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Chapter 1

Introduction

The general motivation for this thesis is to understand the effects of energetic particle
precipitation (EPP), in particular energetic electron precipitation (EEP), on the atmo-
spheric system. It is well known that EPP through Solar Proton Events (SPEs) and EEP
events can affect the chemical composition in the polar regions. EPP will, through dis-
sociation, dissociative ionization and ionization of the most abundant chemical species
(N, and O») in the atmosphere, initiate reactions that increase the production of odd ni-
trogen (NOy: N, NO, NO,) and odd hydrogen (HOx: H, OH, HO;). HOx and NOy can
catalytically destroy ozone (O3) and subsequently affect the atmospheric energy bud-
get. EPP-induced chemical changes can be transported through large scale atmospheric
patterns to lower altitudes, where they can lead to long lasting loss of stratospheric O3.
The EPP effects on atmospheric chemistry and their potential links to the atmospheric
dynamics are illustrated by Figure 1.1.

Being that SPEs precipitate large fluxes of high energy protons directly over a wide
area at the polar cap and the associated impact on the atmospheric composition is strong
and easily detected, SPEs have been extensively studied. The electrons, on the other
hand, are first trapped in the magnetosphere, where some are accelerated to relativistic
energies before they precipitate into the atmosphere at magnetic latitudes connected
to the Earth’s outer radiation belt. Partly due to the complexity of the processes, and
partly due to instrumental challenges, the total impact of energetic electrons on the
chemistry of the middle atmosphere is still an open question. Though generally weak,
the high frequency of occurrence of EEP events is speculated to lead to variability in
mesospheric OH and subsequently O3 over solar cycle timescales [Andersson et al.,
2014a; Daae et al., 2012]. Hence, since EEP might be an important (missing) part of
the solar input in climate models, more research should be directed to better understand
the potential effects of EEP in order to understand the overall solar influence on climate
[Andersson et al., 2014a].

In the mesosphere, the HOy species are the important chemical family for catalytic
reduction of O3. However, space-borne observations of HOx species only started re-
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Figure 1.1: A schematic diagram showing energetic particle precipitation (EPP) impact on the atmo-
spheric system, illustrating regions where HOx and NOy species are important for the chemistry. EPP
initiates processes that lead to enhanced levels of HOx and NOy species, which catalytically destroy Os.
The EPP effects on atmospheric chemistry can be transported to the stratosphere where they can lead to
long lasting O3 loss. Transport processes are shown with grey dotted lines, while coupling mechanisms
are indicated with grey dashed lines. Direct chemical impacts are shown with black arrows. Taken from
Seppili et al. [2014].

cently with the Aura MLS (Microwave Limb Sounder) satellite measurements. It is
hence, the only space-borne instrument to measure both OH and O3 together. Covering
the declining phase of solar cycle 23, Aura MLS observations give us an opportunity
to observe the effects on the atmospheric OH and O3 species due to the weak, but fre-
quent and recurring electron precipitation. This has given impetus to various studies
during the last decade [e.g. Andersson et al., 2014a,b, 2012; Verronen et al., 2011].

The EPP-OH production depends on the ionization rate and the H>O density which
modulates the formation of water cluster ions, from which HOy is formed through dis-
sociative recombination with electrons [see Crutzen and Solomon, 1980; Sinnhuber
et al., 2012; Solomon et al., 1981]. The catalytic O3 reduction requires atomic oxygen,
that is abundant only during sunlit hours [Turunen et al., 2016]. Therefore to observe
the direct EEP-OH effect on O3, electron precipitation must take place within the lati-
tude extent of tertiary O3 layer preferably at twilight (and/or sunlit) conditions.

The precipitating particle observations are available from the Medium Energy Elec-
tron and Proton Detectors (MEPED) instruments on board the National Oceanic and
Atmospheric Administration Polar Orbiting Environmental Satellites (NOAA POES).
The NOAA-16 and NOAA-18 satellites during the years 2005 and 2006 to 2009 re-
spectively, make observations at approximately the same spatial and solar local time
locations as the atmospheric observations made by Aura MLS. The known MEPED



data challenges in regard to proton detector degradation due to radiation damage, low
energy proton contamination of the electron fluxes and insufficient information on the
loss cone, are catered for as described in Nesse Tyssgy et al. [2016]. The Nesse Tyssgy
et al. [2016] method accounting for a complete bounce loss cone (BLC) gives a novel
possibility to better monitor the impact of the weaker geomagnetic storms.

With the overarching goal of revealing the total EEP impact on OH mixing ratios and
the subsequent impact on the tertiary O3 layer, this thesis is made up of three separate
papers: The first paper aims to estimate and understand the impact of EEP events on
OH production during a year of solar minimum. We target year 2008, during which
a sequence of weak to moderate storms triggered by High Speed Solar Wind Streams
(HSSWS) occurred. The low strength of the recurrent storms implies that we need to
carefully consider the role of the changing background dynamics in order to isolate and
estimate the contribution of EEP from the background OH production. This requires a
method that can simultaneously take into consideration the available probable sources
of OH variability, including for example the production through photolysis of water
vapor (H,0), temperature that can account for the dynamical variability, and the energy
deposition associated with EEP events.

The aim of the study that follows is to model the temporal OH variability and iden-
tify the role of probable sources during the declining phase of solar cycle 23 (2005-
2009). The proposed background predictors to OH variability are: temperature, geopo-
tential height (GPH), H>O mixing ratios and solar Lyman alpha (Ly-) radiation with a
dependence on the solar zenith angle (SZA). The proposed EPP predictors are: the elec-
tron and proton energy deposition. We use multiple linear regression analysis to find
the contribution of each predictor variable when the other variables are held constant,
and subsequently calculate the relative contribution of each predictor variable.

The last paper investigates the EPP-OH impact on O3 mixing ratios in the northern
hemisphere (NH) winter. Most recent studies focus on either EEP and OH mixing ratios
or EEP and O3 mixing ratios [see e.g. Andersson et al., 2014a,b, 2012; Verronen et al.,
2011]. The Aura MLS, however, observes both species and hence, allow for studies of
whether apparent O3 mixing ratio changes are correlated with EEP-produced OH. We
investigate when and where maximum intersection between the auroral zone and the
tertiary O3 layer exists, focusing on SZA >95° when twilight to nighttime conditions
are expected. By identifying two sets of SPEs and EEP events during the same NH win-
ter months, we study the EPP-OH link to O3 reduction. We further investigate whether
linear relationships exist between O3 mixing ratios and the proposed predictors: OH
mixing ratios, electron energy deposition, proton energy deposition, H,O mixing ratios
and temperature at different SZA bands, using correlation analysis. Finally, a super-
posed epoch analysis is applied, identifying EEP events exclusively occurring in winter
time, investigating both the response in OH and O3 mixing ratios.
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The title of this thesis indicates three main areas of consideration; EPP, the back-
ground atmosphere where the precipitation occurs and the effects on the chemical com-
position of the atmosphere. Chapter 2 describes the physical processes relating to the
atmosphere and its composition, as well as the energization and deposition of particle
energy in the atmosphere. The mesospheric OH and O3 variability are given a particu-
lar focus, followed by a description of the recent research regarding the effects of SPE
and EEP on OH and O3, and open questions. In chapter 3, the measurements of EPP,
atmospheric parameters (OH, O3, temperature, geopotential height (GPH), H,O, solar
Lyman alpha radiation), magnetic indices and solar wind parameters used in this thesis
and their sources are discussed with emphasis on the particle observations. In chap-
ter 4, a summary and discussion of the papers comprising this thesis is given. This is
followed by an appendix with abbreviations and some definitions.



