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[1] We analyze in detail the February 2004 Global Ozone Monitoring by Occultation
of Stars (GOMOS) NO, observations in the northern polar latitudes during the
springtime descent of NO, from the mesosphere into the stratosphere. We combine
GOMOS observations with SABER-observed NO 5.3 pm radiated power and an
AARDDVARK-derived radio wave index (RWI) to describe the impact of the 11 February
geomagnetic storm. Energetic electron precipitation generated some additional NO,,
supplementing the original amounts that were already descending. At altitudes of
50-70 km, GOMOS observations of NO, showed a delayed response to the geomagnetic
storm, with NO, being generated 3 days after the start of the storm. The delayed response
and duration of NO, production was found to be consistent with the increase in the flux of
relativistic electrons measured by GOES at geostationary orbit and by POES through
relativistic electron contamination of the >16 MeV proton channel. Using the Sodankyla
Ion and Neutral Chemistry model (SIC), we found that a good fit to the observed NO,
mixing ratios at the peak of the geomagnetic storm effect was produced by a monoenergetic
1.25 MeV electron beam with a flux of ~0.3 x 10°el cm % sr ' s~ ' keV ™! or with a
“hard” electron spectra taken from Gaines et al. (1995) but with fluxes enhanced by

a factor of 15, i.e., 8 x 10* el cm™2 sr ! s7! for 2—6 MeV. Prior to the storm the
descending NO, had average mixing ratio values of ~150 ppbv. The geomagnetic
storm—induced relativistic electron precipitation event doubled the amount of NO,
descending into the stratosphere to ~300 ppbv after the storm.

Citation: Clilverd, M. A., A. Seppild, C. J. Rodger, M. G. Mlynczak, and J. U. Kozyra (2009), Additional stratospheric NO,
production by relativistic electron precipitation during the 2004 spring NO, descent event, J. Geophys. Res., 114, A04305,
doi:10.1029/2008JA013472.

1. Introduction the upper mesosphere the NO, is mainly in the form of NO.
As the NO descends below 70 km it is converted to NO,
[Solomon et al., 1982; Brasseur and Solomon, 2005]. The
particular descent of interest here began in January 2004
[Clilverd et al., 2006], and was still observable in May
2004. Randall et al. [2005] analyzed NO, concentration
data from three long-running solar occultation experiments,
SAGE II, POAM III, and HALOE during this period. They
reported unprecedented levels of springtime stratospheric
NO, (~45 km) as a result of the descent. Rinsland et al.
[2005] also observed very high NO, mixing ratios at 40—
50 km in February/March 2004 with the ACE experiment,
detecting levels as high as 1365 ppbv. The source of the
NO, that was ultimately observed at 45 km in May 2004 is
still open to debate [Clilverd et al., 2007]. In this work we

[2] During the Arctic winter 2003—-2004 several satellite
and ground-based experiments observed enhanced concen-
trations of NO, descending from mesospheric altitudes. As a
consequence of the enhanced levels of NO, reaching the
stratosphere there was a related decrease in the levels of
springtime ozone at 40 km altitudes [Randall et al., 2005].
Wintertime polar odd nitrogen, NO, (NO + NO,), can be
produced in the thermosphere and the mesosphere by
energetic particle precipitation [Brasseur and Solomon,
2005]. During periods of efficient vertical transport the
NO, can descend to the stratosphere [Siskind, 2000]. In
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began on 11/12 January 2004, a few days after the end of
the stratospheric warming event at the end of December
2003. Seppiild et al. [2007a] used Global Ozone Monitoring
by Occultation of Stars (GOMOS) NO, observations during
the polar night to investigate the cause of the descending
NO, observed throughout the winter, November 2003 —
March 2004. They concluded that the Halloween solar
proton events that occurred in late October 2003 produced
significant levels of NO, during November and December
2003, but that a source at thermospheric altitudes was the
most likely cause of the NO, observed descending in January
2004. However, Seppdld et al. [2007a] also suggested that a
further enhancement of NO, occurred in mid-February 2004
adding to the NO, that was already descending. In this paper
we analyze in detail the period in mid-February 2004 with a
view to determining the contribution to the NO, that was
produced by processes driven by the 11 February geomag-
netic storm, in addition to that already descending from
higher altitudes.

