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Abstract Precipitating auroral and radiation belt electrons are considered to play an important part in the
natural forcing of the middle atmosphere with a possible impact on the climate system. Recent studies suggest
that this forcing is underestimated in current chemistry-climate models. The HEPPA III intercomparison
experiment is a collective effort to address this point.

In this study, we apply electron ionization rates from three data-sets in four chemistry-climate models during a
geomagnetically active period in April 2010. Results are evaluated by comparison with observations of nitric
oxide (NO) in the mesosphere and lower thermosphere. Differences between the ionization rate data-sets have
been assessed in a companion study. In the lower thermosphere, NO densities differ by up to one order of
magnitude between models using the same ionization rate data-sets due to differences in the treatment of NO
formation, model climatology, and model top height. However, a good agreement in the spatial and temporal
variability of NO with observations lends confidence that the electron ionization is represented well above

80 km. In the mesosphere, the averages of model results from all chemistry-climate models differ consistently
with the differences in the ionization-rate data-sets, but are within the spread of the observations, so no clear
assessment on their comparative validity can be provided. However, observed enhanced amounts of NO in the
mid-mesosphere below 70 km suggest a relevant contribution of the high-energy tail of the electron distribution
to the hemispheric NO budget during and after the geomagnetic storm on April 6.

1. Introduction

Energetic particles from the Sun or the terrestrial magnetosphere precipitate into the atmosphere at high geomag-
netic latitudes. Due to magnetospheric shielding, protons from solar coronal mass ejections can mainly precipi-
tate into the atmosphere inside the polar caps polewards of ~60° geomagnetic latitude. Electrons accelerated in
the magnetotail to energies ranging from a few keV to hundreds of keV in auroral substorms precipitate in the
auroral region. Electrons trapped in the outer radiation belt can be accelerated to energies from a few tens of keV
to several MeV in geomagnetic storms initiated by solar coronal mass ejections or high-speed solar wind streams,
and precipitate at mid-to-high latitudes, equatorwards of the auroral ovals (see review and references in Mironova
et al. [2015]; Sinnhuber & Funke [2019]). The penetration depth of the precipitating particles depends on their
energies, with auroral electrons mainly affecting the lower thermosphere above ~90 km, radiation belt electrons
precipitating further down into the middle atmosphere, even into the upper stratosphere (1 MeV electrons to
~50 km, e.g. Fang et al. [2010]).
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Collisions of precipitating particles with the most abundant air molecules and atoms N,, O, and O lead to the
formation of primary ions N3, O}, O*, N* as well as to excited and ground-state neutral dissociation products
(N*S, N*, O(*P), O('D)). Reactions of nitrogen atoms in the ground and excited states lead to formation of NO
via the reaction

N+0, - NO +O. (1)

This reaction is much faster for the excited states of N at the prevailing low temperatures in the middle atmos-
phere, but the pronounced temperature dependence of the reaction involving ground state nitrogen favors NO
production at higher thermospheric temperatures, leading to a significantly larger equilibrium concentration of
NO at temperatures >400 K (e.g., Sinnhuber & Funke [2019]). Charge exchange and subsequent ion-neutral
and ion-ion reactions also contribute to NO formation (Sinnhuber et al., 2012; Verronen & Lehmann, 2013).
During the daytime, electromagnetic radiation in the extreme UV (EUV) and soft x-ray wavelength range causes
photoinization, which leads to the same chain of reactions forming NO, though the distribution of primary ions
depends on the EUV spectrum. During geomagnetic storms and auroral substorms, particle impact ionization
is dominated by auroral and radiation belt electrons, with a smaller contribution of soft protons (Yakovchuk &
Wissing, 2019). To relate the ionization rate to the rate of NO formation, chemistry-climate models often use a
well established relation of 1.25 NOx formed by one ionpair based on (Jackman et al., 2005; Porter et al., 1976).
This approach yields in general a good agreement with observations of the chemical impact for large solar proton
events below 80 km (Funke et al., 2011; Jackman et al., 2001). A more sophisticated approach is to model the
ion chemistry in detail; this approach has been used successfully in the lower thermosphere where only five ions
(Of, N‘z*, O*, NO*, N*) and some excited species need to be taken into consideration, and it has also been used
in models of mesospheric and stratospheric ion chemistry, for example, in one-dimensional models like SIC or
UBIC (Verronen et al., 2005; Winkler et al., 2008). Recently, detailed D-region ion chemistry schemes have been
developed for global models as well (Andersson et al., 2016; Egorova et al., 2011; Verronen et al., 2016).

NOx produced by energetic electron precipitation in the mesosphere and lower thermosphere is very long-lived
during polar night and is transported down into the stratosphere around 25 km in most polar winters (Funke
et al., 2014; WMO, 2018). As NOx contributes to catalytic ozone loss in the upper stratosphere, these geomag-
netically modulated NOx intrusions lead to ozone loss and changes in the radiative balance of the upper strato-
sphere varying from year to year (Sinnhuber et al., 2018). Energetic electron precipitation into the mesosphere
and lower thermosphere thus initiate a chemical-dynamical coupling mechanism that potentially impacts atmos-
pheric dynamics down to regional weather systems at mid-and high latitudes (Arsenovic et al., 2016; Asikainen
et al., 2020; Maliniemi et al., 2014, 2019; Seppili et al., 2009). This so-called geomagnetic forcing is consid-
ered as a potential contributor to the natural variability of the climate system, and recommended to be included
in ongoing and future chemistry-climate model projections, for example, for the CMIP6 experiments (Matthes
et al., 2017). The latter recommendations by Matthes et al. (2017) include a parameterization of the medium-en-
ergy electron (MEE, >30 keV) ionization which is based on POES/MEPED electron flux observations (APEEP,
see van de Kamp et al. [2016]). Ionization by MEEs with their penetration directly into the middle atmosphere
could be especially important for the coupling to the dynamics. However, recent studies suggest a systematic
underestimation of the electron fluxes and ionization rates particularly during and after geomagnetic storms by
APEEP (Mironova et al., 2019; Nesse Tyssgy et al., 2019) as well as by other ionization rate data-sets based on
POES/MEPED clectron flux observations (Pettit et al., 2019; Smith-Johnsen et al., 2017).

The HEPPA III intercomparison experiment is a collective effort to address this issue. This study is the second
of two papers dealing with the evaluation of the electron precipitation impact on the atmosphere. In the first pa-
per, eight different ionization rate data-set. all using POES/MEPED data were compared for a geomagnetically
disturbed period in April 2010, and their differences were analyzed in detail (Nesse Tyssgy et al., 2021). A main
result of the first paper is that ionization rates differ by up to an order of magnitude as well as in their penetration
depths depending on the choices made in their derivation even when using the same data-set of electron fluxes.
Here, we investigate the respective atmospheric impact of these ionization rates and their spread by analyzing re-
sults from chemistry-climate models driven by three of these ionization rate data-sets for the same period of time
in April 2010. To account for the large differences between ionization rates, we choose three data-sets that repre-
sent the full range of the spread discussed in Nesse Tyssgy et al. (2021). To evaluate the model response, results
of the model experiments are compared with satellite observations of nitric oxide (NO) from three instruments
complementary in vertical, spatial, and temporal coverage (SOFIE/AIM as well as MIPAS and SCTAMACHY on
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Figure 1. Hourly AE index (upper panel), hourly DST index (middle panel) and frequency of isolated (orange) and non-isolated (red) substorms (lower panel) from
16 March to 24 April 2010. Highlighted by gray shading are March 30, April 6, April 9 and April 14, see also dates provided at top of figure. The frequency of
substorms is calculated based on a 24-hr moving average, with the substorm duration assumed to be 30 min. The substorm onsets are derived following Newell and
Gjerloev (2011b) based on the SML index, an improved version of the traditional AE index (Newell & Gjerloev, 2011a). Isolated substorm onsets are separated by at

least 3 hr.

ENVISAT). NO was chosen as a diagnostic because high-latitude NO abundances in the mesosphere and lower
thermosphere are assumed to be dominated by particle impact ionization (Barth et al., 2003; Marsh et al., 2004;
Sinnhuber et al., 2016). We use four different high-top coupled chemistry-climate models extending into the
lower thermosphere to evaluate the electron ionization rate data-sets in the mesosphere and lower thermosphere.
Model runs are carried out covering the same period of enhanced geomagnetic activity in April 2010 already
described by Smith-Johnsen et al. (2018) and in the companion paper, Nesse Tyssdy et al. (2021). This period
follows a geomagnetically very quiet period in early 2010. It is characterized by an increase in geomagnetic ac-
tivity starting on 30 March 2010 with an enhanced substorm activity peak. Geomagnetic activity is largest during
a geomagnetic storm onset on April 5 and 6 (see Figure 1), which was initiated by a solar coronal mass ejection
but was not accompanied by a solar proton event. Kp values of 8 are reached during April 5, and the daily mean
Ap is 55 on April 5, 44 on April 6.

The models and data-sets used are introduced in Section 2, ionization rate data-sets in Section 2.1, chemistry-cli-
mate models in Section 2.2, satellite data-sets in Section 2.3. The model-measurement intercomparison is shown
in Section 3, a discussion evaluating the applicability of the different ionization rate data-sets is provided in
Section 3.3, and an estimate for the contribution of auroral electrons and MEE to the hemispheric NO budgets
during this event is given in Section 3.4.
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2. Characterization of Data-Sets and Models

In this section, the data-sets and models used for the intercomparison are described and their uncertainties and
variability are characterized.

2.1. Ionization Rate Data-Sets

Three ionization rate data-sets are used here, AIMOS (see Section 2.1.1), APEEP (see Section 2.1.2), and OULU
(see Section 2.1.3) described in detail in the companion paper, Nesse Tyssgy et al. (2021). In all three data-sets,
ionization due to medium-energy electron (MEE, >30 keV) precipitation is based on observations of electron
fluxes from the MEPED instruments on the NOAA POES and EUMETSAT MetOP satellites. These instruments
record the MEE flux in the bounce loss cone in three energy ranges: >30 keV, >100 keV and >300 keV. The
ionization rate data-sets differ in their use of either one or two of the directional telescopes, in the treatment of
instrument-related problems, the spectral and spatial interpolation of the electron fluxes, the electron energy
range, and the energy deposition algorithm. The three data-sets were chosen because of these differences, to pro-
vide typical examples of different data preparation methods and to span the full range of ionization rates from the
larger group of eight ionization rate data-sets compared in Nesse Tyssgy et al. (2021). A comparison of zonally
averaged daily ionization rates from the data-sets is provided for four days in Section 2.1.4.

2.1.1. AIMOS

The Atmospheric Ionization Module Osnabriick AIMOS v1.6 (Wissing & Kallenrode, 2009) provides 3-D ion-
ization rates due to protons, auroral, and MEE electrons in the range 0.154-300 keV and alpha particles with a
two-hourly resolution for the time-period 2001-2012 on a geographic latitude/longitude grid.

AIMOS uses both TED and MEPED data from the 0° detectors. Since the MEPED channels have no upper
energy limit, MEPED electron fluxes are converted into differential channels by subtracting the upper from the
lower channels, resulting in the bands 30-100 keV and 100-300 keV. Contamination of the electron channels
by high-energy proton precipitation is removed by neglecting the MEPED electron channels if the omni-direc-
tional proton channel P7 sensitive to >35 MeV protons (Evans & Greer, 2006) shows more than 2 counts. This
effectively cuts out MEE precipitation during solar proton events and in the South Atlantic Anomaly. The most
recently launched set of satellites are used in AIMOS. For the selected period these are POES 17 covering the
morning/evening sector and POES 18 covering the day/night sector. Mean flux maps have been calculated based
on 8 years of satellite data (2002-2009) grouped by Kp level, geographic location with a 3.75° latitude/longitude
resolution, and 6-hr sectors of magnetic local time (MLT). For the mean of every bin the upper and lower 25%
of the data have been neglected which reduces noise and outliers while preserving the spatial pattern. Thus each
flux map represents the typical spatial precipitation pattern of a single channel on a global map while preserving
variations in four MLT sectors. These maps are then scaled to the observed flux conditions in every two-hour
interval. Only the regions with high fluxes (i.e., within the auroral oval) are used for scaling to reduce the impact
of noise in the real time data. Bins with similar energy-flux spectra are grouped together resulting in 42 regions
for each time interval that is processed further. Proton, electron and a particle fluxes are fitted by a multiple
power-law fit as a function of energy with up to 5 fits with variable intersections (see Wissing et al. [2016]). Each
of these particle spectra is then convolved with the ionization profiles resulting from a Monte Carlo simulation
of the particle incidents into an atmospheric detector using the GEANT4 toolkit (Agostinelli et al., 2003). The
atmospheric detector is similar to Schroter et al. (2006) but atmospheric parameters have been taken from the
HAMMONIA model (Schmidt et al., 2006) and the NRLMSISE-00 model (Picone et al., 2002). The AIMOS
model is available at http://www.ionization.de.

