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Abstract In April 2010, a coronal mass ejection and a corotating interaction region on the Sun resulted
in an energetic electron precipitation event in the Earth’s atmosphere. We investigate direct and indirect
nitric oxide (NO) response to the electron precipitation. By combining electron fluxes from the Total Energy
Detector and the Medium Energy Proton and Electron Detector on the National Oceanic and Atmospheric
Administration’s Polar-orbiting Operational Environmental Satellites, we obtain a continuous energy
spectrum covering 1–750 keV. This corresponds to electrons depositing their energy at atmospheric
altitudes 60–120 km. Based on the electron energy deposition, taking into account loss due to photolysis,
the accumulated NO number density is estimated. When compared to NO measured at these altitudes
by the Solar Occultation for Ice Experiment instrument on board the Aeronomy of Ice in the Mesosphere
satellite, the NO direct effect was detected down to 55 km. The main variability at these altitudes is,
however, dominated by the indirect effect, which is downward transported NO. We estimate the source
of this descending NO to be in the upper mesosphere at ∼75–90 km.

1. Introduction

Energetic electron precipitation (EEP) refers to accelerated electrons originating from the Sun or the magne-
tosphere which, guided by the Earth’s magnetic field, enter the atmosphere at polar latitudes. The incoming
energetic electrons will deposit their energy by ionization, dissociation, or excitation in the mesosphere
and lower thermosphere (MLT) region, which in turn can lead to production of NOx (NO and NO2) and HOx

(OH and HO2) [Sinnhuber et al., 2012, and references therein]. In the MLT, NO is the dominant NOx species
which is, next to CO2, one of the main constituents impacting the heat balance in the lower thermosphere
[Mlynczak et al., 2014]. Conversion to NO2 occurs mostly below 70 km. Because of its lifetime of 1 day in sun-
lit conditions [Brasseur and Solomon, 2005], NO can be transported both horizontally and vertically by the
background winds and waves.

Compositional changes brought by the EEP-induced production of NOx at a specific altitude level are called
the direct effects, while those caused by the vertical transport of NOx are referred to as the indirect effects of
EEP [Randall et al., 2007]. In the stratosphere the NOx lifetime increases, with a lifetime of the order of 1 month
during the dark polar winter [Brasseur and Solomon, 2005]. The dynamics in the polar winter MLT region are
dominated by the polar vortex and the downwelling within, which transports NOx from the lower thermo-
sphere and upper mesosphere into the stratosphere. In the stratosphere NOx can lead to ozone destruction
in the presence of sunlight, potentially causing a perturbation of the temperature, and in turn the large-scale
atmospheric circulation. The indirect effect is particularly important during perturbed dynamical conditions,
for example, sudden stratospheric warming events, when the downwelling is amplified following the vortex
and stratopause reformation [Meraner and Schmidt, 2016; Orsolini et al., 2017; Holt et al., 2013].

Typically, there are two types of solar wind drivers for geomagnetic storms: corotating interaction regions
(CIRs) associated with high-speed solar wind streams and coronal mass ejections (CMEs) associated with dense
transient solar wind flows [Richardson and Cane, 2010; Tsurutani and Gonzalez, 1997; Gonzalez et al., 1994].
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CME-driven storms occur predominantly during solar maximum, while the CIRs make their largest contribu-
tion during the declining phase of the solar cycle.

The particle energy deposition in the MLT region and the in situ NO production is dependent on the type of
the incoming particles and their associated energy. While the influence of the infrequent solar proton events
on NO has been widely explored, the effect of the more frequent EEP events is still unresolved [Rozanov et al.,
2012; Randall et al., 2015].

In this context, it is important to determine at which altitude the direct NO production occurs. There is limited
evidence for in situ production of NO due to EEP below ∼90 km [Sinnhuber et al., 2012]. For the northern high
latitudes, Renard et al. [2006] reported large increase in upper stratospheric NO2 observed with Michelson
Interferometer for Passive Atmospheric Sounding (MIPAS), attributed to a geomagnetic storm driven by coro-
nal mass ejection (CME) in January 2004. This was repudiated by Funke et al. [2007] which attributed the
same NO2 increase to downward transport of upper mesospheric and lower thermospheric NOx produced
by auroral electrons. This conclusion is further supported by Seppälä et al. [2007] which used Global Ozone
Monitoring by Occultation of Stars (GOMOS) NO2 measurements to investigate the cause of the descending
NOx through the 2003/2004 winter. However, they also suggested that a geoeffective corotating interaction
region (CIR) storm occurring in mid-February 2004 caused further enhancement, adding to the NOx that was
already descending. This was further investigated and corroborated by Clilverd et al. [2009]. At altitudes of
50–70 km the NO2 increase, observed by GOMOS, was found to be consistent with the increase in the flux of
relativistic electrons measured by the Geostationary Operational Environmental Satellites (GOES) as well as
Polar-orbiting Operational Environmental Satellites (POES). This conclusion has also been questioned as mea-
surements from MIPAS covering the same altitude and latitude region did not show evidence of an additional
NO2 source for the same period [López-Puertas et al., 2006; Sinnhuber et al., 2011]. Sinnhuber et al. [2014] could
not fully rule out direct local NO production by EEP in the winter 2003/2004 but estimated it to be lower than
6 ppb in the altitude range 56–64 km.

