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Abstract. N2>O abundances ranging from 0.5 to 6 ppbv were 1 Introduction

observed in the polar upper stratosphere/lower mesosphere

by the MIPAS instrument on the Envisat satellite during Nitrous oxide is the main precursor of odd nitrogen in the
the Arctic and Antarctic winters in the period July 2002 to Middle atmosphere. Its major sources, both natural and man-
March 2004. A detailed study of the observedONCH, made, are located at the surface from where it is transported
correlations shows that such enhancements cannot be efato the stratosphere. Photolysis by solar UV is its major sink
plained by dynamics without invoking an upper atmosphericand the reaction with @D) leads to the formation of NO.
chemical source of pO. The NO enhancements observed Due to its long chemical lifetime and the apparent ab-
at 58km occurred in the presence of N@trusions from  sence of sources in the middle atmosphergONs an ex-

the upper atmosphere which were related to energetic parcellent tracer for stratospheric transport processes. In par-
ticle precipitation. Further, the inter-annual variability of ticular, correlations of observed® abundances with other
mesospheric BD correlates well with observed precipitat- tracers such as C+br CFCs have been widely used in trans-
ing electron fluxes. The analysis of possible chemical pro-Port studiesiichelsen et al.1998a Plumb et al.200Q Ray
duction mechanisms shows that the major part of the ob£t al, 2002.

served NO enhancements is most likely generated under Recently, howeverfFunke et al.(2008 reported polar
dark conditions by the reaction of NQwith atomic nitro-  Stratospheric and mesospherig@ enhancements in the
gen at altitudes around 70-75 km in the presence of energetitorthern Hemisphere (NH) in the aftermath of the large solar
particle precipitation (EPP). A possible additional source ofpProton event (SPE) which took place in October—November
N>O in the middle and upper polar atmosphere is the reac2003. These O enhancements were attributed to chemical
tion of No(A3%;H), generated by precipitating electrons, with production of NO by

Oz, which would lead to NO production peaking at alti- NO, + N(*S) — N,O + O. (R1)
tudes around 90-100 km.o® produced by the latter mecha- .

nism could then descend to the mesosphere and upper strato-BOth species (N@and N(‘S)) were largely enhanced as
sphere during polar winter. The estimated fraction of EPP-& cOnsequence of ionization caused by solar protSesne-
generated b to the total stratospheric® inside the polar  Niuk et al.(2008 reported polar mesospherie® enhance-
vortex above 20 km (30 km) never exceeds 1% (10%) duringments in the NH observed_by the Fourier Tr_ansform Spec—
the 2002-2004 winters. Compared to the global amount offometer on SCISAT-1 during February-April 2004 which

stratospheric O, the EPP-generated contribution is negli- Were also attributed to the reaction of N@nd atomic ni-
gible. trogen. Since no major SPE occurred in this period, these

authors assumed that enhanced N abundances, required for
the formation of NO, were generated by ionization caused
by auroral electron precipitation.

An alternative production mechanism of middle and upper
atmospheric NO was proposed b¥ipf and Prasaq1980:
i.e., metastable ﬁ{A3E,j) is produced by electron impact

Correspondence tdB. Funke during auroral substorms and reacts witht®form N,O:
m (bernd@iaa.es) N2(A3SH) + 0 — N2O + O. (R2)
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In accordance with laboratory measuremeipf 1980, developed and operated by the Institute of Meteorology and
these authors considered an efficiency of 0.6 to forg®N Climate Research (IMK) in Karlsruhe together with the Insti-
by the reaction of I}I(A3Eu+) with molecular oxygen, which  tuto de Astrofsica de Andaluia (IAA) in Granada. This data
would then result in production of enormous amountsg®N  processor is based on a constrained non-linear least squares
around 90-100 km during geomagnetic perturbations. How-algorithm with Levenberg-Marquardt damping and line by
ever, the observation of such a high efficiency for producingline radiative transfer calculations with the Karlsruhe Opti-
N2O by ReactionR2), initially reported byZipf (1980, has  mized and Precise Radiative Transfer Algorithm (KOPRA)
not been confirmed by other groups, and the branching rati¢Stiller et al, 2002. The first step in the L2 processing is the
for this channel is probably less than 0.@ (Sousa et gl.  determination of the spectral shift, followed by the retrieval
1985 lannuzzi et al.1982). of temperature and elevation pointingpq Clarmann et a|.

Here, we report upper stratospheric and mesosphefi N 2003, where pressure is implicitly determined by means of
enhancements observed by the Michelson Interferometer fohydrostatic equilibrium. The retrieval of volume mixing ra-
Passive Atmospheric Sounding (MIPAS) instrument on En-tio (vmr) profiles of species is carried out in the following
visat in polar winters during 2002-2004. In Se2t.we  order: G, H,O, HNO;z, and then Clj and NO simultane-
present the observed spatial distributions of polar wintgdN ously. The results of the species firstly retrieved are used
and their temporal evolution. The chemical origin of thesein the retrievals of the subsequent species. Th® Nmr
N,O enhancements is demonstrated in S&dty means of is retrieved from the MIPAS spectra around 1284.9¢m
an analysis of BO-CH, tracer-tracer correlations, and pos- where the y band of NO is located Glatthor et al. 2005.
sible production mechanisms are discussed in Sect. The retrievals are performed from selected spectral regions

