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Abstract. We use NO, NO, and CO from MIPAS/ENVISAT
to investigate the impact of energetic particle precipitation
onto the NOx budget from the stratosphere to the lower
mesosphere in the period from October 2003 to March 2004,
a time of high solar and geomagnetic activity. We find that
in the winter hemisphere the indirect effect of auroral elec-
tron precipitation due to downwelling of upper mesospheric
/ lower thermospheric air into the stratosphere prevails. Its
effect exceeds even the direct impact of the very large so-
lar proton event in October/November 2003 by nearly one
order of magnitude. Correlations of NOx and CO show that
the unprecedented high NOx values observed in the Northern
Hemisphere lower mesosphere and upper stratosphere in late
January and early February are fully consistent with trans-
port from the upper mesosphere / lower thermosphere and
subsequent mixing at lower altitudes. In the polar summer
Southern Hemisphere, we observed an enhanced variability
of NO and NO, on days with enhanced geomagnetic activity
but this seems to indicate enhanced instrument noise rather
than a direct increase due to electron precipitation. A direct
effect of electron precipitation onto NOx can not be ruled
out, but if any, it is lower than 3 ppbv in the altitude range
40-56 km and lower than 6 ppbv in the altitude range 56—
64 km. An additional significant source of NOx due to local
production by precipitating electrons below 70 km exceeding
several parts per billion as discussed in previous publications
appears unlikely.

1 Introduction

Energetic particle precipitation has been acknowledged as
a source of large disturbances to the chemical composition
mainly of the polar middle atmosphere for several decades.
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Already in the 1970s, it was recognized by (Crutzen et al.,
1975) and (Porter et al., 1976) that precipitating energetic
particles can be a source of NOx (N, NO, NO-) in the
middle atmosphere, as a result of excitation, decomposi-
tion, and ionization of the most abundant species, and due
to subsequent chemical reactions of positive ions with neu-
tral species. Shortly afterwards, it was recognized that pos-
itive ion chemistry will also release active hydrogen HOx
(H, OH, HO>) from its source, HoO (Solomon et al., 1981).
As both HOx and NOx destroy ozone in catalytic cycles —
HOx roughly above 45 km, NOx below 45 km (Lary, 1997)
—, energetic particle precipitation events are also precursors
of ozone loss in the middle atmosphere.

HOx is very short-lived throughout the middle atmo-
sphere, and HOx budgets will recover quickly after atmo-
spheric ionization events. However, NOx can be quite long-
lived, depending on solar illumination — the photochemical
lifetime varies from hours in the sunlit middle mesosphere
to days in the sunlit middle stratosphere and weeks in polar
night. Thus, during polar winter, NOx produced by energetic
particle precipitation can be transported down from its source
regions in the polar mesosphere or lower thermosphere into
the polar stratosphere, where it will then contribute to strato-
spheric ozone loss. This is called the ,EPP indirect effect’ as
opposed to the ,EPP direct effect’ due to local production in
the stratosphere and lower mesosphere (Randall et al., 2007).
The impact of solar proton events is nowadays reasonably
well understood, in part thanks to the series of very large
solar proton events during the maximum of solar cycle 23
(Jackman et al., 2001, 2005; Funke et al., 2011; Rohen et al.,
2005). There is also evidence for a large indirect effect of
energetic electron precipitation for many polar winters now
(Randall et al., 2006, 2009; Funke et al., 2005).