2.1.2. APEEP

The APEEP precipitation model (van de Kamp et al., 2016) provides daily ionization rates for medium-energy
electron precipitation parameterized by the geomagnetic Ap index on a geomagnetic latitude grid, considering
electrons with energies from 30 keV to 1 MeV.

APEEP uses MEPED data of the 0° detectors measured during the years 2002-2012. The electron data were
corrected for proton contamination using measurements from the MEPED P7 proton flux detector, similar to the
approach used for AIMOS. Time periods of solar proton events were removed from the database. To avoid noise
contamination, all data points where the electron flux of the > 30 keV channel was lower than 250 electrons/cm?’sr
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s were replaced by zeros, keeping in mind that this might cause an underestimation of low fluxes, requiring addi-
tional steps which we describe below. All available flux data in each of the three channels were binned dependent
on IGRF L shell at a resolution of 0.5, and a temporal resolution of 1 day, and averaged over each bin. For each
day of data and each value of L, a spectrum model was fitted to the measured fluxes in the three different energy
ranges which assumes a power-law decrease of spectral density with energy between 30 keV and 1 MeV. The
output of this procedure is expressed in the spectral gradient k and the flux >30 keV F, resulting from the fit,
for each day and each L. Medians of the daily values of F,; and k over the period 2002-2012 were calculated for
each value of L, and for a range of bins of the concurrent magnetic index Ap. Analytical expressions were fitted
to these median values, giving a model dependent on only Ap and L-value. In these expressions, the dependence
on L was expressed as dependent on the distance from the location of the plasmapause, which was modeled
following O’Brien and Moldwin (2003). Low anomalies of the flux from these fitted curves near or below the
noise floor were considered to be due to the noise-removal measure and ignored. The model is meant to give
typical expected flux spectra from the daily Ap value. The resulting precipitation flux spectra are used to calcu-
late atmospheric ionization using the parameterization of electron impact ionization by Fang et al. (2010) and a
representation of the atmosphere, as for example, the NRLMSISE-00 model (Picone et al., 2002). This model
was used in the recommendation for the CMIP-6 forcing data set (Matthes et al., 2017). Data are available, for
example, on the Webpage of the SPARC SOLARIS-HEPPA project https://solarisheppa.geomar.de/cmip6 for the
period 1850-2300, where the data from 2015 onward (the future at the time of preparing this dataset) are based
on the Solar Reference Scenario.

2.1.3. OULU

The University of Oulu data-set (called OULU in the following) provides daily ionization rates for medium-ener-
gy electron precipitation on a geomagnetic latitude grid for the period 1979-present considering electron energies
of 30 keV to 1 MeV.

OULU uses the logarithmic average of electron flux data from the MEPED 0° and 90° telescopes, see (Nesse
Tyssgy et al., 2021). Electron flux measurements have been corrected for low energy proton contamination using
the POES proton data which in turn have first been corrected for radiation damage severely affecting the detectors
after a few years (Asikainen et al., 2012; Asikainen & Mursula, 2011). Electron flux measurements have further
been corrected for non-ideal energy dependent detector efficiency (Asikainen & Mursula, 2013), and errors in
the satellite position data have been fixed using a set of recalculated auxiliary data dependent on satellite position
(Asikainen, 2017). This corrected POES data-set was recently used to construct a spatially and temporally homo-
geneous composite record of daily energetic electron fluxes from 1979 to the present (Asikainen, 2019; Asikain-
en & Ruopsa, 2019). It accounts for the changing background noise related to cosmic rays, compensates for the
changing measurement location of POES satellites and scales the measurements of older SEM-1 (before 1998)
and newer SEM-2 (after 1998) detectors to the same level. Electron flux data are provided in three integral energy
channels corresponding to the three MEPED electron energy channels in the dawn (roughly 7 hr MLT) and dusk
(19 hr MLT) sectors in 2°-bins of corrected geomagnetic latitude. The fluxes in the two opposite MLT sectors
are averaged, and the integral energy spectrum of precipitating electrons is expressed as a power-law spectrum
determined by the three integral energy channels between 30 keV and 1 MeV. The corresponding differential
spectrum is numerically estimated with 10 keV spacing by differentiating the integral spectrum. The atmospheric
ionization profile is computed using the parameterization by Fang et al. (2010) and a background atmosphere
provided by the NRLMSISE-00 model (Picone et al., 2002).

2.1.4. Comparison of Ionization Rate Data-Sets

A comparison of daily averaged zonally averaged ionization rates from the AIMOS, APEEP, and OULU data-sets
covering the mesosphere and lowermost thermosphere (1 hPa to 10~* hPa, ~45-105 km) is provided in Figure 2.
Shown are results for a quiet day before the increase of geomagnetic activity, during the storm main phase, during
the recovery phase, and at the end of the period of geomagnetic activity. To account for the low-energy cut-off
of APEEP and OULU, the auroral low energy ionization has been complemented by AIMOS data considering
only electrons <30 keV. Thus above ~0.0005 hPa (blue dashed lines in Figure 2), the ionization rates are nearly
identical. At higher pressure levels, the three data-sets differ systematically in their latitudinal extent, vertical cov-
erage, intensity, and temporal evolution throughout the storm phases. Because their electron energies are limited
to <300 keV, the AIMOS data do not extend as far down into the mesosphere as the other two data-sets. lonization
rates from the AIMOS and OULU data-sets show elevated ionization levels throughout their complete nominal
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Figure 2. Comparison of daily mean, zonal mean ionization rates (cm~3s~") from the three ionization rate data-sets (from
left to right) AIMOS, APEEP, and OULU. All data are gridded to the spatial grid of the EMAC model. From top to bottom:
30 March 2010 representing the quiet background before the storm; 6 April 2010, representing the storm main phase; 9
April 2010 representing the recovery phase of the geomagnetic storm; 14 April 2010, at the end of the period of enhanced
geomagnetic activity. Black lines mark contour intervals of 5, 50, 500, and 5,000 cm~3s~!. Gray lines mark —50°, 0° and 90°
and 0.5, 0.1, 0.05, 0.01, 0.005, 0.001, and 0.0005 hPa. Dashed blue lines mark the approximate range of validity of the data-
sets based on the electron energies considered. The altitudes provided on the right-hand axis are approximative, based on a
scale width of 8 km.

pressure range particularly during days of enhanced geomagnetic activity (April 6, 9, and 14), but the ionization
rates from the APEEP data-set never reach the nominal lower altitude limit of ~0.23 hPa.

During the quiet period before the storm onset (March 30), enhanced values of >10 cm™3s~! extend down to
0.05 hPa in AIMOS, down to about 0.1 hPa in APEEP and OULU. During the storm main phase (April 6), strong-
ly enhanced values of more than 1,000 cm3s~! extend further down in AIMOS and OULU (about 0.01 hPa) than
in APEEP (about 0.001 hPa). Moderately enhanced values of >10 cm~3s~! reach down to 0.23 hPa in OULU, but
only down to about 0.05 hPa in AIMOS and OULU; at 0.1 hPa OULU data are two orders of magnitude larger
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Table 1
Features of the Four Chemistry-Climate Models Used in the Intercomparison Experiment
Model WACCM HAMMONIA EMAC KASIMA
Top altitude 140 km 220 km 220 km 120 km
Vertical levels 88 119 74 63
Horizontal res. 0.95° x 1.25° 1.9°x 1.9° 2.8°x2.8° 2.8°x2.8°
Thermospheric Full D-region 5 pos. ions 5 pos. ions const. N, NO
ion chemistry NO UBCa NO UBC
Mesospheric i.c. Full D-region const. N, NO 5 pos. ions const. N, NO
Ionization by: e, p'b e, pha e, pha e, pha
Photoionization parac parac parac simple low

2Upper Boundary Condition. "WACCM includes Solar Protons only, all others include Soft and Solar Protons. ‘Parameteri-
zation of EUV photoionization rates by Solomon and Qian (2005).

than AIMOS data as the extended range in AIMOS is due to bremsstrahlung. Enhanced ionization rates from the
AIMOS model extend further into the polar cap regions in the upper mesosphere (0.05-0.001 hPa) than in the
other data-sets especially in the Southern hemisphere, indicating a less well confined auroral oval. In the recovery
phase and at the end of the period of enhanced geomagnetic activity (April 9 and 14), AIMOS and APEEP rates
have nearly recovered to background values, while enhanced ionization rates of 10-500 cm~3s~! persist through-
out most of the mesosphere (0.3—0.001 hPa) in the OULU model until at least April 14 due to the more anisotrop-
ic pitch angle distribution after the storm captured only by the 90° detector of the POES/MEPED instrument. This
is shown in more detail in the companion paper Nesse Tyssgy et al. (2021), see their Figure 4, where it is shown
that precipitation in OULU in the high-energy tail of the MEE distribution (>300 keV) continues until April 11,
until April 14 in the MEE range of ~100-300 keV.

2.2. Chemistry-Climate Models

Results from four chemistry-climate models are used: WACCM (Section 2.2.1), HAMMONIA (Section 2.2.2),
EMAC (Section 2.2.4), and KASIMA (Section 2.2.4). All four models are high-top models extending into the
lower thermosphere (=115 km). All models use externally prescribed ionization rate data for medium-energy
electron ionization and either internally calculated or prescribed auroral electron ionization as well as a parame-
terization of EUV photoionization. For this study, all model experiments are carried out in the specified dynamics
mode, nudging temperatures and wind fields to meteorological analyses data in the troposphere and stratosphere.
A comparison of the most relevant features of the four models as used here is given in Table 1.

2.2.1. Whole Atmosphere Community Climate

The Whole Atmosphere Community Climate Model WACCM is the atmospheric part of the Coupled Earth Sys-
tem Model CESM. The WACCM version 6 used here is described in detail by Gettelman et al. (2019). The verti-
cal extent of WACCM is from the Earth's surface to 6 X 107 hPa (~ 140 km). Here we use the specified dynamics
mode with 88 pressure layers. The horizontal resolution is 0.95° X 1.25° in latitudexlongitude. Temperatures
and winds below ~50 km are taken from the MERRAZ2 reanalysis data (Molod et al., 2015). The orographic
gravity wave scheme has been updated recently and incorporates near-surface nonlinear drag processes following
Scinocca and McFarlane (2000) as well as a feature-based algorithm to derive forcing data based on Bacmeister
et al. (1994). A non-orographic gravity wave drag parameterization is used following Richter et al. (2010) with
a separate specification of frontal and convective gravity wave sources. Here we use a chemical mechanism
appropriate for the middle atmosphere with a reduced set of tropospheric reactions. Overall, the scheme of chem-
ical reactions has evolved from previous versions (e.g., Emmons et al.,2010; Kinnison et al., 2007; Lamarque
et al., 2012; Marsh et al., 2013; Tilmes et al., 2016). The reaction rate coefficients have been updated following
the JPL 2015 recommendations (Burkholder et al., 2015). Additional D-region ion chemistry considering 307
reactions of 20 positive ions and 21 negative ions is included as an extended representation for the chemical im-
pacts of energetic particle precipitation (Andersson et al., 2016; Verronen et al., 2016); this scheme replaces the
parameterized HO and NO_ production used in previous model versions.
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For photoionization and heating rates at wavelengths shorter than Lyman-a, the F10.7 based parameterization
of Solomon and Qian (2005) is used. Atmospheric ionization by solar protons is included based on observed
proton fluxes in the energy range of 1-300 MeV from the geostationary GOES satellites (Jackman et al., 2011).
Tonization by auroral electrons is described by an internally generated aurora based on the daily variation of the
hemispheric power which is related to the Kp index following Zhang and Paxton (2008), assuming a Maxwellian
distribution with a fixed characteristic energy of 2 keV (Marsh et al., 2007; Roble & Ridley, 1994). Ionization
by medium-energy electrons is prescribed by the ionization rate data-sets introduced in Sect. 2.1. For APEEP
and OULU, the contributions of MEE electrons and the internally generated aurora are added up, for AIMOS,
the internal aurora is replaced by AIMOS data. In addition, WACCM also contains an upper boundary condition
(UBC) for NO, prescribing NO in the uppermost model box by the NOEM empirical model (Marsh et al., 2004).
NOEM and thus the UBC vary with solar radio flux (F10.7) and geomagnetic activity (Kp).

