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Abstract. In this paper we present evidence of enhanced
N2O concentrations in the upper stratosphere/lower meso-
sphere polar regions after the solar proton events that oc-
curred during October–November 2003. The observations
were performed by the MIPAS instrument on the Envisat
satellite. Simulations performed using the Canadian Middle
Atmospheric Model (CMAM) show that such enhancements
are most likely produced by the reaction of N(4S) with NO2,
both of which species are largely enhanced just after the so-
lar proton events in the winter polar night.

1 Introduction

Nitrous oxide is the main precursor of active nitrogen in
the middle atmosphere. Its major sources, both natural and
man-made, originate at the surface, and it is transported
into the stratosphere, where photo-dissociation by solar UV
is its major sink and where its reaction with O(1D) leads
to the formation of chemically active nitrogen species like
NO2 and NO. Hence it indirectly plays a major role in
controlling atmospheric ozone abundance through the NOx
(NOx=NO+NO2) ozone-destroying catalytic cycle (Brasseur
and Solomon, 2005).

It has been widely reported that solar proton events (SPEs)
have significant effects on the composition of the strato-
sphere and mesosphere in the polar regions (e.g.,Jackman
and McPeters, 2004, for a recent review). The major ef-
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fects have been found to be significant enhancements in HOx
(H+OH+HO2) and NOx (NO+NO2), followed by large de-
pletions of O3 in these atmospheric regions.

In recent years, there have been two large solar proton
events (October–November 2003 and January 2005) (Jack-
man et al., 2008) which have been intensively observed by
several instruments on different satellite platforms, includ-
ing, for example, NOAA 16 SBUV/2 and HALOE data
(Jackman et al., 2005a,b; Randall et al., 2005); MIPAS, GO-
MOS and SCIAMACHY on Envisat (Sepp̈alä et al., 2004;
López-Puertas et al., 2005a,b; von Clarmann et al., 2005; Or-
solini et al., 2005; Rohen et al., 2005); and MLS on AURA
(Verronen et al., 2006). In particular, during late October and
early November 2003, three active solar regions produced
solar flares and solar energetic particles of extremely large
intensity, the fourth largest event observed in the past forty
years (Jackman et al., 2005a, 2008). Some of the Geostation-
ary Operational Environmental Satellite (GOES)-11 instru-
ments measured very large fluxes of highly energetic protons
(e.g.,López-Puertas et al., 2005a). The protons are guided
by the Earth’s magnetic field to both polar regions (geomag-
netic latitudes>60◦), where they penetrate down to∼87 km,
if their energy is>1 MeV, or even down to∼30 km, if their
energy is>100 MeV (Jackman et al., 2005a).

During and after this solar proton event, the MIPAS in-
strument observed global changes (e.g. in both the North-
ern and Southern polar regions, during day and nighttime) in
the stratospheric and lower mesospheric composition. This
includes enormous enhancements in NOx, e.g., in NO and
NO2, and large depletions in O3 (López-Puertas et al., 2005a)
as well as significant changes in other NOy species, such as
HNO3, N2O5, ClONO2 (López-Puertas et al., 2005b). In
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addition, there also have been observed changes in ClO
and HOCl, as evidence of perturbations by solar protons on
the HOx and chlorine species abundances (von Clarmann et
al., 2005).

However, to our knowledge, no solar-proton-event in-
duced changes in N2O concentration have so far been re-
ported. A paper on the production and transport of N2O
by auroral electron precipitation seen by the Fourier trans-
form spectrometer on SCISAT-1 has just been submitted by
Semeniuk et al. (2008). One should expect this species to
be enhanced also if sufficient atomic nitrogen and NO2 is
available after the solar proton event in the polar night upper
stratosphere and lower mesosphere. The aim of this paper is
to report the enhanced N2O concentration observed by MI-
PAS during the October–November 2003 solar proton event
and to explain the reason for it using modeling calculations
by the Canadian Middle Atmospheric Model (CMAM).