While effects due to large solar proton events and the in-
direct electron effects are reasonably well established, it is to
date not clear whether there is a direct impact of energetic
electron precipitation onto the stratosphere and lower meso-
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sphere. The observational evidence gathered so far appears 125
to be ambiguous. Callis et al. (1998) have argued for a large
impact of energetic electrons onto the stratosphere based on
model calculations. However, no observational evidence for
a direct impact below 80km is provided by these authors.
Large NOx productions due to geomagnetic activity or rela- 130
tivistic electrons from the magnetosphere have been reported
by Renard et al. (2006) for January 2004, and by Clilverd
et al. (2009) for February 11-15, 2004. However, both ob-
servations are ambigous. Seppdld et al. (2007) discusses
both events, but interpretes the first as a result of transport 1ss
from the auroral zone, the second event in February as lo-
cal production of NOx. Hauchcorne et al. (2007) also show
NO; increases in mid-January 2004 and argue that those are
consistent with downward transport after the sudden strato-
spheric warming in December rather than with local produc-
tion. Similar results are obtained in a model study consid-
ering a strong auroral NOx source in mid-winter 2003/2004
Semeniuk and McConnell (2005). Funke et al. (2007) argue 140
that the observations of January 2004 reported by Renard
et al. (2006) are equally consistent with downward trans-
port of NOx from the lower thermosphere, and that is more
likely than direct production. Observations of MIPAS (Fis-
cher et al., 2008) on ENVISAT considering both NOx and 145
the dynamical tracer CH,4 suggest that the very strong NOx
enhancement reported by Clilverd et al. (2009) in February
2004 is also more likely due to downwelling (Lopez-Puertas
et al., 2006). Evidence for a possible strong impact of rela-
tivistic electrons from the radiation belt on ozone in the mid- 150
dle stratosphere during mid-winter is reported by Sinnhuber
et al. (2006). However, the linking mechanism from radi-
ation belt electrons to stratospheric ozone is not clear, as
no NOx measurements or other more direct evidence of an
impact of electron precipitation at these altitudes has been 155
presented. Verronen et al. (2011) have shown a direct im-
pact of energetic electron precipitation on the OH abundance
above 70 km altitude during two large geomagnetic storms in
March 2005 and April 2006, with smaller contributions down
to 50 km during one event. Sinnhuber et al. (2011) have used 10
a long-term data-set of NOx measurements (NO+NOs) from
HALOE / UARS from 1991-2005 to investigate the direct
impact of energetic electron precipitation onto the middle at-
mosphere. Their study also shows a direct contribution from
electrons mainly above 80km, with smaller and rather spo- 1
radic contributions to lower altitudes. However, due to the
poor horizontal coverage of HALOE, the results at altitudes
below 80 km are not really robust. Thus it is not clear yet how
large the direct impact of energetic electron precipitation on
altitudes below 80 km to the overall NOx budget is. 170

A more detailed summary of energetic particle precipita-
tion onto atmospheric composition and their long-term con-
sequences is given in the recent review by Sinnhuber, Nieder
and Wieters (2012).

We use observations of NO and NO5 from the MIPAS in- 175
strument onboard the ENVISAT satellite for the geomagnet-
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ically very active period from October 2003 to end of March
2004 to investigate the possible direct impact of energetic
particle precipitation onto NOx in the middle atmosphere be-
low 70km. CO, a tracer for air from the upper mesosphere
or thermosphere and for downward transport, is used to dis-
tinguish between the direct and indirect impact during polar
winter.

In Section 2, the MIPAS data used are presented. In Sec-
tion 3, the geomagnetic and solar activity as well as the dy-
namical condition of the period analysed is discussed. In
Section 4.1, observations in the winter hemisphere, and in
Section 4.2, observations in the summer hemisphere are dis-
cussed.

2 MIPAS data

The Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS) was a mid-infrared Fourier transform
spectrometer observing a large number of atmospheric trace
gases in limb-sounding observation mode (Fischer et al.,
2008). MIPAS was launched as one of three atmospheric
missions on the European Environmental Satellite ENVISAT
on March 1, 2002. ENVISAT was in a sun-synchronous or-
bit with an equator crossing time of 10:00 am local solar time
in descending mode. In 2002-2004, MIPAS sampled the at-
mosphere horizontally with a latitudinal spacing of ~5° in
latitude. As MIPAS measurements require no sunlight, 28
measurements are obtained in each latitude bin every day,
providing a very good horizontal coverage. In the nominal
measurement mode used in this study, MIPAS scans the limb
tangentially from about 6 km up to 68 km.

We use NO, NO, and CO from MIPAS calibration version
V30 derived with the level-2 IMK/IAA research processor
(von Clarmann et al., 2003). Only data from version 14 is
used for NO, versions 14 and 15 are used for NO,, and ver-
sions 12 and 13 for CO. As NO2_14 and NO2_15 are very
similar, as well as CO_12 and CO_13, this provides a sta-
ble, self-consistent data-set. Vertical resolution is 4—8 km for
NO and NOs and 6-12km for CO in the altitude range of
20-70km. More details about MIPAS NO and NO, can be
found, e.g., in (Funke et al., 2005b, 2011), and about CO in
(Funke et al., 2009).

Where daily averages have been used, NO, NO, and CO
data with low sensitivity have been excluded by applying a
threshold to the mean value of the averaging kernel (AK) ma-
trix (Rodgers, 2000) diagonal element. The AK diagonal el-
ements represent a measure of the sensitivity of the retrieval
at a given profile grid point to the true vmr. Values close to
zero (here <0.03) indicate that there is no significant sen-
sitivity to the abundance at the corresponding altitude. All
daily averages are calculated area weighted.