2.2.2. Hamburg Model for the Neutral and Ionized Atmosphere

The Hamburg Model for the Neutral and Ionized Atmosphere HAMMONIA is a revised version of the gener-
al atmospheric circulation model ECHAMS5 (Roeckner et al., 2006), in which the upper boundary is raised to
~200-250 km (1.7¢”7 hPa). A detailed description of the model can be found in (Meraner et al., 2016; Schmidt
et al., 2006). The model contains 119 vertical levels with a thickness varying from 600 m in the upper troposphere
to 3 km in the mesosphere and 8 km in the thermosphere. In the model, the system of hydro-thermodynamic
equations is solved by the spectral method with triangular truncation T63, which corresponds to a horizontal
resolution of approximately 1.9° X 1.9° in latitude and longitude. Here we use the model in specified dynamics
mode, assimilating ECMWF ERA interim data up to 1 hPa. Orographic and non-orographic gravity wave param-
eterizations follow the approaches of Lott and Miller (1997) and Hines (1997), respectively. Parameters of the
gravity wave parameterizations were set to the "weak background" scenario of Meraner et al. (2016) which allows
for a reasonable representation of the mesosphere/lower thermosphere (MLT). For the proper description of the
thermospheric processes, the model was extended to include radiative heating due to the absorption of extreme
solar ultraviolet radiation, cooling due to infrared radiation in case of local thermodynamic equilibrium violation,
molecular diffusion, Joule heating, and ion drag (Schmidt et al., 2006). HAMMONIA includes the MOZART3
package to describe atmospheric chemistry (Kinnison et al., 2007). The calculation of the NO photodissociation
rate is based on Minschwaner and Siskind (1993) and includes the NO slant column, which allows taking into
account the self-absorption by the extinction of solar light by NO in the upper layers.

Ionization rates from auroral electrons, auroral and solar protons as well as heavier ions are provided by the Al-
MOS data-set. Electron ionization rates from medium-energy electrons are provided by data from the ionization
rate data-sets AIMOS, APEEP, or OULU. For APEEP and OULU, auroral electron precipitation is taken from the
AIMOS data-set using a cut-off energy of 30 keV. Photoionization is parameterized according to Solomon and
Qian (2005) as an additional source of NO in the thermosphere. The chemical module was supplemented by the
5-ion (O7, O;, M+, N;, NO™") chemistry in the thermosphere (Kieser et al., 2009) and by the parameterization of
NO, and HO_ production by energetic particles in the middle atmosphere (Jackman et al., 2005) below ~90 km.

2.2.3. ECHAM/MESSy Atmospheric Chemistry

The ECHAM/MESSy Atmospheric Chemistry model EMAC is atmospheric chemistry and climate simulation
system that includes sub-models describing a wide range of atmospheric processes (Joeckel et al., 2010). EMAC
uses the second version of the Modular Earth Submodel System (MESSy2) to link multi-institutional comput-
er codes. The core atmospheric model is ECHAMS (Roeckner et al., 2006). For the present study, we used
ECHAMS version 5.3.02 and MESSy version 2.53.2 in the upper atmosphere mode with 74 vertical layers and
a model top height of ~220 km (3e~7 hPa, EMAC submodule EDITH). Joule heating and ion drag are consid-
ered following Hong and Lindzen (1976) but scaled by the geomagnetic Kp index; molecular diffusion has been
implemented following Schmidt et al. (2006). The horizontal resolution is T42, corresponding to a resolution of
about 2.8° X 2.8° in latitude and longitude. The model is nudged to the ECMWF ERA interim reanalysis data
from the surface up to 1 hPa with decreasing nudging strength in a transition region in the six levels above. For
orographic gravity waves, the parameterization of Lott and Miller (1997) is used, for non-orographic gravity
waves, the Hines parameterization is used (Hines, 1997) using the same setting as in HAMMONIA (see Sec-
tion 2.2.2). Submodules RAD and RAD-FUBRAD are used for radiative heating and cooling rates (Dietmiiller
et al., 2016; Roeckner et al., 2003), using the wavelength grid provided by FUBRAD for UV radiative heating
in the upper mesosphere and thermosphere (Kunze et al., 2014; Nissen et al., 2007). For gas-phase reactions,
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Table 2

the submodule MECCA is used (Sander, Baumgaertner, et al., 2011; Sander,

Overview Over Model Experiments Carried Out for This Study and Some of Abbatt, et al., 2011), and photolysis rates are calculated with the JVAL sub-
Their Distinguishing Properties

module (Sander et al., 2014). For NO photolysis, the parameterization from

Name MEE /AT Other uc  Allen and Frederick (1982) is used without correction for self-absorption.
AIMOS AIMOS AIMOS p*, a¢, EUVY  yes® Particle impact ionization rates for auroral electrons, auroral and solar pro-
APEEP APEEP AIMOS/internal® p*, a, EUV Yes tons and heavier ions are provided by AIMOS data, medium-energy electrons
OULU OULU AIMOS/internal p*, &, EUV Yes are provided by AIMOS, APEEP, or OULU.‘F.or .moc‘iel experlments with
o P N & o S v APEEP and OULU rates, auroral electron precipitation is provided by results

e one o es from the AIMOS model using cut-off energy of 30 keV. Photoionization rates
S None AIMOS p* @, EUV  Yes are calculated based on the parameterization of Solomon and Qian (2005). A
Sens3 AIMOS None pta Yes simple five-ion chemistry scheme is used to calculate the impact of particle
Sens4 AIMOS None None Yes impact and photoionization on the neutral composition, the primary ions are
Sanss AIMOS None p*, EUV A czjllculated based on the approach used in the 3dCTM model as described in
Sens6 AIMOS None EUV none Sinnhuber et al. (2018).

Note. For the sensitivity experiments, MEE and auroral electrons are separated 2.2.4. KArlsruhe SImulation Model of the Middle Atmosphere
by cutting the rates above or below 0.01 hPa (WACCM, HAMMONIA,

EMAC) respectively 80 km (KASIMA).

The KArlsruhe SImulation Model of the middle Atmosphere KASIMA is a

aeither AIMOS with cut-off energies at 30 keV (HAMMONIA, EMAC,  three-dimensional mechanistic model of the middle atmosphere solving the
KASIMA) or the internally generated aurora (WACCM). “solar protons in  primitive equations in spectral form. For the simulations presented here,

WACCM, solar and soft protons in HAMMONIA, EMAC and KASIMA.
°He*, only in HAMMONIA, EMAC and KASIMA. “EUV photoionization
rates. ‘upper boundary conditions in WACCM and KASIMA. Sens3 and

63 vertical layers are used between 300 hPa and the model top pressure at
3.6 X 107 hPa (120 km). The horizontal resolution is about 2.8° X 2.8°.

Sens4: HAMMONIA, EMAC, KASIMA. Sens5 and Sens6: WACCM. The model is run in the specified dynamics mode and applies temperatures,

vorticity, and divergence below approximately 1 hPa together with the ge-

opotential at the lower boundary from the ERA INTERIM reanalysis data

set. KASIMA uses parameterizations for radiative heating and cooling and a
gravity wave drag scheme and includes middle atmosphere neutral chemistry. A detailed description of the model
including the physical parameterizations and the chemical solver is found in Kouker et al. (1999). Recent model
updates are given in Sinnhuber et al. (2018). In addition, NO photolysis in 6 bands covering the Schumann-Runge
continuum has been added. The diffusive flux of NO at the upper boundary is calculated using the linearly extrap-
olated value of the mixing ratio from below.

Particle impact ionization rates for auroral electrons, auroral and solar protons and heavier ions are provided by
AIMOS data, medium-energy electrons are provided by AIMOS, APEEP, or OULU. For model experiments with
APEEP and OULU rates, auroral electron precipitation is provided by results from the AIMOS data-set using cut-
off energy of 30 keV. A small contribution of a photoionization source of 400 cm=3s~! above 0.001 hPa serves as
an upper boundary condition for the middle atmosphere outside the auroral zone. The impact of ionization on the
neutral composition is considered by production rates of 0.55 N atoms, 1.15 O atoms, and 0.7 NO molecules per
ion pair. For HOx, a pressure dependent efficiency is used following Jackman et al. (2005).

2.2.5. Modeling Strategy

Three core experiments and four sensitivity experiments were carried out with each chemistry-climate model,
see overview in Table 2. All model experiments were run from 1 January 2010 until 30 April 2010, starting with
an identical setting, apart from the prescribed and internally generated ionization rates and the setup of other NO
sources which vary between model experiments. One core model experiment is carried out with the AIMOS,
APEEP, and OULU ionization rate data-sets each. For the core experiments APEEP and OULU, auroral electron
ionization is prescribed from AIMOS with cutoff energy at 30 keV for HAMMONIA, EMAC, and KASIMA,
and from the internally generated aurora for WACCM. The sensitivity experiments were set up to quantify the
contributions of different sources of NO to the overall NO amounts in the individual models. The electron ion-
ization rates of the sensitivity model experiments are based on the AIMOS data-set because AIMOS provides
ionization rates for auroral and MEE electrons, and therefore allows all chemistry-climate models to use identical
auroral electron ionization rates. Different sources of NO in the mesosphere and lower thermosphere are sub-
sequently switched off in such a way that the difference between the two model experiments contributes to one
source of NO to the overall NO amount. The model experiments were designed to test the contributions of auro-
ral electrons, MEE, photoionization (HAMMONIA, EMAC, and KASIMA), the NO upper boundary condition
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(WACCM), and the proton ionization as outlined in Table 2. For all model experiments NO, temperature and
geopotential altitude on the native pressure levels of the models are output on the footprints of the SOFIE, SCI-
AMACHY, and MIPAS satellite instruments (see Section 2.3) and subsequentially interpolated onto the altitude
grids of the satellite data-sets.

2.2.6. Model-Model Intercomparison: NO and Temperature

In the following, results of NO and temperature from the AIMOS model experiment using all four chemistry-cli-
mate models are compared on the SCIAMACHY/MIPAS footprints to provide a common spatial and temporal
sampling.

In Figure 3, a comparison of daily mean zonal mean daytime NO densities in the altitude range 50-115 km is
shown on the SCIAMACHY footprint for four days: March 30, April 6, April 9, and April 14. The models show
similar temporal variabilities, but substantial differences in the NO amount on all four days. These differences are
particularly pronounced in the lower thermosphere above 90 km altitude at mid- and low latitudes. In this region,
NO densities from KASIMA are lower than 1 x 107 cm™3, between 7.5 X 107 cm~ and 1 X 108 cm™3 in WACCM,
and more than 1 X 10 cm~3 in HAMMONIA and EMAC, more than an order of magnitude higher than in KASI-
MA. This low-latitude thermospheric NO signal is presumably due to photoionization, which is calculated using
the F10.7 based parameterization of Solomon and Qian (2005) in WACCM, HAMMONIA and EMAC, while
a low constant value is used in KASIMA. In the high-latitude lower thermosphere, all models show enhanced
values of NO varying in strength with geomagnetic activity. Again, absolute values are lowest in KASIMA during
quiescent conditions (March 30), with the highest values in EMAC about an order of magnitude larger. During
and after the geomagnetic storm on April 6, the lower thermospheric NO amounts are much higher than during
the quiescent period in all models, with the highest values exceeding 4 X 10® cm™3 in HAMMONIA and EMAC,
and values in KASIMA and WACCM about a factor of 4 lower. The systematic differences in the high-latitude
lower thermosphere during the geomagnetic storm, between HAMMONIA and EMAC on the one hand, and
WACCM and KASIMA on the other hand, could indicate an impact of NO from the mid-thermosphere above
the top height of WACCM and KASIMA. The high-latitude NO peak broadens and extends further down into the
mesosphere than during the quiescent period in all models, showing the impact of the geomagnetic storm down
to at least 70 km in high Southern latitudes. The mesospheric NO enhancement is strongest during the event, and
reaches down furthest, in WACCM, reaching down to below 70 km in the Southern hemisphere, down to 80 km in
the Northern hemisphere. After the event (April 9 and April 14), the high-latitude NO enhancement is declining
in all models both in the thermosphere and in the mesosphere, but elevated thermospheric NO densities persist in
all models except WACCM until at least April 14. In the Southern hemisphere mesosphere, enhanced NO values
persist and propagate downwards at least until April 9 in all models. Downward propagation is strongest and most
persistent in WACCM, where enhanced values of more than 2.5 X 107 cm~3 of NO have reached altitudes below
65 km on April 14.