[4] Using the Sodankyld Ion and Neutral Chemistry
model (SIC), Turunen et al. [2009] generated NO, concen-
tration profiles from four separate particle precipitation
mechanisms: solar proton events, auroral electron precipi-
tation, long-lasting relativistic electron precipitation (REP),
and REP microbursts. In comparing the SIC results with
GOMOS observations from the northern hemisphere polar
winter 2003—2004 Turunen et al. [2009] concluded that the
mid-February enhancement of NO, had the altitude profile
characteristics of REP generation possibly involving an
energy spectrum that contained >1 MeV electron fluxes.
However, Turunen et al. [2009] did not identify any link to
geomagnetic activity, nor what likely electron precipitation
fluxes were required to reproduce the GOMOS observations.

[5] In this study we analyze the February 2004 period in
detail, concentrating on the GOMOS NO, observations in
the northern polar latitudes. We combine additional data sets
to further describe the impact of the mid-February geomag-
netic activity, including the SABER-observed NO 5.3 um
radiated power, and the AARDDVARK-derived radio wave
index. We determine the characteristics of the geomagnetic
activity that lead to the generation of enhanced NO, in the
altitude range 40-70 km, and use the SIC model to
approximately determine the energy spectrum and flux
required to generate the enhanced NO, observed. Finally,
we determine the relative impact of the geomagnetic storm-
induced REP on NO, concentration levels in comparison with
the descending NO, that was first observed on 11/12 January
2004.

2. Event Conditions

[6] This study concentrates on the atmospheric effects of
energetic particle precipitation during a geomagnetic storm.
The event conditions are shown in Figure 1, which shows
solar wind conditions, and geomagnetic activity during
February 2004. The solar wind shows a sharp increase in
density (>20 protons cm ) on 11 February 2004, followed
shortly afterward by a period of high (>600 km s~') solar
wind speed. Although the density increase subsides quickly,
the high solar wind speed continues until 16 February,
gradually returning to nondisturbed levels (~400 km s—')
by 21 February. Dashed vertical lines on 11 and 16 February
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2004 in Figure 1 indicate the beginning and recovery phase
of the storm. These dates are also indicated in Figures 2—4
for easy comparison.

[7] Prior to the storm there was a period of relatively low
solar wind speed lasting >1 day, which is consistent with a
prestorm “calm” [Clilverd et al., 1993; Borovsky and
Steinberg, 2006] and thus suggests that this event may be
driven by a coronal interaction region (CIR) rather than an
incident coronal mass ejection (ICME). Additional evidence
for a CIR-driven event come from the observation that
February 2004 is during the declining phase of the 11-year
solar cycle, and the event has a 27-day repeating occur-
rence pattern. Further, in geomagnetic terms the storm that
occurred on 11—15 February produced only moderate Kp
levels (Kp~4—6), while D, achieved less than —100 nT
only for a short period, and no increase in proton fluxes
occurred during the geomagnetic storm (not shown). All of
these phenomena are suggestive of a CIR-driven event
rather than CME [Tsurutani et al., 2006; Borovsky and
Denton, 2006]. However, we note here that the atmospheric
affects observed by GOMOS as a result of this CIR-driven
event should be considered as an extreme event as no
similar NO, enhancements have been found in the GOMOS
2002—-2007 summary data, other than from solar proton
events [Seppdld et al., 2007b].

3. Experimental Setup

[8] In this paper we use NO, measurements from the
GOMOS stellar occultation instrument [Bertaux et al.,
2000, 2004; Kyrold et al., 2004], on board the Envisat
satellite, to investigate the signatures of NO, descent in
January/February 2004. GOMOS has the advantage over
previous satellite observations of the descent of NO, into
the stratosphere in being able to measure NO, at altitudes up
to 70 km, and in the dark polar night conditions well inside
the polar vortex [Hauchecorne et al., 2005, Kyrold et al.,
2006]. For this study we use GOMOS dark limb (nighttime)
measurements from the Northern Hemisphere (GOPR ver-
sion 6.0c or later) from occultations where the star temper-
ature was >6800 K. Nighttime measurements of NO, are a
good tracer for NO, in the stratosphere and the lower
mesosphere, but not at higher altitudes where NO, is mainly
in the form of NO and the abundance of NO, is very low
[Brasseur and Solomon, 2005]. The GOMOS data used in
this study were averaged over geographic latitudes 59—
80°N. We use this latitude range in order to take advantage
of the same GOMOS high-temperature stars throughout as
much of the February 2004 period as possible. This pro-
vides data from the polar region which contains the polar
vortex (>60°N for a well developed vortex), and which also
correspond to a geomagnetic latitude range from L > 2.8,
i.e., the outer radiation belt. In some cases we restrict the
latitude band to 65—75°N, with a median latitude of 70—
71°N, in order to compare the GOMOS results with ion and
neutral chemistry model runs at 70°N, and to maintain a
consistent number of stars in the analysis throughout the
study period. These geographic latitudes correspond to an L
shell range of L > 3.8.