2 MIPAS measurements

MIPAS is a limb emission Fourier transform spectrometer
designed for the measurement of trace species from space
(Fischer and Oelhaf, 1996; ESA, 2000; Fischer et al., 2008).
It is part of the instrumentation of the Environmental Satellite
(ENVISAT) which was launched into its sun-synchronous
polar orbit of 98.55◦ inclination at about 800 km altitude on
1 March 2002. MIPAS operated from July 2002 to March
2004 at full spectral resolution of 0.035 cm−1 (unapodized)
in terms of full width at half maximum and with reduced
resolution since August 2004. MIPAS observes the atmo-
sphere during day and night with global coverage from pole
to pole. Within its standard observation mode at full spectral
resolution, MIPAS covers the altitude range from 68 down
to 6 km with tangent altitudes at 68, 60, 52, 47, and then
at 3 km steps from 42 to 6 km. Occasionally, MIPAS also
operates in several upper atmospheric modes scanning up
to 170 km. The field of view of MIPAS is 30 km in hori-
zontal and approximately 3 km in vertical direction. MIPAS
passes the equator in southerly direction at 10.00 am local
time, 14.3 times a day. During each orbit up to 72 limb scans
are recorded. The Level-1b processing of the data (version
4.61/62 was used here), including processing from raw data
to calibrated phase-corrected and geolocated radiance spec-
tra, is performed by the European Space Agency (ESA) (Nett
et al., 1999, 2002).

The retrieval of N2O abundances was performed with
the IMK-IAA data processor (von Clarmann et al., 2003a),
which is based on a constrained non-linear least squares al-
gorithm with Levenberg-Marquardt damping and line by line
radiative transfer calculations with the Karlsruhe Optimized
and Precise Radiative Transfer Algorithm (KOPRA) (Stiller
et al., 2000). The first step in the L2 processing was the
determination of the spectral shift, followed by the retrieval
of temperature and elevation pointing (von Clarmann et al.,

2003b), where pressure is implicitly determined by means of
hydrostatic equilibrium. The retrieval of volume mixing ra-
tio (vmr) profiles of species was carried out in the following
order: O3, H2O, HNO3, and then CH4 and N2O simultane-
ously. The results of the species retrieved first are then used
in the retrievals of the subsequent species.

The N2O vmr was retrieved from the MIPAS spectra
around 1284.9 cm−1, where theν1 band of N2O is lo-
cated (Glatthor et al., 2005). The retrievals were performed
from selected spectral regions (micro-windows) which vary
with observation geometries in order to optimize compu-
tation time and minimize systematic errors (von Clarmann
and Echle, 1998). Thus, height dependent combinations of
micro-windows were selected with a trade-off between com-
putation time and total retrieval error. The retrieval noise
error in the N2O vmr for unperturbed conditions (i.e., not
during solar proton events) is typically 3% at 10–44 km and
22% at 50 km. The errors induced by interfering species un-
certainties (mainly CH4) are implicitly taken into account in
the noise error of N2O and are smaller than 1% (Glatthor
et al., 2005). The systematic errors for N2O comprise the
uncertainties in temperature, interfering species abundances,
pointing, spectral data, and calibration; and are about 10-
30%. The total error has been computed by the square root
sum of all systematic and random error components plus
model errors (non-LTE). It varies between 10 and 20% at
10–35 km and is about 30% between 35–50 km (Glatthor et
al., 2005).

The resulting vertical resolution was typically about 4 km
in the altitude range 15–40 km and decreased to more than
10 km below and above this region. More details on the N2O
retrieval strategy can be found inGlatthor et al.(2005). For
a profile of the enhanced N2O during the SPE (typical of the
data shown here) the noise error is about 0.2 ppbv (smaller
than 5%) at 50–75 km. However, the vertical resolution is
rather sparse with values of 8-15 km above 52 km. This study
is focussed mainly on MIPAS data from 25 October to 22
November 2003, which were retrieved by the IMK-IAA pro-
cessor (data version V3ON2O 12) from Level-1b data ver-
sion 4.61/62.

In addition to N2O we also use MIPAS data for NO2.
MIPAS IMK/IAA retrievals are performed generally for se-
lected episodes of scientific interest and the NO2 data ana-
lyzed here span over two of those periods, (26 and 29 Oc-
tober, 1, 2, 5, 11, 18 and 21 November) and (30 and 31
October, 3, 4, 8, 9, 10, 15, 16, 17, 20 and 22 November),
with versions V3ONO2 9 and V3ONO2 11, respectively.
The differences between these two versions are very small in
the regions studied, however, they are significantly improved
compared to the previously published data inLópez-Puertas
et al.(2005a).
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2.1 N2O Enhancement in polar regions

Figure1 shows the temporal evolution of the N2O distribu-
tion at an approximate altitude of 58 km in the Northern polar
Hemisphere (40◦N–90◦N) for the period of 26 October to 11
November 2003, i.e., from two days before the major solar
proton events (SPEs) until about ten days after them (note
that some days are not shown). We have included only night-
time data because the production mechanism proposed (see
below) operates only at nighttime and this is when we ob-
served the larger enhancements.