(micro-windows) which vary with tangent altitudes in order
to optimize computation time and minimize systematic errors
2 MIPAS observations and data analysis (Echle et al.2000. Thus, height dependent combinations of
micro-windows were selected with a trade-off between com-
MIPAS is a limb emission Fourier transform spectrometer putation time and total retrieval error. The retrieval noise
designed for the measurement of trace species from spacgrror in the NO vmr is typically 3% at 10-44 km and 22%
(Fischer and Oelhafl996 European Space Agencg00Q at 50km. The total error varies between 10 and 20% at 10—
Fischer et al.2008. It is part of the instrumentation of 35km and is about 30% between 35-50 Kalatthor et al.
the Environmental Satellite (ENVISAT) which was launched 2009. The resulting vertical resolution was about 4 kmin the
into its sun-synchronous polar orbit of 98°3% inclination  altitude range 15-40km and decreased to more than 10 km
at about 800 km altitude on 1 March 2002. ENVISAT passesbelow and above this region. More details on thgONre-
the equator in southerly direction at 10.00 a.m. local timetrieval strategy can be found {Blatthor et al(2005.
14.3 times a day. MIPAS operated from July 2002 to March  Two data sets with different retrieval versions are used in
2004 at full spectral resolution of 0.035 ch(unapodized)  this study: The first one includes® and CH, data versions
in terms of full width at half maximum and has resumed op- V30_N20_8.0 and V3QCH4.8.0 (in the following referred
eration with reduced resolution, after an instrument failure,as V3Q8.0) and covers 45 days between 13 September 2002
since August 2004. MIPAS observes the atmosphere duringind 21 October 2003. The second one (VR@0_12.0 and
day and night with global coverage from pole to pole. Within V30_CH4.12.0, in the following referred as V3@2.0) was
its standard observation mode at full spectral resolution, MI-derived with an updated retrieval version and includes 54
PAS covers the altitude range from nominally 68 km down to days between 9 September 2003 and 25 March 2004. The re-
6 km with tangent altitudes at 68, 60, 52, 47, and then at 3 knirieval updates applied to the latter data set include a weaker
steps from 42 to 6 km. Occasionally, MIPAS also operates inregularization of NO at altitudes above 45km in order to
several upper atmospheric measurement modes scanning @shieve a more realistic shape of the retrieved profiles in the
to 170 km. The field of view of MIPAS is 30 km in the hor- presence of extraordinary mesospherigONenhancements
izontal and approximately 3km in the vertical. During each such as those found in the aftermath of the 2003 “Halloween”
orbit up to 72 limb scans are recorded. The Level-1b processSPE and the Arctic winter 2004. It should be noted, however,
ing of the data (version 4.61/62 was used here), includingthat above 60 km, retrieved profiles of enhance®Nend to
processing from raw data to calibrated phase-corrected antle low-biased in both data sets due to the regularization. In
geolocated radiance spectra, is performed by the Europeatonsequence, the peak altitudes of the derived mesospheric

Space Agency (ESANett et al, 1999 2002). N20O enhancements could appear lower than in reality.
In order to analyze the retrieved trace gas profiles in a dy-
2.1 Analysis of IMK/IAA-generated BO data namical context, potential vorticity data from the European

Centre for Medium-Range Weather Forecasts (ECMWF)
Data presented and discussed in this section are vertical pranalysis has been used for the representation x8 End
files of abundances of /0 and CH retrieved with the scien- CH, data in equivalent latitudes as described\tash et al.
tific IMK-IAA data processor yon Clarmann et al.20033 (1996.
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Fig. 1. Potential temperature-equivalent latitude daily mean cross sectiong®{lIiift) and CH, (right) vmr retrieved by IMK/IAA for the

NH for 8 December 2002 (top), SH for 8 June 2003 (middle), and NH for 9 February 2004 (bottom). Data versions used &i@ (%g0D

and middle) and V3Q2.0 (bottom). Mean geometric heights are indicated by dotted white lines. Note the different scale in the bottom left
panel.

Figure 1 shows potential temperature-equivalent latitude tudes. The corresponding GHistributions show generally
daily mean cross sections of,®@ and CH vmr on repre-  low vmr values at the B peak positions which are typical
sentative days in the NH winter 2002/2003, SH winter 2003,for polar winter descent of mesospheric air. Further, lowest
and NH winter 2003/2004. Mesospheric polar wintetGN  CH4 vmrs appeared on 9 February 2004 when highe€d N
enhancements are clearly visible during all days, being mosamounts were observed. This anti-correlation of,Gihd
pronounced at equivalent latitudes higher thaf. 6Their N>O at high latitudes cannot be explained by dynamics with-
magnitudes, however, vary significantly, reaching 0.8, 1.7,out invoking an upper atmospheric chemical source gON
and 10 ppbv on 8 December 2002, 8 June 2003, and 9 FebruFhe latitudinal extension of the mesospherisNlayer is
ary 2004, respectively. The peak altitudes of the retrievedmuch narrower in February 2004 than in the other winters,
N2O enhancements are located around 60 km. Due to regshowing a pronounced gradient at’®0 equivalent latitude
ularization effects in the retrieval, however, it cannot be ex-and background pD abundances at lower latitudes. A strong
cluded that the true peak altitudes are located at higher altigradient is also found in the CHilistributions, although with
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these small MO enhancements are of chemical or dynamical
origin. The apparent descent visible in the temporal evolu-
tion of NoO and CH abundances during the following po-
lar summer (i.e. December to April) is originated by photo-
chemical losses of both species involving photolysis and re-
actions with OH and GQ). Later on, a tongue of enhanced
CHg4 can be seen, localized around 60 km in March and de-
scending to 30 km in July/August. These g£éhhancements
were generated by an accelerated Brewer-Dobson circulation
with strong poleward transport of tropical air masses rich
in CH4 preceding the downward motion during polar win-
ter. The temporal evolution of XD shows a similar behav-
ior, though transport-generate® enhancements are less
pronounced at altitudes above 50 km compared to the cor-
responding CH distributions. During June—August 2003,
three NO peaks reaching values higher than 1 ppbv show up
at altitudes around 55—-65 km while GMmrs were generally
low due to polar winter descent. As already seen in th® N
zonal mean distributions on 8 June, thes®©Nbeaks are most
likely related to chemical production. From August until the
final breakup of the polar vortex in October, gebundances
started to increase above 40 km due to stronger mixing across
a weakened vortex boundaryunke et al.2005. These in-
trusions of tropical air into the polar regions makes it more
§ ‘ N3 difficult to distinguish whether mesospherieg® enhance-
030ct 0 Dec 03Feb 01 Apr 01Jun 01 Aug 01 Oct ments in August and September are related to chemistry or
2002 2002 2003 200 2003 2003~ 2003 to transport.
The temporal evolution of mean® and CH abundances