Since the reactions of NO production are highly dependent on temperature, differences in the temperatures be-
tween the models could contribute to the large differences in the NO response seen in the models as shown in
Figure 3. Figure 4 provides a comparison of modeled temperatures in the mesosphere and lower thermosphere
(50-115 km) for 30 March 2010, for three latitude regions: high Southern latitudes, tropics, and moderately high
Northern latitudes. Results are provided on the footprints of the MIPAS daytime and nighttime data, and MIPAS
temperatures are shown as well for reference. In the lower mesosphere below 70 km, results from all models agree
reasonably well with each other and with the observations. In the uppermost mesosphere at 80-90 km, a vertical
wave structure consistent with a tidal signal is observed which is most pronounced in the tropical region. This
is reproduced but not fully resolved vertically in WACCM, HAMMONIA and EMAC, but does not appear in
KASIMA. Above 90 km, EMAC significantly overestimates temperatures in all regions shown, with differences
larger than 100 K at 115 km, indicating a systematic problem of the treatment of heating and cooling in the ther-
mosphere in this model. Between 100 and 115 km in most latitudes, the temperatures in EMAC exceed the thresh-
old of thermal NO formation around 400 K, indicating that thermal NO production could contribute to the very
high amounts of thermospheric NO in the EMAC model during quiescent times. However, KASIMA also shows
systematically higher temperatures than observed at altitudes >95 km, though the difference is much smaller than
in EMAC. WACCM and HAMMONIA show no systematic differences compared to the observations, thus NO
differences between these two models cannot be explained by temperature.
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Figure 3. Daily mean zonal mean NO densities (cm™3) for the core model experiments AIMOS on four days. From top to
bottom: March 30 before the storm, April 6 during the storm main phase, April 9 in the recovery phase, April 14 at the end of
the period of geomagnetic activity. Model results on SCTAMACHY footprint in the illuminated atmosphere from 50-115 km
altitude. From left to right: WACCM, HAMMONIA, EMAC, and KASIMA.
2.2.7. Model Sensitivity Studies: Mechanism of NO Formation, Transport and Mixing
To further investigate the reasons for the large discrepancies in the NO amounts of the four chemistry climate
models while using the same set of electron ionization rates, the relative contributions of different sources of NO
to the overall NO budget are investigated in the following, based on the sensitivity model experiments Sens1 to
Sens6.
The relative contributions of the different NO formation mechanisms to the overall NO budget are estimated by
comparing the NO amount in the respective sensitivity model experiment to the NO amount in the AIMOS core
experiment of the same model, which considers all NO formation mechanisms as outlined in Table 3. Note, how-
ever, that this is only an approximation of the relative contributions, as due to the internal dynamical variability
of the models, differences in transport and mixing between model experiments of the same model might lead
SINNHUBER ET AL. 11 of 34
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Figure 4. Comparison of zonal mean temperatures from the MIPAS upper atmosphere mode (black solid line) on 30 March 2010, for daytime (above) and nighttime
(below), to model results on the respective satellite footprint (WACCM blue dashed-dot-dot, HAMMONIA green dotted, EMAC orange dashed and KASIMA red dash-
dot), in three latitude regions: high Southern latitudes (left), tropics (middle), moderately high Northern latitudes (right).

to additional differences in the NO amounts, particularly at the edge of the areas with large NO amounts where
gradients are large.

In Figure 5, the relative contribution of electron precipitation (auroral and MEE, III) is shown for all four models
for March 30, April 6, April 9 and April 14. During the quiescent period before the storm (March 30), the con-
tribution of electron impact ionization to the overall NO amount is less than 20% in HAMMONIA, (10-30)% in
EMAC and WACCM at high latitudes above 70 km, and 30%-90% in the high-latitude upper mesosphere and
lower thermosphere above 70 km in KASIMA. Negative and large positive values exceeding 50% appear in small
hotspot areas above 70 km in WACCM, HAMMONIA and EMAC, but not in KASIMA, presumably triggered by
small changes to the model dynamics due to their internal dynamical variability. During the geomagnetic storm
on April 6, the contribution of electron ionization to high-latitude NO exceeds 50% above 65 km(SH)/70 km(NH)

Table 3

Calculation of the Contributions of I Auroral Electrons, Il MEE, III all Electron Precipitation, IV Photoionization, V
Upper Boundary Condition and VI Proton lonization From the Sensitivity Model Experiments Compared to the Core
Model Experiment

Contribution by Model experiments Contributing models
I: Auroral electrons AIMOS—Sensl all
AIMOS
II: MEE AIMOS—Sens2 all
AIMOS
III: Aurora + MEE (AIMOS—Sens1)+(AIMOS—Sens2) all
AIMOS
IV: Photoionization Sens1—Sens3 HAMMONIA, EMAC, KASIMA
AIMOS
V: NO upper boundary Sens1—Sens5 WACCM
AIMOS
VIa: Proton ionization Sens3=Sensd HAMMONIA, EMAC, KASIMA
AIMOS
VIb: Proton ionization Sens5—Sens6 WACCM
AIMOS
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Figure 5. Relative contribution of electron precipitation (auroral and MEE) to the overall NO amount. From left to right:
WACCM, HAMMONIA, EMAC, and KASIMA. From top to bottom: March 30, April 6, April 9, April 14.

in all models. The relative contribution is lowest in EMAC (less than 80%), highest in HAMMONIA and WAC-
CM (more than 90%). In WACCM, the relative contribution decreases to (10-60)% above 100 km. After the
event, on April 9 and 14, the relative contribution of electron ionization to the overall NO amount decreases
slightly, but stays above 50% in all models in clearly defined areas. However, the locations of these areas strongly
affected by electron ionization change over time, indicating the influence of transport and mixing processes. In
the Northern hemisphere, the lowermost edge of these areas mostly stays above 70 km altitude in all models,
while the area shifts equatorwards in the upper mesosphere, extending to 30°N in HAMMONIA and EMAC,
to about 10°N in WACCM and KASIMA. In the Southern hemisphere, the area with relative contributions of
electron ionization of more than 50% progresses downward with time, reaching 60 km on April 9 in all models,
and extending below 60 km on April 14 in EMAC. In WACCM, the area also extends equatorwards to 20°S in
the Southern hemisphere upper mesosphere (70-90 km), presumably indicating strong meridional transport and
mixing in WACCM not observed in the other models here.
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Figure 6. Relative contribution of different NO formation mechanisms to the overall NO amount for the storm main phase
on 6 April 2010. From top to bottom: auroral electrons; medium-energy electrons; photoionization (HAMMONIA, EMAC,
KASIMA) respectively upper boundary condition (WACCM); solar protons (WACCM) respectively solar and soft protons
(HAMMONIA, EMAC, KASIMA). From left to right: WACCM, HAMMONIA, EMAC, and KASIMA.

In Figure 6, the relative contributions of auroral electrons (I), medium-energy electrons (II), the upper boundary
conditions (WACCM, V) respectively photoionization (HAMMONIA, EMAC, KASIMA, 1V) and proton ioniza-
tion (VIa and VIb) are shown. Despite the clear cut between auroral and MEE ionization in the setup of the model
experiments Sens1 and Sens2, areas of significant contributions overlap, indicating cross-mesopause transport or
mixing during the event. This is most pronounced in WACCM. Photoionization dominates NO formation in mid-
and low latitudes above 75 km in KASIMA (80%-100%), EMAC (70%—-100%) and HAMMONIA (40%-90%).
The situation is likely similar in WACCM, but model experiments without photoionization were not carried out
with this model. The lower relative contribution of photoionization in HAMMONIA compared to EMAC and
KASIMA could be due to a thermal feedback acting in HAMMONIA but not in KASIMA and EMAC, as only
in HAMMONIA NO from the model experiment itself is used for the calculation of NO radiative cooling rates in
experiment Sens3. In KASIMA, a constant NO profile is used in all model experiments for the radiative cooling
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rates, and in EMAC, NO from the AIMOS model experiment is used in experiment Sens3. In HAMMONIA and
EMAC, a small contribution of about (10-30)% of photoionization is also shown for the high-latitude Northern
hemisphere mesosphere down to at least 50 km, presumably due to downward propagation of thermospheric NO
during the preceding winter months. This small contribution is also observed in KASIMA but confined to the
equatorward edge of the polar area, possibly indicating poleward and downward transport from the low-latitude
uppermost mesosphere. In WACCM, the upper boundary condition contributes (10-40)% to the overall NO
budget above 95 km at high and mid-latitudes in both hemispheres, which is likely the reason that the relative im-
pact of electron ionization is smaller there than in the upper mesosphere below 90 km. Proton ionization contrib-
utes to the overall NO amount in high latitudes in both hemispheres in the thermosphere above 90 km in EMAC
and HAMMONIA, indicating a contribution of soft protons to the high-latitude auroral NO during the event for
the two models with top altitudes well above 120 km. A contribution of proton ionization of (10-30)% to the
overall NO budget is also shown at high latitudes in both hemispheres in HAMMONIA, EMAC, and KASIMA.
This could be interpreted as a contribution of higher-energy solar protons to the mesospheric NO enhancement
during the geomagnetic storm, however, the same structure is not observed in WACCM. In WACCM, no indica-
tion of an impact of solar protons on the overall NO budget is shown during this day with the exception of one
hotspot in 40-50°S and 70-80 km altitude where the relative contribution exceeds 50%. As this lies at the edge of
the Southern hemisphere mesospheric NO enhancement, it could likely be due to internal dynamical variability
of the model affecting equatorwards transport of the polar NO in this model.

2.2.8. Summary: Chemistry-Climate Models

A comparison of all chemistry-climate models has revealed significant differences of up to an order of magnitude
in nitric oxide, despite using the same electron ionization rates in the specified dynamics mode. A number of
reasons for these differences have been analyzed:

e too-high temperatures in the lower thermosphere driving thermal NO formation in EMAC

e the different parameterizations of photoionization used by WACCM, HAMMONIA and EMAC on the one
hand, by KASIMA on the other hand

e differences in transport and mixing, with stronger cross-mesopause transport as well as stronger equatorwards
transport contributing to a stronger mesospheric NO signal extending further down into the mesosphere as
well as further into midlatitudes in WACCM

e possibly even the model top height, limiting the amount of high-latitude NO in the models with lower top
height (WACCM and KASIMA) due to a lack of soft electron and proton precipitation. This is compensated
for by an upper boundary condition, and high-latitude NO for example, in WACCM significantly depends on
the upper boundary condition above 100 km

2.3. Satellite Observations of Nitric Oxide

We use observations of nitric oxide (NO) in the mesosphere and lower thermosphere from three satellite instru-
ments: SOFIE on AIM (see Section 2.3.1), SCIAMACHY on ENVISAT (Section 2.3.2) and MIPAS on EN-
VISAT (Section 2.3.3). SCIAMACHY and MIPAS provide near-global coverage within one day, while SOFIE
measures in solar occultation geometry and provides data from a restricted latitude area corresponding to the
terminator crossings (Sunrise and Sunset) of each orbit. The orbit of ENVISAT has an equator crossing time of
10 am/pm, while the orbit of the AIM satellite crosses the equator at noon and midnight. All three instruments
observe several hours after the local maximum in auroral (several keV) electron precipitation around magnetic
midnight in the Southern hemisphere, with SOFIE observing before, MIPAS and SCIAMACHY observe within
the local maximum of medium-energy (100-300 keV) electrons around 10-12 magnetic local time, see Yak-
ovchuk and Wissing (2019).

