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Two rocket experiments were carried out just before and after the polar night at Andoya (69°N), Norway to
investigate transport of nitric oxide produced by auroral processes into the middle atmosphere and its influence on
the ozone chemistry. Nitric oxide densities of (2–5) × 108 cm–3 found in the 70–90 km region are one to two orders
of magnitude larger than those at middle latitudes. The measured density profiles appear to agree semi-
quantitatively with model simulations which includes auroral processes. The influence on ozone densities in the
70–90 km region due to such enhanced nitric oxide abundance is found to be still insignificant as compared to that
due to transport in the middle of February, one month after the end of polar night and one month before the spring
equinox. The larger ozone densities found in February (in spite of longer sunlit duration) than in November in the
40–60 km region again support predominance of transport over photochemical destruction.

1.  Introduction
A possibility that NO (nitric oxide) produced in the lower

thermosphere by auroral particle precipitation may be
transported downward to perturb the O3 (ozone) chemistry
in the stratosphere has been pointed out in the 1980s by
several model simulations (e.g. Solomon et al., 1982;
Brasseur, 1984). Since the production rate of NO in the
lower thermosphere is much larger than that in the strato-
sphere even without auroral perturbation, there is a con-
siderable possibility for such coupling to occur. According
to those theoretical simulations the downward transport of
NO does not occur at mid-latitudes or during summer even
at high latitudes because of fast photodissociation. The time
constant for photodissociation of NO in the thermosphere of
about 2 days (Minschwaner and Siskind, 1993) is shorter
than that for transport due to vertical eddy diffusion of
several days as discussed in a latter section. During polar
winter NO produced in the lower thermosphere by auroral
particle precipitation is expected to pass through the me-
sosphere and to reach the stratosphere because of slow
photodissociation due to short sunlit duration. The downward
advection expected from the summer to winter circulation in
the middle atmosphere may contribute to increase the
downward transport. Once NO reaches the mid to lower
mesosphere, its lifetime becomes longer because of less
photodissociation due to absorption in the O2 Schumann-

Runge band and self-absorption in the δ band (Minschwaner
and Siskind, 1993); NOx (nitrogen oxides = NO + NO2) has
a lifetime as long as a year in the stratosphere (Solomon et
al., 1982).

Solomon and Garcia (1984) pointed out the influence of
such auroral NO in the retrieval of O3 densities by the
Nimbus 7 SBUV (Solar Backscatterd Ultraviolet) experi-
ment. Rusch and Clancy (1989) also discussed that influence
of NO transport was found in the O3 data of SBUV and SME
(Solar Mesosphere Explorer) until one month after the
spring equinox. Russell et al. (1984) discussed that the large
mixing ratio of NO2 found in the polar stratosphere by LIMS
(Limb Infrared Monitor of the Stratosphere) of the Nimbus
7 was due to the transport of NO from the thermosphere.

It has already been established that the NO abundance in
the lower thermosphere is larger at high latitudes than at
lower latitudes. Several satellite measurements such as the
Atmosphere Explorer C and D (e.g. Rusch and Barth, 1975)
found 3 to 10 times larger NO abundance with high variability
in the lower thermosphere at high latitudes than at lower
latitudes. However, there is only limited experimental evi-
dence for downward transport of NO during polar winter.
This is because those satellite measurements did not detect
NO densities below 100 km, and just a few rocket mea-
surements in the mesosphere have been performed at high
latitudes. Iwagami and Ogawa (1980) used a rocket-born γ
band gas-correlation radiometer in austral winter at Syowa
(69°S), and found NO densities of about 1 × 108 cm–3 in the
70–110 km region. Horvath and Frederick (1985) using a
rocket-born chemiluminescence sensor at Poker Flat (65°N)
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found NO mixing ratios more than 100 ppbv at 52 km (1.7
× 109 cm–3) and their steep positive gradient above 50 km in
winter.