Newnham et al. [2011] investigated a period of geoeffective CIR events at high southern latitudes in March
and April 2008 using a ground-based passive microwave radiometer. They found that electrons of ∼300 keV
could account for the observed NO enhancement at 70–80 km. The data did not show evidence of down-
ward descent from higher altitudes. Using the same instrument, Daae et al. [2012] indicate a direct effect
down to 65 km in the Southern Hemisphere (SH) during a July 2009 moderate geomagnetic storm. Hendrickx
et al. [2015] investigated the impact of the 27 day solar cycle in both hemispheres on NO production. They
applied a superposed epoch analysis on measurements of NO by the Solar Occultation for Ice Experiment
(SOFIE) instrument on board the Aeronomy of Ice in the Mesosphere (AIM) satellite. As a proxy for electron
precipitation, they used the auroral electrojet (AE) index. They concluded that the direct NO production
(on day 1 of the epoch analysis) can be observed down to about 90 km altitude, while an NO increase pro-
gressively propagated lower down in wintertime, approximately reaching 60 km over 2 weeks. Kirkwood et al.
[2015] studied a series of recurring EEP events during Antarctic fall and winter 2010 using NO observations
from the submillimeter microwave radiometer on the Odin spacecraft and statistical electron measurements
from the Medium Energy Proton and Electron Detector (MEPED), on board POES. They observed NO enhance-
ments up to 10 days after the events between 70 and 95 km and concluded that this resulted from both direct
NO production and downward transport. They also concluded that below 85 km direct production contributes
to a significant proportion of the mean enhancement but is too low to be detected for individual events.

The opposing results of the many studies mentioned show that the relative contribution of the direct produc-
tion and indirect effect of NO in the mesosphere remains unanswered. This is partly due to inadequate particle
measurement, as no single particle detector is able to measure both auroral and relativistic electrons at the
same time, as well as the relative scarcity of NO observations over the polar MLT region. Lower production rates
in the mesosphere make it difficult to determine the direct EEP impact since smaller in situ enhancements
cannot be easily distinguished from the descending NO-rich air masses in the winter hemisphere [Siskind and
Russell, 1996; Funke et al., 2005; Randall et al., 2007; Sinnhuber et al., 2014].

We investigate the NO response in the SH during the geomagnetic storm in April 2010. The storm was driven
by a combination of CME and a CIR, which causes significant enhancement in both the low- and high-energy
electron fluxes. This event was chosen due to the high count of relativistic electrons measured by MEPED,
and we expect to see an atmospheric response to this event throughout the MLT region. We estimate a full-
range electron spectrum, impacting both the mesosphere and lower thermosphere by combining electron
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measurement from the Total Energy Detector (TED) and MEPED particle detectors on the multiple POES
spacecraft. To assess both the local production of NO throughout the MLT region and evaluate the contri-
bution of the NO indirect effect, we monitor the NO response in this wide altitude range with the SOFIE
instrument on board the AIM satellite. With a high vertical and temporal resolution, we can determine how
deep in the atmosphere the NO direct effect can be detected and assess the relative importance of the direct
and indirect NO enhancement throughout the event.

The paper is organized into section 2, followed by a description of the event presenting how the various
parameters respond to the geomagnetic storm. In section 4 we disentangle the direct NO production from
the transported NO based on our calculations and observations. The findings are then compared to previous
studies. Section 5 summarizes our findings and their implications.

2. Instrumentation and Methods
2.1. TED and MEPED Detectors on the POES Satellites
NOAA (National Oceanic and Atmospheric Administration) has since the 1960s been operating the Polar-
orbiting Operational Environmental Satellite (POES) series, and since 2006, EUMETSAT (European Organisation
for the Exploitation of Meteorological Satellites) has been operating the MetOp (Meteorological Operational)
satellites. In the period of interest in March/April 2010, six satellites were operational: NOAA 15 (1998 to
present), NOAA 16 (2001–2014), NOAA 17 (2002–2013), NOAA 18 (2005 to present), MetOp-02 (2006 to
present), and NOAA 19 (2009 to present). The spacecraft are orbiting at ∼850 km altitude with a period of
approximately 100 min and are equipped with instruments measuring the particle environment in the Earth’s
magnetosphere.

Each spacecraft carries two types of particle detectors, the Total Energy Detector (TED) and Medium Energy
Proton and Electron Detector (MEPED). TED includes two electron detectors viewing at 0∘ and 30∘ to the
local vertical. It measures low-energy electron fluxes in the energy range 0.05–20 keV, with read out of four
differential electron energy bands 0.154–0.224 keV, 0.688–1.000 keV, 2.115–3.075 keV, and 6.503–9.457 keV.
MEPED measures high-energy integral electron fluxes at >40, >100, and >300 keV and proton fluxes in six
energy ranges from 30 to 6900 keV and >6900 keV [Ødegaard et al., 2017]. It consists of two electron and two
proton telescopes, pointing approximately 0∘ and 90∘ to the local vertical.