[v] To investigate the variation of high-altitude NO
during February we use data from the SABER instrument.
SABER is a 10 channel limb-scanning radiometer flying on
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Figure 1. (a) The variation in solar wind speed and density during February 2004. (b) The variation of

the B, component of the solar wind during February 2004. (c) Three-hourly Kp index values, with
disturbed times (Kp > 5) shown in red, moderately disturbed (4 < Kp <5) in green, and quiet times (Kp <4)
in blue. (d) The variation in Dy, (black line) and GOES electron flux units (>2 MeVelectrons cm 25~ ! sr™!)
in red. A significant geomagnetic disturbance can be seen starting 11 February 2004 and lasting until
16 February. There is no equivalent proton enhancement (not shown).

the NASA TIMED satellite, described by Russell et al
[1999]. The primary objective of SABER is to quantify the
thermal structure and energy balance of the mesosphere and
lower thermosphere. Every 53 s SABER scans the Earth’s
limb from 400 km tangent height to a height equivalent to
20 km below the hard Earth surface, simultaneously record-
ing profiles of radiance (W cm 2 sr ') in each spectral
channel. The instrument continuously scans the Earth limb,
recording approximately 1600 profiles of limb radiance per
channel per day. The spectral coverage of the instrument is
from 1.27 to 15.4 pum [Mlynczak et al., 2005]. Of particular
interest for this study is the nighttime auroral 5.3 pm limb
emission, and it changes promptly because of increases in
NO, temperature, and also atomic oxygen. The data shown
in this study is an average of the power radiated by NO in
the latitude band 52—90°N — which is the SABER “high-
latitude™ data product of interest to us here. This geographic
latitude range covers the geomagnetic L shell range from
L>21.

[10] One of the few experimental techniques which can
probe the ionization at altitudes between the GOMOS and

SABER observations uses very low frequency (VLF) elec-
tromagnetic radiation, trapped between the lower iono-
sphere and the Earth [Barr et al., 2000]. The nature of
the received radio waves is largely determined by propa-
gation between these boundaries [e.g., Cummer, 2000],
termed ‘“‘subionospheric propagation.” Here we use the
AARDDVARK-derived radio wave index (RWI) which
describes the variation in propagation conditions for a
narrow band subionospheric transmitter (call sign NRK,
64°N, 22°W, L = 5.6, 37.5 kHz) located in Iceland and
received at a receiver located at Ny Alesund, Svalbard
(79°N, 11°E, L = 18.3). Because of the geographic latitude
and geomagnetic latitude of this path the propagation
conditions are influenced by both the polar vortex and
the outer radiation belt, and the path passes through the
footprints of geostationary orbits as discussed later in
section 4. Any change in the levels of either NO concen-
tration, or ionization rates due to particle precipitation, in
the 70-90 km altitude range can be identified in the RWI
[Clilverd et al., 2007]. The Ny Alesund site is part of the
Antarctic-Arctic Radiation-belt Dynamic Deposition VLF
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Atmospheric Research Konsortia (AARDDVARK); see
Clilverd et al. [2009] for more details.

[11] Radiation belt particle data is provided by instru-
ments onboard the Geostationary Operational Environmental
Satellite (GOES) and Polar Operational Environmental
Satellite (POES) Program spacecraft, which are a coopera-
tive effort between NASA and the National Oceanic and
Atmospheric Administration (NOAA). The Space Environ-
ment Monitor instrument onboard GOES 11 provides 1-min
>2 MeV electron fluxes at a nominal fixed L shell of L = 6.6.
The GOES >2 MeV channel primarily responds to trapped
outer zone particles. In practice the geostationary orbit is
not at a constant L, and so we use to daily average to
compensate for the factor of ~5 variation during a normal
“quiet time” orbit. The Polar Orbiting Environmental
Satellites (POES) (formerly known as TIROS for Television
and InfraRed Observation Satellite) carry the Space Envi-
ronment Monitor-2 instrument, which observes trapped and
precipitating (loss cone) electrons and protons. In this study
we make use of measurements from the POES spacecraft
NOAA 15, 16 and 17. As POES are located in polar orbits,
they sweep through a range of L shells, sampling both the
inner and outer radiation belts. POES instruments measure
trapped and loss cone electron integral fluxes for energy
thresholds of >30, >100 and >300 keV. Here we make use
of two POES data products, the POES radiation belt indices
(available from http://www.swpc.noaa.gov/ftpdir/lists/bi/
old bi/) and the POES Space Environment Monitor-2 16-s
average measurements (available from http://poes.ngdc.
noaa.gov/data/avg/). The radiation belt indices are a daily
value indicating the ratio of the daily trapped particle counts
to their corresponding 1-year summed average for each
energy channel. The indices are subdivided by L to provide
inner (L < 2.0), slot (2.0 < L < 2.5), and outer (L > 2.5)
radiation belt indices.