Chapter 2

Theory and Background

This chapter starts with a rudimentary description of the Sun-Space-Earth connection
and the atmospheric structure, before embarking on the more specific OH and O3 vari-
ability in the atmosphere and chemical processes associated with the particles precip-
itating into the atmosphere. Finally, a summary of the recent research regarding EPP
effects on OH and O3 is given.

2.1 Basic Concepts on the Sun-Earth Connections

The Sun-Earth connections includes how the solar particles enter the Earth’s magne-
tosphere, how they are stored and some are accelerated to relativistic energies before
being lost to the Earth’s atmosphere.

2.1.1 Solar Sources of Geomagnetic Activity
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Figure 2.1: The 11 year sunspot cycle showing solar minimum and maximum during so-

lar cycles 20-24. The data is obtained from the Coordinated Data Analysis Web (CDAWeb)
[https://cdaweb.sci.gsfc.nasa.gov/index.html/].



6 Theory and Background

The Sun’s magnetic activity varies over a period
of approximately 11 years. This is known as the
solar cycle, represented by the relative sunspot
number (equation 6 in Appendix). Sunspots are
dark regions on the Sun associated with high mag-
netic field strength. Figure 2.1 shows the relative
sunspot numbers during recent five solar cycles
exhibiting the 11 year periodicity. Coronal mass

ejections (CMEs) originate on closed field lines
on the Sun associated Wl.th sunspot act.1V1ty, hence Figure 2.2 Coronal hole (dark region) on
predominantly occur during solar maximum. the Sun on 15/03/2018. Credit:SDO/AIA

[http://spaceweather.com/]
The Sun with its features spin about its axis with

a periodicity of about 27 days. This is the synodic rotation period, which is the time
for a fixed feature on the Sun to rotate to the same apparent position as viewed from
the Earth. Coronal Holes (CHs) are active regions on the Sun’s surface which spew
high speed, low density solar wind on open magnetic field lines [Billings and Roberts,
1964]. The stable long lasting CHs will re-appear for several solar rotations, giving
recurrent solar wind streams and hence recurrent geomagnetic activity at 27 days inter-
vals [Neupert and Pizzo, 1974]. This kind of recurrent activity is predominant during
the declining phase of the solar cycle. Figure 2.2 shows a coronal hole on the solar disk
(dark region) on 15/03/2018. Both the solar cycle (and its different phases) and the 27
days solar rotation period influence geomagnetic activity [see e.g Sheeley et al., 1976;
Webb, 1995].

The Sun continuously emits a stream of
highly conducting plasma consisting of mainly | EE—— E—
protons and electrons at supersonic speeds
(~500 km/s) into the interplanetary space,
known as solar wind, which carries the Sun’s
magnetic field with it. During solar minimum,
the solar wind is mainly of two types depending
on its source location on the solar surface. The
fast, tenuous and relatively homogeneous solar
wind emanates from large polar CHs located at
high heliolatitudes, while the slower, denser and

highly variable solar wind comes from lower lat-

itudes [McComas et al., 2008, and references Figure 2.3: Comparison of solar wind

speed during solar minimum and maxi-

therein]. Unlike the well-ordered steady solar
mum. Taken from McComas et al. [2002].

wind observed during solar minimum (Figure
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2.3, left panel), the solar wind during solar maximum is an irregularly structured mix-
ture of slow and intermediate-speed flows as shown in Figure 2.3 right panel, which
arise from a mixture of sources including CMEs, small low latitude CHs, and possibly
other active regions [see McComas et al., 2002, 2003, and references therein].

When the solar wind magnetic field re-

connects with the Earth’s magnetic field, | Type of storm Intensity

solar particles are injected into the ring | Weak —30 > Dst > —50nT

current resulting in a decrease in the | Moderate —50 > Dst > —100nT
Earth’s magnetic field measured at the | Strong —100 > Dst > —200nT
ground at equatorial latitudes. This is | Severe —200 > Dst > —350nT
known as a geomagnetic storm. In par- | Great Dst < —350nT

icular. rms can lassifi n o .
ticular, storms can be classified based o Table 2.1: Classification of magnetic storms by

their intensity using the horizontal com- | ' .o 4 poco [1997].

ponent of the Earth’s magnetic field rep-

resented by the Dst index [Sugiura, 1964] as shown in Table 2.1 [see Gonzalez et al.,
1994; Loewe and Prolss, 1997]. There are mainly two broad categories of interplan-
etary structures that cause geomagnetic storms: corotating interaction regions (CIRs)
and interplanetary coronal mass ejections (ICMEs).

CME Driven Storms

CMEs are large magnetized plasma structures expelled from the active regions on the
Sun into the heliosphere with velocities (>1000 km s~') faster than the background
solar wind [Moldwin, 2008]. Many of these fast CMEs create shock waves in front
of them as they stream away from the Sun, which accelerate energetic particles to
penetrate the Earth’s magnetosphere. The ICME are the interplanetary remnants from
a CME.

Figure 2.4 (top) shows the main features of a CME-driven geomagnetic storm. Fast
moving interplanetary shocks associated with ICMEs compress the solar wind plasma
and magnetic fields upon impinging on the magnetosphere, leading to the storm sudden
commencement (SSC) [see e.g Gopalswamy, 2008; Tsurutani et al., 2006]. The storm
main phase is characterized by a decrease in the Dst index. In the recovery phase,
the Earth’s magnetic field returns to its pre-storm condition because the newly injected
particles are lost to either the magnetopause or to the atmosphere.

CIR Driven Storm
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The study by Burlaga and Lepping CME-Driven Storm
[1977] identifies two stages of a CIR-
driven geomagnetic storm; the first stage o 5o
is associated with the passage of the CIR ™" | ™
(large Bz fluctuations ) while the second 1 1

stage is associated with the passage of the

high speed solar wind stream (HSSWS). Y
As the solar wind from the CHs prop- v e o
agates through the interplanetary space, CIR-Driven Storm

the fast plasma can overtake the slow

plasma and forms an interaction region.
SO

Dst [nT]

The density, strength of the magnetic field

and the By fluctuations are compressed ; W
and magnified within the interaction re- ey e

. . . f ! phase %Recovery phase ——— >
gion which corotates with the Sun. The 1 } ‘ storm

amplified Bz fluctuations together with
Figure 2.4: A schematic diagram showing geomag-

netic storms driven by CMEs and CIRs. Although
both profiles are qualitatively similar, the physi-

the slowly increasing stream flow speed
produce large fluctuating electric fields
which drive the first phase of the geomag-

. . cal causes and characteristics of the different storm
netic storm. Figure 2.4 (bottom panel)

phases are different. Adopted from Tsurutani et al.
shows a schematic representation of the [2006].

features of a CIR-driven storm. There are

typically no shocks at the leading edges of CIRs, therefore, the storm initial phase
evolves gradually without the SSC. The ram pressure increase, which is associated
with the high density and low velocity plasma, compresses the magnetosphere. This is
causes an increase in the horizontal component of the Earth’s magnetic field, and the
storm initial phase starts [Tsurutani et al., 2006].