The SCIAMACHY NO observations are derived from resonant scattering and are thus only available during
daytime, covering the illuminated part of the globe. MIPAS observations are derived from thermal emission and
are independent of solar illumination. SCIAMACHY and SOFIE observations are available as daily data, while
MIPAS observations in the Upper Atmosphere (UA) and Middle Atmosphere (MA) modes, which extends into
the lower thermosphere, are available every five days. From MIPAS, data observed in the nominal (NOM) mode
are available daily, but those are limited to below 70 km. We use MIPAS MA/UA data of 5 days, March 25 and
March 30 (quiet time before the increase in geomagnetic activity starting April 1), April 4 (enhanced activity
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Table 4
Overview of Satellite Instruments Providing NO Data Sets
Instrument SOFIE SCIAMACHY MIPAS
Satellite AIM ENVISAT ENVISAT
Equator crossing time noon/midnight 10 am/pm 10 am/pm
Coverage 70-80°S near-global Global
Altitudes [km] 35-115 km 64-90 km 40-115 km (UA)
10-70 km (NOM)
Illumination Sunset Daytime day and night
Temporal coverage Daily Daily every 10 days (UA)
daily (NOM)

Note. Note that coverage and illumination apply to the data used here as available during mid-March to end of April 2010.

before the storm onset), April 9 (recovery phase after the geomagnetic storm on April 5-6), April 14 (after the
storm) as well as daily MIPAS NOM data in 60-70 km altitude at high Southern latitudes for days without MA/
UA observations. A comparison of important features of the three satellite instruments during the period mid-
March to end of April 2010 is provided in Table 4. A comparison of NO densities observed by the three satellite
instruments during this time is provided in Section 2.3.4.

2.3.1. SOFIE/AIM

The Solar Occultation for Ice Experiment SOFIE onboard the AIM satellite has been in a sun-synchronous orbit
with Equator crossing time of noon/midnight since early 2007 (Gordley et al., 2009). SOFIE measures absorbed
solar light in solar occultation geometry, from the UV to the IR wavelength range in 16 bands between 0.29 and
5.3 um. Local sunrise and local sunset data are obtained during each orbit, providing 15 geolocations per day, in
each hemisphere in a narrow latitudinal band within 65°-85° depending on time of year. During 2010, relative to
the satellite, sunrise was in the Northern, and sunset in the Southern hemisphere, see, for example, sofie.gats-inc.
com/. However, after the March equinox, it was polar night in the Southern hemisphere and sunset relative to the
satellite referred to local sunrise; vice versa for the Northern hemisphere. The SOFIE NO data are derived from
the 5.3 um transitions, and in this study, we use the NO data version 1.3, from mid-March to end of April 2010.
The SOFIE data are provided between 35 and 150 km on a 200 m altitude grid, but with an intrinsic altitude reso-
lution of about 2 km. To reduce noise in the data, a 2 km running average is applied in the vertical. The SOFIE NO
data have been compared against MIPAS and ACE/FTS (Hervig et al., 2019), showing an agreement within 50%
in the altitude range 60—105 km for sunrise, and in the range 60-140 km for sunset observations. Below 65 km
altitude, SOFIE NO is systematically lower than both MIPAS and ACE, with differences on average larger than
50% below 60 km (Hervig et al., 2019). SOFIE data also exhibit large uncertainties below 80 km due to interfer-
ence from H,O absorption and thermal response, especially for the sunrise observations. Therefore we mostly use
data from the sunset mode (Southern hemisphere) in the altitude range 60—115 km in the following. The latitudi-
nal coverage of the data used varies from about —80° at the beginning to about —70° at the end of the time period.

SOFIE level 2 data products are available at sofie.gats-inc.com.

2.3.2. SCIAMACHY/ENVISAT

The SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY SCIAMACHY was one of three
atmospheric sounding instruments on board the European ENVironmental SATellite ENVISAT which was orbit-
ing in a sun-synchronous orbit at around 800 km altitude with Equator crossing times at 10:00 and 22:00 local
time, from August 2002 until communication to the satellite failed in April 2012. It measured in the UV—vis—NIR
spectral range from about 230 to 2,300 nm, consecutively in limb, nadir, solar, and lunar occultation measurement
geometry; for a detailed instrument description, see Burrows et al. (1995) and Bovensmann et al. (1999). NO
number densities were retrieved from the SCIAMACHY nominal limb mode (NOM, daily scanning the atmos-
phere within ~ 0-93 km) using the NO y-band emissions around 250 nm (Bender et al., 2013, 2017a, 2017b).
Since those emissions are fluorescent emissions excited by solar UV radiation, SCTAMACHY NO data are only
available for the dayside part of the orbit. In this study, we use SCIAMACHY NO data from version 6.2.1 (Bender,
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Sinnhuber, Langowski, & Burrows, 2017), which are derived by an orbitwise 2-D retrieval on a 2.5° X 2 km
latitudexaltitude grid for every orbit retrieved, with a vertical resolution of about 5-10 km and an along-track
horizontal resolution of about 9°. SCTAMACHY NO data from the mesosphere-lower thermosphere limb mode
(MLT, scanning the atmosphere in #53—151 km every 15 days) have been compared to MIPAS and other satellite
data based on daily-mean zonal means, showing a generally good agreement between all instruments (Bender
et al., 2015); a similar comparison for the data from the nominal limb mode used here is not yet available. When
using the SCTAMACHY data here, the measurement sensitivities have been taken into account by evaluating the
averaging kernel diagonal elements together with the solar zenith angle (SZA) at each retrieval grid point. In this
analysis, only data with a diagonal element larger than 0.02 and a SZA lower than 86° have been considered,
restricting the feasible altitude range to above 64—-68 km in most cases. No binning or averaging of the retrieved
densities has been applied.

SCIAMACHY level 2 NO data are available at https://www.imk-asf kit.edu/2939.php and https://www.zenodo.
org/record/1009078.

2.3.3. MIPAS/ENVISAT

The Michelson Inteferometer for Passive Atmosphere Sounding MIPAS (Fischer et al., 2008), also on board the
ENVISAT satellite, measured the light emitted from the atmosphere in the IR wavelength range from 4.15 to
14.6 ym in limb scanning geometry. Both day and nighttime NO volume mixing ratio profiles used in this study
were retrieved from spectrally resolved 5.3 ym emissions under consideration of non-local thermodynamic equi-
librium as described in Bermejo-Pantale6n et al. (2011). Data from the Middle Atmosphere observation mode
(MA, Version VER_NO_561), the Upper Atmosphere observation mode (UA, Version V8R_NO_661) and from
the nominal limb mode (NOM, version V8R_NO_261) were used. MA data are available on March 25, April
4, and April 14 with a vertical coverage of 18—-100 km, UA data are available on March 30 and April 9 with a
vertical coverage of 42—172 km, NOM data are available near-daily with a vertical coverage of 7-72 km. These
data versions are updates of the previous versions VSR_NO_521, V5R_NO_622, and VSR_NO_220, respective-
ly, and employ the most recent spectral radiance calibration ESA version 8.03, and improved a-priori parameter
information. The vertical resolution of the MIPAS NO data is about 5-8 km below 70 km, about 8-12 km in
polar regions above 70 km, and 12—-20 km above 70 km outside polar regions. The along-track spacing of MIPAS
footprints is about 515 km (430/410 km) in the UA (MA/nominal) mode, resulting in a latitude resolution of
about 5° (4°). The NO volume mixing ratios are transferred into number densities using pressure and temperature
information derived from MIPAS CO, 15 ym emissions below 107 km and from NO 5.3 ym emissions above.
Pressure is derived from the CO, emission below ~50 km, from hydrostatic equilibrium above.

MIPAS level 2 NO data are available at https://www.imk-asf kit.edu/english/308.php.
2.3.4. Intercomparison of NO Observations

A comparison of NO densities observed by the three satellite instruments is shown in Figure 7, exemplarily for
9 April 2010, in the recovery phase after the geomagnetic storm on the respective satellite footprints at 90 and
74 km altitude. A comparison of daily mean zonal mean densities of MIPAS and SCIAMACHY as a function
of geomagnetic latitude in the altitude region covered by SCIAMACHY data (65-91 km) is shown in Figure 8
for March 30, April 9, and April 14, and a comparison between daily NO observations from MIPAS and SOFIE
for the latitudinal and solar zenith angle range of the SOFIE observations is provided in Figure 9, for the period
March 16 to April 25 in the altitude range 60—115 km.

A clear increase of NO during the geomagnetic storm compared to the quiet period before the onset of activity
on April 1 is consistently observed in the high-latitude mesosphere (70-90 km) by all three instruments (Fig-
ures 7 and 8), in the lower thermosphere (90-115 km) by MIPAS and SOFIE (Figure 9). This NO increase is
related to the auroral regions, as clearly shown in MIPAS and SCIAMACHY data (Figure 8), but with regions
of enhanced NO extending into mid-and low latitudes over central Asia (30—60°N, 0-180°E), Indonesia (around
the equator, 90-135°E) and west of Australia (15-45°S, 90-135°E) (Figure 7). MIPAS nighttime data show
similar structures but higher absolute values than MIPAS daytime data. SCIAMACHY and MIPAS daytime NO
generally agree well both in absolute values and in the morphology of areas of enhanced NO. However, there are
also systematic differences: looking at individual observations, the spread between highest and lowest values in
the auroral oval is larger in MIPAS than in SCTAMACHY data (Figure 7). In the zonal average, NO amounts in
MIPAS and SCIAMACHY data are more consistent (Figure 8), though at high Southern latitudes polewards of
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Figure 7. Comparison of NO densities (cm~) from MIPAS night (sza > 94°, left) and daytime (sza < 86°, middle) observations with SCTAMACHY (sza < 86°,
rectangles) and SOFIE (szax 90°, rhombi) measurements (right) on 9 April 2010 in 90 and 74 km. Purple lines denote the approximate area of the aurorae and radiation
belts (geomagnetic latitudes of 52° and 72°). The range (—1 107 to 1 107) cm™ of the lowest (light gray) contour interval represents the approximate noise floor of
SCIAMACHY NO. Note. different footprints at high latitudes as SCTAMACHY observed in flight direction, while MIPAS observed backwards and adapted its viewing
angle at high latitudes to point directly poleward.

70° on April 9 and 14, MIPAS daytime data show higher values than SCIAMACHY data; conversely, areas of
enhanced NO extend further equatorwards in both hemispheres in SCTAMACHY data compared to MIPAS data
in the mid-mesosphere around 70 km on April 9. These differences can likely be explained by the broad vertical
resolutions and different vertical sensitivities of both instruments, as well as the broader along-track resolution
of SCIAMACHY. Sunset observations of NO at high Southern latitudes from SOFIE and co-located MIPAS
observations (Figure 9) agree well above 80 km both in absolute values and in the temporal evolution during and
after the event. In 75-80 km altitude, MIPAS data during and after the event are systematically higher than SOFIE
data, but still within the error bounds of both instruments. In 60-70 km altitude, MIPAS and SOFIE data agree
well with the exception of one day after the event, April 9, when MIPAS observes significantly higher values
than SOFIE, possibly due to differences in the sampling and overpass time during a period of large variability.
Note MIPAS values on April 10 are even higher than on April 9, but there are no SOFIE data on this day. Higher
MIPAS observations during the storm time could be due to the timing of the MIPAS overpass within the local
maximum of MEE precipitation around 10-12 magnetic local time. In the pre-storm phase, SOFIE observations
are significantly higher than MIPAS observations in 65—75 km. Finally, SCTAMACHY daytime NO and SOFIE
sunset NO data at 74 and 90 km at high Southern latitudes on April 9 appear to be consistent both in absolute
values and in the longitudinal structure of enhanced values, though there are no co-located observations due to
the dependence of the SCIAMACHY NO observation on direct sunlight (Figure 7).

To summarize, all instruments agree that there was a substantial increase in NO throughout the high-latitude
mesosphere during the geomagnetically active period in early April 2010, though systematic differences between
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Figure 8. Comparison of NO densities (cm~3) from MIPAS night (left) and daytime (middle) observations with
SCIAMACHY (right) daily mean profiles as a function of geomagnetic latitude and altitude in the range where
SCIAMACHY measurements are provided (66—92 km) for March 30 (upper panels), April 9 (middle panels) and April
14 (lower panels). To account for the spread of geomagnetic latitudes over geographic latitudes, data are averaged area-
conserving considering the cosine of the latitudes.

MIPAS and SOFIE in the lowermost mesosphere, MIPAS and SCIAMACHY in the mid-mesosphere have to be
taken into account when interpreting model-measurement intercomparisons as in Section 3.