[12] The POES Space Environment Monitor-2 suite
includes a >300 keV loss cone telescope and an omnidi-
rectional proton integral energy channel with energy thresh-
old >16 MeV which responds to trapped >0.8 MeV
electrons as a “contaminant” in the absence of any signifi-
cant proton fluxes [Sandanger et al., 2007]. We use the 16-s
average measurements from the proton integral energy
channel to detect trapped relativistic electrons, as there
was no solar proton event in this period. The relative
detection efficiency of the POES >16 MeV proton channel
is 50% for 1.5 MeV electrons and climbs to 100% for
2 MeV electrons [Sandanger et al., 2007], and as such this
data is a very useful representation of trapped relativistic
electron populations (outside of solar proton events). As
the fluxes are being measured at low altitudes they repre-
sent a measurement of particles closer to the loss cone
(smaller pitch angles) than the fluxes measured by GOES.
So, an increase in the POES omnidirectional detector does
indicate when particles have been scattered from near-
equatorial pitch angles to closer to the loss cone, which is
consistent with the hypothesis that precipitation is likely to
be occurring.

4. Results

[13] In Figure 2 we show a composite picture which
combines data from all three experimental techniques during
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the period January—February 2004. Figure 2 (top) shows the
daily average NO radiated power from SABER in the
northern polar region (52—90°N) in the altitude range 100—
200 km, starting from 16 January 2004. The values obtained
during January and February varied from 1 to 7.6 x 10'® W
with high levels observed over 16—27 January, and 11—
16 February. The start of the first period of enhanced NO
radiated power was not captured in the SABER observa-
tions. However, the second period is clearly associated with
the geomagnetic storm that began on 11 February, and
lasted as long as the period of high solar wind speeds,
finishing on 15 February. As this change is in step with the
15 pum power for SABER CO, data (not shown) we
conclude that the NO radiated power increase is likely to
be due to storm-induced changes in temperature, rather than
an increase in NO due to ionization from low-energy
electron precipitation. Figure 2 (middle) shows the daily
AARDDVARK RWI, values varied from —15 to 5 dB
during January and February, with an extended period of
high levels (denoting enhanced ionospheric ionization
levels in the altitude range 70—90 km) from 11 January to
5 February, and then a second period from 11 to 19 February.
The first period of enhanced RWI has been associated with
the ionization of descending NO, by Lyman-c« as a result of
strong vertical descent associated with a strengthening of
the underlying polar vortex [Clilverd et al., 2006, 2007].
The second period of enhanced RWI is coincident with the
11-16 February geomagnetic storm, although lasting longer
than the period of high solar wind speed, and peaking in
magnitude at the time that the SABER event finishes.

[14] Figure 2 (bottom) shows the daily averaged GOMOS
nighttime NO, mixing ratios from 30 to 70 km and 59—
80°N. The average mixing ratios range from 0 to 600 ppbv
during January and February 2004, with a gradually
descending enhancement of NO, starting at around 70 km
on 11 January reaching ~45 km by the end of February. The
origin of this descending feature has been ascribed to
auroral-altitude (>90 km) NO, [Clilverd et al., 2007]
descending because of strong vertical transport of subsiding
polar air [Randall et al., 2005]. The enhancement of NO,
weakens after 5 February, but is strongly enhanced over a
large range of altitudes from 14 to 19 February coincident
with, and following, the geomagnetic storm shown in
Figure 1. Seppdld et al. [2007a] and Turunen et al. [2009]
identified this increase in NO, in the GOMOS data as being
due to in situ generation of NO, by energetic electron
precipitation, suggesting relativistic electron precipitation
as the most likely source because of the altitude at which the
NO, was generated. In this paper we study this period in
detail and attempt to quantify the contribution of the
energetic electron precipitation to the NO, levels that were
eventually observed at 40 km by Randall et al. [2005] and
Rinsland et al. [2005].