NO mixing ratio increases strongly from the lower meso-
sphere to the lower thermosphere. Thus observations at
mesospheric tangent altitudes have a strong thermospheric
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NO signal in the line-of-sight which might provide an ad-
ditional positive offset of up to 1.5 ppbv, henceforth called
thermospheric cross-talk. For the retrieval of NO2 no such 2z
information crosstalk happens because the concentration of
NO, decreases strongly from the upper stratosphere to the
thermosphere even during night-time. Thus the measured
signal is dominated by radiance emitted near the tangent alti-
tude of each limb observation. Therefore, in the winter hemi-
sphere where NOx values are on the order of tens of ppb
to thousands of ppbv, observations of NOx (NO+NO,) are %
used, while in the summer hemisphere, where mixing ratios
might be in the range of below 1 ppbv, night-time NO- and
day-time NO are treated separately.

5

3 Northern Winter 2003-2004: solar activity, geomag- 2«
netic activity, and vortex dynamics

3.1 Solar and geomagnetic activity

The time-period from first of October, 2003 to end of March 245
2004 was chosen because it was, on the one hand, a pe-
riod of very high geomagnetic activity, and on the other
hand, it contained one of the largest solar particle events di-
rectly observed by particle detectors from space so far. In
Figure 1 different proxies for energetic particle precipitation s
for this time are shown: the Ap index as an indicator of
geomagnetic activity; a merged data-set of electron fluxes
from the POES instrument combining two upward-looking
channels to derive 100-300 keV precipitating electrons as de-
scribed in Sinnhuber et al. (2011); and proton fluxes as mea- 255
sured in geostationary orbit by the particle counters onboard
GOES-10. Both Ap index and proton fluxes are available
on-line from the National Geophysical Data Center NGDC
(spidr.ngdc.noaa.gov/spidr).

Geomagnetic activity is high throughout the observation ze0
period, with several very pronounced intervals of enhanced
geomagnetic activity lasting for many days: in mid-October
2003 before the solar proton event, in mid-November 2003,
in mid-December 2003, in late January 2004, in mid-
February 2004, and in mid-March 2004. These are accompa- 2ss
nied by high fluxes of energetic electrons, especially large
during several sporadic events lasting only several hours,
e.g., on October 15, 19, and 21, 2003, on November 11—
17 and 20, 2003, on December 10-15, 2003, on January 16
and 22, 2004, on February 13, 2004, and March 2, 10, 1127
and 27/28, 2004 (marked in grey in Fig. 1). Highest elec-
tron fluxes are observed during October 29-November 1, at
the period of the solar proton event. However, during this
period the electron channels of the POES instruments are
likely contaminated by high-energy protons. Solar proton z7s
events are clearly detected by enhanced proton fluxes over
a large energy range from 1-100 MeV, with <10 MeV pro-
tons exceeding fluxes of 1 proton cm~2 s~! sr~! from Oc-
tober 26 to November 7, 2003. Two smaller solar proton

events occur around November 20-23 and in early Decem-
ber 2003. During these events, proton fluxes were several
orders of magnitude lower than for the October/November
events, and did not exceed 10 protons cm~2 s~! st~ for ei-
ther the <10 MeV protons — which affect altitudes down to
the lower mesosphere — or the <30 MeV protons — which af-

fect altitudes down to the upper stratosphere.