Recently Siskind and Russell (1996) and Siskind et al.
(1997) investigated the NO distribution up to 120 km based
on the data of the HALOE (Halogen Occultation Experiment)
on board the UARS (Upper Atmosphere Research Satellite),
and clearly showed transport of auroral NO into the mid-
latitude stratosphere by utilizing the correlation between
NO and CH4 mixing ratios. They suggested that latitudinal
mixing by planetary wave breaking played an important role
in transporting auroral NO to the lower latitudes. They also
found an absence of excess NO in the polar mesosphere after
the spring equinox in contradiction to theoretical predictions
(e.g. Brasseur, 1993). However, the HALOE data in the
winter hemisphere are limited at lower latitudes than 55°
because of its occultation geometry, and cannot reveal the
situation under the polar night conditions.

The purpose of the present experiments is to confirm
experimentally the down-ward transport of NO during polar
winter where information is still rare, and to examine the
coupling with the stratospheric O3 chemistry by measuring
NO and O3 simultaneously. Since auroral activity as well as
solar activity may perturb the middle atmosphere through
this interesting photochemical coupling mechanism, ex-
perimental investigation of this process has a significant
importance for our comprehensive understanding of the
middle atmosphere and the solar-terrestrial environment.

2.  Instrumentation
The following three remote and two in-situ sensors were

flown on board each of the two sounding rockets S310.22
and S310.23:

1.UV gas-correlation filter radiometer to measure NO
densities at 60–200 km;

2.Near IR filter radiometer to measure O3 densities at 60–
100 km;

3.UV filter radiometer to measure O3 densities at 30–70
km;

4.Impedance probe to measure electron densities at 80–
200 km;

5.Faraday cup to measure negative/positive ion densities
at 60–200 km.

The UV gas-correlation radiometer measured the γ(1,0) 215
nm band fluorescence of NO with a spectral band width of
12 nm. A pair of cells (NO gas filled and empty) were used
to discriminate the γ(1,0) 215 nm band emission from the
background emissions such as the Rayleigh scattered sun-
light and the star light (Iwagami, 1981; Iwagami and Ogawa,
1981).

The near IR radiometer measured the O2 infrared atmo-
spheric (0,0) 1.27 μm band airglow with cooled Ge (S310.22)
or InGaAs (S310.23) detectors at the band center and at the
wing with spectral band widths of 6 nm. Under sunlit
conditions the volume emission rate of this O2 airglow is in
proportion to O3 density although corrections for the self-
absorption and quenching are needed below 70 km
(Yamamoto et al., 1997).

The UV radiometer for stratospheric O3 measured the solar
irradiance with 4 pairs of radiometers; each is a pair of a UV

wavelength (265 nm, 290 nm, 300 nm or 307 nm) and a
visible wavelength of 420 nm with spectral band widths of
10–14 nm. The reference signal measured at 420 nm was
used to compensate for the modulation in the output signal
due to attitude change of the rocket (Ogawa and Watanabe,
1994).

The impedance probe with a 1.2 m ribbon antenna de-
veloped perpendicular to the rocket spinning axis measured
the upper hybrid resonance frequency of ambient plasma,
and determined electron densities in the range of 103–106

cm–3 with an accuracy of 3% every 0.3 second (Oya and
Obayashi, 1967).

The Faraday cup was developed 30 cm apart from the
rocket skin facing to the direction perpendicular to the
spinning axis of the rocket. It measured negative/positive
ion currents by applying positive/negative biases on the
probe alternately (Amemiya and Nakamura, 1996).

3.  Experiments and Geophysical Conditions
The sounding rockets S310.22 and S310.23 were launched

at Andoya Rocket Range (69°N, 16°E) at 0752 UT on 16
February 1994 and 1020 UT on 24 November 1994, re-
spectively. Both instances were just after the local sunrise
when the solar zenith angles were 88.6° and 89.9°, respec-
tively, at the range (see Fig. 1). The sunlit durations on the
days of the experiments on the ground were 7 hours and 1
hour, respectively. At the latitude of the range the polar night
started in the beginning of December, and ended in the
middle of January. The February experiment was carried out
one month after the end of the polar night, and the November
experiment just before the beginning of the polar night. Both
sounding rockets were launched in the northwest direction,
and reached the apogees of about 200 km at about 220
seconds after the launch. All of the five kinds of instruments
worked well, and excellent data sets were obtained although

Fig. 1.  Solar elevation angles on the days of the S310.22 (16 February
1994) and S310.23 (24 November 1994) experiments at Andoya
Rocket Range (69°N, 16°E).
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Fig. 2(b).  Same as Fig. 2(a) but of the S310.23 experiment on 24
November 1994.