A large increase in the N2O abundance is observed at polar
latitudes reaching values of about 9 ppbv at 58 km after the
SPEs. This coincides with the latitudes where solar protons
penetrate into the atmosphere, that is, in the polar cap regions
(approximately at>60◦ geomagnetic latitude). Note the con-
trast between the distribution on 26 October, before the SPEs,
and on 29 October and following days, during and after the
SPEs. Maximum N2O abundances are observed during the
first few days of the SPEs (on 30 October until 2 November),
when the larger proton fluxes took place (see Fig. 1 inLópez-
Puertas et al., 2005a). We also observe that the enhancement
in N2O concentration lasts until 22 November (see Fig.6a)
when the enhancement is still above 2 ppbv and moved to
lower altitudes.

The energetic charged particles (protons and associated
secondary electrons) collide with and dissociate N2, thus pro-
ducing atomic nitrogen and, subsequently, odd nitrogen in
the forms of NO and NO2 through reactions:

N + O2 → NO + O, (R1)

and the further oxidation of nitric oxide through

NO + O3 → NO2 + O2. (R2)

The generation of N(4S) can also lead to a reduction in
odd nitrogen (NOy) via

N(4S) + NO → N2 + O. (R3)

This NOy loss mechanism thus limits the buildup of NOx
and is important especially during large SPEs, when a huge
amount of NOy is produced in a short time (Rusch et al.,
1981). However, as a net effect, SPEs will result in an in-
crease in NOy constituents.

For reasons discussed below, we think that the N2O en-
hancement shown in Fig.1 is produced from the enhance-
ments in N(4S) and in NO2 followed by the reaction

N(4S) + NO2 → N2O + O, (R4)

which is effective only during nighttime conditions since
NO2 is rapidly dissociated in the sunlight, e.g.,

NO2 + hν → NO + O. (R5)

Thus, the condition required for producing N2O in the up-
per stratosphere is to have sufficient amounts of atomic nitro-
gen N and NOx under dark conditions, which is well fulfilled

when solar proton events occur in the dark polar winter re-
gion.

To verify this hypothesis we have investigated the spatial
correlation between N2O and NO2, which indeed is very pro-
nounced for the period under investigation (Figs.1and2) and
thus supports our explanation. As a further check for the rela-
tionship between N2O and NO2 enhancements, Fig.3 shows
correlation plots for both species for a few days, covering
all latitudes in the Northern Hemisphere for altitudes span-
ning approximately 40 to 60 km. These figures clearly show
two different groups of data. One very compact cloud (see
Fig.3a), with a steep slope, spanning over all latitudes, which
corresponds to the N2O/NO2 correlation before the SPEs;
and a second one, less compacted and with a smaller slope,
comprising data from high latitudes only, which corresponds
to the region and time affected by the SPEs (Fig.3b–c). Note
that the latter figures also show the compact N2O/NO2 cloud
which corresponds to the mid- and low-latitude data mea-
sured during these days. These results then suggests that
N2O during SPEs is produced from NO2, and the mechanism
is of different nature than for non-SPE conditions.

The altitude/latitude distribution of the enhancement is
shown in Fig.4 for four days, one just before the SPEs
and three days after these events. The sudden appearance
of the N2O enhancement after the SPE on 29 October, de-
limited to latitudes northward of 60◦ and at altitudes above
around 40 km, is clearly evident in the top right panel. The
other panels of the figure show that the enhancement persists
for the following few days, being slightly diluted and de-
scended downwards. Note that these distributions of N2O are
also very closely correlated with those for NO2 (see Fig.5),
thus further supporting the production mechanism discussed
above.

There is also an indication of enhanced N2O on 26 Oc-
tober (Fig.4a), just before the SPEs. This seems to be re-
lated to energetic electron precipitation (EEP) and is consis-
tent with a corresponding enhancement in NO2 (see Fig.5a).
This small enhancement in N2O, as well as that appearing
in late November (see next section), are not the focus of this
work but are discussed in detail by Funke et al. (2008).

