5 km. In estimating these
values of the NO, mixing ratio from the measured NO diurnal
variation, uncertainties in the calculated [NO]/[NO,] ratio and
in the measured NO mixing ratio contribute to the errors. The

[NO]/[NO,] ratio is expressed as

[NO]/[NO,] = ([NO]/[NO,]) - ([NO.]/[NO,])
= {1/(1 + [NO,]/[NO])} - ([NO]/NO,])
The [NO;]/[NO] ratio is governed by the following photochem-

ical reactions:

NO + 03 = NO; 4 O3 (R7)
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NO + CIO — NO; +Cl (R1)
NO + HO; — NO; + OH (R8)
NO; + hv -+ NO + O (]Noz)
NO; + O — NO + 0, (R9)

and is expressed as
[NO3]/[NO] = (k2[Os] + k1[C1O] + ks[HO:])/(Ino2 + ks [O])

The uncertainties in the reaction rate coefficients and Jyo2,
given by JPL [1987], are shown in Table 3. Assumed values of
the uncertainties in the calculated concentrations of O, ClO,
and HO; are also given in Table 3. The indicated uncertainty
in the osone concentration is that associated with the ozone
measurement. The square root sum of the weighted uncer-
tainty of each term gives an error of 78% for the [NO]/[NO:]
ratio, leading to an error of 25% in the [NO]/[NO,] ratio. Ma-
jor species of NO, other than NO, are HNO; and N:Os, as
indicated in Figure 9. Assuming 100% errors in estimating the
concentrations of both species, the [NO,]/[NO,] ratio at 40
km at 0600 LT has an uncertainty of 11%, thus leading to an
error of 30% in the estimate for NO,, including the 10% NO
measurement error. Similar estimates at 26 km and 32.5 km
have given uncertainties in NO,, of 60% and 45%, respectively.

TABLE 3. Uncertainties in the Reaction Rate Coefficients and
the Concentration of the Related Species Calculated for 40 km.

Uncertainty %

JInoz 30
ks 40
ks 20
kia 30
ks 20
[0s] 10
[O] 30
[C10] 30
[HO,] 50

The NO,, values discussed above are summarised in Table 4.

In Figure 10 these calculated NO, mixing ratios are shown
together with our directly measured NO, concentrations dur-
ing ascent on June 18, 1988, NO, mixing ratios from the
Atmospheric Trace Molecule Spectroscopy (ATMOS) instru-
ment [Russell et al,, 1988] are also shown in Figure 10; the
measurements were made on board Spacelab 3 at 30°N and
48°S in May. The ATMOS instrument determined each major
species of the NO, family by infrared absorption spectra mea-
surements through the imb of the Earth’s atmosphere. The
NO, mixing ratio measured by the ATMOS instrument near
40 km at 30°N and 48°S in May are listed in Table 5; the
average of these values at 39.5 km is 15.8 +0.9 ppbv. This
value is in very good agreement with our average NO, value
of 15.5 +5.0 ppbv for September and June; our June value of
16.5 ppbv at 44°N is especially close to the ATMOS May value
of 16.7 ppbv at 30°N. The estimated error of the ATMOS data
at 39.5 ki is 13%. The agreement of our NO,, values with the
ATMOS measurements indicates that the model of Pirre et al.
[1989] presents a reasonable description of reactive nitrogen in
the upper stratosphere at mid-latitudes.

The ATMOS values of NOy, agree with our direct measure-
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TABLE 4. Summary of the Derived NO, and N2Os Mixing Ratio, and NO,/ozone
Ratio, and the Measured O3 Mixing Ratio

Date

Lat.

°N

Temp.

°K

Alt.
km

No,
ppbv

N.Og
ppbv

O3
PPImMv

NO,/ozone
x 107°

Sept. 17,1987
June 18, 1988
Oct. 4, 1985

44
44
44

246
259
227
225

40.2
39.1
325
26.0

14.5 +4.3
16.5 +5.0
18.5 +-8.4
14.0 8.5

1.2 +£0.4 5.75 +£0.3
1.6 +0.6 5.40 +0.3

2.2 £1.2
1.9 +1.2

7.0 0.4
6.4 +0.3

2.52 +0.76
3.06 £0.92
2.64 +1.19
2.19 +1.34

July 29, 1987 32

40| — *—s— .
® Calculated from NO dc'm: ov

A Measured June |18, 1988
O ATMOS data May I9

(S
O
I
(o]