The second stage, the storm main phase, is mainly driven by the HSSWS. The am-
plitude of the Bz fluctuations in the HSSWS is moderate, sustaining the non uniform
quasi stationary electric field. This drives geomagnetic activity, causing the long recov-
ery phase of several days.

The presence of Alfvén waves in the HSSWS is the cause of the Bz fluctuations
within CIRs. The highly fluctuating IMF By leads to continuous fluctuating low inten-
sity particle injections into the ring current and, therefore, causing weak to moderate
geomagnetic storms (see Table 2.1) when CIRs impinge on the Earth’s magnetosphere.
HSSWS/CIRs driven storms are the most common storm types during the declining
and minimum phases of the solar cycle. The 27 days recurrent nature of HSSWS leads
to a repetitive geomagnetic impact on the magnetosphere and hence on the atmospheric
composition.
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2.1.2 The Earth’s Magnetosphere

In the near-Earth space, the solar wind plasma is generally deflected by a region dom-
inated by the Earth’s magnetic field, called the magnetosphere. The interplanetary
magnetic field (IMF) is frozen in with the solar wind and can not penetrate the Earth’s
magnetic field. The solar wind kinetic pressure compresses the magnetosphere on the
dayside while the nightside is stretched into a long magnetotail.

Magnetic Merging and Reconnection

e @ ®
e e -
DOB® @ ®

Figure 2.5: Magnetic field line merging and reconnection at the magnetopause. Taken from Baumjo-

hann and Treumann [1996].

On impinging the magnetosphere, the IMF carried by the solar wind will connect (or
merge) with the Earth magnetic field if the two fields are of opposite polarity. This
mechanism transfers solar wind energy into the magnetosphere, illustrated by Figure
2.5, as first proposed by Dungey [1961]. If the IMF is southward (Bz<0) at the dayside
magnetopause, it will effectively merge with the northward directed Earth’s magnetic
field, forming open magnetic field lines. The newly opened field lines are driven by
the solar wind pressure to the nightside where they meet again and reconnect, forming
closed stretched field lines. The magnetic tension along the stretched closed field lines
will lead to relaxation and shortening in the Earthward direction resulting in transporta-
tion of plasma toward the Earth since the magnetic field is frozen in with the plasma.

This process is repetitive as long as there is a southward component of the IMF. This
process initiates the three basic types of charged particle motion and hence the trapping
of particles in the magnetosphere illustrated in Figure 2.6.
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The Earth’s Radiation Belts

In the presence of a magnetic field, charged particles are constrained to gyrate along
the field lines. Conservation of magnetic momentum in a converging magnetic field
increases the angle between the particle’s velocity vector and the local magnetic field
line. When this angle, called pitch angle, approaches 90°, the particle will bounce back
along the field line and it is consequently trapped on closed field lines as shown in
Figure 2.6.

The trapped populations of energetic particles form the Earth’s radiation belts. The
inner radiation belt, located at L=1.2-2.5, consists of energetic protons (>100 MeV)
stably trapped over scales greater than the solar cycle. It also contains energetic elec-
trons, centered near 1.5 Earth radii (Rg ) [Li and Temerin, 2001]. The outer radiation
belt, centered around L=4-5 R, consists of mainly electrons. The lower energy elec-
trons show more frequent variations associated with substorms (AE) while higher ener-
gies vary more with geomagnetic storms associated with the Dst index [Li and Temerin,
2001].

trapped particle

Tra jectory of \L/i

Figure 2.6: Trajectories of particles trapped on closed field lines. Taken from Baumjohann and
Treumann [1996].

The trapped particles undergo an azimuthal drift, whereby ions drift westward while
electrons drift eastward around the Earth, forming the ring current. The injection of
moderate energy (10s to 100s of keV) electrons and ions into the ring current dur-
ing geomagnetic storms intensifies the ring current, providing a source of energy for
electromagnetic waves as well as a seed population for electron acceleration [e.g. Sum-
mers et al., 1998]. During geomagnetic storms, significant increases or decreases in
the trapped electron flux can occur depending on whether the acceleration or loss pro-
cesses dominate [Reeves et al., 2003]. There are various wave particle interactions that
play a dominant role in the acceleration/energization and loss mechanism in the Earth’s
radiation belts [see e.g. Reeves et al., 2003]. The three basic particle motions shown in
Figure 2.6 are associated with respective adiabatic invariants defined in the Appendix.
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2.1.3 Particle Acceleration and Loss in the Radiation Belts

The source mechanisms for accelerating outer radiation belt electrons can be broadly
categorized into global or local acceleration; inward radial diffusion by violation of
one or more of the adiabatic invariants and cyclotron-resonant wave particle interac-
tions (WPI) for example with whistler mode chorus waves [Friedel et al., 2002; Reeves
et al., 2013; Turner et al., 2014a]. Electrons experience an increasing magnetic field
when they are transported radially towards the Earth and gain energy if the first and
second adiabatic invariants are conserved [Reeves et al., 2013]. Therefore, the flux of
relativistic electrons produced by an acceleration event will be a function of the low
energy source population (and WPI) as well as the amount of radial transport [Reeves
etal., 2003]. For detailed explanations and descriptions of particular acceleration mech-
anisms within the two broad categories see for example Friedel et al. [2002] and Turner
et al. [2013].

The loss mechanisms in the radiation belts can also be broadly categorized in two
types: the adiabatic (reversible) and the non adiabatic (irreversible) processes. For the
reversible processes, the flux dropouts return to the pre-storm flux level on magnetic
field recovery [see e.g Friedel et al., 2002; Turner et al., 2012]. While the irreversible
processes lead to true particle loss to either the atmosphere or the magnetosphere’s outer
boundary, called the magnetopause. The true particles losses occur through scattering
into the atmospheric loss cone (drift or bounce loss cone) and through magnetopause
shadowing. For detailed studies on magnetopause shadowing see for example Turner
et al. [2014b, 2013, 2012]. In the next subsection, are short descriptions of WPI as
an acceleration and loss mechanism in the radiation belts, leading to precipitation of
particles into the atmosphere.

Local Acceleration by Wave Particle Interactions

Whistler mode chorus waves are electromagnetic emissions resulting from cyclotron
instabilities of energetic electrons, with frequencies in the range of ~0.1-0.8 of the
electron cyclotron frequency (f,.), typically ranging from 0.1 to 10 kHz throughout
the outer radiation belt [Turner et al., 2014a]. Chorus emissions can interact with elec-
trons of energies 10-100 keV resulting in energy diffusion that can accelerate electrons
to relativistic energies (MeV) in a few days [Summers et al., 1998]. The seed popu-
lation of 10-100s keV electrons can be introduced into the inner magnetosphere from
the near-Earth plasma sheet during periods of enhanced convection and (or) energetic
particle injections or through substorm activity [see e.g. Foster et al., 2014]. This seed
population can act as a source population/energy source for chorus waves that interact
with the seed population of electrons, accelerating them to relativistic energies. Elec-
tron acceleration can be effective over a range of energies (100s of keV to >5MeV)
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and a range of pitch angles [Turner et al., 2014a].