Fig. 2. Temporal evolution of BO (top) and CH (bottom) VMR withiq 70-90 N equivalgnt latitudes are shown in Fig.
retrieved by IMK/IAA (Versions V308.0) averaged over equiva- (Versions V3Q8.0 covering September 2002 to November

lent latitudes 70-90S from September 2002 until October 2003. 2003) and Fig4 (Versions V3Q12.0 covering September
An area-weighting factor (cosine of equivalent latitude) has been2003 to March 2004). The general patterns of the temporal
applied. Mean potential temperatures are indicated by dotted whitevolution of CH; distributions in the NH are similar to the
lines. SH, except that during the NH Arctic winters major warm-
ings occurred which led to pronounced polar vortex excur-
sions towards mid-latitudes and hence, to enhanced mixing
opposite sign, indicating that the polar vortex boundary wasof polar and tropical air masses in the stratosphere and meso-
located at 60N equivalent latitudes. Indeed, an unusual sphere in January 2003 and 2004. In consequence, high CH
strong vortex together with a very fast and efficient descentymrs were observed during these events. Several episodes
of mesospheric air has been observed in this particular Arctigf upper stratospheric and mesospheri®©Nenhancements
winter (Manney et al.2009. N20 enhancements observed were found in the Arctic winters 2002—2004. In Novem-
during the other two polar winters do not show such pro-per/December 2002, enhancements of 0.5-0.8 ppbv occurred
nounced gradients and extend towards low latitudes, reacharound 60 km. As already seen in the zonal mean distribu-
ing background values around<30rhus, it seems thatin the tions on 8 December 2002 (Fit), these NO enhancements
2002-2003 winters stronger mixing of polar and tropical air went along with low CH vmrs and are thus most likely re-
occurred through a weaker polar vortex boundary. lated to an upper atmospheric source. The mesospheric en-
Figure2 shows the temporal evolution of mean®and  hancements were interrupted by the warming event in Jan-
CH4 abundances (Version V38.0) within 70-90 S equiv-  uary 2003, but showed up again in February inside of de-
alent latitudes in the period September 2002 to Novembescending air masses with even lower £knrs than in De-
2003. In September 2002, characterized by a major warmeember 2002. Similar as in the SH, the NH polar summer
ing which led to a split of the stratospheric polar vortex 2003 was characterized by mesospheric air masses very poor
(e.g., Newman and Nash2005, mesospheric pO abun-  in N2O.
dances around 0.5 ppbv were observed. Given the unusual The temporal evolution of pD in the Arctic winter
dynamical situation which allowed for intrusions of tropi- 2003/2004 (Fig.4) was rather unusual due to the “Hal-
cal air masses into the polar region, it is not clear whethedoween” solar proton event which led to efficient and
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Fig. 3. As Fig. 2, but for equivalent latitudes 70-901. Fig. 4. Temporal evolution of NO (top) and CH (bottom) VMR

retrieved by IMK/IAA (Versions V3Q12.0) averaged over equiv-

alent latitudes 70—-90N from September 2003 until March 2004.
instantaneous PO production by ReactionR1) of up to An area-weighting factor (cosine of equivalent latitude) has been
5 ppbv in the 50-70 km region on 29 October 2003. As dis-applied. Mean potential temperatures are indicated by dotted white
cussed in detail iffunke et al(2008, these NO enhance-  lines.
ments descended with the meridional circulation in the fol-
lowing weeks down to 40 km. Several smaller enhancements .
(up to 2 ppbv) occurred around 60 km in the second half ofV€rsion 4.61/4.6_2). This further allows to cor_roborate the ev-
November and mid-December which cannot be attributed tddence for chemically-produced mesospherig\enhance-
SPEs. These enhancements disappeared by the end of DEENtS found in the IMK/IAA dgta with data generated with
cember during the major warming event. Around 15 Jan-an mdepgndent retrieval glgorlthm anq, hence to exclude re-
uary 2004, mesospheric,® abundances started suddenly trieval artifacts as a possible explanation. ESA data are re-
to increase to values up to 7 ppbv (see also Eigpwer left trieved W|th t_he operational retrieval algorithm as de_scrlbed
panel), coinciding with the period where strongest polar win-Py Raspollini et al.(200§ at the MIPAS tangent heights.
ter descent occurred. These air masses richyid bf chem-  Retrieved NO abundances on the highest tangent height
ical origin descended down to altitudes around 45 km untill€vel are discarded by the operational algorithm, such that
end of March 2004. Unfortunately, a further evaluation of highest available O observations are taken around 60km
the N20 temporal evolution was not possible since MIPASWith variations of-2 km related to the orbital characteristics.

observations ceased on 26 March 2004 due to an instrumer=SA 4.61/4.62 data include all MIPAS observations taken

tal failure. with full spectral resolution between June 2002 and March
2004, representing thus a quasi-continuous data set. Here,
2.2 Analysis of ESA-generatedb® data we analyze operational N20 data interpolated to an altitude

of 58 km, which turned out to be the highest altitude covered
Since episode-based scientific MIPAS-IMK-IAA data are by this data set during the whole period. However, care has
available only for selected days, we have also analyzed théo be taken when statistically analyzing ESA data products
operational ESA MO, NO,, and CH, data (reprocessed data (i.e. zonal mean values) which are close to the detection limit

www.atmos-chem-phys.net/8/5787/2008/ Atmos. Chem. Phys., 8, 58832008
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70-90S, 58 km cally the integral in Eq.X), the corrected zonal mean can
‘ ‘ be calculated by substitution of all truncated profile points
I 1 by ¢ and subsequent averaging. Since the “true” zonal mean
0.004 [+ - value is unknown at the beginning, we start with the uncor-
| rected value and iterate untib changes by less than 2%.
*“WN b This convergence criterion was usually fulfilled after a few
WA iterations.
;Mw’imﬂwmwmdw | Figure 5 shows the temporal evolution of ESA>8
— e (A ’7*73““‘*%{' ] vmr averaged within 70—-90geographical latitudes at 58 km
s 1 before and after the statistical correction, together with
-0.002 ‘ ‘ ‘ ‘ ‘ ‘ L IMK/IAA-retrieved N2O averages and mean single measure-
Oli0st OfJan Olapr COLJul - 01.Oct  Ofojan  O1-Apt ment noise errors. Excellent agreement between the cor-
70-90N, 58 km rected averaged ESA and IMK/IAA data is found, while the
‘ ‘ uncorrected ESA data shows a positive bias up to 1.2 ppbv in
dependence of the noise error. We thus conclude that the sta-
: ] tistical correction applied to the zonally averaged ESZON
0.006 ] works satisfactorily. It can further be excluded that theON
1 enhancements discussed in the previous section are gener-
] ated by a retrieval artifact in any of the data sets, given that
a they appear with good quantitative agreement in two inde-
] pendently retrieved data sets.
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N20 [ppm]