At middle and high latitudes the 0∘ telescopes measure particle fluxes that will be lost to the atmosphere,
whereas the 30∘ and 90∘ telescopes might detect precipitating particle fluxes and/or trapped particles in the
radiation belts. Here we use only the 0∘ telescopes which will provide a lower limit of the electron precipita-
tion in the case of anisotropic pitch angle distribution [Nesse Tyssøy et al., 2016]. The electron detectors are
known to be contaminated by protons [Evans and Greer, 2000; Yando et al., 2011]. In order to correct for the
false counts due to proton contamination, we use the proton flux measurement from the proton telescopes
as described in Nesse Tyssøy et al. [2016]. The protons have already been corrected due to detector degrada-
tion [Sandanger et al., 2015; Ødegaard et al., 2016]. We also account for the relativistic (>∼750 keV) electrons
contaminating the proton detector [Nesse Tyssøy et al., 2016; Ødegaard et al., 2017].

The corrected data set gives us a full-energy range coverage of electron energies that will be deposited in the
MLT region. The six spacecraft are equipped with almost identical instruments which enable us to construct
global maps of the precipitating electrons with high spatial and temporal resolution.

2.2. SOFIE Instrument on the AIM Satellite
NASA’s Aeronomy of Ice in the Mesosphere (AIM) satellite was launched in May 2007 and is measuring prop-
erties of the mesosphere and lower thermosphere in order to study the variability in noctilucent clouds and
their link to climate change. AIM has a polar, Sun-synchronous orbit with a period of 96 min. The Solar Occulta-
tion For Ice Experiment (SOFIE) instrument on board AIM performs solar occultation measurements to retrieve
vertical profiles of NO, among other chemical species [Gordley et al., 2009]. The NO is retrieved up to 150 km,
with a vertical resolution of 2 km.

SOFIE is performing measurements two times for each of AIM’s orbits: during sunset and sunrise. Because
of AIM’s retrograde orbit, all 15 measurements in the SH are made during local sunrise and all measure-
ments in the Northern Hemisphere (NH) are made during local sunset. In the period of interest for this study,
March/April 2010, the sunrises are at geographical latitudes between 72 and 82∘S and the sunsets between
74 and 84∘N. In corrected geomagnetic (CGM) latitude, the coverage in the NH is mostly poleward of the
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auroral oval. In the SH AIM’s orbit has a better coverage of the CGM latitudes, looking both outside and within
the auroral oval throughout the entire event. We therefore limit our study to the SH. Summertime observations
by SOFIE can be contaminated by water at altitudes below 80 km (M. Hervig, personal communication, 2016).
During autumn and winter conditions there are low amounts of water in the mesosphere, so the NO obser-
vations during the April event in the SH are useful also in the mesosphere though with higher uncertainty in
the absolute number densities.

In this paper, we will use a climatological mean of NO observations based on the period 2008–2012 not
including 2010. By using the 2 years before and the 2 years after the event as climatology, we ensure that the
sampling occurs in the same latitudinal area and limit influence from the varying solar cycle.

2.3. Methodology
The electron flux measured in specific energy channels is transformed to a continuous full-range energy
spectrum, which is used to estimate an altitude profile of deposited energy and compared to SOFIE’s NO
profiles. The energy deposition profile is also used to estimate the production, accumulation, and depletion
of NO when sunlight is taken into account. The following section explains the methodology in more detail.

On all six POES spacecraft, we use the electron flux measured for six energy channels: three with the TED
instrument (centered at 0.844 keV, 2.595 keV, and 7.98 keV) and three from MEPED (78.5 keV, 203 keV, and
524 keV), based on the difference between four MEPED integral channels. During a period of 3 h, the differ-
ent spacecraft are represented by 12 overpasses, as shown in Figure 1a. To account for poor satellite coverage
between magnetic local time 10–14 in the SH, coincident measurements from one of the satellites in NH
are also used here; see Figure 1b. This is necessary to avoid the interpolation of the high values from the
morning sector, which would overestimate the EEP at those local times. The data mapped from the NH add a
realistic low value. This confined interhemispheric mapping can be justified as the NH auroral oval is similar
to the SH oval [Hardy et al., 1985; Laundal and Østgaard, 2009]. The measurements are regridded into boxes
with resolution 4∘ CGM latitude and 10∘ longitude (or 40 min in magnetic local time), as shown in Figure 1c.
To construct a polar overview of the electron flux from each energy channel, this is interpolated linearly
between the passes in a geomagnetic coordinate system. The resulting interpolated map is shown in
Figure 1d. The interpolation is done in CGM coordinates but is then transformed to geographical coordinates
with the same resolution, 4∘ latitude and 10∘ longitude; see Figure 1e.