Fig. 2(a).  Deviation of geomagnetic horizontal component ΔH and 32.3
MHz riometer absorption measured at the range for a few days prior to
the launch of the S310.22 experiment on 16 February 1994.

some telemetry noise contaminated the data.
The geomagnetic and auroral conditions for a few days

prior to the experiments are shown in Figs. 2(a) and 2(b)
where the deviation of the geomagnetic horizontal compo-
nentΔH and the riometer (relative ionospheric opacity meter)
absorption measured at the range are plotted. It is found in
the figure that the S310.22 experiment on 16 February was
carried out during a very active period whereas the S310.23
experiment on 24 November during a rather quiet period.
Even at the launch of the S310.22 experiment at the local

sunrise considerable auroral particle precipitation was ex-
pected because absorption of about 15% is seen in the
riometer data. Although no definite absorption was seen at
the launch of the S310.23 experiment, signatures of auroral
particle precipitation are seen in the measured electron
density profiles of both experiments as will be discussed
later.

Prior to the S310.22 experiment significant auroral storms
occurred around every midnight. The Kp index at the launch
was 3, and the average for 13–15 February was 4+. On the
other hand, small auroral storms also occurred every mid-
night prior to the S310.23 experiment. The Kp index at the
launch was 1–, and the average for 21–23 November was 1+.
By using the statistical relation given by Foster et al. (1986),
the energy influxes due to auroral particle precipitation may
be estimated from those 3-day mean Kp indexes. They are 9
erg cm–2s–1 and 0.3 erg cm–2s–1 for the S310.22 and S310.23
experiments, respectively, where uniform precipitation over
the polar cap of 3000 km in diameter is assumed. The former
energy influx produces visible aurora displays whereas the
latter sub-visible ones. The solar activity changed as F10.7

(index of solar radio flux at 10.7 cm) = 102 at the S310.22
experiment in February to F10.7 = 77 at the S310.23 ex-
periment in November.

4.  Results and Discussions
4.1  Nitric oxide

In Fig. 3 the NO density profiles measured during both
ascent and descent are plotted. The error bars represent the
uncertainty due to numerical differentiation of the data with
random noise. Systematic errors will be discussed later in
this section. The NO density profiles measured by the
S310.22 ascent and descent show peaks of 4 × 108 cm–3 at
105 km, and those by the S310.23 show no clear peak but

Fig. 3.  NO density profiles measured in the S310.22 ascent (dot), S310.22
descent (filled square), S310.23 ascent (open circle) and S310.23
descent (open square). The error bars represent uncertainty due to
numerical differentiation of the data with random error.
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nearly constant density plateaus of 2 × 108 cm–3 between 80
and 110 km. On both of the experiments the NO densities are
found to reach 5 × 108 cm–3 at 70 km. The ascent and descent
profiles appear to agree to within a few times the random
error although they are separated horizontally by 170 km
each other. The ascent data below 70 km were omitted
because of large random error and of uncertainty in the
corrections for self-absorption and for cross-talk from the
Rayleigh scattered sunlight. The descent data below 77 km
were lost due to rapid attitude change of the rocket along the
re-entry into the thick atmosphere.

Although some auroral particle precipitations were ex-
pected during the S310.22 experiment, optical interference
due to N+214 nm doublet emission (e.g. Dalgarno et al., 1981)
may be neglected. This is because the present measurement
is insensitive to such emissions in nature by utilizing the gas
correlation technique (Iwagami, 1981; Iwagami and Ogawa,
1981); the N+ doublet emission can pass through the ab-
sorption cell filled with NO gas, and is recognized as a part
of the background emissions. Such insignificance of the N+

contamination is supported by the fact that the ascent and
descent profiles appear to coincide each other within a few
times of the random error at most of heights in spite of the
separation between the ascent and descent trajectories.