0.002}
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-0.002[ I I I

oot ol Ohorm Oy %Ryt %k %od 3 Analysis of N;O-CHjy correlations

In the tropics and middle latitudes® and CH, show com-

Fig. 5. 70-90' S (top) and 70-90N (bottom) averages of ESA Pact correlations, only varying little between seasons and
N,O vmr (reprocessed data version 4.61/4.62) with and withoutyears Michelsen et al.1998ab). N2O vmrs generally in-
statistical correction (black and red solid lines, respectively), singlecrease monotonically with increasing gWith a non-linear
measurement noise errors (green solid line), ap® Mmr retrieved  relationship. In polar spring, this relationship tends to be
at IMK/IAA (Versions V30.8.0 and V3Q12.0 shown by red and more linear due to mixing of subsided vortex air and midlat-
blue diamonds, respectively) at 58 km. Spikes in th©Nwverages  jtude air masses. Without mesospheric source§) should
on 26 September 2002 (SH)_, 29 April 2003 (NH), and 29 July 2003jncrease with Cly in any case, while the presence of such
(NH) are generated by spurious data. source should invert this dependence for low £ Oknrs.
Therefore, NO-CHj, correlations represent an excellent tool
for the detection of mesospherie@ sources.

since negative vmrs are not supported by this retrieval algo- ) .
rithm. Whenever negative vmrs occur at a given altitude dur- We have analyzed0-CH, porrelgﬂons dete_rmmed from
ESA data on a monthly basis, using all available observa-

i iteration of the retrieval, th di file B
ing an iteration of the retrieval, the corresponding vmr profi etlons between 45km and 60 km within 60299 and 60—

points are set arbitrarily to a value of 1¥ ppmv. The ratio- i . .
nale of this procedure is to avoid numerical retrieval instabil- 20" N- We first performed a histogramming of the observa-

ities. This truncation of negative values, however, results inf\i/l(m; Withi? binsfzf}AC:)—:;;_:lO pbv e;)ndbA_l_l;lz(d)=0._% pfpbv.
a positive bias of ESA vmr mean values, if the “true” mean edian values of the obtainecb probability density func-

value is close to the noise error or below. In order to correctt'on (PDF) at a given Cldlevel were then determined in a

for this bias, the following procedure was applied: Assuming Sec?”d step. ) .
zonal homogeneity at a given altitude and a Gaussian distri- ©19uré 6 shows the obtained temporal evolution of the
bution of N,O measurements affected by random errors, th 20-CH; correlation for 60-90S and 60-90N. Devia-

expectation value of all truncated negative values to be zon- t0NS fljor_n the typical corrﬁlatmn, chalractlerlz_eglblby_ mc?lno-
ally averaged can be determined by tonically increasing MO with CHg, are clearly visible in a

four polar winters at Clllevels below 0.1 ppmv, providing
0 X (x — x0)? an additional proof for mesospheric,® sources. Maxi-
&€= /_OO Umexp T g2 dx, (1) mum median values of the #0 PDFs of 2.2 and 4 ppbv
are found at the lowest CHevels during June 2003 in the
wherexg is the “true” zonal mean value adis the standard SH and January 2004 in the NH, respectively. During these
deviation assumed to be identical to the zonally averagednonths, a pronounced anti-correlation ofNand CH be-
noise error. After determination af by resolving numeri- low 0.1 ppmv was observed. During the Antarctic winter

Atmos. Chem. Phys., 8, 578380Q 2008 www.atmos-chem-phys.net/8/5787/2008/
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2002 and Arctic winter 2002/2003, deviations from the typi-
cal correlation were less pronounced. In these winters, max- 025[
imum median values of theJD PDFs of 1 ppbv are found at
CHg levels of 0.03-0.05 ppmv. 0201

A further anomaly is found during November 2003 in the
NH, when NO was significantly increased after the “Hal-
loween” SPE. In contrast to the perturbed polar winter corre-
lations discussed above, however, enhancgd ¥ found at
nearly all CH, levels. This is expected, since solar protons
led to in situ production of BO at altitudes above 45 km. The
fact that polar winter episodes of enhanceglONare char-
acterized by inverted PO-CHy correlations at Chl levels [
smaller than 0.5 ppbv hints thus at descent of air masses en- L. " . = ———— el L
riched in NoO from higher altitudes rather than in situ pro- Jul 2002 Jan 2003 Jul 2003 Jan 200
duction. N20O 60-90N

Increased median values ofo®§ PDFs at CH levels 0'25: 4B\ /
higher than 0.1 ppmv are not only found in the aftermath of
the “Halloween” SPE. Tongues of high,® are visible dur-
ing July 2002, June 2003, and September 2003 in the SH, as_ i
well as February 2003 and January 2004 in the NH. Such en-2 15[
hancements hint at mixing of descendegNrich and CH- g i
poor mesospheric air masses with ambient air masses front 0.10f
lower latitudes. © i