Although chorus wave interaction with
the seed population (10-100 keV) can
lead to scattering into the loss cone, en-
ergy diffusion dominates over pitch an-

gle diffusion for relativistic electrons, re-

sulting in energization and scattering to- /,‘23{‘@3‘&525

wards higher pitch angles [Turner et al., / ORIFT PATH OF
RELATIVISTIC/7
ELECTRONS

2014a]. The most significant electron en- WHISTLER MODE

/ \
/ CHORUS

. . . . \
ergy diffusion occurs during resonant in- / \ .

teractions with whistler mode waves in
RING CURRENT DRIFTS

regions of relatively low plasma density,
producing a relativistic electron popula-

tion with a distribution peaking at pitch Figure 2.7: Schematic diagram showing spatial dis-

angles near 90° [Summers et al., 1998]. tribution of whistler mode chorus and Electromag-

This anisotropic electron distribution is netic lon Cyclotron (EMIC) waves during magnetic
storms in relation to the position of the plasmapause
and the drift paths of ring current (10-100 keV)

electrons and ions and relativistic (>~ 1 MeV)

reduced through pitch angle scattering by
EMIC waves while conserving the elec-
tron energy. EMIC waves are pulsations electrons. Taken from Summers et al. [1998].

in the frequency range of 0.1-5 Hz, gen-

erated by unstable ion distributions in the ring current [Turner et al., 2014a]. They
occur throughout the magnetosphere, but most often on the dusk and day-side at high
L-shells as shown in Figure 2.7. Relativistic electrons (>1 MeV) can interact with
whistler mode waves for over 50% of their drift orbit, but only pass briefly through
the duskside region of intense EMIC waves (see Figure 2.7). Therefore, interaction of
the relativistic electrons with chorus in the region outside the plasmapause can cause
further diffusion toward pitch angles near 90° and hence lead to additional acceleration.

Loss by Wave Particle Interactions

Pitch angle diffusion and scattering by WPI can result in loss of electrons to the Earth’s
atmosphere [Turner et al., 2013]. It is dependent on electron energy, equatorial pitch
angle and magnetic latitude [Turner et al., 2014a]. VLF chorus, plasmaspheric ELF
hiss, and EMIC waves can each separately, or in combination, cause effective scattering
loss of MeV electrons from the outer zone, under suitable conditions [Summers et al.,
2007]. Hence, they can contribute significantly to the depletion of relativistic electrons
from the outer radiation belt over the course of a magnetic storm. Chorus and hiss also
scatter electrons and cause precipitation at sub-relativistic energies (10s to 100s keV)
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[Li et al., 2013, 2014].

Although whistler mode chorus waves preferentially accelerate electrons, they can
also scatter them into the loss cone at high latitudes resulting in MeV microbusts of
precipitation [Summers et al., 2007; Turner et al., 2013, and references therein].

Plasmaspheric hiss is a broadband ELF whistler mode emission with frequency in
the range 100s Hz to kHz, occurring particularly in the equatorial and mid-latitude
zones on the dayside [Summers et al., 2007]. Hiss can be excited from anisotropic
distributions of electrons injected into the inner magnetosphere from the plasmasheet
during substorms. Hiss contribute to pitch angle scattering loss of relativistic electrons
(>1 MeV) to the atmosphere during the recovery phase of magnetic storms and can
explain the formation of the quiet-time slot region that separates the inner and outer
radiation belts [Summers et al., 2007, and references therein].

EMIC waves interact resonantly with relativistic electrons causing strong pitch an-
gle diffusion and rapid precipitation of electrons with equatorial pitch angles <~40-
60° into the atmospheric loss cone [Turner et al., 2014a]. Particle injections can also
introduce energetic ions which can generate EMIC waves near the plasmapause as par-
ticles drift through the dusk magnetic local time (MLT) sector. Only relativistic elec-
trons (>~2 MeV) can resonate with EMIC waves, but the energy limit might drop to
~400 keV during very active conditions and in regions of high plasma density like the
plasmapause [Turner et al., 2014b, and references therein].

2.1.4 Energetic Particle Precipitation

In this study, we focus on two classes of precipitating particles that deposit their energy
in the mesosphere: solar protons (>1 MeV) and energetic electrons (> 30 keV) which
are associated with SPEs and EEP respectively. Solar protons can precipitate on open
field lines in the polar cap. Depending on their energy/rigidity, some will also penetrate
the closed field lines. The electrons are first stored in the radiation belts, where they,
through inward radial diffusion and wave-particle-interactions, are accelerated and lost
to the atmosphere along geomagnetic latitudes connected to the Earth’s radiation belts:
55°-72° [see e.g Andersson et al., 2014b]. Figure 2.8 shows the dominant regions in
the magnetosphere where energetic particles precipitate. Auroral electron precipitation
occurs at altitudes >100 km and is an important source of mesospheric NOy, but not
for the short lived HOy.

As the precipitating particles propagate through the dense atmosphere, they collide
with either free or bound electrons. They loose energy and hence are slowed down un-
til they reach the energy of the ambient atmospheric air. In that process, they produce
large fluxes of secondary electrons which in turn transfer a major portion of the inci-
dent energy to the atmosphere [Thorne, 1980]. Protons of energies 1-1000 MeV and
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electrons of energies 4-4000 Kev precipitating in the atmosphere will produce energy
deposition profiles as shown in Figure 2.9 [Turunen et al., 2009].

Trapped
Electrons
(10-1000 keV)

Outer
Radiation

Figure 2.8: A schematic diagram showing the Earth’s magnetosphere illustrating the dominant zones

of particle precipitation. Adopted from Thorne [1980].
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Figure 2.9: Altitude versus ionization rates for monoenergetic beams of protons 1-1000 MeV (left) and
electrons 4-10000 keV (right). [see Turunen et al., 2009].
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2.2 The Atmosphere

Knowing the basic properties of the region in the atmosphere where the solar energetic
particles are expected to precipitate is an important step in understanding the effects
thereof. Apart from the direct photoionization processes, there are various dynami-
cal mechanisms that may influence the composition of the atmosphere. In this thesis,
the region of interest is as mentioned mainly the mesosphere. The other regions are
described to give a complete picture.

2.2.1 Structure

By considering the mixing ratios of gases, the atmosphere can generally be divided into
two parts: the homosphere and heterosphere. The homosphere is the region from the
ground up to about 100 km, characterized by constant mixing of the most abundant
species in the atmosphere namely N, and O;. Above 100 km is the heterosphere where
the relative abundance of the atmospheric constituents depends on diffusion separation
between the light and heavier constituents.