[15] One interesting difference in the geomagnetic storm as
seen in the SABER NO radiated power, the AARDDVARK
RWI, and the GOMOS NO, data is in the timing of the
event at the different altitudes that the data sets represent. At
altitudes >100 km the storm effect is observed by SABER
from 11 to 16 February. However, at 50—70 km the storm
effect is seen by GOMOS from 14 to 19 February. Starting
later and finishing later than the SABER event. The 70—
90 km RWI also confirms the later finish date at altitudes
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Figure 2. A composite showing (top) the SABER NO 5.3 um radiated power (100—200 km), (middle)
AARDDVARK radio wave index (RWI, 70—90 km), and (bottom) average 59—80° latitude GOMOS
NO, mixing ratio (30—70 km) during January and February 2004. Enhanced NO,, RWI, and NO can be
seen from 11 January 2004, followed by another enhancement from 11 February 2004. Recovery to the
second enhancement takes ~5 days at >100 km (denoted by the dashed vertical lines) but continues to the

end of the plot window at ~50 km.

<100 km. Of particular interest to this paper is why the NO,
generated at 50—70 km altitudes is so delayed with respect
to the storm start.

[16] Figure 3 gives an insight into why the two altitudes
respond at such different times. Figure 3 (top) shows the
variation of the POES outer radiation belt (L > 2.5) daily
index for >30 keV electrons, and a daily average of the
GOES >2 MeV trapped electron fluxes (L = 6.6). Precipi-
tating 30 keV electrons produce ionization at >90 km
altitudes [Rees, 1989; Turunen et al., 2009], while precip-
itating 2 MeV electrons produce ionization at >50 km. Thus
the POES >30 keV electron index is more useful for
comparison with SABER data, while the GOES >2 MeV
electron fluxes are more useful for comparison with the
GOMOS data. Figure 3 (bottom) shows the variation of the
POES count rates in February 2004 for the ~1.5 MeV
omnidirectional detector and the >300 keV loss cone
detector, measured at L = 4.5, i.e., in the heart of the outer
radiation belt. In both Figure 3 (top) and Figure 3 (bottom)
we can see that the POES outer radiation belt index and the

>300 keV loss cone counts respond at the beginning of the
storm period (11 February), while the GOES >2 MeV
trapped fluxes and the POES ~1.5 MeV omnidirectional
detector respond later, and peak after, the POES outer
radiation belt index and the >300 keV loss cone counts.
We note here that the increase in GOES fluxes indicates an
increase in trapped fluxes which may lead to higher pre-
cipitating fluxes. The low-altitude POES omnidirectional
detector measurements, which also show an increase, are
consistent with this hypothesis.

[17] In Figure 4 we show POES data plotted as a function
of L shell versus date in February 2004. The 16-s average
measurements from all 3 POES spacecraft are processed to
create mean flux measurements in bins which are 3 h and
0.25 L wide, with measurements taken from inside the
South Atlantic Magnetic Anomaly removed. Figure 4
(top) shows values from the POES >16 MeV omnidirec-
tional proton channel which responds to relativistic elec-
trons. We follow the approach of previous authors in
describing this as a ~1.5 MeV electron channel [Sandanger
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Figure 3. (top) The variation of the POES outer radiation belt index (>30 keV electrons) and the daily

averaged GOES 12 >2 MeV electron flux in February 2004. The outer radiation belt index shows an
immediate response to the geomagnetic storm on 11 February, peaking on 12 February, while the >2 MeV
fluxes gradually start to increase 2 days after onset of the geomagnetic storm, peaking on 18 February.
(bottom) The variation of the POES >1.5 MeV omnidirectional detector and the >300 keV loss cone

detector for L = 4.5 during February 2004.

et al., 2007], although as noted above the detection effi-
ciency of this proton channel for relativistic electrons is
energy dependent. The geomagnetic storm of 11 February
produces very low fluxes of relativistic electron contami-
nation initially, but high relativistic electron fluxes at L > 4
from 14 to 21 February, consistent with the period of
GOMOS NO, production. Figure 4 (middle) shows the
POES >300 keV loss cone electron flux, while Figure 4
(bottom) shows that the POES >30 keV loss cone electron
flux. The loss cone fluxes undergo a sudden enhancement at
L >4 on 11 February, lasting until 16 February, contiguous
with high solar wind speeds during the geomagnetic storm,
and SABER NO radiated power observations. Thus from
Figures 3 and 4 we conclude that enhanced fluxes of
trapped relativistic electrons are generated at L > 4 and as
far out as L~7, as the effect is seen clearly in the GOES data
at L = 6.6. The generation is delayed by ~3—-4 days in
respect of the start of the storm, which is consistent with
acceleration of seed populations of low-energy electrons by
wave-particle interactions or radial diffusion, and consis-
tent with CIR-driven storms [Zsurutani et al., 2006].
Although the loss cone measurements at >30 keV and
>300 keV do not show any significant enhancements from
16 to 19 February, the enhancement of the quasi-trapped
>1.5 MeV fluxes is consistent with the results from
previous studies of this period in suggesting that the
increase in GOMOS NO, is a result of increased relativ-

istic electron precipitation into the atmosphere [Seppdld et
al., 2007a; Turunen et al., 2009].