The finding that chemical production o,® occurred in 0.05]
the mesosphere during all polar winters in the period 2002—
2004, though with variable magnitude, makes it rather un- ot
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o
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likely that mesospheric §O enhancements are sporadic sin- 1ul ﬁooz Jan 2003 Jul 2003 Jan 200
gular phenomena. It is further evident that polgiONCH,
correlations are significantly perturbed by this mesospheric
N20O source. Fig. 6. Monthly mean median values ofJ® PDFs at given Chi
levels calculated from ESA 4.61/4.62 data products for 60-00
(top) and 60-90N (bottom). White regions reflect an availability
4 Discussion of less then 30 observations at the corresponding @kel. Note
the different color scales for SH and NH!
In order to understand which are the chemical mechanisms
responsible for the observed polar wintepN enhance-
ments and which are the atmospheric parameters affectinfpund in the SH polar regions from September 2002 to De-
their magnitudes and inter-annual variations, we have ascember 2002 and from October 2003 to January 2004. In the
sessed the temporal evolutions of polar mesosphes®,N NH, we found smaller amounts of tropospherigONwith
CHy4, and NQ at 58 km from the ESA data set, jointly with dominant contributions during the major warming in January
precipitating electron fluxes observed by the Medium En-2003 and from April to May 2003. Except for these episodes,
ergy Proton and Electron Detector (MEPED) on NOAA 16 N20 observed at 58 km was produced near entirely by the
(poes.ngdc.noaa.gov/data/avg) and calculated ion pair pronesospheric source.
duction rates due to solar protorla¢kman et a/2008. Possible mesospherico® production mechanisms based
The temporal evolution of these quantities are shown inon ReactionsR1) and R2) rely on the availability of atomic
Figs.7 and 8 for the SH and NH, respectively. In order to nitrogen or metastablej@%j), which are both largely en-
isolate the NO amount generated by the mesospheric sourcéhnanced during episodes of energetic particle precipitation. It
from the contribution of NO of tropospheric origin, we have has already been demonstratedFynke et al.(2009 that
estimated the latter by applying a typicad®-CH, correla-  the NbO enhancements observed after the 2003 “Halloween”
tion to the CH, observations. This correlation has been deter-SPE in the Arctic stratosphere and lower mesosphere were
mined from an average of the monthlg®-CHj, correlations  generated locally by ReactiofR{) in the presence of en-
presented above, excluding the polar winter periods (Junehanced N produced under the impact of solar protons. In the
September in the SH and November—February in the NH)following discussion, we focus on the othep® enhance-
perturbed by mesospherie® generation. A dominant con- ments observed in the polar winters during 2002—-2004. In
tribution of tropospheric BO transported up to 58km was order to assess whether solar protons could have played a
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Fig. 7. Upper panel: Smoothed temporal evolution of the estimated mesospheric (solid red) and tropospheric (dotted blue) contributions to
the observed PO vmr, as well as N© (solid green) and Chl(dotted black) vmrs (corrected ESA data) at 58 km averaged over 7&-90

Note that NQ and CH; vmrs are scaled by a factor of 0.02. Lower panels: 30-day averages of integral precipitating electron fluxes within
L>2.5 and 60-990S with energies>30keV (red),>100keV (green), and-300keV (blue) as measured by the MEPED instrument on
NOAA. Atmospheric ionization rates at 0.3 hPa due to solar protons Jiackman et a(2008 are also shown (black). Units are arbitrary.
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role in these NO enhancements, we looked for other SPEsing is further supported by the good temporal correlation of
during this period. However, the atmospheric ionization ratessmall-scale structures in the evolution of both species which,
due to solar protons at 0.3 hPa (Figsaand8, lower panels), in turn, is anti-correlated with the evolution of GHmrs.
which represent a direct measure of SPE-induced N produch is also evident from Figs7 and 8 that polar winter en-
tion, shows only very small peaks apart from the October-hancements of pD are by far not proportional to the avail-
November 2003 event. It is thus very unlikely that SPE- able NG amounts. The averageoR/NO, ratios observed
induced NO production had significantly contributed to the during the periods with strongest® enhancements, i.e. in
observed MO enhancements under discussion. June—August 2003 in the SH and January—March 2004 in the
A further source of enhanced N or,(A3+) could be  NH, were considerably smaller than those observed in pe-
energetic electron precipitation (EEP). Precipitating electronriods with weak NO enhancements. Further, mesospheric
fluxes of different energies observed by the MEPED instru-N>O enhancements tended to start earlier and lasted longer
ment are shown in Figg.and8 (lower panels). These fluxes than the NQ enhancements.
have been averaged over a 30-day period in order to reflect In order to qualitatively assess the relative magnitudes and
that NpO losses are very small during polar winter and EEP-peak altitudes of the EEP-related® sources, we have esti-
induced NO production would therefore tend to accumulate. mated MO production rates due to Reactiofi&lf and R2)
Fluxes of precipitating electrons of energies 30 keV, 100 keVfor different atmospheric conditions.
and 300 keV included in Figg.and8 cause ionization peaks N(*S) is generated in presence of EEP by a chain of ion-
at altitudes around 85, 75, and 60 km, respectiv€lglijs ization processes fromNIt is commonly assumed that each
et al, 1999. Therefore, they can be used as indicator forion pair produced by electron impact leads to the formation
EEP-induced atmospheric ionization at these altitudes. Sincef 0.55 N{*S) atoms (e.g.Jackman et al.2005. During
only relative temporal variations of these fluxes are of interestight, this mechanism represents the only source 68N(
when comparing them to the evolution of polar wintetON  while at daytime, NO photolysis leads to additional N pro-
enhancements, fluxes of different energies have been scalafliction. The dominating losses of atomic nitrogen are
arbitrarily for the sake of a better representation. Electron

flux increases coincident with SPEs (i.e., 29 May and 29 Oc-N +NO — N2 + O, (R3)
tober 2003) should be interpreted with caution since MEPED
electron measurements are compromised by the presence bf+ O2 = NO+ O, (R4)

protons Evans and GreeR000, although SPEs are thought

to be associated with elevated electron fluxes inside the poland ReactionR1). Assuming atomic nitrogen to be in steady
caps (e.g.Baker et al, 2004. state and an efficiency of ReactioR) to form N>O of 0.5

It becomes evident from Fig3.and8 that strongest b0 (Funke et al.200§, the NO production rateP; due to Re-
enhancements at 58 km occur in polar winters with highes@ction R1) is
eIec.tron_ precipitation, i.e. the Anta_rctic winter 2003 gnd the 0.5 x (0.55p + Jno[NO]) x k1[NO,]
Arctic winter 2004. The correlated inter-annual variations of P1 = 15INO] + ka[O2] + k1[NO5] , (2
mesospheric BO and electron fluxes hint at an implication 3 a2 1 2
of EEP in the production of pD. On the other hand, no tem- wherep is the ion pair production ratelyo the photolysis
poral correlation of the pD evolution with the short-term  rate of NO, and1, k3, andk, are the rate coefficients for the
fluctuations in any of the electron fluxes is visible. This sug- atomic nitrogen loss Reactions (R1), (R3), and (R4), respec-
gests that a dominant local contribution of an EEP-relatedtively.
source at altitudes as low as 58 km is rather unlikely. N2(A3Ej[) is also produced by the impact of precipitating
N2O enhancements of mesospheric origin seem to ocelectrons. Quenching by atomic oxygen, i.e.
cur always in presence of elevated N@ilthough the ob-
served NQ vmrs vary drastically from winter to winter (see N2(A*Z) +0 — N2+ 0, (R5)
Figs. 7 and 8, upper panels). This could hint at an im-

fggit;ggrﬂa,:?r:]neégz %Z?Elg%lnagggecrt:%?“gf d{j? i'nono— Einstein coefficient of 0.528 are the prominent losses in
' b gp the thermosphere, while at lower altitudes ReactR®) pe-

lar winters are known to be generated by descent of upper : .
atmospheric NQ produced by energetic particle precipita- comes dominant. As reported Bipf and Prasaq1980,

tion (Callis et al, 1998 Siskind 200 Funke et al. 2005 we assume that each ion pair produces 0.35 metastable

35+ i
Randall et al. 2007). Then, the simultaneous occurrence N2(A®2,") molecules. In accordance with the more recent

of both species could simply reflect that their sources arelqboratow work ofde So_usa et 3(1983' we apply an .Eﬁ."