The global maps in geographical coordinates of TED and MEPED electron energy fluxes (1–750 keV) are then
combined to construct a continuous differential energy spectrum for each of the grid boxes. Previous studies
apply a wide range of fits to various particle energy spectra. For example, Kirkwood and Osepian [2001] sug-
gested an exponential form over the energy range 30–200 keV. Rodger et al. [2013] proposed a power law
over the energy range 30–300 keV, and Wissing and Kallenrode [2009] apply five segments of power fit to TED
and MEPED observations. For energies less than 10 keV, a Maxwellian or an exponential form is often applied.
We find that a single spectra of neither exponential, Maxwellian, nor exponential form gives a good enough
fit to the measurements over the wide-energy interval 1–750 keV. Therefore, we use either a Maxwellian or
an exponential fit for the energies measured by TED, depending on the ratio between the first two channels:
if channel 1 is higher than channel 2, an exponential fit is used, and if channel 2 is highest, we use a Maxwellian
fit. The higher-energy fluxes are fitted with a power law spectrum. The transition from the exponential or
Maxwellian fit and the power fit occurs around 30 keV. This combined curve fit is now a continuous differen-
tial energy spectrum. We use the cosine-dependent Isotropic over the Downward Hemisphere model from
Rees [1989] to calculate the subsequent energy deposition as a function of altitude. This analysis is based on
a standard reference atmosphere (COSPAR International Reference Atmosphere 1986). The altitude profile of
the deposited energy, which has a time resolution of 3 h, can now be compared to the altitude profile of NO
collocated in space and time with the SOFIE profiles.

The altitude profile of the deposited energy is also used to estimate the accumulation of NO. Starting out with
a zero background of NO, we then estimate the NO locally produced by EEP during each 3 h time interval.
With the energy deposition, we can get to the ionization rate assuming that the energy needed to create one
ion pair is 35 eV. Each ion pair will produce 1.25 nitrogen atoms, where 0.7 is in the form N(2D) [Jackman et al.,
2005]. Assuming that all N(2D) is used to produce NO, we get the constant production rate for all altitude:

NO produced =
Energy deposited

35
∗ 0.7 (1)
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Figure 1. Stepwise description of how to get from POES’ satellite tracks to a polar coverage of electron fluxes.
(a) Electron flux from one energy channel, with 3 h resolution, shown in corrected geomagnetic latitude and magnetic
local time for the SH. (b) Same as Figure 1a but with the conjugated electron flux from the NH mirrored down, in the
magnetic local time region 10:00–14:00. (c) The electron fluxes gridded into 4∘ CGM latitude times 10∘ longitude boxes.
(d) Interpolation of 3 h data to get a continuous coverage from poleward of 40∘S CGM latitude. (e) The interpolated
map of electron flux transformed to geographic coordinates, with same temporal and spatial resolution.

The assumption of a constant production rate is valid below 90 km, where the relation between N2 and O2

is fixed [Verronen and Lehmann, 2013]. In addition to production, there is also an NO loss by photolysis and
from daylight chemistry started by photolysis. We first consider the angle between the Sun position and the
selected geographic position. If the latter is in sunlit conditions, we assume a photolysis of 100% with a life-
time of a day [Brasseur and Solomon, 2005]. During twilight we assume 50% photolysis and 0% during total
darkness. The resulting altitude profile of the accumulated NO is then compared to the SOFIE measurements
of NO. Note that when estimating accumulated NO, we neglect horizontal and vertical transport; hence, this
only shows an estimation of the local direct effect from EEP.

3. The April 2010 Energetic Electron Precipitation Event
3.1. Solar Wind and Geomagnetic Indices
Figure 2 shows solar wind parameters and geomagnetic indices for the time period considered. The first CME
hits the Earth’s magnetopause on the morning of 5 April (day of year (DOY) 95) [Richardson and Cane, 2017],
followed by a steep solar wind speed increase associated with a CIR. The solar wind speed peaks at 800 km/s
on DOY 95 and stays elevated (>500 km/s) for approximately 4 days (see Figure 2, first panel). The southward
direction of the solar wind magnetic field makes the disturbance geoeffective, resulting in a negative deflec-
tion in the disturbance storm time (Dst) index of minimum −81 nT, classified as a moderate geomagnetic
storm according to Loewe and Prolls [1997]. The recovery period is interrupted by a second CME on DOY 101
(11 April) which causes a second moderate geomagnetic storm period with Dst minimum −67 nT. The Dst
also indicates some weak geomagnetic storms throughout our period of interest. In particular, the auroral
electrojet (AE) index suggests auroral activity a few days prior (DOYs 91–92) to the first CME, as well as in the
aftermath (e.g., DOYs 104 and 115) of the storm. The AE has a strong increase and reaches values as high as
1200 nT, suggesting that the main impact of the storm is likely to occur in the period DOYs 95–98, with a
second disturbance also in accordance with the Dst.
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Figure 2. Hourly solar wind parameters and geomagnetic indices for the geomagnetic storm in April 2010.
(a) Interplanetary magnetic field (IMF) velocity IMF V (km/s). (b) IMF north/south component, IMF Bz (nT). (c) The
disturbance storm time (Dst) index (nT). (d) Auroral electrojet (AE) index (nT). The two red vertical lines indicate
the time the CMEs hit the Earth’s magnetopause [Richardson and Cane, 2017].