2.2 Temporal evolution of the N2O enhancement

Figure6a shows the temporal evolution of zonal mean N2O
in the Northern polar cap (latitudes polewards of 70◦ geo-
graphic) for nighttime conditions. The maximum enhance-
ment took place at 50–55 km on 30–31 October (day of
year (doy) 303–304) just after the first major SPE that came
about on 29 October. Another enhancement occurred on
3–4 November (doy 307–308), following another major in-
crease in the high-energy solar proton flux (see Fig. 1 in
López-Puertas et al., 2005a). A weaker enhancement is also
observed around 60 km near the end of this period (18–22
November, doy 324–326). This enhancement seems not
to be related to solar proton events. Although a smaller

www.atmos-chem-phys.net/8/3805/2008/ Atmos. Chem. Phys., 8, 3805–3815, 2008
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Fig. 1. Northern Hemisphere distributions of N2O (in ppbv, parts per billion by volume) for days from 26 October to 11 November 2003 at an
altitude of 58 km. Only nighttime data is included. Contours are zonally smoothed within 700 km. Individual measurements are represented
by white symbols.
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Fig. 2. As Fig.1 but for NO2.
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Fig. 3. Correlation plots of N2O versus NO2 for the Northern Hemisphere for days 26 October (before the SPE) and 3 and 10 November
(after the SPE). The color code indicates the latitudes, ranging from the equator (dark blue) until North pole (orange). The data included
comprise altitudes from a potential temperature of 2000 K (∼40 km) to 3000 K (∼60 km). Only nighttime data is included.

SPE took place on 22–25 November the ionization rates due
to protons calculated byJackman(2007b) for these days
were about three orders of magnitude lower than for 30–
31 October. Also, this N2O enhancement already started
on 18 November, a few days before this secondary SPE
occurred. This weaker enhancement, however, seems to
be correlated with the onset of the polar winter descent of
NOx from the mesosphere-lower thermosphere (MLT) re-
gion which took place in the second half of November and
made available sufficient NO2 during nighttime below ap-
proximately 70 km (see Fig.7a). Atomic nitrogen, also re-
quired for N2O formation, has a too short chemical life-
time to be transported downward from the MLT region, but
it could be produced by the high-energy electron precipita-
tion (EEP) taking place at that time. Indeed, fluxes of elec-
trons with energies>100 keV (able to penetrate down to
70 km) measured by the MEPED instrument on NOAA 16
(http://poes.ngdc.noaa.gov/data/avg/) were significantly in-
creased on 16 and 20 November.

The temporal evolution of N2O in the Northern Hemi-
sphere (Fig.6a) shows also that N2O-rich air masses were
descending from around 50 km to∼ 43 km during Novem-
ber. This descent is also observed in the temporal evolution
of NO2 (Fig. 7a) and is related to the polar winter descent of
the meridional circulation.

Smaller N2O enhancements have also been observed in the
Southern Hemisphere (not shown here) but with significantly
lower mixing ratios (just∼1–1.2 ppbv). These smaller en-
hancements in the sunlit Southern Hemisphere polar cap are
expected due to less available NO2 during daytime condi-

tions (see Fig. 4a inLópez-Puertas et al., 2005a). The tem-
poral evolution of N2O in the Southern Hemisphere shows, in
contrast to the Northern Hemisphere, a small upward motion
which can also be explained by the meridional circulation
pattern in this period.

3 Modelling

We have also investigated N2O production by the 2003 SPEs
using the Canadian Middle Atmosphere Model (CMAM).
CMAM is a chemistry climate model with a comprehen-
sive set of physical parameterizations and chemistry pack-
age. The model chemistry takes into account 102 gas phase,
37 photolysis and 12 heterogeneous reactions on type Ib and
II polar stratospheric clouds (de Grandpŕe et al., 2000). For
the simulations conducted here the model chemistry was ex-
tended to include Reaction (R4) and the additional branches:

N(4S) + NO2 → NO + NO (R6)

N(4S) + NO2 → N2 + O2. (R7)

Based on multiple simulations, it was decided to ascribe 50%
of the reaction rate to the primary branch (R4) and 25% to
each of the secondary branches (R6 andR7). This split is
not excluded by the laboratory work used to determine the
reaction rate (Wennberg et al., 1994) and without it the N2O
production is too high for a given amount of NO2.