5. Modeling the REP-Generated NO,

[18] The detailed impact of the geomagnetic storm of 11—
16 February 2004 on the NO, altitude profiles in the latitude
range 65°-75°N, which is where the maximum NO,
enhancement was observed, is shown in Figure 5. Figure
5 (top) identifies three critical periods: before, during, and
after the storm. Before the storm, from 1 to 5 February, the
average NO, profile is represented by a maximum in mixing
ratio at ~55 km, with values of ~150 ppbv. There is little
NO, below 50 km or above 60 km. During the latter part of
the storm, from 15 to 20 February, the average NO, profile
is represented by a maximum in mixing ratio between 52
and 56 km, with values of >500 ppbv. There is some NO, as
low as ~47 km, but significant amounts occur over a larger
altitude range than before the storm, up to 65 km in altitude.
After the storm, from 25 to 29 February, the NO, profile is
represented by a maximum in mixing ratio at ~52 km, with
values of ~300 ppbv, but the altitude range over which
significant NO, occurs has again reduced to ~10 km.

[19] Figure 5 (bottom) shows 2-day averages of the NO,
mixing ratio (circles) measured at the peak of the descend-
ing feature, where the altitude of the measurement is shown
by the squares in the same plot. Following a period at the
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Figure 4. (top) The POES >16 MeV proton channel during February 2004, which we use here to
identify relativistic electrons (>0.8 MeV). The geomagnetic storm produces high relativistic electron
fluxes at L > 4 from 14 to 21 February, consistent with the period of GOMOS NO, production. (middle)
The POES >300 keV loss cone electron flux variation with L shell. (bottom) The POES >30 keV loss
cone electron flux variation with L shell. The fluxes show a sudden enhancement on 11 February, lasting
until 16 February, contiguous with high solar wind speeds during the geomagnetic storm, and SABER
NO 5.3 pm radiated power observations. All values are in counts/s.

beginning of January, where the mixing ratio values are
steadily increasing because of conversion from NO to NO,
with decreasing altitude [Brasseur and Solomon, 2005],
the mixing ratios then remain at a quasi-constant value of
~150 ppbv until 7 February. Between 8 and 13 February
there is a gap in the occurrence of measurements in the 65°—
75°N latitude range. However, GOMOS observations in
Figure 2 show that no immediate effect of the geomagnetic
storm on NO, is observed at the onset of the storm. During
and just after the geomagnetic storm (14—18 February) the
mixing ratios increase to 600 ppbv before settling back down
to ~300 ppbv late in February. The loss of ~200 ppbv of
NO, at the end of the geomagnetic storm is consistent with
the removal of NO, into reservoir species such as CIONO,
[von Clarmann et al., 2005; Lépez-Puertas et al., 2005].
Delayed CIONO; increases were observed by MIPAS instru-
ments following the October 2003 solar proton events as a
result of temporal development of active chlorine during the
storm, with subsequent buffering into its inactive reservoir
(CIONOy) [von Clarmann et al., 2005]. Reactions such as
this may account for the observed loss of NO; at the end of
the geomagnetic storm; loss by photolysis alone seems
unable to explain the rapid temporal variability shown.

[20] After 20 February the NO, mixing ratios remain at
an elevated and quasi-constant level of ~300 ppbv. From
these measurements we conclude that in overall terms the

geomagnetic storm doubled the amount of NO, that was
descending toward the stratosphere. The low-altitude, high-
latitude, and wintertime conditions for this event mean that
any loss of NO, by photolysis is minimal, and the NO,
should be able to survive long enough to descend to low
altitudes with the poststorm mixing ratios, which is consis-
tent with the observations of Randall et al. [2005] for April/
May 2004 at ~40 km altitudes.

[21] In this section we use the Sodankyld Ion and Neutral
Chemistry model (SIC) to investigate what energy spectrum
and flux of precipitating electrons are required to generate
the altitude profile of NO, observed by GOMOS at the peak
of the geomagnetic storm effect. The SIC model is a 1-D
chemical model designed for ionospheric D region studies,
solving the concentrations of 65 ions, including 29 negative
ions, and 15 neutral species at altitudes across 20—150 km.
This study makes use of SIC version 6.9.0. A detailed
overview of the model was given in Verronen et al. [2005],
building on original work by Turunen et al. [1996] and
Verronen et al. [2002]. In the SIC model several hundred
reactions are implemented, plus additional external forcing
due to solar radiation (1-422.5 nm), electron and proton
precipitation, and galactic cosmic radiation. Initial descrip-
tions of the model are provided by Turunen et al. [1996],
with neutral species modifications described by Verronen et
al. [2002]. Solar flux is calculated with the SOLAR2000
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Figure 5. (top) Showing the variation in the latitude range 65—75°N of the NO, mixing ratio with