SMITH-JOHNSEN ET AL. DIRECT AND INDIRECT EEP EFFECT ON NO 8684



Journal of Geophysical Research: Space Physics 10.1002/2017JA024364

Figure 3. CGM latitude distribution over time of the electron fluxes from (top row) the three TED channels and (bottom
row) the three MEPED channels on the POES satellites. The period shown is the EEP event in April 2010, for the SH.
The two vertical lines highlight when the CMEs strike. Time resolution is 1 day, and latitude resolution is 1∘.

3.2. Electron Fluxes Measured by POES
The electrons measured with the POES satellites are observed at different times and latitudes, depending
on their energies. Figure 3 shows the CGM latitudinal distribution of the electron fluxes measured at the
six energy channels during the April geomagnetic storm period. The lowest energy channel (centered at
0.844 keV) observes high fluxes of electrons at 65–85∘ CGM latitude and an equatorward movement of the
peak flux at DOYs 95 and 101, when the two CMEs hit the Earth’s magnetopause. The flux maximizes during
the event by up to an order of magnitude, whilst the higher-energy channels suggest an increase of up to
2 orders of magnitude during the storm period. For the three higher-energy bands measured by MEPED, the
flux is increasing at the start of the event (DOY 95) and expanding both poleward and equatorward during
the storm period. The first CME gives the strongest increase of electron fluxes for all channels, both in terms
of peak fluxes and latitudinal coverage.

3.3. Energy Deposition and Accumulated Nitric Oxide
High energetic electrons will penetrate deeper into the atmosphere than electrons with lower energies, and
the associated ionization will result in increased production of nitric oxide. The increase in production also
depends on the altitudinal profile of the background neutral density. The electron fluxes from POES are con-
verted to altitude profiles of their deposited energy; see Figure 4 (left). Most of the energy from the incoming
electrons is deposited above 90 km. One day after the first CME hits, the energy increase is evident all the way
down to 55 km and lasting for about a day (DOY 96). For the second CME, the increase is seen only down to
80 km, also with 1 day delay and lasting for about 1 day (DOY 102).

The altitude profiles of the accumulated NO are shown in Figure 4 (right). The increase in accumulated NO
starts at DOY 92, where the AE index shows increase of auroral activity and the low-energy electron channels
observe a higher electron flux. The maximum is found in the 100–120 km altitude range, at DOYs 96–99
and 102–104, 1 day delayed from the two CMEs that hit the magnetopause. The accumulated NO at this
altitude stays elevated throughout the geomagnetic storm period as more NO is produced when more energy
is deposited, outweighing the photolytic loss. After the first CME, at DOY 96, a strong mesospheric increase is
estimated reaching down to 55 km and lasting for about 3 days. At DOY 102, 1 day after the second CME, a
new mesospheric increase occurs but this is not found below 80 km altitude.

3.4. Nitric Oxide Observations From SOFIE
Figure 5 (top and middle) shows how SOFIE’s measurements of NO in the SH vary over time for the different
altitudes and compares the events in 2010 to the same period for the years 2008–2009/2011–2012. The peak
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Figure 4. (left) Deposited energy for altitudes 50–150 km. Three hour time intervals and SH latitudes colocated with
AIM-SOFIE’s measurements. (right) Accumulated NO produced from the deposited energy and reduced due to Sun
exposure. Three hour time intervals and SH latitudes colocated with AIM-SOFIE’s measurements. The two CMEs are
highlighted by the two vertical lines. Altitude resolution is 1 km for both panels.

(in number density) is found at 90–115 km altitude. Figure 5 (bottom) shows the relative difference between
2010 and the 2008–2009/2011–2012 climatology, with only positive increases above 1 sigma shown.

Above the NO main layer, at altitudes 115–140 km, the NO increase starts at about DOY 92. Then at the arrival
of the CMEs (at DOYs 95 and 101, highlighted by black vertical lines), there is a reduction of NO lasting for
about 2–3 days. After the CME arrivals the NO increases again, reaching 200% at DOYs 97–98 and almost a
100% increase at DOYs 103–104.

The NO increase is persistently highest at altitudes from 90 to 115 km, where we also see most of the energy
deposited. Here the relative change reaches 300–400% of the climatological densities after the first CME at
DOYs 96–99. A new peak in the NO increase occurs at DOYs 102–104, about a day after the second CME
reaches Earth. The timing of both NO increases fits well with the accumulated NO shown in Figure 4. The
anomalous high NO density does not persist longer than 4 days after the event onset from altitudes 100 and
up to 130 km.

Below the main NO layer, i.e., below 90 km, and all the way down to 55 km, a positive change is found for
all altitudes at DOY 96, 1 day after the first CME arrives. No increase can be seen before the event for these
altitudes. The relative increase is highest at 55–60 km, which is due to the climatological low background at
this altitude. Looking at the 2010 NO number density in Figure 5 (middle), a more continuous NO increase is
seen for altitudes between 50 and 80 km. The NO increase fits well with the timing and altitude range of the
increase in accumulated NO. An increase is also observed at 85 km at DOY 97, at 80 km at DOY 98, at 75 km at
DOY 90 and all the way down to 50 km at DOYs 110–128. This is not seen in the accumulated NO, suggesting
that the NO here has been transported down after being produced at a higher altitude.