3.2 Vortex dynamics

Additionally to the high geomagnetic activity, the polar win-
ter Northern Hemisphere 2003/2004 was characterized by an
interesting dynamical condition, with the occurrence of a ma-
jor stratospheric warming and a vortex break-up in the up-
per stratosphere in late December, followed by a re-forming
of the polar vortex in late January, and very strong descent
which lasted well into March 2004 (Funke et al., 2009; Man-
ney et al., 2005) accompanied by high planetary wave activ-
ity both before and after the sudden stratospheric warming
Pancheva et al. (2008). A more detailed view of this winter
is provided by observations of the temporal evolution of CO
inside the polar vortex as shown in Fig. 2. Due to its strong
vertical gradient and longevity in the polar winter vortex,
carbon monoxide is commonly used as a tracer of air orig-
inating from the upper mesosphere and lower thermosphere,
which is transported down into the lower mesosphere and
stratosphere in the polar vortex. Enhanced values of CO are
observed already in early October 2003 above 50 km, pro-
gressing steadily downward to ~ 40 km until late October,
signifying that a stable vortex has already formed. During
November and December, downwelling of CO-rich air con-
tinues, but not as steadily as in early October, presumably
due to the already enhanced wave-activity that finally led to
the sudden stratospheric warming event and vortex break-
up in late December. Enhanced CO volume mixing ratios
(VMRs) reach about 30 km altitude in early December. In
late December, the sudden stratospheric warming event starts
in the upper stratosphere and mesosphere, leading to a vortex
break-up there. CO mixing ratios between 40 — 60 km alti-
tude decrease very quickly due to mixing with mid-latitude
air. Above 60 km, CO mixing ratios also decrease, but slower
than in the upper stratosphere. Below 40 km, the vortex per-
sists until January, and downwelling of CO is observed until
mid-January in this altitude region. In the mesosphere above
60 km, CO mixing ratios increase again in early January, and
high CO-rich air progresses downward steadily until late Jan-
uary, signifying the re-forming of the polar vortex and con-
tinuing downwelling in the mesosphere. However, in Febru-
ary and March, CO values first level off and then decrease
due to the increasing contribution of photochemical loss af-
ter polar sunrise. Thus, after late January CO is not a perfect
quantitative indicator of downwelling in the polar vortex, but
can still be used for identification of dynamical short-term
variability in a qualitative sense.
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4 Results
4.1 NOx in the Northern Hemisphere polar vortex 335

The temporal evolution of NOx (NO+NO,) inside the polar
vortex in Northern Hemisphere winter 2003/2004 is shown
in the upper panel of Fig. 3. Three contour lines of CO are
shown as well for a direct comparison between NOx and CO z4
(see also Fig. 2). The solar proton event on October 30 —
November 1, 2003 is clearly visible as a strong increase of
about one order of magnitude of NOx values within one day
in the altitude range 40 — 70 km. Above about 60 km altitude,
NOx is already enhanced several days before the onset of the sus
solar proton event. This might be due to downwelling in the
polar vortex in early October as observed in CO observations

at the same time. After the solar proton event, the behaviour
of NOx closely resembles the behaviour of CO as shown both

in Fig. 2 and by the CO isolines in Fig. 3: downwelling of s
enhanced NOx values in the upper stratosphere and lower
mesosphere continues until the major stratospheric warming
in late December, when NOx values below 60km altitude
decrease very quickly. Above 60 km, high values of NOx
continue even after the major warming. From mid-January sss
on, downwelling of air very rich in NOx is observed again,
in agreement with GOMOS observations at latitudes North of
80°, see Hauchcorne et al. (2007). Unlike CO, stratospheric
NOx mixing ratios do not level off in late January and Febru-
ary, but persist to propagate downward very steadily with s
an average speed of ~400 m/day from the mid-mesosphere
around 66 km in late January down to 45 km in mid-March
(see Fig. 4). Stratospheric NOx enhancements persist after
March 2004 until at least July as shown in Randall et al.
(2005). In the stratosphere, the lifetime of NOx is on the ses
order of days to weeks even in the sunlit atmosphere (see,
e.g., Friederich et al. (2013)). In the lower mesosphere above
55 km altitude, NOx decreases during February because the
NOx lifetime is on the order of few days after polar sunrise.
While during the two periods of downwelling in October — 37
mid-December and January — March CO mixing ratios are
similar and reach values of 10 — 15 ppmv above 60 km alti-
tude in both periods, NOx mixing ratios are quite different
before and after the stratospheric warming event. During the
strong downwelling in January and February 2004, observed s75
NOx mixing ratios are more than one order of magnitude
higher than those produced during the solar proton event in-
side the polar vortex, reaching values of more than 1000 ppbv

in the daily average in late January and early February, com-
pared to more than 100 ppbv directly after the solar proton sg
event.

NOx mixing ratios of more than 1000 ppbv first appear in
mid-January at altitudes above 65 km, and NOx-rich air pro-
ceeds steadily downward in the following weeks. In the fol-
lowing, it will be assessed whether these high amounts of zss
NOx are produced locally during the period of the strong ge-
omagnetic activity in mid-January, or are due to downwelling
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of air from the NO maximum in the auroral zone (=90-120
km). Fig. 5 shows daily averaged NOx and CO altitude pro-
files inside the polar vortex for six days from January 10 to
February 2. Both NOx and CO show a consistent behaviour
during this time-period: an increase of the mixing ratios from
January 10 to January 20 at all altitudes, and the development
of a ’knee’ due to photochemical loss, which is more pro-
nounced at higher altitudes, after January 20. The increase
in volume mixing ratio (VMR) appears to be consistent with
downwelling for both gases. The increase in NOx VMRs at
a given altitude is stronger than the increase in CO, because
the volume mixing ratio of NOx increases exponentially with
altitude, the VMR of CO, linearly. Photochemical loss be-
comes evident for both NOx and CO between January 20 and
January 24, but for CO, it covers a larger vertical range: the
"knee’ is observed at 54 km on February 2 for CO, compared
to 60—62 km for NOx on the same day.