ALTITUDE (km)

g
%t

ER-2 data

O 1
! o) 10 20

NOy (ppbv)

Fig. 10. Comparison of NO, mixing ratio values from several
sources. Solid circles are those obtained from the present
NO observations (see Table 1), and the triangles are the
direct measurements during ascent on June 18, 1988. Open
circles are ATMOS data at 30°N in May [ Russell et al., 1988].
The large square labeled “ER 2 Data” indicates the range
of values by D. M. Murphy et al. (unpublished manuscript,
1990).

ments at 26 km, but NO,, values estimated from the NO obser-
vations (indirect values) at 32.5 and 26 km are 2-3 ppbv larger.
None of these measurements were made simultaneously, so the
difference of 2-3 ppbv could be due to natural variability caused
by dynamical transport.

In general, our direct NO, measurements agree with those of
the ATMOS experiment, as can be seen in Figure 10, although
our values are somewhat smaller between 20 and 24 km. In
the lower stratosphere, extensive observations of NO, with a
chemiluminescence NO detector combined with a gold catalytic
converter have been made on board the ER 2 aircraft (D. M.
Murphy et al., unpublished manuscript, 1990). In Figure 10
the range of values obtained at altitudes between 17 and 21
km and between latitudes 30° and 45°N is indicated as a large

TABLE 5. NO, Mixing Ratio

Altitude Mixing Ratio ppbv
km 30°N 48°S
41.5 16.7 +2.3 12.9 +1.7
39.5 16.7 +2.2 14.9 +1.2
375 16.2 2.1 16.3 £1.8

From Russell et al., [1988].

square. In the lower stratosphere our values are in the range
of the ER 2 data but are somewhat lower than their average
value.

NO, and ozone mixing ratios have been found to be corre-
lated quite well in the lower stratosphere (D. M. Murphy et
al., unpublished manuscript, 1990). The variability observed
in NO, or ozone alone is greatly reduced when presented as
the NO, /ozone ratio. For this reason the NO,/ogone ratio can
be a more useful, and probably a more meaningful parameter
for comparison with other measurements or numerical mod-

‘els. The NO,/ozone ratios from our simultaneous measure-

ments of NO, and ozone are listed in Table 4 and are shown in
Figure 11. As mentioned above, NO, was measured directly
during ascent on June 18, 1988 between 12 and 28 km. The
observed NO,, /osone ratio in that altitude region has been pre-
sented previously [Kondo et al., 1990]. Smoothed values of the
NO,/ozone ratio for each 1 km in altitude are shown as trian-
gles in this figure. Above 25 km the NO,/ozone ratio ranges
between 2 and 3 times 10~>. The NO,/ozone ratio is observed
to increase slightly with altitude from 20 to 40 km.

N; O¢

As can be seen from Figure 9, the calculated N2Os concen-
tration at 39 km at the end of the night on June 18 was 1.6
ppbv. Similarly, from the model run for September 17 the
estimated N,Os mixing ratio just prior to sunrise at 40 km
was 1.2 ppbv. The estimated uncertainty in the N;Os mix-
ing ratio is about +0.5 ppbv associated with uncertainties in
osone, NO, and temperature. The N; Os mixing ratio in June
at 39 km derived from the model is 30% larger than that in
September at 40 km. The contribution of the June/September
difference in the NO,, mixing ratio to this 30% difference in the
calculated N2Og concentration is about 15%. The difference
in stratospheric temperature between June and September of
13°K causes a 70% difference in the value of ks and a 60%
difference in the ks[O;] value, when the measured variation of
[Os] is taken into account. This effect causes the additional
15% difference in the N2Og concentration.