. ; ciency of 0.02 to form M in Reaction R2) as an upper limit.
located above the observed altitude (58 km) and their de:l_he N,O production rateP, due to ReactionR2) is then
scended contributions are modulated by the meridional cir- P 2

culation in the same manner. A common modulation gON 0.02 x 0.35p x k2[05]
and NQ by variable descent velocities and horizontal mix- P = ko[O2] + ks[O] + 0.52° ®)

and radiative emissions in the Vegard-Kaplan bands with an
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Fig. 9. Left: Kinetic temperatures used in the nominal (solid line) Fig. 10. Estimated EEP-related® productions by Reactiofk()
and “strong descent” (dotted line) scenario. Right: Volume mixing &t polar night (solid black line) and day (SZA=g0conditions
ratios of NG and NO during polar night (solid and dotted lines, (solid red line), as well as by ReactioR2) (solid blue line) for

respectively) and N@during day (dashed line) used in the nominal the nominal scenario. Dashed and dotted lines represgdtpyo-
(black) and in the “high N@’ scenario (red). ductions for the “high NQ” scenario combined with the nominal

and the “strong descent” temperature scenarios, respectively (only
ReactionR1). See text for further details.

where ko and ks are the rate coefficients for the Reac-
tions (R2) and (R5), respectively. )

As a representative profile of atmospheric ionization due@tUres 30K higher (40K lower) than MSIS were observed
to EEP, we took the average ion pair formation rates calcut 70km (50km) by the Sounding of the Atmosphere us-
lated byCallis et al.(1998 from MEPED data taken in the "9 Broadband Emission Radiometry (SABER) instrument
period 1979-1987 (see Fig. 2a of their work). These ratedHauchecorne et al2007). Profiles of temperature and vmrs
might underestimate the EEP-induced ionization for condi-0f NO and NQ for the different scenarios are shown in
tions of elevated geomagnetic activity as encountered durFi9- 9- Atomic oxygen densities required for the calculation
ing 2003. On the other hand, due to the averaging ovePf P2 have been taken from WACCM calculations for Jan-
nearly an entire solar cycle, they are useful for the estimaY@ry, 90 N. Rate constants for Reactions (R1-4) were taken
tion of an average PO production to be expected during [Tom Sander et ak2008, while the quenching rate; of Re-
any polar winter. Calculations of the,® production rates  action (R5) was taken frolipf and Prasad1980.
have been performed for different scenarios of polar win- Figure 10 shows the estimatedJ® production rates’;
ter NO, descent. In the nominal scenario, N@undances and P, due to ReactionsR1) and R2) respectively, in the
are 20ppbv at 50km and increase to 800 ppbv at 75knPresence of EEP. Apart of the nominal scenartp,is also
(10 ppmv at 100 km). The “high N©O scenario reflects the ~ shown for the “high NQ" scenario combined with the nom-
NO, abundances observed in February 2004 when the uninal and the “strong descent” temperature scenarios. Since
usual descent of upper atmospheric air occurred in the NHP1 depends on illumination, both, polar night and sun over-
polar vortex. In agreement with observations of ACE-FTS head conditions have been consideregONproduction due
(Rinsland et a].2006 and MIPAS Eunke et al.2007), we to Reaction R2) is independent of temperature and the,NO
have assumed in this scenario 100 ppbv at 50 km, increasingbundance. Thus, we have considered the nominal scenario
to 4 ppmv at 75 km (20 ppmv at 100 km). The N@artition-  only for the estimation of..
ing was taken from Whole Atmosphere Community Climate The peak nighttime production rat®; due to Re-
Model (WACCM) calculationsGarcia et al.2007) for Jan-  action R1), located around 73km, is on the order of
uary, 90 N (polar night) and 69N at noon (i.e., 80SZA). 15cnm3s! (see Fig.10). The daytime contribution of this
In these simulations, the polar night N@artitioning in the  reaction has its maximum around 55 km with gNproduc-
mesosphere shows only small inter- and intra-annual varition rate considerably smaller than the corresponding night-
ations. Nominal temperatures were taken from the Masdime contribution. This is expected, since daytime/NMBun-
Spectrometer and Incoherent Scatter Radar empirical modelances are very small due to M@hotolysis. Daytime N
(NRLMSISE-00) Picone et al.2002 for January, 99N. We  concentrations are driven by NO photolysis rather than by
also included an additional temperature scenario for “strongelectron impact, which induces a pronounced dependence of
descent” conditions which reflects the thermal structure overP; on the NQ availability during day (compare dashed and
the North pole during end of January 2004, when temper-solid red line in Fig.10). This dependence on NGs, how-
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ever, negligible at the®; peak height, around 73 km, during Reaction R2) by approximately a factor of 200, assuming
night. The reason is that for the atmospheric conditions therethat 0.7 NO molecules are produced by each ion pkcK-
atomic nitrogen losses are dominated by Reacti®i3 &nd man et al. 2005. In consequence, we would expect that
(R3), both involving NQ. In consequence, thes® produc-  during polar winter, when photochemical losses are small,
tion is mainly driven by the ionization rate and the NO/NO the N,O produced by ReactiorR@) is about 0.5% of the
partitioning, there. The latter, however, is expected to intro-NOx abundance in air masses descended from the upper at-
duce only a small variability of?;. At altitudes below the  mosphere.
peak height, the nighttime production ratg depends more During mid winter, the average polar N@bundances at
strongly on the NQ vmr, since atomic nitrogen losses due to 58 km, as shown in Figg. and8, represent a good proxy of
Reaction (R4) are getting more important towards lower alti-total NO;. During the 2002 Antarctic and 2002/2003 Arc-
tudes. An 800% increase of N@n the “high NQ;” scenario  tic winters, observed N@abundances at 58 km were gen-
compared to the nominal scenario results in a 50% increaserally lower than 15 ppbv. Hence, a negligible contribution
in the NbO production at 60 km. by Reaction R2) to the observed pD enhancements of less