3. Model-Measurement Intercomparison and Difference Between Ionization Rate
Data-Sets

In the following, NO densities from the core model experiments AIMOS, APEEP, and OULU are compared
against the satellite observations to assess the impact of the different ionization rate data-sets. The model results
are interpolated spatially and temporally onto the footprints of the respective satellite observations, and mul-
ti-model mean (MMM) daily mean data are calculated for each core model experiment. Multi-model means are
used here to emphasize differences due to the different ionization rate data-sets despite the large spread between
the chemistry-climate models, to reduce the variance at the model site, and to provide a more robust model com-
parison. This is well justified in the mesosphere because there the differences between model results are mainly
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Figure 9. Comparison of daily mean multi-model mean (MMM) NO density results of the three core model experiments AIMOS (red), APEEP (blue), and OULU
(green) from March 16 to April 24 on 5 km steps between 60—115 km on SOFIE footprints at high Southern latitudes. SOFIE (black circles), MIPAS MA/UA (gray
triangles) and MIPAS NOM (gray rhombi) daily mean data are shown as reference. MIPAS data are averaged over the solar zenith angles and latitude area of the SOFIE
data (80°-98° sza, roughly corresponding to sunset at 60 km and to +3° around the mean latitude of SOFIE). Error bars are 2 times the standard error of the mean of the
daily averaged observations. Note the different scale of NO densities in different altitudes. Marked as gray vertical lines are March 30, April 6, April 9, and April 14.

due to the dynamical state of the models; in the thermosphere, where systematic differences arise also due to the
differences in the NO formation mechanism, the multi-model mean might diminish, but probably not erase, the
impact of these systematic effects (see Section 2.2.7). The temporal evolution of NO at high Southern latitudes is
investigated in Section 3.1, the latitudinal distribution of NO is investigated for four selected days in Section 3.2.
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3.1. Temporal Evolution at High Southern Latitudes: SOFIE and MIPAS

The temporal evolution of NO at high Southern latitudes from March 16 to April 25 in the altitude range 60—
115 km is shown in Figure 9. Daily observations from SOFIE, observations from two days from the MIPAS
MA and UA modes each, and daily observations from the MIPAS NOM measurement mode below 70 km are
compared to MMM results of the AIMOS, APEEP, and OULU model experiments, in the following referred to
as AIMOS, APEEP, and OULU.

The observed NO in the lower thermosphere (95-115 km) increases steadily during the period of enhanced ge-
omagnetic activity starting March 30 until the storm main phase on April 6, it continues to stay at high values
until April 9, and then slowly decreases until reaching background values again around April 18. This temporal
evolution manifests in a broad, nearly symmetric NO peak around the storm main phase. In the mesopause region
(85-90 km), a moderate increase in NO is observed in early April (April 3-5, a sharp increase during the storm
main phase on April 6 followed by a sharp decrease and a secondary increase on April 14-16 possibly indicating
downward mixing from the lower thermosphere with a temporal delay of a few days, and decay from then until
April 20. In the middle mesosphere (75-80 km), the onset of the NO increase is similar, but after that onset, con-
stant values continue until April 18 (80 km) or 20 (75 km, possibly due to persistent down-mixing of enhanced
NO across the mesopause. During this period, MIPAS data are higher than SOFIE data but show the same gen-
eral behavior. At 70 km, NO increases from April 4 to the recovery phase on April 10. At 65 km, a short, small
increase in NO is observed on April 3-4. After this period, a steady increase is observed until April 20. Another
sharp increase on April 9-10 is only observed by MIPAS, possibly indicating large variability on this day. At
60 km, the behavior is similar to 65 km, though the increase on April 4 is observed only by MIPAS, and similar,
small increases are observed during the event on April 6-7 (SOFIE) respectively April 8 (MIPAS). The secondary
increase around April 14 in 85-90 km, the nearly constant values in 75-80 km from the storm main phase until
around April 18/20, and the increase from the storm onset to around April 20 below 75 km suggest mixing of the
lower thermospheric NO signal into the upper mesosphere, and downward transport and mixing throughout the
mesosphere after the geomagnetic storm. In 85-90 km, the sharp increase during the storm main phase indicates
a mixture of local production and downward transport. Below this altitude, there is no clear indication for direct
production during the event on the SOFIE footprint: an increase on April 5/6 is observed in SOFIE data in 80
and 60 km, but in MIPAS observations there as well as in SOFIE observations in 65-75 km, NO enhancements
already start before the event.

The MMM results from all three core model experiments are nearly identical in the lower thermosphere and
mesopause region (90-115 km). This is expected as AIMOS electron ionization rates are used in all model
experiments except in WACCM core experiments APEEP and OULU, where the internally generated aurora of
WACCM is used. The small difference at 105—115 km between AIMOS on the one hand, and APEEP and OULU
on the other hand presumably reflects this difference in auroral forcing. At 105-115 km, the MMMs overestimate
NO compared to the observations during the geomagnetically quiet periods, but they agree well during the storm
phase. At 90-100 km, the MMM s still slightly overestimate NO during the geomagnetically quiet periods, but
during the geomagnetically disturbed period, MMM results are low, at or below the lower error bound of the
observations. The slow decline of NO after the storm main phase is well captured by the MMMs at and above
85 km. Around 85 km, differences between the MMMs based on different ionization rate data-sets become more
pronounced during and particularly after the storm main phase. In 70-85 km altitude, AIMOS and OULU agree
well during the storm onset and main phase (April 5-8) but are higher than APEEP. After the storm main phase
from April 9 to at least April 20, OULU is higher than AIMOS and APEEP, while AIMOS converges to APEEP;
after April 17, AIMOS and APEEP are nearly identical again. At 85 km, AIMOS and APEEP agree reasonably
well with the observed NO during and after the geomagnetic storm, while OULU overestimates NO during April
9-14. At 75-80 km, the increase in NO during the event (April 6-8) is overestimated by OULU and AIMOS, but
it is well represented by APEEP. After April 9, NO is overestimated in the MMMs of all core experiments with
the exception of April 9, when they are within the error bounds of the MIPAS observation, and April 14, when
AIMOS and APEEP are within the error bounds of the MIPAS observation. This again highlights the high varia-
bility of NO as observed by MIPAS during this time, and presumably argues that the MMM results are on average
too high during this time, but still within the observed variability. At 70 km, MMM results of all three core exper-
iments are in the range of the observed spread until April 9, when OULU and AIMOS agree well with observa-
tions, but APEEP is significantly lower. On April 10, only MIPAS data are available, and the MMMs of all core
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model experiments are significantly lower than the MIPAS data. After April 10, AIMOS and APEEP agree well
with observations, while OULU is significantly higher with the exception of April 11 and 14, when it is within
the error range of the MIPAS observations. In 60-65 km, OULU shows highest, APEEP lowest NO densities,
with AIMOS intermediate, during and after the storm onset. At 65 km, the AIMOS and APEEP agree well with
observations until April 20 with the exception of April 3-4 and April 10, when they are significantly lower than
the available observations, and April 9, when they are lower than MIPAS observations but in good agreement
with SOFIE observations. Conversely, OULU NO densities are significantly higher than observations after April
6 with the exception of April 9 and 10 when they are within the error range of the MIPAS observations. On April
3-4, OULU NO densities are also lower than observations. After April 20, all MMMs are significantly higher
than the observations. At 60 km, OULU NO densities are in good agreement with SOFIE observations but higher
than MIPAS observations, during April 6-7, in good agreement with MIPAS observations but higher than SOFIE
observations on April 9-10. Conversely, AIMOS and APEEP are in good agreement with MIPAS observations
during April 6-7, in good agreement with SOFIE observations on April 8-11, but significantly lower than MIPAS
observations on April 9-10. After April 11, APEEP agrees well with SOFIE observations, AIMOS agrees well
with MIPAS observations which show slightly higher values on some days, OULU is significantly larger than ob-
servations. After April 22, MMMs of all three core model experiments are significantly higher than observations.
MMMs of all three core model experiments clearly show vertical mixing from the lower thermospheric NO signal
into the upper mesosphere and vertical transport and mixing throughout the mesosphere after the geomagnetic
storm, qualitatively in agreement with the observations. However, the higher NO densities after the geomagnetic
storm in 75-80 km in the MMMs of all three model experiments suggest too strong vertical transport/mixing in
the upper mesosphere at least at these high Southern latitudes, while the distinctly higher densities in the OULU
MMMs in 60-75 km are presumably due to a combination of higher local production and downward transport.

3.2. Latitudinal Distribution on Selected Days: SCIAMACHY and MIPAS

In Figure 10, the latitudinal distribution of daily mean NO in the mesosphere is shown on four days (March 30,
April 6, April 9, April 14) for SCTAMACHY compared to AIMOS, APEEP, and OULU on the footprints of
SCIAMACHY observations. The vertical range is restricted to 64-92 km by the availability of SCIAMACHY
NO data. During the quiet time before the storm (March 30), the SCIAMACHY NO densities are at or be-
low the detection limit throughout the whole altitude range and at all latitudes shown, with values at or below
2.5 x 107 cm~3, and with no discernible coherent structures. MMM s of all three core model experiments show
consistent features of moderately enhanced NO above 85 km, with highest values of more than 2.5 X 107 cm™
at high Southern latitudes, values in the range (1-2.5)x107 cm™ above 87 km at all latitudes, above 81 km
(AIMOS) respectively 79 km (APEEP, OULU) at high Southern latitudes, and values below the noise floor of
SCIAMACHY (<107 cm™3) everywhere else. Considering the high noise level of the SCTAMACHY observa-
tions, the model results are on average in reasonable agreement with the observations on this day. During the
storm main phase (April 6), enhanced values of (5-10)x 107 cm~ are observed by SCIAMACHY throughout the
whole altitude range at high latitudes polewards of 50° in both hemispheres, extending to mid-latitudes (~40°) in
the middle mesosphere (70-76 km). The SCIAMACHY NO densities reach more than 1 X 10 cm™ in a narrow
latitude area (60—70°N/S) above 86 km. It is not possible to distinguish from the SCTAMACHY observations of
April 6 alone whether these clearly enhanced mesospheric NO values are due mainly to local production in the
mesosphere, or due to downward transport and mixing from the lower thermosphere between March 30 and April
6; this is discussed in more detail in Section 3.3. MMM results of all three core experiments are very similar to
each other at low and mid-latitudes, and agree well with observations there. At high latitudes, all three core model
experiments show enhanced NO densities compared to the pre-storm period, down to at least 75 km (APEEP,
Northern hemisphere), 70 km (AIMOS, Northern hemisphere), respectively over the whole altitude range to at
least 65 km (OULU, Northern hemisphere; all core model experiments, Southern hemisphere). Absolute values
of the MMMs vary, with the highest values generally shown in OULU, lowest values in APEEP, and AIMOS
values intermediate between those. These differences in absolute NO amounts during the geomagnetic storm,
and their spatial coverage, are consistent with results shown in Section 3.1 for the same altitude region, and with
differences in the ionization rate data for this day (see Figure 2). Above 86 km altitude, the MMMs of all three
core model experiments agree qualitatively well with the observations, although the magnitude of the NO values
in the Northern hemisphere is slightly lower than observed in all MMMs, higher than observed in the Southern
hemisphere in OULU. At high latitudes below 86 km, AIMOS and APEEP underestimate the enhanced NO

SINNHUBER ET AL.