Figure 6 shows the NO number density measured by SOFIE in altitude intervals from 55–65 km to 125–135 km,
as function of CGM latitude. In the upper region, above the main NO layer, we find an increase starting some
days before the geomagnetic storm starts and maximizing a few days after the first CME arrives. For altitudes
90, 100, and 110 km, the NO increase maximizes 1 day after the CME (at DOY 96). The increase can be seen
strongest at CGM latitudes around 65–75∘S, which corresponds well to the timing and location of where the
electrons are coming in (see Figure 4 for the corresponding plot of electron distributed over time and CGM
latitude). This concurrence in time and location between the EEP and NO suggests that the NO increase is due
to direct production and not a product of transport. The days after DOY 96, the increase is also seen farther
poleward of 75∘S.
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Figure 5. (top) AIM-SOFIE measurements of the altitude distributions of NO for the time period of day of year 85 until
120 as a climatological mean for the years 2008–2009/2011–2012. The arrival of the two CMEs is highlighted by black
vertical lines. (middle) Same time period but for 2010 when the storm occurred. Three hour time resolution. (bottom)
Percentage relative change in 2010 compared to climatology. Only positive change higher than one standard deviation
of the climatology observations is shown.

For altitudes 80 and 70 km, an increase can be seen for CGM latitudes 65–75∘S 1 day after onset of the
first event, at DOY 96. The increase is strong and localized, indicating that it could be direct production. The
increase of NO is also seen for the days after but more spread out in time and space. At 60 km the first increase
is seen at DOY 96, followed by days with no increase, before a second increase is seen at DOYs 108–109.
This second peak is more spread in time and covers all CGM latitudes observed, which could indicate that it has
been transported both vertically and horizontally. The NO density increase is limited by the CGM latitudinal
range of SOFIE’s observations.
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Figure 6. CGM latitude distribution of AIM-SOFIE measurements of NO in 2010, for eight altitude regions. Time resolution is 1 day, and the altitude is a 10 km
mean. The arrivals of the two CMEs are highlighted by black vertical lines.

Comparing the April geomagnetic storm period to the other geomagnetic storms later in the 2010 Antarctic
fall/winter, it seems to have a different signature, namely, faster NO descent. In Figure 7 we show the change
of NO compared to the climatology for the SH from mid-February to the end of September 2010. We see an
earlier NO increase at lower altitudes after the April storm than for the other EEP events during the SH winter
of 2010. In the typical 2010 fall/winter events (excluding the April storm) the increase in NO at 55 km altitude
is not seen until 25 days after the increase can be observed at 100 km. This indicates a downward transport
of about 1.5–2 km/d. For the April event, however, we see the first increase at 90–115 km at DOY 96 and at
55 km already at DOY 97. A new increase at 55 km is seen after 15 days, indicating a downward transport of
about 2.3 km/d.

3.5. Correlation Analysis
The satellite observations from SOFIE presented in the previous section show an increase of NO at the time
of the two CMEs during the geomagnetic storm period in April 2010. This indicates a relation between the
increase of NO and the incoming electrons.

Figure 8 (left) shows correlation of the SOFIE NO measurements to the colocated deposited energy estimated
from TED/MEPED observations for the geomagnetic storm in April 2010. We correlate the relative change in
NO in 2010 compared to the 2008–2012 climatology to exclude the seasonal effects. Different time delays
between the energy and the NO measurements are introduced. At altitudes above 135 km, no consistent cor-
relation is found. A positive significant correlation of 0.5 to 0.8 is found for all altitudes in the 85–135 km range,
with no time delay. Introducing a 1 day delay between the electrons and the NO response, the positive corre-
lation is found all the way down to 55 km. The highest correlation (0.85) occurs for altitudes 90–115 km after
1 day. For these altitudes, no significant correlation is found for delays more than 6 days. Farther down in the
atmosphere, at 80–85 km, a positive correlation of 0.5 is also found with a 10–12 day delay. Below 65 km we
see a positive correlation of about 0.5 with a 10 day delay, propagating down to 55 km after 15 days.

Using the POES data to estimate the production of NO and estimating photolysis losses as described in
section 2.3, we obtain an approximation of accumulated NO. The correlation of the estimated accumulated
NO with the NO change measured by SOFIE is shown in Figure 8 (right). The correlation is generally higher
for all altitudes when accumulation and sunlight exposure is taken into account. At altitudes above 135 km, a

SMITH-JOHNSEN ET AL. DIRECT AND INDIRECT EEP EFFECT ON NO 8688



Journal of Geophysical Research: Space Physics 10.1002/2017JA024364

Figure 7. (left) Altitude profile of the Pearson correlation coefficient between SOFIE measurements of NO (relative
change compared to climatology) and POES estimates of deposited energy. The correlation is done with a delay of
0–20 days between the energy deposition and the response in NO. Only correlation with 95% significance is shown.
(right) Correlation between SOFIE measurements of NO (relative change compared to climatology) and POES estimates
of accumulated NO, without any time delay. Only correlation with 95% significance is shown.

positive correlation of about 0.5 is found, increasing to 0.8 between 115 and 135 km. The highest correlation
is also in this case found at altitudes between 90 and 115 km, reaching up to 0.97 with a 95% significance.
Below 90 km, the correlation is lower but still significant, varying between 0.3 and 0.6 for altitudes between
55 km and 80 km. The accumulated NO estimate does not take horizontal or vertical transport into account,
so the positive correlation found here is attributed only to the direct production and accumulation of NO.