altitude during three selected periods during February 2004. The blue line represents observations made
before the onset of the geomagnetic storm period, the green line is during the geomagnetic storm, and the
red line is after the end of the storm. (bottom) The 2-day average mixing ratio (circles) at the peak of the
descending NO, feature (squares represent the altitude of the peak), measured during January and
February. There was a gradual increase in mixing ratio from low levels at the start of January, leveling off
at ~150 ppbv between 22 January and 5 February, then increasing from 14 February, leveling off again at
~300 ppbv by the end of the month, consistent with Figure 5 (top).

model (version 2.27) [Tobiska et al., 2000]. The scattered
component of solar Lyman-« flux is included using the
empirical approximation given by Thomas and Bowman
[1986]. The SIC code includes vertical transport [Chabrillat
et al., 2002] which takes into account molecular [Banks and
Kockarts, 1973] and eddy diffusion with a fixed eddy
diffusion coefficient profile. The background neutral atmo-
sphere is calculated using the MSISE-90 model [Hedin,
1991] and tables given by Shimazaki [1984]. Transport and
chemistry are advanced in intervals of 5 or 15 min. While
within each interval exponentially increasing time steps are
used because of the wide range of chemical time constants
of the modeled species.

[22] In reality the method used here was one of iteration,
with a general target of keeping assumptions to a minimum.
Initially a simple energy spectrum for the electron precip-
itation is assumed, along with a precipitation flux. Then the
altitude-dependent ionization rate is calculated making use
of the expressions given by Rees [1989, chap. 3], with
effective electron ranges taken from Goldberg and Jackman
[1984]. Finally we ran the SIC model with the ionization
rates imposed to determine the amount of NO, that would
be generated by that amount of ionization. As a result of this

iterative process, we identified that the ionization rate
profile from a monoenergetic beam of 1.25 MeV electrons
with a flux of 0.3 x 10®el cm 2 st~ ' s keV ™! was able to
reproduce the GOMOS observations. Figure 6 shows the
ionization rate profile from the final electron beam param-
eters. The energy of the electrons strongly defines the
altitude of the peak ionization rate, although it should be
noted that substantial ionization occurs at altitudes above
the peak even with a monoenergetic beam, because of
scattering on the way through the atmosphere. For compar-
ison we also show the ionization rate profile generated by
the spectrum shown in Figure 3 (18 May 1992, 2247 UT) of
Gaines et al. [1995] and discussed by Turunen et al. [2009],
but with the fluxes multiplied by a factor of 15. The
resultant ionization rate profile is very similar to the
monoenergetic beam apart from an increased contribution
at ~15 km due to the ~5 MeV electrons in the Gaines et al.
[1995] spectra.

[23] The concentration of NO, in the altitude range 40—
70 km is shown in Figure 7. NO, was generated by
imposing the ionization rates from either the monoenergetic
beam of 1.25 MeV electrons, or the enhanced Gaines et al.
[1995] spectra, on the SIC calculations made at 70°N, 0°E
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Figure 6. The ionization rate generated by a monoenergetic beam of 1.25 MeV electrons, and a 15 x
Gaines et al. [1995] storm time spectra, imposed on the SIC model to reproduce the observed NO,
mixing ratios that occurred during the geomagnetic storm of 15—20 February 2004.

for 3 days. The SIC NO, variation with altitude 4 days
after the ionization period is indicated by the black solid
line. In comparison, the largest nighttime GOMOS NO,
average values from 65°—75°N are shown by the dashed

line. The gray line represents the SIC model NO, profile
without electron precipitation forcing. The GOMOS data
during the geomagnetic storm is reasonably modeled by the
effects of either the monoenergetic 1.25 MeV electron
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Figure 7. The altitude variation of the NO, densities observed by GOMOS during the maximum
effect of the geomagnetic storm (dashed line) compared with the calculated SIC quiet time NO,
concentrations (gray line) and the results from the monoenergetic 1.25 MeV REP forcing with a flux of
0.3 x 10%elem ?sr ' s~ keV ™' (black line), and the enhanced Gaines et al. [1995] spectra (dot-dashed
line). Good agreement is obtained between the GOMOS data and the SIC results using these levels of
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precipitation, or the 40 times enhanced Gaines spectra, at
altitudes 45—60 km. The 1.25 MeV monoenergetic flux of
0.3 x 10%°el cm 2 sr ' s™' keV ™! produces the peak values
of 500 ppbv when taking into account the 150 ppbv that was
already present prior to the geomagnetic storm.