CO is relatively stable in the polar winter vortex; the
only processes acting on local CO abundances are downward
transport, mixing, and photochemical loss due to the reaction
with OH. Photochemical loss of NOx occurs with a different
rate and over a different altitude regime as seen before. How-
ever, transport and mixing will act on NOx in the same way
as on CO, so the temporal evolution of the relationship be-
tween NOx and CO can provide evidence of a direct local
production of NOX in the altitude range observed by the MI-
PAS data, i.e., below about 70 km. A compact, non-linear re-
lationship exists between NOx and CO until January 19 (see
left panel of Fig. 6). Non-linearity results from the different
vertical gradients of NOx and CO as seen in Fig. 5. The up-
per branch of the relationship with CO values > 10 ppmv and
NOx values > 700 ppbv appears only after January 14, at al-
titudes above 60 km. Maximal values of more than 12 ppmv
CO and more than 2000 ppbv NOx are reached on January
18/19. The increase of both NOx and CO at the same time
suggests downwelling of air from the upper mesosphere /
lower thermosphere as a source. As maximum values of NOx
are reached on January 18/19, their source can therefore not
be direct production during the strong geomagnetic storm of
January 22, as suggested, e.g., by Renard et al. (2006).

In the left panel of Fig. 6, the secant to the NOx-CO re-
lationship is marked as a dashed line. The region comprised
by this secant and the NOx-CO distribution (grey area) can
be filled in by mixing processes. Photochemical loss of NOx
would move the NOx-CO pairs down, while photochemical
loss of CO would move NOx-CO pairs to the left. Values
above this region can be gained by direct local production of
NOx, e.g., due to energetic particle precipitation, or by pho-
tochemical loss of CO. In the first days after 20 January 2004,
the grey mixing region is indeed filled in, while later (mid
to late February), the NOx-CO pairs are moved to the left
and downward. This indicates that during the time-interval
from 20 January 2004 to 1 March 2004, both mixing pro-
cesses and photochemical loss of NOx and CO are impor-
tant. As discussed before, from mid-February on, a knee de-
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velops in NOx due to the different photochemical loss rates
of NOx and CO in the upper stratosphere and lower meso-
sphere. This is observed as a local NOx maximum at mod- s
erately high CO values in the right panel of Fig. 6. Values
above the mixing secant are not observed, so there is no ev-
idence for a direct local production of NOx below 70 km
during this time from these observations.

In particular, there is no evidence for a strong increase of so
NOx in the altitude range 50 — 70 km during mid-February, as
discussed in Clilverd et al. (2009) based on GOMOS obser-
vations. To investigate this in more detail, NOx values sam-
pled only within the geomagnetic latitudes corresponding to
the radiation belts are shown in the lower panel of Fig. 3.
To further exclude masking of local production by the large
background values within the polar vortex, only values well 455
outside the polar vortex (equivalent latitudes < 55°) are con-
sidered. Enhanced values of NOx are observed above 50 — 60
km altitude continuously from end of October 2003 to mid-
February 2004. However, they are closely enveloped by iso-
lines of enhanced CO values, thus are more likely remnants 460
of vortex air than resulting from direct NOx production. This
close relationship between enhanced values of NOx and CO
throughout mid-February is also seen when looking at the
spatial distribution of single observations (see Fig.7). How-
ever, the polar vortex as indicated by high values of both NOx 4es
and CO is elongated at the beginning of this period indicating
a wave 2 pattern as discussed e.g., in Pancheva et al. (2008).
This pattern moves and expands to a more circular form from
February 8 to February 15. Because of the wave 2 pattern,
the vortex edge is shifted far to the North on February 08/09, 470
and GOMOS observations poleward of 70° are taken partly
outside the polar vortex (see Fig.8). In Fig.8, a comparison
of night-time NO between single-point observations of MI-
PAS and GOMOS is shown six days between late January
and mid-February. GOMOS observations both inside and 47
outside the polar vortex agree very well with neighboring
MIPAS data points, but significantly higher values are also
observed by MIPAS further in the vortex core. On February
14/15, GOMOS observations poleward of 70° are obtained
all inside the polar vortex. They are significantly higher than s
the neighboring MIPAS observations, though well within the
range of MIPAS data elsewhere in the vortex. The reason for
the apparent disagreement between daily averages of NO;
from MIPAS and GOMOS in this time-period thus appears
to be the strongly elongated vortex as well as an inhomoge- s
neous distribution of NOX inside the vortex. This inhomoge-
neous distribution is already apparent and observed by both
instruments in late January, see left panel of Fig.8.