The atmosphere is to the first order hor-
izontally stratified due to the influence Neutral gas
of gravity, and can be divided into lay-

ers based on the atmospheric mean tem- Thermosphere

perature gradients as illustrated in Figure 10001
2.10. In the lowest layer, the troposphere,

the temperature decreases with altitude.

At the tropopause (~10 km), the tem- % 1001 Mesosphere

perature gradient reverses. In the strato- é Stratosphers

sphere, the temperature increases with al- =

titude primarily due to absorption of solar or

ultraviolet (UV) radiation wavelengths by Troposphere

ozone (O3). The temperature trend again

reverses at the stratopause (50 km). This T s s . L
is followed by a very sharp decrease in ° 4DDTemDir:zmre (1}(2,00 1000

temperature in the mesosphere to a min-

. Fi 2.10: Typical mid-latitud file of th -
imum at the mesopause (~85-100 km 1eure },]plca fc-attudep fo €0 .e fed
tral atmospheric temperature showing the different

depending on season and latitude), cre-
pending ), layers. Taken from Kelley [2009].

ated by radiative cooling which can occur
through infrared emission associated with the vibrational relaxation of CO, , H>O, and
O3 as well as dynamics. The absorption of UV radiation by O3 and to a lesser extent
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Figure 2.11: Heating effects due to solar absorption by O, (Lyman-c, Schumann-Runge bands and
continuum) and O3 (Hartley, Huggins and Chappuis bands). Cooling rates in the 1.27 um and 762 nm
bands estimated from the corresponding volume emission rates measured by the METEORS experiment
[Feofilov and Kutepov, 2012, see].

by O, is the dominant source of heat in the mesosphere. Figure 2.11 shows the heat-
ing rates due to absorption of solar radiation by Oz and O, as well as cooling in the O,
bands. This illustrates the link between the chemical species, the temperature profile
and the radiation budget.

2.2.2 Photoionization Sources

The chemical composition of the atmosphere is modified by solar radiation during day-
time resulting in diurnal variability of most chemical species in the atmosphere. Figure
2.12 shows the depth of penetration of solar radiation as function of wavelength. Of
importance to the mesospheric chemistry are wavelengths in the range of 185-242 nm
that photodissociate O,, eventually leading to O3 formation and the Lyman-o¢ which
photodissociates H,O resulting in formation of OH.

2.2.3 Atmospheric Dynamics

The zonal (longitudinal directed) wind speed is one of the most important quantities
in atmospheric dynamics. In the stratosphere and mesosphere, the background zonal
winds are eastward (positive) and westward (negative) during winter and summer re-
spectively. The zonal mean flow is strongly influenced by the seasonal variation in
the solar heating, as well as local variations in the wind speed and direction associated
with atmospheric waves. The basic state of the atmospheric fluid determines the prop-
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Figure 2.12: Depth of penetration of solar radiation as a function of wavelength. Altitudes correspond
to an attenuation of 1/e. The principal absorbers and ionization limits are indicated. Taken from Kelley
[2009].

agation of these waves which in turn modify the basic state through wave dissipation
[Brasseur and Solomon, 2005]. The atmospheric wind structure is also strongly cou-
pled to the temperature gradients, implying that changes in the winds will have effects
on the atmospheric temperature.

The temperature in the polar summer mesosphere is colder than the temperature in
the polar winter counterpart with a difference of about 100 K. The cold summer and
the warm winter mesopause is a result of the seasonal filtering of gravity waves and
their associated momentum deposition. Moreover, there are also unusual temperature
variability during winter that are associated with planetary wave activity. The level
of temperature fluctuations is higher in winter than in the summer mesosphere [Kel-
ley, 2009]. Therefore, in order to understand the seasonal temperature structure, the
dynamics, including the role of atmospheric waves, must be considered.

Gravity Waves

Gravity waves provide the major source of dynamical variability in the mesosphere.
Gravity waves are oscillations with typical horizontal wavelengths of 10-1000 km that
arise in a stably stratified fluid when air parcels are being displaced vertically [Brasseur
and Solomon, 2005]. The sources of these waves are surface wind flow over orographic
features, frontal systems and thunderstorms, earthquakes and tsunamis [see e.g. Kelley,
2009]. The propagation of gravity waves through the atmosphere depends on the wind
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distribution and thermal structure, which in turn varies with season and the static stabil-
ity. When the phase speed of a wave is equal to the background zonal wind speed, the
wave is absorbed. Hence, the background stratospheric winds cause a filtering process
resulting in predominantly westward propagating gravity waves in winter and eastward
propagating waves in summer. The amplitude of gravity waves grows exponentially
with altitude until its temperature perturbations produce a super-adiabatic lapse rate
and the wave become convectively unstable, breaks and deposit its momentum to the
background wind.

Winter Summer

Figure 2.13: Meridional Circulation for solstice conditions

[http://lasp.colorado.edu/home/mag/files/2013/12/mer_cir.jpg].

This implies that during during winter the gravity waves will deposit westward an-
gular momentum to the mean flow in the mesosphere which subsequently spins and
give rise to a poleward wind component. To conserve mass, there is downward flow
of air at high latitudes resulting in adiabatic heating. At the summer pole, there is a
net upward flow of mass resulting in adiabatic cooling, hence the cold summer meso-
sphere. This results in a meridional circulation pattern, with upwelling at the summer
pole, pole-to-pole flow and downwelling at the winter pole shown in Figure 2.13 [see
e.g. Brasseur and Solomon, 2005; Kelley, 2009].
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Planetary Waves

Planetary-scale (Rossby) waves exist due to meridional gradients in potential vorticity
[Brasseur and Solomon, 2005]. They are produced by stationary sources like large-
scale orography and land-sea contrasts. Hence these waves are quasi-stationary, prop-
agate upwards and equator-wards in the middle atmosphere. Planetary waves are west-
ward propagating relative to the mean flow. Hence, planetary waves normally propagate
into the stratosphere during winter, causing variability with profound effects on tem-
perature, winds and the composition of the wintertime stratosphere and mesosphere.

Critical layer absorption and breaking of planetary waves will result in deposition
of westward angular momentum to the mean flow. This will decelerate the flow which
in turn modifies the propagation of planetary waves and produces an even stronger
deceleration of the mean zonal wind at a lower altitude. As a result, the polar night
jet might decrease in strength and on certain occasions even reverses leading to the
breakdown of polar vortex [see e.g. Damiani et al., 2014; Manney et al., 2009]. As a
result, large temperature enhancements are occasionally observed to occur in the strato-
sphere, accompanied by cooling in the mesosphere [see e.g. Damiani et al., 2010b;
Wang and Alexander, 2009]. Such dynamical phenomenons are called sudden strato-
spheric warmings (SSWs). A major SSW implies that the zonal wind reverses in the
region poleward of 60° and above the height corresponding to 10 hPa [Brasseur and
Solomon, 2005].

Tides

Atmospheric solar tides are global-scale oscillations with periods that are harmonics of
a 24-hour day, that are driven primarily by the periodic absorption of solar ultraviolet
radiation by O3 in the middle atmosphere and of solar infrared radiation by H,O in
the troposphere. Tides can be either migrating propagating westward with the apparent
motion of the Sun or non-migrating, meaning stationary, or propagate either eastward
or westward. The dominant source of non-migrating tides is latent heat release in the
troposphere, and thus related to meteorological processes in the lower atmosphere. A
small semi-diurnal tide is also forced by the gravitational attraction of the Moon.