The correction for self-absorption is important in the
mesosphere because of larger NO density than at lower
latitudes and the long slant ray path of the sunrise geometry.
The measured γ(1,0) band emission rate converted in the
zenith direction 4πI[photon cm–2s–1] and NO number den-
sity nNO [cm–3] are related each other as

d[4πI(z)]/dz = –g(z)nNO(z)exp[–τ(z)], (1)

where z is height, g [photon s–1] is specific emission rate
factor of the γ(1,0) band including the self-absorption effect
and τ is optical thickness at 215 nm due to O2 and O3

absorption along the slant ray path. g(z) can be calculated
from the molecular parameters of NO and the solar flux, and
τ(z) from the absorption cross sections of O2 and O3 and a
model atmosphere. The value of g outside the atmosphere
used is 7.88 × 10–6 photon s–1, and 250 K was assumed to
calculate the self absorption effect in the same way as
Iwagami (1981). The specific emission rate factor is found
to decrease to about a half of that outside the atmosphere at
70 km in both cases (Figs. 4(a) and 4(b)). The uncertainty in
the correction for the self-absorption is estimated to be 30%
at 70 km, and that due to cross-talk of the Rayleigh scattered
sunlight to be 20% at 70 km. The NO density data below 70
km were omitted because the sum of the above mentioned
errors and random error exceeds 100%. Uncertainty in the
correction in the attenuation of the 215 nm radiation by O2

and O3 absorption, and the effect of collision deactivation of
the γ(1,0) band fluorescence are much less important than
those for the self-absorption and the Rayleigh scattering
cross-talk.

In Fig. 5 the NO density profiles measured during the
ascents of both experiments are compared with a 2D (two-
dimensional) model calculation at a middle latitude (Brasseur,
1984) and a measurement at 31°N (Iwagami and Ogawa,
1987) under similar solar activities; also in the figure results

Fig. 4(a).  Normalized emission rate factor g(z)/g(∞) (open circle) and the
transmission factor exp[–τ(z)] (dot) for the S310.22 experiment during
ascent.

Fig. 4(b).  Same as Fig. 4(a) but for the S310.23 experiment.

of simulations by a 1D (one-dimensional) model at 66°N
including auroral processes (Siskind, 1994) are shown for
comparison. At around 105 km the NO densities of the
present results are larger than those at 31°N by a factor of 3
to 10, and in the 70–90 km region they are larger than those
of the midlatitude model by one to two orders of magnitude.
Such enhancement in the NO density in the lower thermo-
sphere may be understood as a consequence of production
by auroral particles (e.g. Kondo and Ogawa, 1976; Roble
and Rees, 1977) and subsequent downward transport into
the mesosphere (e.g. Solomon et al., 1982; Brasseur, 1993).
McPeters (1989) investigated the NO column abundance
above 1 mb (about 48 km) based on the SBUV data of
Nimbus 7, and found a maximum column abundance in
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winter at high latitude of 2 × 1015 cm–2. The NO column
abundances above 50 km found by the present two experi-
ments are comparable to this value if densities of 5 × 108

cm–3 are assumed between 48 and 70 km. Recently Notholt
et al. (1997) reported NO total column abundance of (2.5–
3.5) × 1015 cm–2 at Spitsbergen (79°N) in March.

The larger NO densities found at 100 km and above in the
S310.22 experiment than in the S310.23 experiment seem to
be due to the higher auroral activity in the several nights
prior to the former than that to the latter. The NO abundance
in the lower thermosphere reflects the history of auroral
activity a few days prior to the experiment (e.g. Kondo and
Ogawa, 1976; Roble and Rees, 1977). According to the
simulations by Siskind (1994) accumulation of NO needs 10
days to reach a steady state in the lower thermosphere, and
more than a month in the lower mesosphere. The steeper
density gradient seen in the S310.23 experiment at 120 km
and above than in the S310.22 experiment comes from the
lower thermospheric temperature due to lower solar activity
as noted before.