Apart from the solar proton event in October / November
2003, no indication of direct NOx production is observed in 4so
the MIPAS data in the Northern Hemisphere winter at alti-
tudes below 70 km either inside or outside the polar vortex.
Thus, a strong increase of NOx due to local production by en-
ergetic electron precipitation below 70 km, as discussed e.g.,
by Clilverd et al. (2009), appears highly unlikely during this 4ss

winter. However, it is still possible that smaller direct lo-
cal NOx production due to energetic particles occur, but are
masked by the very high values observed in NOx especially
in late January and February 2004. This can thus be bet-
ter investigated by studying the summer hemisphere, where
downwelling from the upper mesosphere or lower thermo-
sphere does not play a role. This will be investigated in more
detail in the next section.

4.2 Southern Hemisphere summer

In the Southern Hemisphere, it is polar summer in the time-
period investigated. Background values of NOx are there-
fore low in the upper stratosphere and lower mesosphere, and
small changes can then be better discerned than in the North-
ern winter. However, this requires very precise observations.
Because of this, NO and NO5 will be investigated separately
in the following, as NO observations in the lower mesosphere
are prone to contaminations due to thermospheric cross-talk
of up to 1.5 ppbv. Such a cross-talk is not present in NO, be-
cause mesospheric and thermospheric NO- values are very
low. NO values are sampled during day-time at solar zenith
angles < 88°, and NOy during night-time at solar zenith an-
gles > 98°, because the partitioning of NOx favours NO dur-
ing day-time, NO2 during night-time in this altitude range.
As it is polar summer, this limits NOy observations to lati-
tudes equatorwards of 64°S. To limit sampling errors, only
days with more than 10 (NO2) and 15 (NO) data-points are
considered, and only data-points within 5 median absolute
deviations are considered for the daily averages.

The temporal evolution of NO and NOy in the latitude
range 52-64°S from October 2003 through March 2004 is
shown in Fig. 9. NO and NO, show a distinct annual vari-
ability in the upper stratosphere (30-40 km) with maximal
values during summer. The most distinct feature is the solar
proton event in late October 2003, which leads to an increase
of several tens of ppbv in both NO and NO, above 35km
within one day. As NOXx is photochemically destroyed in the
sunlit atmosphere, it then decreases in the following days to
weeks, reaching again background values in mid-November
around 60km and in mid-December around 50km. In the
latitude range chosen, 52-64°S, enhanced NOx values do not
decrease steadily. This is due at least partly to the sampling
of an inhomogeneous and variable field of high values over a
small (latitudinal) area. If the complete polar cap is sampled,
enhanced NOx values decrease more steadily (exponentially)
after the solar proton event, as shown, e.g, in Friederich et al.
(2013) for NOx, and in the lower left panel of Fig. 9 for day-
time NO.