The NO, mixing ratios at 32.5 and 26 km have been esti-
mated so that the modeled diurnal variations of NO give the
best fit to those observed. The N;Og mixing ratios calculated
by this model for these NO, values are 2.2 £+1.2 ppbv and
1.9 £1.2 ppbv, respectively. These N2Os values are listed in
Table 4 and are shown in Figure 12. Measurements of strato-
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Fig. 11. Profile of the NO,/osone ratio. Solid circles are the
values listed in Table 1. Triangles are from the measured
values of NO, and ozone during ascent on June 18, 1988.
See text.

spheric N;Os were first made by Roscoe [1982] with a pressure-
modulated radiometer and were followed by the measurement
of Evans [1986] with a cooled filter spectrometer. Kunde et
al. [1988] obtained the predawn N;O5 mixing ratio from 21
to 39 km from measurements of the N2Og emission spectrum
on board a balloon at 32°N in September. Their values above
23 km are also shown in Figure 12, together with the ATMOS
N.Os data above 25 km at sunrise at 48°S in May. For the
ATMOS N;Og data the revised values of Rinsland et al. [1989]
are shown. The N;Os mixing ratio of Kunde et al. [1988] at
39 km is 1.3 £0.7 ppbv, and the ATMOS value at 37.4 km
is 1.32 £0.34 ppbv. Those values agree quite well with the
present N2Os mixing ratio of 1.6 +0.6 ppbv at 39 km and 1.2
+0.4 ppbv at 40 km, an average mixing ratio of 1.4 0.6 ppbv.
It should be noted that our estimates of N2Og in the upper
stratosphere have relatively smaller uncertainties than those
at altitudes of 26 and 32.5 km, as discussed above. Our value
at 32.5 km is about 0.7 ppbv larger than the values of Kunde
et al. [1988] and the ATMOS data, although the uncertainty
in the measurements results in overlap.

From infrared emission measurements, Blatherwick et al.
[1989] obtained an N2Os concentration of 1.26 ppbv at 30 km
in the early morning on July 5, at 32°N. However, due to the
difference in altitude, direct comparison of this value with our
estimate is difficult. At 26 km our value is again 1 ppbv larger
than that of the ATMOS data, but in agreement with the mix-
ing ratio of 2.4 +0.8 ppbv at 28 km by Kunde et al. [1988].
This disagreement can be partly explained by the difference in
temperature. The average temperature at 26 km in May at
48°S is usually lower by about 12°K than in July at 30°N.

SuMMARY AND CONCLUSIONS
The temporal variation of nitric oxide during morning hours
at an altitude of about 40 km was measured at 44°N in au-
tumn and summer. The NO mixing ratio was observed to
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begin a rapid increase when the SZA reached 95°. This ini-
tial rapid increase in NO for SZA between 95° and 90° was
found to agree quite well with a zero-dimensional photochemi-
cal model [Pirre et al., 1989] assuming a constant NO, mixing
ratio. This indicates that behavior of NO near sunrise can
be explained by a rapid increase in the photodissociation rate
of NO;. The slower increase in NO that follows in the early
morning is also in agreement with the model calculation, al-
though the observed rate of increase is somewhat larger than
that calculated for the September observation. Later in the
morning the agreement is better: the observed NO from 0800
LT to local noon in June showed an increase of about 1 ppbv,
in excellent agreement with the model. The model indicates
that this slow increase is caused mainly by the photodissocia-
tion of N;Og and a slow increase in the NO/NO; ratio. The
concentrations of NO, and N2Oy in the upper stratosphere
have been estimated using the model and measured values of
the NO mixing ratio. The NO, mixing ratio of 15.5 +5.0 ppbv
estimated for 39 and 40 km agrees quite well with the ATMOS
measurements [Rinsland et al., 1989]. The N,Os mixing ratio
derived from the model, 1.4 + 0.6 ppbv, is also in agreement

|

|

40}
® Present work
o Kunde et al,[1988]

Pted A ATMOS data

£ |
w — . :
a
P —0—
e
< 30}
[
 — a—
—-—
= ° |

23 1 | i
0] I 2 3 4

N»05 (ppbv)

Fig. 12. Comparison of N2Og mixing ratios. Solid circles are
our estimates given in Table 1. Triangles are the ATMOS
measurements {Rinsland et al., 1989], and the squares are
the values by Kunde et al. [1988].
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with the infrared measurements by Kunde et al. [1988] and
with the ATMOS data [Rinsland et al., 1989].

In conclusion, it can be said that the present measurement of
NO is in reasonable agreement with the photochemical model.
An observed increase in NO during the early morning hours
is somewhat larger than that predicted. However, the differ-
ences between the observed and predicted values are within
the uncertainties in the measurements of NO, osone, and tem-
perature, and in the reaction rate coefficient of R5. The NO,
and N>Og mixing ratios, determined from the model using the
present NO measurements, agree well with other recent obser-
vations.
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