Temperature also affects the,® production by Reac- than 0.07 ppbv would be expected at this altitude. However,
tion (R1). This is related to the strong temperature depen-during the Antarctic winter 2003, when N@bundances of
dence of the atomic nitrogen losses by Reaction (R4), leadmore than 100 ppbv were measured, this contribution could
ing to a loss at temperatures around 255K faster by one orhave made up to 0.5 ppbv, which is about 40% of th®Nn-
der of magnitude compared to temperatures around 220 Khancements observed in this period. During January—March
When considering the “strong descent” temperature scenarid®2004 in the Arctic, the contribution due to ReactidR2)
reflecting the conditions during the Arctic mid-winter 2004, could have even been as high as 1.5 ppbv which makes up
the P; profiles are significantly increased below 63 km and 25% of the observed 0 enhancements. We recall, how-
slightly decreased above, compared to the nominal temperaever, that these estimates represent an upper limit for a pos-
ture scenario (compare dotted and dashed lines inlB)g. sible contribution of ReactiorR2).

For the interpretation of the observed® enhancements In the lower thermosphere, J® abundances on the or-
in terms of possible production by Reactid¥ly, itis neces-  der of several 100 ppbv would then be expected due to Re-
sary to assess the dependenc&oduring night on both tem-  action R2). Unfortunately, there are no thermospherigN
perature and NQavailability in more detail. Therefore, we measurements available which would support such high N
have performed calculations & for various temperatures amounts. We thus have looked at MIPAS spectra taken in the
between 220 and 270K and NO/mrs up to 4 ppmv (not  upper atmospheric observation mode on 11 June 2003, which
shown). It turned out that for typical polar winter tempera- includes tangent heights up to 170 km. No evidence fg®ON
tures of 220K at 70 kmpPy is rather proportional to NQup emissions at tangent heights above 90 km was found in any
to approximately 20 ppbv, while for NOabundances larger of the NbO bands included in the MIPAS spectra. However,
than 100 ppbv the impact of the NCabundance orP; is due to the low signal-to-noise ratio at these altitudes, only
weak. NQ abundances of more than 100 ppbv are generallyN,O abundances higher than approximately 200 ppbv could
found above 70km during typical polar winters. For per- have been detected by MIPAS at these tangent heights.
turbed temperatures of 255 K, the linear dependence op NO In this sense, a possible contribution of Reactigg)(can
is extended up to 150 ppbv. The region of weakNf@pen-  neither be proven nor excluded. In any case, even when as-
dence starts at NOvmrs around 500 ppbv. Since such high suming a maximum efficiency of this reaction to form@|
temperatures are generally found in winters with strong sub4ts contribution could only explain a small fraction of the ob-
sidence and hence high N@vailability, P; is expected to be served NO enhancements.
rather independent on Nt its peak height also in presence  Assuming a continuous EEP-induced@ production
of high temperatures. with typical rates as provided by our estimateshafand a

The maximum of the production ra#® is located at 95— transport-limited NO lifetime of a few weeks, ReactioR()
100 km with a magnitude of 25cnis ! and decreasing to  would lead to NO abundances on the order of several ppbv
values smaller than 1cnis™1 below 75km. P, is mainly  at its source region around 70 km. Since our estimations re-
driven by the EEP ionization rate, though above 90 km, in-flect conditions of average geomagnetic activity, even higher
creasing atomic oxygen densities makedependent on the mesospheric BD abundances would be found in periods of
O/O; partitioning. At the P, peak height, around half of elevated geomagnetic activity, e.g. during the Antarctic win-
the EEP-generated 2I$A3E;f) molecules are quenched by ter 2003 and Arctic winter 2004. Althoughy® abundances
atomic oxygen before they can react with 10 form N,O. are expected to decrease towards lower altitudes due to di-