In the mesosphere, the tidal amplitudes increase with height due to decreasing air
density and the tidal wind may have a strong impact on gravity wave breaking and
hence on local heating/cooling [Brasseur and Solomon, 2005, and references therein].
The tidal waves in the vertical wind produces strong variations in the concentration of
chemical species that exhibit large vertical concentration gradients (e.g., atomic oxy-
gen, nitric oxide) [Brasseur and Solomon, 2005, and references therein]. Tides break
above approximately 80 km altitude, where they deposit their momentum and cause
turbulence.
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2.3 OH Variability

This section describes the main processes involved in OH production and loss. It
addresses the variability of background OH on spatial and temporal scales, which is
strongly relevant for the research in paper I and II. This is followed by a discussion of
recent studies and some open questions .

2.3.1 Background OH Production

For EPP-effects on OH to be detected, the EPP-OH production must overcome the
background production. A major portion of the mesospheric background OH comes
from photolysis of H,O. Further, dynamical processes especially during winter, impact
the density of H,O, as well as other constituents relevant for the OH production and
loss.

Photolysis Processes

The Hydroxyl radical (OH) belongs to a family of chemical species known as odd
hydrogen (HOx: H + OH + HO3). In the stratosphere, photolysis of O3, mainly in the
Hartley and Huggins bands (200-330 nm), leads to production of metastable atomic
oxygen (0('D)) by the reaction [Brasseur and Solomon, 2005]:

03 +hv — 0,4+ 0('D) 2.1
The O('D) oxidizes H,O forming OH by the reaction:
H,0+ 0('D) - 20H (2.2)

In the mesosphere, the main source of OH is through photolysis of H,O in the
Schumann-Runge band region (175-205 nm) for altitudes 60-68 km and Lyman alpha
line (121 nm) for altitudes above 68 km:

H,O+hv —OH+H 2.3)

Dynamical Production

HOx (mainly H) is normally produced at the sunlit latitudes and transported by the
meridional circulation pattern (above 85 km) toward the winter pole and downward to
altitudes below 80 km. In this region, the pressure level is sufficient to allow a third
body (either N; or O,) reaction of O, with O, creating Os3:

O+0,+M— O3+M (2.4)
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which in turn reacts with H at night, forming vibrational excited OH (OH*) [Pickett
et al., 2006; Winick et al., 2009]:

H+ 03— OH"+ 0, (2.5)

The OH* is quenched by either spontaneous photon emissions in the Meinel bands or by
collisional relaxation [Brasseur and Solomon, 2005; Pickett et al., 2006]. This process
leads to the formation of the nighttime OH layer near 82 km [Pickett et al., 2006].

Moreover during some winters, especially in the northern hemisphere, planetary
wave activity is known to enhance the downwelling of thermospheric dry air [see e.g.
Damiani et al., 2010b; Winick et al., 2009]. The downward motion of air is associated
with adiabatic heating. The descent brings along H and O, which are important for the
third body reaction shown in equation 2.4, and subsequently creating OH by reaction
2.5. As a consequence, the OH-layer is formed deeper into the atmosphere during
February-March 2006 in the NH, as seen in Figure 2.14.
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Figure 2.14: The daily mean OH volume mixing ration (VMR) variation during year 2006 at 62-81 km
altitudes for the NH (top panel) and the SH (bottom panel), measured by the Aura MLS instrument.
OH enhancements are evident during February-March 2006 in the NH, but not in the SH. The OH
enhancements due to the December 2006 EPP events are evident in both hemispheres.
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2.3.2 EPP Induced OH Production

Although both NOy and HOy species are formed as a result of particle precipitation, in
this thesis we focus on HOyx species that are important for mesospheric chemistry. The
NOy species are more important in the stratosphere and are therefore only mentioned
for completeness.

Primary Processes

As described in section 2.1.4, energetic particles precipitating into the atmosphere lose
their energy through collisions causing dissociation, dissociative ionization and ioniza-
tion of N, and O by the reactions 2.6, 2.8 and 2.7 [Sinnhuber et al., 2012]:

Xo+p—>X+X+p (2.6)
N+p—=N"+N+p+e 2.7)
Xo+p—XS+p+e (2.8)

where X is either N, or O, and p is the incident particle which can be a primary proton,
electron or ion, or a secondary electron.

The above processes can form excited states of the products (N, O, N; , OF, Nt,
O™). Although both Nj and O; are formed in the ionization process at mesospheric
altitudes, the majority of the N;r exchanges charge with O, to form OF, adding to that
already produced by direct ionization [Aikin and Smith, 1999; Solomon et al., 1981].

Positive lon chemistry of Odd Hydrogen Production

The O ion combines with O, to form O} which reacts with H>O to form O3 H,O™.
This is followed by a series of cluster reactions involving uptake of H,O, forming
progressively larger water cluster ions. This cascade of reactions is stopped when the
water cluster ions dissociatively recombine with electrons forming odd hydrogen [see
Crutzen and Solomon, 1980; Solomon et al., 1981]. One of the possible pathways for
the above mentioned water cluster reaction is:
0 +0,+M—Of +M
OI + H20 — O;.HQO + 02
02+.H20 +H,O — H30+.OH + 0,
H30".0H + H,O — H30".H,0+ OH
H30+.H20 +e- —2H,O0+H
Net: 0 +H,0+e” — 0, +H+OH

The water cluster reactions result in formation of ~2HOy (OH+H) radicals per ion-
ization through dissociation of H,O. Above 65 km altitude, HOy production depends
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Figure 2.15: A Abundance of protonised water cluster ions relative to the total ion density. Colored
lines represent water cluster ions with 2, 3, 4, and 5 water molecules attached; black line sum of all
protonised water cluster ions. B Production of H, OH, and HOx per ion pair. Blue H production per
ion pair; red: OH production per ion pair; green dashed H+OH per ion pair, and black H+OH per ion
pair using the parameterization of Solomon et al. [1981]. [Sinnhuber et al., 2012].

on the ionization rate, the atomic oxygen density, H,O density, and pressure, which
forms a rather sharp production cutoff around 80 km [Solomon et al., 1981]. This rela-
tionship is also depicted in Figure 2.15.B.

Figure 2.15.A shows the relative abundance of some selected water cluster ions
in the mesosphere. The water cluster ions, which are important for EPP induced HOy
formation, are the most abundant positive ions in the stratosphere and lower mesosphere
but do not form above ~80 km. The formation of water cluster ions (e.g. NO™(H,0)n)
that do not contribute to HOy formation may result in a slightly lower HOy production
rate [see Sinnhuber et al., 2012]. During very elevated ionization periods, water cluster
reactions are cut off by dissociative recombination of intermediates (e.g. OT) with
electrons [Crutzen and Solomon, 1980, and references therein].