[24] The estimated fluxes for this event can be put into
context by comparing them with satellite measurements of
electron precipitation fluxes made during geomagnetic
storms. The Gaines et al. [1995] bounce loss cone (BLC)
spectra from a storm time period in 18 May 1992 at 2247 UT
gave 53 x 10’ el em 2 sr™' s™' for 2—6 MeV between
L = 3.5 and 4.0. Gaines et al. [1995] showed that these
fluxes were larger than the drift loss cone (DLC) fluxes at
the same time, i.e., at electron precipitation energies which
are capable of reaching ~50 km altitudes the BLC fluxes
have been observed to be 200% of the DLC fluxes. Daily
average BLC and DLC flux comparisons shown by Gaines
et al. [1995] also suggest that they can be about the same
at the high-energy end (>2 MeV) during storms. Using
~11 years of data, the SAMPEX observations of DLC
fluxes for 2—6 MeV electrons between L = 3 and 4.5 are
typically ~10° el cm > st ' s during long-lived, storm
time, flux enhancements [Baker et al., 2004]. The Gaines x
15 BLC spectra from a flux enhancement event (used in
this modeling study) represents ~80% of the DLC flux
(>2 MeV) seen by SAMPEX during the storm period
studied here [Baker et al., 2004].

6. Summary

[25] During the much discussed descent of polar NO, in
the northern hemisphere spring 2004 [Randall et al., 2005;
Rinsland et al., 2005; Clilverd et al., 2006] a geomagnetic
storm occurred on 11—16 February 2004 that appeared to
generate some additional NO,, supplementing the original
amounts that were already descending. At altitudes >70 km
SABER observations and AARDDVARK radio wave data
showed an immediate affect of the geomagnetic storm
which coincide with either the generation of NO by rela-
tively low energy electron precipitation (~30 keV) or with
enhanced temperatures at altitudes >100 km, or both, prob-
ably associated with direct input from the solar wind. The
enhancement of SABER NO radiated power ended when the
solar wind speed fell below 600 km ™' 4—5 days after the start
of the storm, but the 70-90 km AARDDVARK radio wave
data continued to show a response for a further 4 days,
recovering on 19 February.

[26] At altitudes 50—70 km GOMOS observations of
NO, showed a delayed response to the geomagnetic storm
with NO, being generated from 14 to 19 February. The
delayed response and duration of NO, production was found
to be consistent with the increase in the flux of trapped
relativistic electrons measured by GOES at geostationary
orbit and by POES through relativistic electron contamina-
tion of the >16 MeV proton channel. The delayed enhance-
ment of radiation belt relativistic electron fluxes is consistent
with the acceleration of seed populations of low-energy
electrons after the onset of the storm, reaching relativistic
energies after several days [Horne, 2002; Horne et al., 2005].
The accelerated electrons are then presumably lost to the
atmosphere by particle precipitation mechanisms also driven
by the geomagnetic storm [e.g., Rodger et al., 2007]. Using
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the SIC model we found that a good fit to the observed NO,
mixing rations at the peak of the geomagnetic storm effect
was produced by either a monoenergetic 1.25 MeV electron
beam with a flux of ~0.3 x 10°elcm ?sr 's™' keV ' ora
15 times enhanced Gaines et al. [1995] bounce loss cone
spectra which gives fluxes of 8 x 10% el cm 2 st ' s~ for
2—6 MeV. The geomagnetic storm that generated this upper
stratospheric NO, was driven by a CIR-type storm with high
solar wind speeds, moderate Kp, and a 3-day delayed
buildup of >2 MeV electron fluxes at geostationary orbit.
The NO, was generated by precipitating electron fluxes that
lasted for ~3 days, and our observations suggest that this
geomagnetic storm was particularly geoeffective in terms of
relativistic electron loss into the atmosphere.

[27] Prior to the storm the descending NO, had mixing
ratio values of ~150 ppbv. After the storm the descending
NO, had mixing ratios of ~300 ppbv, which leads us to
conclude that the geomagnetic storm-induced REP event
doubled the amount of NO, descending into the strato-
sphere, in comparison with the original event that started in
January 2004. However, during the peak of the relativistic
electron precipitation effect the maximum mixing ratios
observed were ~500 ppbv. We speculate that part of the
observed ~200 ppbv loss of NO, at the end of the
geomagnetic storm could be caused by the removal of
NO, into reservoir species such as CIONO,.
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