Despite this dependence on the Q/gartitioning, NO lution during the descent, it seems plausible tha®MNbun-
production by ReactionR2) shows similarities with the dances such as observed at 58 km during the 2002—2004 po-
EEP-induced NO production in terms of both source regionlar winters could have been caused by Reactigd).( It
and variability. The magnitude of the NO production, how- has already been demonstrated by CMAM model calcula-
ever, is higher than our estimates of theONproduction by  tions (Semeniuk et al2008, that a dominant contribution to
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the mesospheric §O enhancements during the Arctic winter 5 Conclusions
2004 was generated by this reaction during night. It is thus
very likely, that its nighttime contribution was also respon- We have presented observations of enhance® fdbun-
sible for the major part of the 0 enhancements observed dances, ranging from 0.5 to 6 ppbv in the polar upper strato-
in the other polar winters. Its daytime contribution, which sphere/lower mesosphere, which have been taken by the M-
does not require the presence of EEP, is expected to be cofPAS instrument on the Envisat satellite during the Arctic
siderably smaller. Nevertheless, minos®lamounts could —and Antarctic winters in the period July 2002—-March 2004.
have been produced in illuminated regions at altitudes belowhese NO enhancements have been found in two data sets
60 km, in particular during winters with high NGavailabil-  resulting from independent processing, the first, generated at
ity (i.e., February 2004). A dominant nighttime contribution IMK/IAA, and the second, generated by the operational data
originated from a source region around 70-75 km is also supprocessing performed by ESA. The good agreement of both
ported by the finding that the observeg®lenhancements at data sets makes is unlikely that the observe®Nnhance-
58 km are more efficiently modulated by dynamical factors ments are related to retrieval artifacts.
than by the electron flux variability. Simultaneous KO and CH observations show a pro-
As demonstrated above, nighttime® production by Re-  nounced anti-correlation during polar winters at {evels
action R1) is mainly driven by the EEP-induced ionization lower than 0.1 ppmv. This behavior gives clear evidence that
rate around 73km. Hence, except for dynamical modula-the N;O enhancements are of chemical rather than dynam-
tions, the inter-annual variations of the observed polar winterical origin. As a consequence, polar wintes®CH, cor-
N>O enhancements should be correlated to the flux variationgelations should be used with caution in tracer-tracer studies
of precipitating electrons with energies greater than 100 keVdue to the perturbations by this mesospher©Nource.
Indeed, we found the highest® amounts in the 2003 SH  The finding that chemical production o£,® occurred in
and 2004 NH winters with most elevated fluxessdf00 keV ~ the mesosphere during all polar winters in the period 2002—
electrons. However, it is striking that the® enhancements 2004, though with variable magnitude, makes it rather un-
observed during the 2003 SH winter at 58 km were about Sikely that mesospheric §O enhancements are infrequent
times smaller than those of the 2004 NH winter, although theisolated phenomena.
observed>100keV electron fluxes were comparable. This The polar winter NO enhancements observed at 58 km
apparent asymmetry could be explained by the unusuallyoccurred in the presence of N@ntrusions from the upper
strong polar vortex during the 2004 NH winter leading to atmosphere which were related to energetic particle precip-
a more efficient descent ofJ® produced around 73 km than itation. Further, the inter-annual variations of polar winter
in the 2003 SH winter. Further, favored by the low tempera-averages of mesospherio® correlate well with those of
tures and high NQavailability, significant NO production  precipitating electrons fluxes as measured by the MEPED in-
could have occurred at altitudes below 65 km during the 2004strument, which hints at an EEP-relateglNsource. On the
NH winter. other hand, we found a pronounced anti-correlation of the
We have further observed that the®YNO; ratio tended  temporal evolutions of DO and CH at 58 km, which hints
to be considerably higher at the beginning and the end oft a dynamical modulation of descending@from a source
the polar winters. As discussed above, the non-linear deperregion at higher altitudes.
dence of the nighttime fraction df; on the NQ availability The analysis of possible chemical production mechanisms
could be responsible for variations of the@®/NO; ratio: At shows that the major part of the observedNenhancements
the beginning and the end of the winter, when only smallis most likely generated under dark conditions by the reaction
amounts of NQ are available, DO increases linearly with  of NO2 with atomic nitrogen in the presence of energetic
NOz, while during mid winter, sufficient NQis available  particle precipitation. RO production due to this mecha-
to make the MO production dependent on the EEP-induced nism has its maximum around 73 km. The polar winte©N
ionization and the NQpatrtitioning, only. abundances observed at 58 km seem to be modulated by both
In summary, we have shown that the magnitude and temvariations of the source strength and dynamical factors driv-
poral evolution of the observed® enhancements dur- ing the efficiency of the descent from the source region. An
ing the 2002-2004 polar winters are in concordance with aadditional source of BO in the middle and upper polar at-
dominant nighttime MO source around 73 km due to Reac- mosphere could represent the reaction ofA¥ =), gener-
tion (R1) which is driven by energetic electron precipitation. ated by precipitating electrons, withoOwhich would lead
The variability of O at 58 km over various winters seems to N2O production peaking at altitudes around 90-100 km.
to be driven by both dynamical conditions and variations of NoO produced by the latter mechanism could have then de-
the source strength. Further, we cannot exclude that Reacscended to the upper stratosphere and mesosphere during the
tion (R2) contributed additionally by up to 25-40% to the 2002-2004 polar winters, where it could have contributed to
observed enhancements. the observed DO enhancements by up to 25-40%.
EEP-generated mesospherig\represents a continuous,
though variable, source of stratospheric odd nitrogen during
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polar winters. This source, however, is of minor importanceFischer, H. and Oelhaf, H.: Remote sensing of vertical profiles of

when compared to EEP-induced NO production. atmospheric trace constituents with MIPAS limb-emission spec-
The total fraction of stratosphericJ® produced in the trometers, Appl. Optics., 35, 2787-2796, 1996.

upper atmosphere is difficult to assess directly from Mi- Fischer, H., Birk, M., Blom, C., Carli, B., Carlotti, M., von Clar-

PAS observations since the EEP-generated N20 which has Mann. T., Delbouille, L., Dudhia, A., Ehhalt, D., Endemann, M.,

descended into the middle or lower stratosphere during the Flaud, J. M., Gessner, R., Kleinert, A., Koopman, R., Langen, J.,

) ] Lopez-Puertas, M., Mosner, P., Nett, H., Oelhaf, H., Perron, G.,
winter can hardly be separated from the much higher back- Remedios, J., Ridolfi, M., Stiller, G., and Zander, R.: MIPAS: an

ground NO abundancg;. However, it can be e§t'mated IN=instrument for atmospheric and climate research, Atmos. Chem.
directly from the deposition of EEP-generated \ifto the Phys., 8, 2151-2188, 2008,

stratosphereHunke et al.2009, assuming a constant ratio http://www.atmos-chem-phys.net/8/2151/2008/

of N>O and NQ of upper atmospheric origin below 50km. Funke, B., lbpez-Puertas, M., Gildpez, S., von Clarmann, T.,
This is justified since at these altitudes none eONand NG Stiller, G. P., Fischer, H., and Kellmann, S.: Downward trans-
is produced in situ and none of them show significant pho- port of upper atmospheric NQOinto the polar stratosphere
tochemical losses during polar winter. The estimated frac- and lower mesosphere during the Antarctic 2003 and Arctic
tion of EEP-generated 40 to the total stratospheric 40 2002/2003 winters, J. Geophys. Res., 110, D24308, doi:10.1029/
inside the polar vortex above 20km (30km) never exceed 2005JD006463, 2005.

. . Funke, B., lopez-Puertas, M., Fischer, H., Stiller, G. P., von Clar-
0 0 _ ) i) Ll i) il ’ 1 1
1% (10%) during the 2002-2004 winters. Compared to the mann, T., Wetzel, G., Carli, B., and Belotti, C.: Comment on

global amount of stratospheriR, the EEP-generated con- ‘Origin of the January—April 2004 increase in stratospherioNO

tribution is negligible. observed in northern polar latitudes’ by J.-B. Renard et al., Geo-

phys. Res. Lett., 34, L07813, doi:10.1029/2006GL027518, 2007.
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