The increased abundance of negative ions relative to electrons below ~70 km im-
plies a higher probability that positive ions will recombine with negative ions. This is
an additional pathway that leads to HOx formation in the lower mesosphere due to the
reaction of water cluster ions with negative ions containing NO7 [see Sinnhuber et al.,
2012; Solomon et al., 1981].



24 Theory and Background

2.3.3 OHLoss

Mesospheric HOy, regardless of its source, is lost through self-destruction reactions
given by [see e.g. Crutzen and Solomon, 1980]:

OH+HO; — HO+ 0O, 2.9)

H+HO; — H,+ 0 (2.10)

The reaction given by equation 2.10 is responsible for reduced H,O concentration in the
upper mesosphere where photolysis of H,O by Ly-« radiation lead to HOx formation.
Hence, particle precipitation events add to this process, most pronounced above 70 km
in the mesosphere, leading to temporally enhanced conversion of H>O to H, during and
after an event. The reduction in HO mixing ratios even by a few parts per billion (ppb)
may facilitate even the natural electron concentrations to reduce the efficiency of the
water cluster reactions [Crutzen and Solomon, 1980].

During winter at high latitudes near the polar night terminator at altitudes near 72
km, the solar radiation responsible for generating OH is cut off because the atmosphere
is optically thick at those wavelengths. This results in low OH abundances at altitudes
close to 72 km under such conditions.

2.3.4 Temporal and Spatial Distribution of Background OH
Diurnal Variability

The main source of mesospheric OH is through photolysis of H,O by solar radiation,
whose efficiency at a specific altitude and latitude depends on the SZA. Figure 2.16
shows the variation of OH mixing ratio with SZA during December 2006 at 73 km
at latitudes 40-80°N. Moreover, the diurnal variations in OH can be expressed as an
exponential function of the secant of the SZA [Minschwaner et al., 2011]:

[OH| = [OH]pexp[—Bsec(SZA)) (2.11)

where [OH]y and B are altitude dependent fit parameters. f3 is related to the optical
depths of ultraviolet absorption by O3 and O,.

Since HOy production is dependent on solar radiation, nighttime HOx production
is limited, but depending on the chemical lifetime, HOx produced during the daytime
can survive after sunset. The chemical lifetime of HOy is of the order of 0.1 to 1 day
within the mesosphere (60-80 km) [Pickett et al., 2006]. The short lifetime below 80
km limits the impact of transport on HOy abundances, making it more susceptible to
the diurnal cycle. Above 80 km, however, the lifetime increases dramatically reaching
~30 days at 85 km above which transport processes become an important part of the
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Figure 2.16: (red) Variation of OH with SZA during December 2006 at 73 km within the geographical
latitude band of 40-80°N, measured by the Aura MLS instrument. (black) Running mean over a window
of 5°. (blue) The number of observations comprising each mean value.

HOyx chemistry [Pickett et al., 2006].

Seasonal Distribution

During winter, the modest levels of photolysis together with lack of transport from the
mid latitudes (where most of the HOy is produced) to the inner polar vortex, lead to
low OH concentrations compared to summer at high latitudes [Damiani et al., 2010a].
Figure 2.17 shows the daily mean OH at 78 km within the geographic latitude band of
40-80°N/S during year 2006, illustrating the seasonal variability of OH. The wintertime
OH background is, however, sometimes enhanced by downwelling processes that are
driven by planetary wave activity as described in subsection 2.3.1, illustrated in Figure
2.17 by the vertical dashed line on 31* January 2006.

As such, EPP related changes in OH are easily detectable when OH background
production is low, for example during wintertime as can be seen by the dotted-dashed
lines in December 2006 for the NH. During weaker geomagnetic activity, as is the case
with most EEP events especially during solar minimum, the EEP-OH can be masked
by both the seasonal trends in photolysis of H,O and by dynamical variability.

Geographic Distribution

The geographic distribution of the background OH is modulated by the seasonal vari-
ation of H,O volume mixing ratio (VMR) which in turn are modulated by the atmo-
spheric dynamics. Higher OH VMR is observed at high latitudes compared to low and
mid-latitudes in the mesosphere, though there is more solar irradiation at low and mid-
latitudes [see e.g. Andersson et al., 2014b; Damiani et al., 2010b]. The mean meridional
circulation pattern described briefly in subsection 2.2.3 and illustrated moves H,O from
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the summer to the winter hemisphere pole, leading to an asymmetry in the distribution
also of OH VMR which depends on H;O VMR.
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Figure 2.17: Daily mean OH at 78 km for the geographic latitude band of 45-80°N/S during year 2006,
illustrating the seasonal variability in both hemispheres. A wintertime OH enhancement denoted by the
vertical dashed line represents the 2006 SSW [see Damiani et al., 2010b]. The vertical dotted-dashed

lines show the series of EPP activity in December 2006, visible in both hemispheres.

2.3.5 Recent Studies: Observation of SPEs Effects on OH

Theoretical, modelling and simulation studies of the effects of EPP on the atmospheric
chemistry (OH and subsequently O3) have been done since the 1970s [e.g. Crutzen and
Solomon, 1980; Sinnhuber et al., 2012; Solomon et al., 1981; Swider and Keneshea,
1973]. Although rocket experimental studies on O3 response to SPEs were possible
[e.g. Weeks et al., 1972], global measurements of the HOy species only started recently
with the Aura MLS satellite.

In the first direct confirmation of the theories of HOy production by ion chemistry,
Verronen et al. [2006] use OH and O3 measurements from the Aura MLS and GO-
MOS/Envisat instruments respectively, together with a 1-dimensional ion and neutral
chemistry model to study the changes in HOx and Ox during the January 2005 SPE.
They report increases in the OH concentrations of up to one order of magnitude in the
middle mesosphere and greater than 100% in the stratosphere, with model predictions
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Figure 2.18: (top) Comparisons of OH concentrations. MLS values, which are error weighted averages
for the latitude and longitude regions indicated in the panels, are marked by dots, with the statistical

error estimates shown with horizontal lines.

The solid lines mark the model results from the SPE
run. The dashed lines and the circles present reference values, i.e., the modeled and observed OH
concentrations for January 15 before the onset of the SPE, respectively. [Verronen et al., 2006].
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Right side: proton flux vs. actual daily OH of SEP influenced days [Damiani et al., 2010a].
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in reasonable agreement with the observations as shown in Figure 2.18. They point out
that using the Pyo, /Q parametrization (HOx production per each SPE-induced ion-
pair) can lead to an underestimation of the HOy production and O3 depletion [see also
Sinnhuber et al., 2012].

Damiani et al. [2010a] discuss the possibility of using the mesospheric OH obser-
vations recorded in the polar nighttime conditions as an indicator of solar energetic
particles or SPEs. Figure 2.19 shows the correlation between OH mixing ratios from
the Aura MIS and particle fluxes from the Geostationary Operations Environmental
satellite (GOES) proton channels at energies >1, >5, >10, >30, and >50 MeV. They
found the best correlation of r~0.90-0.95 for energies >5 MeV and >10 MeV at ap-
proximately 65-70 km altitudes while the most energetic channels exhibited high cor-
relations at lower altitudes. They speculate that it is possible to estimate SPE proton
fluxes from OH values and vise-versa at approximately 50-86 km altitudes. Such could
be useful in studying periods with data gaps.