The October–November 2003 SPEs production of NOx,
HOx and atomic oxygen based on vertical profiles of hourly

Atmos. Chem. Phys., 8, 3805–3815, 2008 www.atmos-chem-phys.net/8/3805/2008/
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Fig. 4. Zonal mean cross sections of N2O (in ppbv) in the Northern Hemisphere for the days 26 and 30 October(a, b)and 5 and 11 November
(c, d)2003 measured in nighttime conditions. The enhancement of N2O at high latitudes above 40 km is evident in panels b-d. White areas at
highest altitudes represent MIPAS measurements with no information and those at the lowest altitudes near the tropics denote values outside
of the color scale range.

ion pair production rates derived from NOAA GOES-11 ob-
servations of proton fluxes was implemented as inSemeniuk
et al.(2005). However, here we use a new chemistry solver
that is fully implicit without any approximation to the Jaco-
bian matrix. Ground state atomic nitrogen is not assumed to
be in photochemical steady state. We carried out one simu-
lation where Reaction (R4) and its branches were turned off
and one simulation where they were active.

The run performed without including Reaction (R4) shows
very little N2O above∼40 km (due to descent during this
time of the year). When this reaction is included, however,
the model predicts a significant enhancement for N2O (see
Fig. 6b and c). The values computed by the model (Fig.6b)
look, in a first instance, significantly larger than those mea-
sured by MIPAS (Fig.6a) and with the peak values situated
at about 5–10 km higher. We mentioned before that MIPAS
measurements have a rather sparse vertical resolution at these
altitudes. Hence, for meaningful comparisons, the MIPAS
averaging kernels have to be applied to model results. This

is shown in Fig.6c, where we show the model predictions
as would have been measured by MIPAS. In general, there
is a good agreement with the measurements (panel a), both
in the magnitude of the enhancement and in the altitude of
its peak; with the model overestimating the measurements in
only about 1–2 ppbv (20–30%) in the 55–70 km region. The
model also simulates well the double peak in the temporal
evolution of the enhancement, corresponding to the two ma-
jor SPEs on 29 October and 3–4 November, and the dilution
and slow descent of the N2O increase during the following
days. This then confirms our hypothesis about the origin of
the N2O enhancement. The model does not show the weaker
enhancement on 18–20 November at about 60 km, since this
is likely produced by EEPs, and subsequent downward trans-
port, which are not modeled in the results shown here.

As a further check of the mechanism, we compared the
measured and modeled values for NO2, one of the precur-
sors of the N2O, during this period. The results are shown
in Fig. 7a and b for MIPAS and the model, respectively. As
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Fig. 5. As Fig.4 but for NO2.

has been discussed in the introduction, and shown in Figs.2
and5, NO2 increased significantly during these SPEs. Fo-
cusing on the first few days after the SPEs, the figure shows
that measured and modeled NO2 are in rather good agree-
ment. The model predictions for NO2 are generally smaller
than the measurements by about 10–30% below about 55 km,
and larger by a similar amount in the 55–70 km region. This
model overestimation in the 55–70 km region for NO2 is sim-
ilar to that for N2O of about 20–30% (see above) and sug-
gests that this is the reason for the overestimation of N2O.
The fact that model-measurements differences are similar in
both species and take place in the same regions further sup-
ports the proposed production mechanism for N2O.

Large values of NO2 seen by MIPAS above 60 km are no-
ticeable in Fig.7a starting on 8 November (doy 312) and
mainly after 16 November (doy 320). This enhancement is
attributed to a strong descent of mesospheric air, very rich
in NOx, which was produced by energetic electron precipita-
tion in the mesosphere and with some possible local contri-
bution by EEPs (see, e.g.,López-Puertas et al., 2006). This
NOx-production mechanism is not included in the current
model runs. Note that MIPAS N2O also exhibits a weak en-

hancement in this region and time (see Fig.6a), which is not
present in the model run because of insufficient NO2 and lack
of high-energy electron precipitation. The detailed study of
these N2O and NO2 enhancements are, however, beyond the
scope of this paper.

As a final remark, we should note that the small enhance-
ment of 1–1.2 ppbv in the Southern Hemisphere is also con-
sistent with the N2O production mechanism proposed here.
Peak averaged NO2 values in the Northern Hemisphere are
about 80 ppbv (Fig.7a) while the enhancement in the SH (not
shown here) is about 15 ppbv. The NH/SH ratio for NO2 is
about a factor of 5–6, very similar to the NH/SH ratio for
N2O of (6–7)/(1–1.2). In that sense, CMAM predictions for
the Southern Hemisphere are also very similar to those mea-
sured with peak averaged enhancements ranging from 1 to
1.5 ppbv.