Before comparing the present results and the model
simulations including auroral processes in Fig. 5, it is useful
to summarize various time constants relating to the present
experiments. The sunlit duration in the mesosphere and
above (defined by the duration of solar zenith angles less
than 90°) was 7 hours in the S310.22 experiment in February
while 1 hour in the S310.23 experiment in November. Since
the time constant for the δ band predissociation is 2 days
(Minschwaner and Siskind, 1993) in the thermosphere un-
der full solar illumination (and each predissociation event
breaks two NO molecules as a result), the photochemical

lifetimes of NO in the thermosphere are 3.4 days and 24
days, respectively, for the February and November experi-
ments. The photochemical lifetime of NOx becomes longer
at lower heights due to O2 absorption and self-absorption to
exceed several months in the stratosphere (Solomon et al.,
1982). By assuming vertical eddy diffusion coefficients of
1 × 106 cm2s–1 at 80 km and of 1 × 105 cm2s–1 at 50 km (e.g.
Shimazaki, 1985) and a scale height of 6 km, the time
constants for the vertical mixing are calculated to be 4 days
at 80 km and 40 days at 50 km, respectively. By assuming
vertical wind speed of 1 cm s–1 and a scale height of 6 km,
the time constant for the vertical advection is calculated to
be 7 days. By assuming a latitudinal eddy diffusion coefficient
of 3 × 109 cm2s–1 and a scale length of 1000 km, the time
constant for the latitudinal mixing is calculated to be 40
days; however, if the diffusion coefficient is much larger
due to planetary wave breaking in the 70–110 km region as
inferred by Siskind et al. (1997), the time constant will be a
few days. In Fig. 6 latitude-height cross-section of zonal
wind in January after CIRA:1986 is shown; those for No-
vember, December and February appear to be similar. As
seen in the figure the edge of the polar vortex (the latitude of
maximum wind speed) is located at 40°N in the mesosphere;
the enhancement of NO density in the mesosphere is expected
to be confined at latitudes higher than 40°N. In summary the
following facts may be expected from the values of the time
constants discussed above: The memory of auroral activity
may be kept as enhanced NO abundance in the lower
thermosphere for a few days both in November and February.
In November such enhanced NO may be transported
downward to reach the mesosphere after some small photo-
dissociation loss whereas in February after considerable
loss. Accumulation of the mesospheric NO abundance in
November and a slow decrease in February is expected to
occur.

Fig. 5.  Comparison of NO density profiles of the present experiments
with a measurement at 31°N (solid curve: Iwagami and Ogawa, 1987),
and a 2D model calculation for 30° summer under low solar activity
(dot-dashed curve: Brasseur, 1984). Also compared are model calcu-
lations of a 1D model at 66°N including auroral NO production
(Siskind, 1994) for 31 December (dotted curve) and 08 February
(dashed curve); they are for the case of high vertical eddy diffusion
coefficient (1 × 106 cm2s–1 at 80 km) and without self-shielding effect
in the δ band predissociation.

Fig. 6.  Latitude-height cross-section of zonal wind speed in January after
CIRA:1986.
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In Fig. 5 the NO density profiles obtained by the present
measurements are compared again with those of model
simulations by Siskind (1994). Those simulations include
several situations similar to the actual situations of the
present experiments such as the nightly repeating auroral
storm although vertical advection and latitudinal mixing are
not included in this 1D model. In the model auroral particle
precipitation with a characteristic energy of 3 keV and an
energy influx of 0.5 erg cm–2s–1 occurs for 12 hours every
night starting from 01 December through 70 days at a
latitude of 66°N. Such an energy flux gives sub-visual
aurora. Although this model simulates cases of high and low
vertical eddy diffusion coefficients and with and without
NO δ band self-shielding situations, only the case of high
eddy diffusion and without self-shielding is referred to in
Fig. 5. The dotted curve represents the NO density distribution
on 31 December after 30 days integration; this is suitable to
be compared with the results of the S310.23 experiment in
November because NO accumulation started well before 01
December in case of the actual experiment. As noted in a
previous section the energy influx expected prior to the
S310.23 experiment of 0.3 erg cm–2s–1 is nearly the same as
that assumed in the model. In this case the time constant of
photodissociation of 24 days is much longer than that of
vertical diffusion of 4 days or downward advection of 7
days, and the auroral NO is transported downward almost
without suffering from photodissociation loss. The calcu-
lated NO density profile appears to be similar to that of the
S310.23 measurement in the 80–110 km region, and shows
a nearly constant value of 3 × 108 cm–3. The tendency of
smaller calculated densities than measured seen at 75 km
and below seems to come from too short integration duration
of 30 days in the model; the enhanced NO has not reached
lower mesosphere in the model because of slow vertical
transport having a time constant of several tens of days.