Additionally to the strong enhancement of NOx after the
solar proton event in late October 2003, several enhance-
ments with a much shorter lifetime and much smaller ampli-
tudes are observed in NO, e.g., several days before the large
solar proton event on October 20 at 58—-64 km, on Novem-
ber 13 at 58—64 km, at November 18 and November 21 at
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58-62 km (see upper left panel of Fig. 9). All four days cor-
respond to times of enhanced geomagnetic activity and in-
creased electron precipitation on this or the previous day, see
grey marks in upper left panel and Fig. 1. Apart from the
very small increase on December 5, these are also observed sss
(with varying amplitudes) when sampling over 52-90°S, or
sampling only geomagnetic latitudes corresponding to the ra-
diation belts (see lower left and right panels of Fig. 9), so
are unlikely to be due to sampling effects. The amplitudes of
these enhancements are on the order of several ppbv, too high ss
to be caused by thermospheric cross-talk. However, similar
enhancements are not observed in night-time NO- (see upper
right panel of Fig. 9). This is probably due to the NOx par-
titioning, which favours NO above 58 km even during night-
time. 565
To investigate whether the observed smaller increases in
NO around 58-64 km are really due to NOx production dur-
ing energetic electron precipitation events, anomalies of NO
and NO, were calculated in the following way. For altitudes
between 30-70km, a seven-day running mean was calcu- s
lated from the daily averages of NOy and NO (see Fig. 9)
as shown exemplarily in the left panels of Fig. 10. Days
with enhanced proton fluxes (>1proton cm™2s~!sr=! of
the >30 MeV protons) were excluded. This corresponds to
the time of the largest proton forcing during October 27 toss
November 6. The weaker events in late November and early
December were not excluded as proton fluxes were 3-4 or-
ders of magnitude lower than during the October / Novem-
ber events. It should be noted, however, that enhanced elec-
tron fluxes and enhanced proton fluxes do not occur on the sso
same days during these events with the exception of Novem-
ber 22, when the 100-300 keV electron flux is > 2x 10% elec-
trons cm~2s~!sr~!, and the 10 MeV proton flux is > 2.8 pro-
tons cm~2s~!sr~!. Anomalies are calculated as the differ-
ence of the daily average and the seven-day running mean as
shown exemplarily in the right-hand panels of Fig. 10. Days
with fluxes of >2x10* electrons cm~2s~'sr—! of the 100—
300keV precipitating electrons are marked in red. Those
days are called “disturbed” in the following. The dashed
blue line shows the 1% and 99% percentile of the distribu-
tion of anomalies, considering only days with low electron
fluxes (e.g., 100-300keV electron flux < 2x 10% electrons
cm~?s~'sr™1), derived from integration of the distribution.
Positive anomalies above the 99% percentile of the “undis-
turbed” days are observed on several days both at 54 km and
at 60km. However, negative anomalies below the 1% per-
centile also occur during “disturbed” days, suggesting that
the enhanced values observed on “disturbed” days are more
likely due to enhanced instrument noise rather than to an at-sss
mospheric response. Results of these investigations are sum-
marized in Fig. 11. Shown are the 1% and 99% percentile of
the distribution of anomalies, considering only undisturbed”
days, compared to the highest and lowest anomalies of the
”disturbed” days for altitudes from 3070 km and for the four eoo
scenarios shown in Fig. 9. For NOo, both the 98% confi-
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dence level and the anomalies on “disturbed” days lie be-
tween -2 and 2 ppbv. For NO, the 98% confidence level lies
between -2 and 2 ppbv at altitudes below 56 km, but increases
to 2—4 ppbv above depending on sampling. This indicates in-
creased noise at higher altitudes. The maximal anomalies of
the disturbed” days behave in a similar way, increasing with
altitude. Values above about 56 km are generally higher than
the noise level of the “undisturbed” days, but do not show
a preference for positive anomalies. This again suggests en-
hanced noise rather than an atmospheric response. Excep-
tions are NO at 62km in the radiation belt region, where a
positive anomaly of ~ 6 ppbv is observed, and NO at 54—
56 km sampled over the whole polar cap, where a positive
anomaly of ~ 3 ppbv is observed. Above ~ 64 km, no mean-
ingful NO and NO- data can be obtained for quiescent polar
summer conditions when NOx concentrations are very low.
This provides an upper limit for an atmospheric response of
NOx due to energetic electron precipitation: on average, it
is smaller than 3 ppbv below 54 km, smaller than 6 ppbv be-
tween 54—64 km. However, the amplitudes of both the 98%
percentile, and of the maximal anomalies, is dominated by
the period from November 7 — November 21. During this
period, energetic electron fluxes were exceptionally high es-
pecially on November 21, but there was also still a significant
amount of NOx remnant from the solar proton event. This
made the derivation of a background difficult, which possi-
bly contributes to the high observed variability. If this period
is excluded from the analysis, results are qualitatively very
similar, but the amplitudes are lower, less than 1.5 ppbv be-
low 54 km, and less than 3 ppbv above 54 km.

5 Conclusions

— No evidence for a direct impact of energetic electron
precipitation in the altitude range of the MIPAS instru-
ment was found with the exception of the solar proton
event in October / November 2003.

— Correlations of NOx and CO show that the unprece-
dented high NOx values observed in the lower meso-
sphere and upper stratosphere in late January and early
February are fully consistent with transport from the up-
per mesosphere / lower thermosphere, and subsequent
mixing and photochemical loss at lower altitudes. An
additional source of NOx due to local production at alti-
tudes below 70 km as discussed in previous publications
appears highly unlikely.