4. Discussion
4.1. Direct Production
For the direct production of NO from EEP we expect a consistency between the electrons measured by POES
and the NO number density observed by SOFIE, in terms of amount, timing, and latitudinal distribution.

To estimate if the observed increase could be due to direct production from electron precipitation, we com-
pare it to the estimate of accumulated NO. Due to photolysis, the NO increase associated with the first event is

Figure 8. NO relative change in 2010 compared to 2008–2009/
2011–2012 climatology. Only NO increase higher than one standard
deviation of the climatology observations is shown. The geomagnetic
storm period in April is highlighted, as well as the SH winter June, July,
and August.

expected to disappear before the second
event starts. The NO number density is,
however, still elevated and continues to
be so for at least 2 weeks, which sug-
gests that the indirect effect dominates
after DOY 100. Based on the simple accu-
mulated NO estimate, we expect NO
increase on the scale of 109 cm−3 at
110 km, 108 at 100 km, and 107 at 90 km
and between 106−7 at 80 km and below.
This is roughly in line with the increase
found in the relative change of the mea-
sured NO, but there seems to be an
apparent underestimate of the accumu-
lated NO under 80 km altitude. The NO
produced at lower altitudes is associated
with medium-energy electrons which
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can have strongly anisotropic pitch angle distributions [Rodger et al., 2013; Nesse Tyssøy et al., 2016]. As we
utilize only measurements from the 0∘ detector on MEPED, we are just including electrons with small pitch
angles and we will underestimate the flux of precipitating electrons and then also the associated NO produc-
tion. Looking at volume mixing ratio rather than number density (not shown), we can compare our results to
Sinnhuber et al. [2014]. Relative to the climatology, we find an increase at DOY 96 in 2010 of 2 ppbv at 55 km,
3 ppbv at 60 km, and 5 ppbv at 65 km. This is in line with the Sinnhuber et al. [2014] findings during the October
2013 storm, that if there is a direct effect at 56–64 km, it is lower than 6 ppbv.

Comparing the timing of the observed NO increase to the deposited energy and accumulation estimate, we
can also disentangle the direct and indirect effects. In the altitude region 90–115 km, we find an increase
of the electron energy deposition already at DOY 92, which also is consistent with the observed NO. At the
altitudes 55–80 km, an increase of electron flux is observed concurrent with the start of the event at DOY 95.
Due to the accumulative effect, the maximum NO number density is expected to occur at DOY 96 at these
altitudes. From the observed NO we see this increase at DOY 96 from 55 to 80 km as well. Hence, the timing of
the observed NO is in agreement with the estimates of the accumulated direct effect. At and below 90 km we
find two local maxima with respect to time. The most intense maximum occurs at all altitudes at DOY 96. The
second maximum occurs at 55 km at about 15 days after the first CME. It is also evident that the enhancement
persists longer at the lower altitudes in line with downward transport.

For the latitudinal extent, we expect a more structured NO from the direct effect than from the indirect effect,
due to diffusion and advection. This is hard to confirm or invalidate due to the SOFIEs limited CGM latitu-
dinal in the beginning of the event. It is, however, clear that the NO enhancement in the aftermath of the
events spreads over a wider latitude band than typically associated with the auroral oval indicative of the
indirect effect.

We find that both strength and timing give support for the NO increase all through the mesosphere to be asso-
ciated with the direct effect. It is also clear that the altitudes 55–80 km are strongly impacted by the indirect
effect. This assessment is further supported by the correlation analysis. At and above 90 km, the NO varia-
tions are well in line with the estimated accumulated NO abundance. The correlation coefficient is found to
be between 0.8 at 90 km and 0.97 at 100 km suggesting that the direct effect is responsible for 65–95% of the
variability. Below 80 km, the direct impact appears weaker, with a correlation coefficient between 0.3 and 0.6,
suggesting that the direct effect is not the main contributor at these lower altitudes possible being respon-
sible for only 10–35% of the variability throughout the event. This does not mean that vertical transport is
responsible for the remaining variability as the correlation will also be reduced to horizontal transport.

4.2. Indirect Effect
In order to ascribe the main variability in NO number density to the vertical transport, realistic effective vertical
descent rates and determination of altitude source region are essential to assess. At 55 km, the NO number
density peaks around DOYs 108–110, about 15 days after the geomagnetic peak of the first CME event. The NO
increase has a wide distribution in time and CGM latitude, typical for indirect events. We also find a poor
correlation with the accumulated estimate of NO. Together, these features indicate that the NO increase at
DOY 110 at 55 km is a result of the indirect effect. It remains to determine whether the initial source is the
auroral electrons depositing their energy in the lower thermosphere or highly energetic electrons depositing
their energy in the upper and middle mesosphere. The source is important to determine the delay between
the electron precipitation event and the NO increase and subsequent impact on O3 in the lower mesosphere
and upper stratosphere. The source altitude is also essential to quantify the amount of NO that will reach a
certain altitude, as a longer distance would lead to longer transport time and more of the initial produced NO
will be lost due to diffusion and/or photolysis.