22 of 34



A7t |

A\ Journal of Geophysical Research: Space Physics 10.1029/2021JA029466

March 30, SCIAMACHY AIMOS APEEP OULU

sof L1 R/ =R e H
hll‘ il Ir |F |Fr 1.5E+08
100 IR ! 1.0E+08
8 80 kL 7.5E+07
I I A | soe
| || ‘|"| lh 2.5E+07
n ' il 1.0E+07
65 o 1l -1.0E+07
-50 0 50 -50 0 50 -50 0 50 -50 0 50
April 6, SCIAMACHY AIMOS APEEP OULU

90 mimm = | m | | | L 1] Ll ]
' . W aw

85} H ‘ ‘ 1.0E+08
r llll 7.5E+07

If I5.05+o7

2.5E+07

-
I 'I“l 1.5E+08

2]

o o
|
-

==
I = 1
I

—

|

| "}

altitude

7

~
o o1
[ [T
[ | T ]
—
A ——

‘;mn ! |=|i 1.0E+07
65k 1.0E+07
-50 0 50 50 0 50 50 0 50 50 0 50

April 9, SCIAMACHY AIMOS APEEP ouLu

90 m A EmInn I} L 11} 1 |- = :--l n I} = L L1
dor T W Wl W e
85 || 1w ‘ 1] | [] 1.0E+08
s ol M i o Hl o 'l!!l rseor

=1

Y AR (W il |
i ! il

1

o
I
e
—

7! (R} 1 1 n
ool IR P I I b
50 0 50 50 0 50 50 0 50 50 0 50
April 14, SCIAMACHY AIMOS APEEP OuLU

LI el i

0

1.0E+08

o it Ff il =

|
| i
gl LI IMI ||. I I |
=]
= L | ! il |
Lt 10 u"h I
70 !l‘l" |' IL 1.0E+07
65 ||| -1.0E+07
-50 0 50 -50 1] 50 -50 0 50 -50 0 50
latitude latitude latitude latitude

Figure 10. Left panels: SCTAMACHY daily mean NO density (cm~3) on four days: March 30 before the storm (top), April 6
during the storm main phase (upper middle), April 9 in the recovery phase (lower middle) and April 14 after the storm phase
(bottom). Middle to right panels: multi-model mean results of AIMOS, APEEP, and OULU core model experiments. The
range of the lowest contour interval ((—1 — 1) X107 cm~3) corresponds to the approximate noise floor of SCIAMACHY NO.

compared to the SCITAMACHY observations, both in magnitude and in the horizontal extent of the enhance-
ment; OULU agrees well with SCTAMACHY observations in the Northern hemisphere in 80-86 km but shows
higher values than SCIAMACHY in this altitude region in the Southern hemisphere. Below 80 km, OULU also
underestimates NO densities compared to SCTAMACHY data. During the recovery phase (April 9), the SCIA-
MACHY data show a continuing increase of NO at high Southern latitudes above 80 km which is indicative of
downward transport or mixing from the lower thermosphere, but a decrease compared to the storm main phase
everywhere else. This behavior is generally well reproduced by the MMMs of all model experiments, although
the magnitude of the enhancement is still underestimated below 80 km (AIMOS, APEEP) respectively 75 km
(OULU) in the Southern hemisphere, and below 86 km (AIMOS, APEEP) respectively 84 km (OULU) in the
Northern hemisphere. A secondary enhancement evolves below 70 km in the Northern hemisphere in OULU,
in reasonable agreement with the SCIAMACHY observations at high Northern latitudes. This enhancement is
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Figure 11. Left panels: SCTAMACHY NO density (cm™) during the storm main phase (April 6) in two altitudes: 90 km (top) and 74 km (bottom). Middle to right
panels: multi-model mean daily mean results of model experiments using AIMOS, APEEP, and OULU ionization rate data-sets. Purple lines mark the position
of the auroral ovals (52°/72°N/S geom.). The range of the lowest (light gray) contour interval ((—1 — 1) X107 cm~3) corresponds to the approximate noise floor of

SCIAMACHY.

presumably due to the continuing ionization after the geomagnetic storm, which is present only in the OULU da-
ta-set (see Figure 2). After the storm (April 14), the SCTAMACHY observations indicate that the enhanced values
of NO have decreased considerably everywhere with the exception of the high Southern latitude mid-mesosphere
(65-79 km). There, enhanced values of more than 2.5 x 107 cm~3 persist, presumably due to downward transport
from the uppermost mesosphere and lower thermosphere after the storm main phase. This behavior is reproduced
qualitatively well in the MMM s of all three model experiments, though absolute values are lower than observed
below 80 km (AIMOS, APEEP) respectively 75 km (OULU). The apparent downward transport of enhanced NO
from the upper mesosphere to the lower mesosphere as observed by SCTAMACHY on April 9 and 14 at high
Southern latitudes is consistent with SOFIE observations; however, the comparison of MMMs with SOFIE and
MIPAS observations at high Southern latitudes polewards of the region covered by SCTAMACHY data shows
significantly different results below 85 km, see Section 3.1.

To investigate the spatial coverage of enhanced NO during the event further, SCTAMACHY NO observations, as
well as the MMM s of the core model experiments, are shown for individual SCTAMACHY footprint points at two
altitudes (90 km, 74 km) for the storm main phase (April 6) in Figure 11. Note that there are no data-points when
the satellite is within the South Atlantic Anomaly. In both altitude regions, enhanced values of NO are mostly
confined to areas roughly within an extended auroral oval region defined by geomagnetic latitudes between 52°
and 72°, in both the observations and the MMMs of all core experiments. At 90 km altitude, the MMMs of all
three core model experiments are very similar to each other because three of the four chemistry-climate mod-
els use auroral electron ionization from the AIMOS data-set for all three core model experiments, and auroral
electrons still dominate electron precipitation in 90 km. The MMM results agree very well with the observa-
tions within the auroral ovals, reproducing both the absolute values reaching up to 3 x 108 cm™ in well-pro-
nounced hotspot areas, as well as the locations of some of these hotspots over Northern America and South and
South-East of Australia. However, the longitudinal extent of the Northern hemisphere hotspot is smaller in the
MMMs than in the observations, with lower values over North-East Asia. The SCTAMACHY observations and
the MMM results of all three model experiments show areas of enhanced NO extending from the auroral regions
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into mid-latitudes. However, the locations of these areas are different; they are located over North America in the
SCIAMACHY observations but over Asia in the MMM results of all three core model experiments. As they are
located in the same place in all three core model experiments, these extensions into mid-latitudes are more likely
due to horizontal transport than local production at geomagnetic mid-latitudes in the model results. Midlatitude
NO enhancements have previously been observed after geomagnetic storms in the lower thermosphere around
110 km, see, for example, Richards (2004). These have been interpreted based on 1-dimensional and 3-dimen-
sional model studies as a consequence of enhanced NO formation by Joule heating above 120 km and subsequent
downward diffusion and horizontal transport (Dobbin & Aylward, 2008; Richards, 2004), and this mechanism
could be responsible for the enhanced mid-latitude NO here, both in observations and in model results. At 74 km
altitude, the results of all three core model experiments show enhanced values of NO in the auroral regions with
very similar spatial features, but varying magnitudes; again, absolute values are highest for OULU, lowest for
APEEP. Absolute values of all three core model experiments are lower than in the observations, and enhanced
values are restricted strictly to the auroral oval regions in the model results, while the observations show addi-
tional regions of enhanced NO densities equatorwards of the auroral regions in the North-East Pacific (15-60°N,
135-180°W) and South/South-East of Australia (45-60°S, 135-180°E).

Daily mean zonal mean NO densities from the MIPAS UA observations and from the multi-model mean results
of the core model experiments AIMOS, APEEP, and OULU on the MIPAS footprints are shown in Figure 12,
separately for daytime and nighttime in the mesosphere and lower thermosphere (50-115 km) for two days,
March 30 and April 9. In the low- and midlatitude thermosphere above 90 km, the MMMs of all three core
model experiments overestimate NO compared to observations by a factor of 2-3 during daytime and 2—8 during
nighttime on both days, possibly indicating an overestimation of the impact of photoionization in the three chem-
istry-climate models using the Solomon and Qian (2005) photoionization rates. In the high-latitude thermosphere
above 90 km, the auroral ovals are clearly visible in the MIPAS observations and in the MMMs of all three core
model experiments on both days, with higher absolute values on April 9. As discussed before, the MMMs of the
three core model experiments agree well with each other here as three of the four chemistry-climate models use
AIMOS auroral electrons for all core model experiments. The MMMs of all three core model experiments also
agree well with the observations here, both in absolute amounts and in the position and temporal variability of
the auroral ovals. In the mid-mesosphere (60-90 km) polewards of 50°, the MIPAS observations show enhanced
NO values on both days compared to low- and midlatitudes, with values generally higher during nighttime than
during the daytime, and higher on April 9 than on March 30. Of particular note is the night-time enhancement
of NO between 60—70°N on March 30, which might be due to enhanced substorm activity starting in the second
half of March 30 (see Figure 1). This is not reproduced by the MMM s of any of the core model experiments. On
April 9, high-latitude enhancements of mesospheric NO are observed in both hemispheres above 60 km, with the
highest values in the night-time Southern hemisphere. These enhancements are reproduced qualitatively by the
MMMs of all three core model experiments, with the highest NO values and reasonable quantitative agreement
shown for OULU, lowest NO values underestimating observations for APEEP, and intermediate values in the
MMMs of AIMOS. These results are consistent with the SCIAMACHY intercomparisons discussed above but
again differ from the results of the SOFIE intercomparison provided in Section 3.1. In the lower mesosphere
below 60 km, the MIPAS data show large values of enhanced NO of more than 1.5 x 107 cm™ during daytime
while nighttime NO concentrations are negligible at these altitudes due to conversion to NO,. This diurnal cycle
is generally well reproduced by the MMM of all core model experiments, although the NO_background appears
to be overestimated slightly in the lowermost mesosphere.

3.3. Assessment of Differences and Applicability of the Ionization Rate Data-Sets

The Multi-model mean results of the three core model experiments are very similar to each other in the thermo-
sphere above 90 km because three of the four models use auroral electron ionization rates from the same data-set
in all core experiments. Below 90 km altitude, the multi-model mean results of the three core experiments differ
in accordance with the differences between the ionization rate data-sets, particularly during the storm main and
recovery phase. The largest mesospheric NO enhancements are observed for OULU. These NO enhancements
also reach furthest down into the mesosphere and persist longest after the storm. The weakest mesospheric NO
enhancements are shown for APEEP, with AIMOS intermediate between these extremes. After the recovery
phase, AIMOS and APEEP converge and agree reasonably well with each other and after April 14, while in
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Figure 12. Left: daily mean zonal mean NO density (cm™) from the MIPAS upper atmosphere mode in 50115 km on
March 30 before the storm, upper two panels, and April 9 in the recovery phase of the storm, bottom two panels. Shown are
daytime (sza < 86°) and nighttime (sza > 94°) data. Middle to right: multi-model mean results of core model experiments
AIMOS, APEEP, and OULU.

OULU, NO densities continue at higher values due to continuing precipitation in the MEE range >100 keV until
around April 11 (see Figures 4 and 5 of Nesse Tyssgy et al. [2021]).

In the high-latitude uppermost mesosphere and lower thermosphere above 80 km (MIPAS) respectively 85 km
(SOFIE, SCIAMACHY), multi-model mean results from all three core model experiments agree well with ob-
servations, both quantitatively, and in capturing the spatial and temporal variation. Considering that NO from the
individual models varies by up to an order of magnitude here as shown in Section 2.2.6, the good quantitative
agreement is likely due to a compensation of different systematic errors of the individual models related to differ-
ent processes forming and affecting NO as discussed in Section 2.2.7. However, the good agreement in temporal
and spatial variability observed in comparison to all three satellite observations above ~80 km gives confidence
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that the auroral electron precipitation and MEE contribution up to energies of about 100 keV are captured well
by the different ionization rate data-sets.