— Observations of NO and NOy anomalies in the South-
ern summer hemisphere suggest enhanced instrument
noise during some electron events. Maximal anomalies
observed give an upper limit of the impact of electron
precipitation onto daily averaged NOx at high latitudes:
lower than 3 ppbv in 40-56 km and lower than 6 ppbv in
56-70km.
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Fig. 1. Proxies for energetic particle precipitation into the atmosphere from October 1, 2003 to March 30, 2004. Top: the global Ap index as a
proxy for geomagnetic activity. Middle: 100-300keV electrons measured by the POES SEM/SEM-2 sensors in the 0° channel, which looks
upward in polar regions. Red: Northern Hemisphere, blue: Southern Hemisphere. Bottom: proton fluxes at different energies measured by
particle sensors on the GOES-10 satellite. Marked in grey are periods of enhanced electron fluxes, see text.
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Fig. 2. CO as measured by MIPAS in the Northern Hemisphere from October 2003 to March 2004 in the latitude bin from 40-90° North,
considering both day and night observations. All geomagnetic latitudes but only within the polar vortex (equivalent latitudes (Butchart and
Remsberg, 1986) polewards of 65°). Only days with more than 8 data-points were used.
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Fig. 3. Top panel: as Fig. 2, but for NOx (NO+NOy). Lower panel: as upper panel, but outside the polar vortex (equivalent latitudes < 55°),
and sampled only in the radiation belt region (geomagnetic latitudes of 55°-68°). Bold lines are CO isolines of 0.25, 1.5 and 5.0 ppmv
sampled in the same way as indicators of vertical transport and vortex origin.
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Fig. 4. Blue squares: temporal evolution of the peak altitude of NOx as observed in MIPAS observations inside the polar vortex (equivalent
latitudes polewards of 65°N), from January through March 2004. The red line is the result of a least-square fit to those observations, giving
an average subsidence rate of 400 m/day for the NOx maximum.
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Fig. 7. NOx (day and night) single observations from MIPAS at 54 km altitude from February 8 — February 16, 2004. Grey rectangles mark
observations where the corresponding CO value was larger than 1 ppmv marking, e.g., observations within the vortex.
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Fig. 9. Temporal evolution of day-time NO (sza <88°) and night-time NO2 (sza >98°) at high Southern latitudes from October 1, 2003 to
March 30, 2004. Top left: daily averages of NO from 52-64°S considering all geomagnetic latitudes. Marked in grey are days of enhanced
electron fluxes, see also Fig. 1. Top right: NO sampled over the same area. Lower panel: NO sampled over 52-90°S. Left: all geomagnetic
latitudes, right: geomagnetic latitudes corresponding to the radiation belts. Only days with more than 15 data-points are considered for NO,
only days with more than 10 data-points for NO2, and only data-points within &+ 5 median absolute deviations are considered for averaging.
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Fig. 10. Day-time NO in the latitude region 52°S — 90°S at three altitudes: 48 km (upper panel), 54 km (middle panel), and 62 km (lower
panel). Left panels: daily averages (black dots) and 7-day running mean (red line) excluding the period of largest proton forcing from October
27-November 6, 2003. Right panels: anomalies (dots, daily average - running mean). Days with enhanced electron fluxes (> 2x 10? electrons
cm~2s~tsr™1) of the 100-300 keV channel on this or the previous day are marked in red. Light grey lines show the 100-300keV electron
fluxes, dashed black lines the > 10 MeV proton flux for reference, both in arbitrary normalized units. Dashed blue lines mark the 1% and
99% percentile of the anomalies, excluding days with enhanced electron fluxes. The violet triangle marks a day with enhanced electron
fluxes and > 10 MeV proton fluxes.
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Fig. 11. Comparison of 98% significance level for days with low electron fluxes (blue dashed lines, <2x10* electrons cm™2s™'sr™" of

the 100-300keV precipitating electrons) with maximal and minimal anomalies of NO2 and NO (red lines) on days of enhanced electron
fluxes (> 2x10* electrons cm™?s~'sr™! of the 100-300keV precipitating electrons) as a function of altitude. Upper left: day-time NO at
52-64°S, all geomagnetic latitudes. Upper right: Night-time NO2 sampled over the same area. Lower left: day-time NO at 52-90°S, all
geomagnetic latitudes, and lower right: day-time NO at 52-90°S, geomagnetic latitudes corresponding to the radiation belts (55-68°). The
period of largest proton forcing (October 27 — November 6) is excluded.