The effective downward transport of NO is the result of several processes, namely, large-scale advection, eddy
and molecular diffusion, and chemical and photolytic losses, and differs from the actual mean atmospheric
downward velocity, as represented by the transformed Eulerian mean velocity, for example, which is indepen-
dent of the trace species considered [Smith, 2012; Meraner and Schmidt, 2016; Orsolini et al., 2017]. Based on
a NH model study with idealized tracer distributions, Meraner and Schmidt [2016] found that in early winter,
under dynamically undisturbed conditions, molecular diffusion and advection are the dominant factors in
the lower thermosphere giving an effective descent rate of 1.5 km/d while advection dominates below the
mesopause, giving a rate of 0.5 km/d. Using NO observations from SOFIE, Hendrickx et al. [2015] found effec-
tive wintertime descent rates for NO of about 1 km/d for the NH and 1.2 km/d for SH, below 80–85 km. Using

SMITH-JOHNSEN ET AL. DIRECT AND INDIRECT EEP EFFECT ON NO 8690



Journal of Geophysical Research: Space Physics 10.1002/2017JA024364

carbon monoxide observations from the Microwave Limb Sounder, Lee et al. [2011] also found an effective
descent rate in the SH—for that particular trace species—to be around 1 km/d near 80 km, decreasing by a
factor 2 near 50 km. From the same SOFIE observations in the SH during the April 2010 EEP event, we find that
the maximum NO density increases at 55 km about 15 days after it increased above 90 km. If NO had been
descending from the level where the strongest changes are observed, near 90 km, the effective descent rate
would be about 2.3 km/d. This unusually high descent rate suggests that the main source region is, during this
event, at lower altitudes. Assuming an effective descent rate of 1.2 km/d, following the wintertime estimates
in Hendrickx et al. [2015], places the source region at around 75 km, where we found also evidence for direct
production. The advective term is likely to be even weaker in austral fall, when the mean meridional circulation
builds up, and to decrease with height as well [Lee et al., 2011], placing the source region even lower.

Previous studies suggest that the variability associated with the auroral electrons (<∼10 keV) are the most
important source for the observed indirect impact in the upper stratosphere/lower mesosphere. Our case
study implies that the medium-energy electrons (>∼10 keV) are most important for determining the NO
variability at these altitudes. Previous studies have focused mainly on the winter season, where less photolysis
will allow for a longer transport time compared to our event. Hence, our assessment of source region might
be biased toward a lower source region.

In line with Clilverd et al. [2009] our study supports the conclusion that there could be significant direct contri-
bution of the NO variability from the medium and relativistic electron precipitation. Previously, this has been
thoroughly disputed by Sinnhuber et al. [2011] and Funke et al. [2007]. All of these studies investigated the com-
plex winter of 2003/2004, where a sequence of solar proton events led to a high NOx background and sudden
stratospheric warming caused extraordinary dynamics associated with it, making it particularly hard to reveal
a potential direct impact. On the other hand, Kirkwood et al. [2015] pointed out that there might be impor-
tant NO production by medium and relativistic electrons, but it is hard to determine it in single case studies.
Based on the particle measurements, we find the April event to be one of the strongest medium/relativistic
electron event in the declining and minimum phase of the solar cycle. In addition, fall time might be favorable
to reveal the direct effect compared to winter. During fall we have less photolysis compared to summer and
the NO number density will accumulate so it is measurable above the background level. At the same time, the
photolysis limits its effect in time enabling us to isolate the events to a larger degree than a pure winter study.

5. Conclusions

NOAA’s multiple POES satellites enable us to construct polar maps of the precipitating electrons. By combining
the low-energy electron channels from TED instrument with the high-energy channels from the MEPED instru-
ments on the same satellites, we obtain a continuous energy spectrum ranging from 1 to 750 keV, which
corresponds to atmospheric altitudes of 60–120 km. In Antarctic fall of 2010, a geomagnetic storm driven by a
combination of a CIR and two CMEs occurred, resulting in both low and high energetic electrons precipitating
into the atmosphere. The energy spectra of the incoming electron fluxes for this storm are compared to NO
number density at 50–150 km altitude measured by the SOFIE instrument on board the NASA’s AIM satellite.

We find evidence of direct production of NO down to 55 km. The medium-energy electrons (>10 keV) also
contribute significantly to the indirect effect at these altitudes. The main source region for the indirect effect
at 55 km altitude is estimated to be around ∼75 km following a typical descent rate of 1.2 km/d or ∼90 km
following a relatively high descent rate of 2.3 km/d.
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Erratum

In the originally published version of this article, the legends for Figures 7 and 8 were inadvertently transposed.
This error has been corrected, and the present version may be considered the authoritative version of record.
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