Atmos. Chem. Phys., 8, 3805–3815, 2008 www.atmos-chem-phys.net/8/3805/2008/



B. Funke et al.: N2O enhancement during solar proton events 3813

a)

300 305 310 315 320 325
Day of 2003

40

50

60

70

80

A
lti

tu
de

 (
km

)

1

1

1

1

2

2

2 2

2 2

2

3

3

3
3

3 3

4

4

4

5
6

      
 

 

 

 

 

 

0

2

4

6

8

10

b) c)

300 305 310 315 320 325
Day of 2003

40

50

60

70

80

A
lti

tu
de

 (
km

)

1

1

1

1 1

2

2

2

2

2

2

2

2

2

3

3
3

3

3

3

4
4

4

5
5

6

6 6

7

7

8
9

      
 

 

 

 

 

 

0

2

4

6

8

10

300 305 310 315 320 325
Day of 2003

40

50

60

70

80

A
lti

tu
de

 (
km

)

0

11

1
1

1

2
2

2
2 2

2

3

3

3

3

4

4

5
6

67 8

      
 

 

 

 

 

0

2

4

6

8

10

Fig. 6. Time series of N2O abundance (in ppbv) after the solar proton events of October–November 2003 for the Northern Hemisphere
polar cap (70–90◦ N) during nighttime conditions.(a) MIPAS measurements; where white areas at highest altitudes represent MIPAS
measurements with no information and the vertical white bands represent days with no processed data. Lower panels: Simulations by the
Canadian Middle Atmosphere Model without(b) and with(c) application of the averaging kernels of the MIPAS retrievals.

a) b)

300 305 310 315 320 325
Day of 2003

40

50

60

70

80

A
lti

tu
de

 (
km

)

5

10

20

20

30

30

30

40

40

40

40

40

50

50

50

50

50
50

50

60

60

60

60

60

60

80

80

80

80

90

90

90

120

120

      

 

 

 

 

 

20

40

60

80

100

300 305 310 315 320 325
Day of 2003

40

50

60

70

80

A
lti

tu
de

 (
km

)

5

5

5

5

5

10
10

10

10

20

20

20

20

20

20

30

30 30

30

35

35

35

35

40

40

40

50

50

50

60 60

70

      
 

 

 

 

 

 

0

20

40

60

80

100

Fig. 7. Time series of NO2 abundances (in ppbv) after the solar proton events of October–November 2003 for the Northern Hemisphere polar
cap (70–90◦ N) at nighttime conditions as measured by MIPAS(a) and modeled by the Canadian Middle Atmosphere Model (CMAM)(b)
with application of the averaging kernels of MIPAS retrievals. The vertical white bands in panel (a) represent days with no processed data.
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4 Summary and conclusions

We have shown in this paper the first evidence of enhanced
N2O concentrations in the upper stratosphere/lower meso-
sphere polar regions after solar proton events. In particu-
lar we show the enhanced N2O in the Northern Hemisphere
polar cap after the SPEs that occurred during October–
November 2003. The observations were performed with the
MIPAS instrument on the Envisat satellite and show that
N2O was enhanced by about 5 ppbv in the upper strato-
sphere/lower mesosphere Northern polar cap. Simulations
performed using the Canadian Middle Atmospheric Model
(CMAM) show that such enhancements can be produced by
the reaction of N(4S) with NO2, both of which species are
largely increased just after the solar proton events in the po-
lar night.

Such N2O enhancement requires a condition which is
rarely present in the upper stratosphere: the simultaneous
presence of atomic nitrogen, N, and high amounts of NO2,
a condition which is met when solar proton events come up
under polar night conditions. High-energy electron precip-
itation is also capable of producing atomic nitrogen in the
middle mesosphere, and might then represent a continuous
source of atmospheric N2O in the polar night regions in the
upper mesosphere, which can occasionally descend to the
stratopause region (Semeniuk et al., 2008??; Funke et al.,
2008).

N2O is almost completely produced at the surface by
both natural and anthropogenic sources. The mechanism
presented here represents an additional natural atmospheric
source of N2O. Its investigation in the future is therefore of
high importance.
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