The dashed curve in Fig. 5 represent the simulated NO
density distribution on 08 February after 70 days integration,
and is suitable to be compared with the NO density profile
of the S310.22 experiment in February. In this case the
energy influx is estimated to be 9 erg cm–2s–1 which is 20
times larger than that of the model whereas the measured
densities are just 3 times larger than the simulated. Although
only qualitative agreement is found, it is interesting to note
that both of the density profiles by the S310.22 experiment
and that of the simulation appear to show minima at 80 km.
This may be due to fast photodissociation in this season; the
time constant of photodissociation of 3.4 days in the lower
thermosphere is comparable to that of transport of 4 days.
The simulation by Siskind (1994) with δ band self-shielding
shows larger densities by a factor of 2–3 in the mesosphere
and no minimum at 80 km (not shown in the figure).
Although the self-shielding effect must occur some extent,
the present results favor its insignificance. Siskind et al.
(1997) also noted that simulations without self-shielding
agrees better with HALOE observations than that with self-
shielding.
4.2  Electron and ions

In Figs. 7(a) and 7(b) electron density profiles measured
with the impedance probe are shown. The data in the
descents appear to be disturbed by the wake of the rocket; the

Fig. 7(a).  Electron density profiles measured by the impedance probe in
the S310.22 experiment during ascent (open circle) and descent (dot).

Fig. 7(b).  Same as Fig. 7(a) but in the S310.23 experiment.

upper envelopes should be close to the true density distribu-
tions. At around 100 km enhanced electron density peaks of
1 × 105 cm–3 and 3 × 104 cm–3 are seen both in the S310.22
and S310.23 experiments, respectively. According to a
model of Kondo and Ogawa (1976) for 70° latitude equinox
without auroral perturbation, the electron density at 100 km
just after the sunrise is only 5 × 103 cm–3. Those enhance-
ments are partly due to ionization by auroral particle precipi-
tation and also partly due to ionization of enhanced NO by
the solar Lyα. According to the above simulation auroral
electron precipitation of a characteristic energy of 5 keV and
an energy flux of 25 erg cm–2s–1 continuing for 30 minutes
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at midnight results in a NO density peak of 3 × 108 cm–3 at
100 km just after the precipitation, and causes an electron
density peak of 2 × 104 cm–3 just after sunrise at 100 km.

Under the condition of grazing solar ray incidence just
after the sunrise the principal ionization source other than
the auroral particle precipitation in the 100 km region is
limited to ionization of NO by the solar Lyα; other solar EUV
radiations cannot reach in the 100 km region due to attenuation
along the grazing ray path. Under such conditions the
equilibrium between ionization and recombination at 100
km may be written as

JnNO + Q = αne
2 (2)

with

J N= × − ×[ ] ( )− −6 10 1 10 37 20exp ,O2

where J [s–1] is ionization frequency of NO by the solar Lyα
(Brasseur and Solomon, 1986); nNO [cm–3] is NO density;
Q [cm–3s–1] is ionization rate due to auroral particle precipi-
tation; α = 2.5 × 10–7 cm3s–1 is effective recombination co-
efficient at 100 km; ne [cm–3] is electron density and NO2

[cm–2] is O2 column density along the grazing ray path. NO2

for the S310.22 and S310.23 experiments are evaluated
from O2 densities after CIRA:1986 and grazing incidence
factors of 24 and 39, respectively, to be 3 × 1019 cm–2 and 5
× 1019 cm–2 at 100 km. Substituting NO densities of 5 × 108

cm–3 and 2 × 108 cm–3 at 100 km for the S310.22 and S310.23
experiments, respectively, the ionization rate of NO due to
Lyα at 100 km are found to be 220 cm–3s–1 and 73 cm–3s–1,
respectively. They are 9% and 32% of the recombination
rate of 2500 cm–3s–1 and 225 cm–3s–1, respectively, esti-
mated from the measured electron densities of 1 × 105