In the high-latitude mesosphere at 70-85 km altitude, a more diverse picture presents itself. During the storm
main phase (April 6), the MMMs of all three core model experiments agree within error bounds with the SOFIE
observations, though the OULU NO densities are higher, and the AIMOS and APEEP NO densities are lower
than the mean SOFIE density on this day. Conversely, the MMM:s of all three core experiments is lower than the
SCIAMACHY data in the high-latitude mesosphere below 80 km (OULU) respectively 85 km (AIMOS, APEEP)
on this day, while in 80-85 km, the OULU NO densities are in agreement (Northern hemisphere) or even higher
(Southern hemisphere) than the SCTAMACHY NO densities. In the recovery phase (April 9), good agreement
is shown in the Southern hemisphere high latitudes between the OULU NO densities and the MIPAS and SCI-
AMACHY observations in 70-85 km, while the lower AIMOS and APEEP NO densities show good agreement
with the SOFIE observations. At high Northern latitudes, reasonable agreement is shown between the OULU NO
densities and the MIPAS observations, with lower NO densities in AIMOS and APEEP, while the SCITAMACHY
observations are higher than the NO densities from either of the three core model experiments. After the storm
period (April 14), the NO densities from AIMOS and APEEP agree well with MIPAS on the SOFIE footprints
and with SCIAMACHY around 80 km in high Southern latitudes, while the NO densities from OULU are signifi-
cantly higher in both cases; however, the MMM s of all three core model experiments are significantly higher than
the SOFIE observations in 70-85 km at high Southern latitudes. Below 75 km, the MMM s of all core model ex-
periments show lower NO densities than SCIAMACHY during and after the storm, comparable values between
MIPAS and OULU on the SCIAMACHY footprints, while compared with SOFIE and MIPAS on the SOFIE
footprint, there is good agreement with AIMOS and APEEP, but significantly higher values in OULU particularly
at and below 70 km. Particularly the comparison of the MMMs to SOFIE on the one hand, SCTAMACHY on
the other hand after the storm main phase appears contradictory. There are no coinciding observations between
SCIAMACHY and SOFIE, and no SCIAMACHY observations below ~68 km, but MIPAS observations on
April 9 and April 14 generally confirm the SCTAMACHY observations of enhanced NO densities throughout the
mid-and upper mesosphere above 65 km at high Southern latitudes (see Figure 8). One possible explanation for
an underestimation of the model results compared to SCIAMACHY at moderately high latitudes, and simulta-
neous overestimation compared to SOFIE at very high latitudes, could be related to problems in the vertical and
horizontal transport in the models, that is, an overestimation of downward transport through the mesosphere at
very high latitudes coupled to an underestimation of horizontal transport to lower latitudes, similar to the impact
of vortex strengths discussed after the October 2003 Solar proton event in Funke et al. (2011). Equally, the very
high values in the MMMs of OULU on the SOFIE footprint after April 12 below 70 km are more likely due to
transport from above 70 km in a strong mesospheric vortex than to continuing precipitation from the high-energy
tail of the MEE population. Higher mesospheric NO densities during the storm main and recovery phase (April
6-9) in MIPAS and SCIAMACHY observations compared to SOFIE observations as well as compared to the
multi-model mean results could be explained to some extent by the magnetic local time of the ENVISAT overpass
during the maximum of MEE precipitation (see Section 2.3). However, this can not explain the differences after
the storm period (April 14), and should also be captured by AIMOS which explicitly considers magnetic local
time dependence. Considering these qualitative differences, it is not possible to draw a robust conclusion which of
the ionization rate data-sets used to provide the best quantitative estimate of the mesospheric NO enhancements
during and after the geomagnetic storm below 80 km altitude.

All three satellite instruments show significant NO increases in the mid-mesosphere at and below 70 km altitude
in the storm main and the recovery phase (April 7-9). This suggests that electrons with energies from 100 keV
to 1 MeV, the high-energy tail of the MEEs, play a role during the storm and in the following days. The satellite
NO data differ concerning the strength of this enhancement, possibly suggesting a high variability in the densi-
ties of high-latitude NO at this time as seen, for example, in the MIPAS footprint data (Figure 7). As discussed
in Section 3.1, it is not possible to unambiguously attribute these enhancements to direct production during the
event below 85 km; a significant part of the enhancement may also be due to vertical transport and mixing. MI-
PAS data above 70 km altitude are not available daily, so an analysis of the day-to-day evolution of NO in the
upper mesosphere is not possible based on MIPAS data. However, SCTAMACHY data are available on all days
but April 4 in the first half of April 2010, and nine days of SCIAMACHY data are shown in Figure 13. SCIA-
MACHY data show a slow increase in NO in 70-75 km altitude in early April, with the highest values reached
on April 7. While the sharp increase from April 5 to April 6 and from April 6 to April 7 suggest local production
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Figure 13. SCIAMACHY NO density (cm~3) on nine days between April 1 and 11 April 2010. The range of the lowest (light gray) contour interval ((—1 — 1)
%107 cm™ corresponds to the approximate noise floor of SCTAMACHY.

down to at least 70 km altitude during the storm main phase, a contribution of downward transport from the upper
mesosphere above 85 km altitude can not be ruled out either, and the observed high-latitude values at 70-75 km
altitude are most likely due to a combination of local production and downward transport at least in the Southern
hemisphere. Enhanced values at high Southern latitudes below 70 km altitude on April 8, 11, and 14 (see also
Figure 10) suggest continuing downward transport after the event main phase, qualitatively in agreement with
SOFIE observations (see Section 3.1). The observed enhancements at and below 70 km altitude are reproduced
qualitatively (if not quantitatively) by OULU but not by APEEP which considers the same electron energy range,
suggesting highly anisotropic precipitation captured only by the 90° telescope.

In the low- and middle-latitude thermosphere, the multi-model mean results of all three core model experiments
consistently overestimate NO compared to observations. This is likely related to the use of the Solomon and
Qian (2005) rate parameterization for EUV photoionization in WACCM, HAMMONIA, and EMAC. A similar
overestimation of low-latitude thermospheric NO compared to SOFIE observations has already been shown for
the TIE-GCM model, which also uses the Solomon and Qian (2005) parameterization (Siskind et al., 2019). Sis-
kind et al. (2019) argue that this overestimation can not be explained by an overestimation of the soft x-ray flux
(0.1-30 nm) needed for the photodissociation of N,, since adapting this would reduce the lower thermospheric
electron density which is well constrained by observations. Rather they suggest problems with the kinetic data for
the NO formation via N(°D) or an underestimation of the Lyman- UV flux (=103 nm). Since the development of
the Solomon and Qian (2005) parameterization, progress has been made in constructing EUV and x-ray spectral
variability using observational data not previously available, as for example, used by the FISM2 model (Cham-
berlin et al., 2018, 2020). Figure 14 shows a comparison of mean spectra of the FISM2 compared to results from
the Solomon and Qian (2005) parameterizations during our intercomparison period from March 25 to 10 April
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Figure 14. Left: Comparison of average x-ray photon flux for the period March 25 to 10 April 2010, as a function of wavelength (in nm) between FISM2 (black) and
the Solomon and Qian (2005) parameterization. Right: difference (%) of FISM2-Solomon and Qian (2005) for the same period.

2010, highlighting higher values in Solomon and Qian (2005) compared to FISM2 in the soft x-ray portion of the
spectrum. A concise analysis of this is out of the scope of this paper; however, as photoionization also contributes
to high-latitude NO and therefore affects the indirect effect (see, e.g., Figure 6) the issue should be addressed in
the near future.

3.4. Contribution of Auroral Electrons and MEE to Hemispheric NO

To assess the impact of auroral and MEE electron precipitation in a more quantitative way, the total hemispheric
NO amount is calculated for the multi-model mean results of the model experiments AIMOS, OULU, APEEP,
Sensl, and Sens2 from March 16 to April 25 for the altitude range 55-115 km, and additionally 55-90 km for
AIMOS and Sens1 only. The contribution of auroral electrons to the total hemispheric NO amount is calculated
as the difference between AIMOS and Sens]1, the contribution of MEE in the energy range up to 300 keV as the
difference between AIMOS and Sens2 (upper panels of Figure 15), the contribution of the >300 keV high-energy
tail of MEE as the difference between OULU and AIMOS (lower panels of Figure 15). However, the difference
between OULU and AIMOS is affected by the different auroral electron data-sets used in WACCM, visible as
an offset of ~0.07 Gmol in both hemispheres during the quiet period before the storm. To account for this, the
difference between OULU and AIMOS was separately calculated without the WACCM results. In addition, the
difference between OULU and APEEP was calculated. Although these models have the same upper energy limit
of 1 MeV, the difference in results below 80 km suggests a contribution from anisotropic precipitation from the
high-energy tail during the recovery phase of the storm only captured by the 90° telescope. This comparison,
therefore, serves as an additional estimate of an anisotropic high-end tail of MEEs.

The largest contribution to the hemispheric NO budget (0.2-0.9 Gmol) comes from the auroral electrons, though
this is mainly restricted to the thermosphere above 90 km; the contribution of auroral electrons to the hemispheric
NO budget below 90 km altitude is less than 0.1 Gmol in both hemispheres. The contribution of <300 keV MEEs
is on average not significant in either hemisphere, likely because it is masked by the internal dynamical variability
of the models. All three estimates of the >300 keV high-end tail of the MEE distribution show a similar impact
on the hemispheric NO budget, with the largest contribution of 0.05-0.15 Gmol during the storm main phase
and recovery phase, with enhanced values of more than 0.05 Gmol lasting for several days after the storm. The
enhanced values at and shortly after the storm are comparable in magnitude to the contribution of auroral elec-
trons below 90 km. The OULU results are comparable to satellite observations during the storm phase from April
6-10 in 60-80 km, but are significantly higher than the available satellite observations at and below 65 km after
April 11 (SOFIE and MIPAS, see Figure 9), so for the post-storm period after April 11, these numbers provide an
upper limit only. A step forward in constraining the contribution of the high-energy electrons better could be the
inclusion of the POES P6 channel as another source of high-energy electron fluxes, as, for example, provided by
the BCSS and MP15 ionization rate data-sets models (see, e.g., Nesse Tyssgy et al. [2021]).
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Figure 15. Contributions of electron ionization to the total hemispheric NO budget [Gmol], derived from multi-model mean results. Upper panel: auroral electrons
(AIMOS-Sens1, blue) and MEE (AIMOS-Sens2, green). Also provided is the contribution of auroral electrons considering only altitudes <90 km (red). Lower panel:
different estimates of the high-energy tail of the MEE distribution. Orange: OULU-AIMOS; blue: OULU-APEEP; purple: OULU-AIMOS but without WACCM data.
The error range provides the 2o error of the mean. Left: Northern hemisphere, and right: Southern hemisphere.

4.

Conclusions

We compared NO densities from multi-model mean results of three core model experiments using different ioni-
zation rate data-sets with satellite observations, as well as NO densities from different chemistry-climate models
but using the same electron forcing. Results of these intercomparisons provide a constraint on the validity of the
different ionization rate data-sets, but also highlight problems both of the chemistry-climate models used for the
model experiments, as well as of the satellite data used for the model-measurement intercomparison.

In the high-latitude upper mesosphere and lower thermosphere above 80 km altitude, multi-model mean re-
sults of NO using different MEE ionization rate data-sets are very similar and agree well with observations
there both quantitatively as well as in the spatial and temporal variability. While NO varies by up to an order
of magnitude there between models even when using the same electron ionization rates, and the quantitative
agreement therefore appears to be due to some extent to compensation of different systematic errors in the
different models, the coherence of the spatial and temporal variability with the observations lends confidence
that the auroral electron precipitation and <100 keV MEE precipitation are captured well by all ionization-rate
data-sets

In the low latitude thermosphere above 90 km altitude, multi-model mean results overestimate NO compared
to observations. The large differences between KASIMA on the one hand, and WACCM, HAMMONIA, and
EMAC on the other hand suggest that this is related to the NO formation by EUV photoionization, either
due to issues with the kinetic reaction rates as suggested by Siskind et al. (2019) or due to the soft x-ray flux
ionization. A starting point to address this issue in the future might be the testing of new parameterization of
EUYV photoionization, sensitivity studies of the kinetic reaction rates and their uncertainties, and simultaneous
evaluation against NO and electron density observations

In the high-latitude mesosphere below 85 km, multi-model mean results using different ionization rate da-
ta-sets differ systematically in accordance with differences between the ionization rate data-sets. From the
three data-sets studied here, APEEP shows the lowest NO values in the mesosphere, OULU is the highest,
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with AIMOS intermediate. Due to the spread of the observations, it is not possible to provide a robust estimate
as to which of the ionization rate data-sets perform best below 80 km altitude

e All three observational data-sets agree on a significant NO enhancement during and after the geomagnetic
storm at and below 70 km altitude. The temporal evolution of this enhancement as shown in SOFIE and SCI-
AMACHY data suggests a combination of direct NO production by the high-energy tail of MEE (>300 keV)
with downward transport and mixing from the upper mesosphere. This enhancement is captured by OULU,
but not by the other ionization-rate data-sets, indicating anisotropic precipitation observed by the 90° tele-
scope of POES/MEPED. This could contribute up to 0.05-0.15 Gmol of NO to the total hemispheric NOx
budget, comparable to the contribution of auroral electrons below 90 km altitude but produced directly in the
mid-mesosphere; however, since NO densities from OULU lie at or above the upper edge of the observational
spread particularly after the storm period, this estimate based on OULU results can be considered only as an
upper limit

To address the issues summarized above, further model experiments over a longer period of time covering several
polar winters are needed. To constraint future model experiments better, there is also a clear need for observations
of precipitating electron fluxes extending into the high-energy tail of the MEE distribution, as well as of contin-
uing high-quality global observations of NO in the mesosphere and lower thermosphere.
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