cm–3 and 3 × 104 cm–3, respectively; the rest of the ionization
must have been provided by the auroral particle precipita-
tion. The electron density enhancements found at 100 km
were mostly due to particle precipitation in the S310.22
experiment, but due to both particle precipitation and Lyα
ionization of enhanced NO in the S310.23 experiment.
Certain amount of particle precipitations were there even
during the S310.23 experiment when the geomagnetic and
auroral conditions appeared to be quiet. At 80 km considerable
enhancements in the electron density of 3 × 104 cm–3 and 1
× 104 cm–3 for the S310.22 and S310.23 experiments, re-
spectively, are seen again in the same figure. They must be
due to ionization by particle precipitation and by auroral x-
rays. Ionization of NO by the Lyα did not work at 80 km
because of severe attenuation under the grazing incidence
geometry.

The negative to positive ion density ratios measured by
the Faraday cup have already been discussed in a separate
paper (Amemiya and Nakamura, 1996) for the S310.22
experiment, and those of S310.23 will be discussed in
another paper.
4.3  Ozone

In Figs. 8(a) and 8(b) the ozone density profiles obtained
by the near IR emission and UV absorption techniques are
compared with empirical O3 models of CIRA:1986. The

Fig. 8(a).  Ozone density distributions obtained by the S310.22 experi-
ment by the near IR emission measurement during ascent (solid curve)
and descent (dotted curve) and by the UV absorption measurement
during ascent (dot). Those of an empirical model for 70°N, February of
CIRA:1986 (dashed curve) are also plotted for comparison.

error bars represent random error only. The IR emission
measurement gives O3 densities at 60 km and above, and the
UV absorption measurement at 70 km and below. In the
height region 60–70 km, results of those two different
techniques appear to agree to each other except in the 60–65
km region of the S310.23 experiment. This discrepancy may
come from the spatial difference in the actual O3 distribu-
tion; the IR measurement looked at the zenith direction

Fig. 8(b).  Same as Fig. 8(a) but by the S310.23 experiment. Note that
CIRA:1986 O3 model for 60°N November is plotted above 60 km
because that for 70°N November is available only at 50 km and below.
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whereas the UV measurement viewed the sun on the hori-
zon. In case of the IR measurements the density profiles
below 77 km during descents are not available because of
rapid attitude change of the rocket. The density profiles
above 80 km during ascent and descent by the IR emission
measurements mostly agree within the random error. Both
of the O3 density profiles obtained by the IR emission ra-
diometer in the S310.22 and S310.23 experiments show
density maxima of 5 × 107 cm–3 and 1 × 108 cm–3, respec-
tively, at around 90 km, and deep minima of 1 × 106 cm–3 and
5 × 106 cm–3, respectively, at 78 km. Both of density profiles
by the UV absorption radiometers in the S310.22 and S310.23
experiments show monotonous decrease from 6.0 × 1011

cm–3 and 4.7 × 1011 cm–3, respectively, at 40 km to 2.6 × 108

cm–3 and 3.1 × 108 cm–3, respectively, at 70 km.
The data analysis and error estimations of the IR emission

technique have already been described in a separate paper
(Yamamoto et al., 1997). The value of Einstein coefficient
of the 1.27 μm band used is 2.58 × 10–4 s–1 (Badger et al.,
1965). Although a new and much smaller value of 1.47 ×
10–4 s–1 (Hsu et al., 1992) has been reported, a ground based
observation favors the old value (Pendleton et al., 1996).

Differences between the present results and the CIRA:1986
model appear to be considerable at 70 km and above where
the measured density profiles show steep gradient to bring
about deep minima. Since the CIRA model in this height
region is mostly based on the zonal average of the 1.27 μm
emission measurement on board the SME satellite, there is
a possibility that the differences are just a consequence of
different vertical and/or horizontal resolution; however, the
differences still remain even if the present profiles are
degraded to have a vertical resolution of 5 km (Yamamoto,
private communication).

Although the auroral NO is expected to be effective in
destroying O3 mostly in spring in the stratosphere according
to model simulations (e.g. Solomon et al., 1982; Brasseur,
1993), it is worth checking to see if the NOx catalytic cycle

NO + O3 → NO2 + O2 (4)

NO2 + O → NO + O2 (5)

is playing any role in destroying O3 in the 70–90 km region
under such conditions that NO densities are enhanced from
the mid-latitude level by one to two orders of magnitude;
NO densities are even larger than O3 densities in this height
region as in the case of air pollution on the surface. The
catalytic cycle (4) and (5) needs presence of atomic oxygen
to work; atomic oxygen is produced by the Hartley band
photodissociation of O3 only in daytime below 80 km (e.g.
Allen et al., 1984). The time constant of O3 destruction by
the NOx cycle in the 70 km region and below is given as

τ4 = (k4nNOf )–1, (6)

where k4 is the rate coefficient of reaction (4), f is fraction of
sunlit duration in the day of the experiment and nNO is NO
density. Substituting nNO = 5 × 108 cm–3, k4 = 3.4 × 10–15

cm3s–1 at 220 K (DeMore et al., 1994) and f = 0.29 (7 hours)
and f = 0.04 (1 hour), respectively, in the S310.22 and

S310.23 experiments, τ4 at 70 km is found to be 23 days and
170 days, respectively. They are much longer than the time
constant of dynamical transportation of 4 days. At 90 km
atomic oxygen density is kept at the same level as in daytime
even at night. Substituting nNO = 3 × 108 cm–3, k4 = 1.3 ×
10–15 cm3s–1 at 190 K and f = 1, τ4 at 90 km is found to be 30
days. The NOx cycle is less efficient than the dynamical
processes in the 70–90 km region by about one order of
magnitude even under such enhanced NO abundance in
February, one month after the end of the polar night and one
month before the equinox. The steep gradient seen in the
measured O3 density distributions in the 70–75 km region
cannot be explained by the chemical loss due to the enhanced
NOx cycle.

At 50 km where the dynamical time constant also be-
comes as long as a month, the influence of an enhanced NOx

cycle is expected to appear in the O3 density profiles al-
though the effective sunlit duration decreases due to atmo-
spheric attenuation. According to the limited ability of the
measuring technique, NO densities below 70 km were not
obtained in the present experiments. The O3 densities
measured by the S310.22 experiment in February are larger
than those of the S310.23 experiment in November by
factors of 1.3, 2.4 and 2.1 at 40, 50 and 60 km, respectively,
although the sunlit duration was longer in the former than in
the latter. This seems to suggest that the NOx cycle is still
less important in destructing O3 in the 40–60 km region than
dynamical processes even in February although NO densi-
ties are not available below 70 km. The larger O3 densities
in February than in November are also seen in CIRA:1986
model, but the ratios (1.1 at 40 km and 1.4 at 50 km) are
closer to unity than that of the present measurements
(CIRA:1986 model is not available at 60 km in November).
The total number densities of air are also larger in February
than in November by 12%, 15% and 13% at 40, 50 and 60
km, respectively. According to theoretical predictions the
most important part of O3 destruction occurs after the spring
equinox after the enhanced NO is transported downward
enough into the stratosphere. The present experiment per-
formed one month prior to the spring equinox did not find
any evidence of such chemical influence of the auroral NO
on the O3 distribution in the stratosphere.

5.  Conclusion
In the winter polar mesosphere where satellite measure-

ment of NO is absent, NO densities of (2–5) × 108 cm–3 were
found just before and after the polar night as predicted by
several model simulations. In the 70–90 km region the
measured NO densities exceed those of a mid-latitude model
by one to two orders of magnitude. The behavior of the
enhanced NO density distributions are found to agree semi-
quantitatively with a 1D model including auroral processes
by Siskind (1994). Even under such enhanced NO densities
in the 70–90 km region, O3 destruction by the NOx cycle is
found to still be much slower than that of dynamics in the
middle of February, one month after the end of the polar
night and one month prior to the equinox. The fact that the
O3 densities in the 40–60 km region found in February are
larger than those found in November again suggests pre-
dominance of dynamics over chemistry even in February in
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this height region where the time constant for O3 destruction
by the NOx cycle is expected to become close to that of
dynamics. The influence of downward NO transport from
the mesosphere on the stratospheric O3 chemistry could not
be confirmed. The next experiment should be performed in
the most critical instance, the spring equinox period.
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