More of the review of recent studies is given in subsection 2.4.4 where the SPEs
effects on OH are linked to O3 variability.

2.3.6 Recent Studies: Observations of EEP Effects on OH
EEP Impact on the Geographic Distribution of OH

Since medium energy electrons (> 30 keV) typically precipitate from the Earth’s radia-
tion belts, the effects thereof are expected in magnetic latitudes connected to the outer
radiation belt. Verronen et al. [2011] see OH enhancement at magnetic latitudes 55-65°
at altitudes 71 to 78 km. By considering the latitude extent of the electron forcing, An-
dersson et al. [2012] find clear EEP effects on OH at a wider magnetic latitude band
covering 55-72°. Hence the OH density at high latitudes follows magnetic rather than
geographic latitudes during EEP events.

EEP not only affects the latitude distribution of OH, but also the longitudinal distri-
bution. Andersson et al. [2014b] analyze the EEP-induced longitudinal OH variations
by calculating spatial distributions of nighttime medians between 70 and 78 km during
years 2005 to 2009 for two data sets with different strength of EEP forcing: high EEP
for which the daily mean electron count rate (ECR) is >100 counts/s (51 days) and low
EEP for which the daily mean ECR is <5 counts/s (1340 days). Their results show that
the EEP-induced OH variations exhibits local maxima over North America and North
Asia in the NH, and a region of high OH mixing ratios over the Antarctic Peninsula
(longitudes 150°W-30°E) in the SH as illustrated in Figure 2.20. The Antarctic OH en-
hancement is attributed to the strong regional EEP forcing, although they speculate that
atmospheric conditions also might play a role. This OH signature is also seen during
periods of low geomagnetic activity which is attributed to a steady drizzle of radiation
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Figure 2.20: Spatial distribution of OH medians in the NH (upper panel) and SH (lower panel) cal-
culated for the days with: (1) electron count rate (ECR)> 100 counts/s (left panels) and (2) ECR< 5
counts/s (right panels) for the time period January 2005-December 2009 and altitude range 70-78 km.
Median values were calculated for each 5 (latitude) by 30 (longitude) degree bin between latitudes 82°N
to 82°S and longitudes 180°W to 180°E. Approximate geomagnetic latitudes 55—72°N/S are indicated
by superimposed white lines. Taken from Andersson et al. [2014b].

belt electrons affecting the atmospheric composition in that region with low magnetic
field strength.

Quantification of the Contribution of EEP to OH Variability

Before satellite observations of OH were available, the studies conducted were mainly
modeling and numerical simulations giving a measure on the impact of EEP on OH
[e.g Aikin and Smith, 1999]. With OH observations from the Aura MLS, it is possible
to compare the model predictions with observations.

The Aura MLS provides observations of the perhydroxyl radical (HO,) but these
observations are not suitable for scientific use for altitudes approximately above 70 km
[Livesey et al., 2015]. Hence most studies focus on OH as a member of the HOx to
study EEP effects on the HOy species since the behavior of OH and HO; is generally
similar [Crutzen and Solomon, 1980].

In the first observational study of the EEP impact on OH, Verronen et al. [2011] se-
lect two cases studies: March 2005 and April 2006 to demonstrate the link between
100-300 keV ECRs observed in the outer radiation belt and nighttime OH concentra-
tions in the middle atmosphere at altitudes 71-78 km. They utilize the NOAA/POES
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MEPED 0° electron telescope observations from NOAA-15, NOAA-16 and NOAA-17
at magnetic latitudes 55-65°, and OH observations from Aura/MLS. By assuming that
the nighttime HOy production rate is proportional to the ECR and that the loss is due
to the HOx+HOy reactions so that the loss rate is proportional to [HOx][HOx], then
the concentration of odd hydrogen [HOyx] is proportional to v/ECR by the equation:

[OH] = (axVECR+b) % 10°cm ™ (2.12)

where a and b are line fit coefficients. They found a low correlation at 81-82 km altitude
due to the formation of the nighttime OH layer that masks EEP effects and the lack of
H,0 above implying absence water cluster ions. They found that at 71-78 km altitude
the correlation between the count rate and OH data was positive and high such that
56-87% of the OH variation can be explained by EEP. This percentage depends on
the background OH concentration which determines the threshold flux of electrons
that must be exceeded for EEP-OH production to significantly exceed the background
production. They also investigated the possible role of HyO and temperature in the
observed OH observations. They found that in March 2005 both EEP and the monthly
trend in H,O need to be considered in order to understand the OH variations. The
negative correlation with temperature is because temperature is dynamically connected
with H,O.

In a following study, Andersson et al. [2012] study variations of nighttime EEP in-
duced OH using Aura MLS measurements and the MEPED 0° detector observations
from all available NOAA POES satellites located inside the L-shell 3-5.5 (magnetic
latitudes 55-65°) in either hemispheres during years 2004 to 2009. By assuming a
linear relationship, they calculated Pearson’s product-moment correlation coefficients
using daily mean ECR and OH for each month separately for altitudes 38-85 km in both
hemispheres, the results of which are shown in Figure 2.21. Although Verronen et al.
[2011] show that OH mixing ratios do not increase linearly with electron flux, they
increase monotonically such that linear correlation analysis can be used to study the
EEP-OH relationship. For months with daily mean 100-300 kev ECR>150 counts/s,
they find a strong correlation of r>0.6 between OH mixing ratios at 70-78 km and pre-
cipitating electrons. For altitudes 52-70 km, the correlation is at least >0.35. They
point out that the correlation does not always increase linearly with the amount of pre-
cipitating electrons, because it is also affected by background atmospheric conditions
like the amount of background OH and to a lesser extent day to day variations in H,O
VMR, I374 and temperature. Using the Sodankyli Ion and Neutral Chemistry (SIC)
model, they find that the OH concentration is more sensitive to changes in temperature
than those in HO VMR (during March 2008 at 60°N/S and 0°E), which is related to
the changes in chemical reaction rates. Moreover for both HO VMR and temperature,
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Figure 2.21: Correlation coefficient r between daily mean OH mixing ratio and daily mean ECR. Alti-
tudes 38-85 km (4.642—0.005 hPa) are shown between August 2004—December 2009 at geomagnetic
latitudes (top) 55-65°N and (bottom) 55-65°S. Taken from Andersson et al. [2012].

at nighttime the sensitivity is modest compared to daytime, which indicates a better
possibility of identifying EEP effects at night.

Verronen et al. [2013] use the SIC Model to study the effects of radiation belt elec-
trons on mesospheric OH and O3 observed by Aura MLS. They use a combination of
electron fluxes from the POES MEPED 0° detector and IDP/DEMETER satellite in-
struments to model the electrons’ energy spectra and atmospheric ionization rates. By
considering the four strongest EEP events (January, March, May 2005 and April 2006)
that occurred during the period 2004-2009, their results show the magnitude of the rel-
ative enhancement in OH depends on SZA and the level of background OH production.
They report O3 depletion of up to several tens of percent, comparable to the effects pre-
viously reported in cases of SPEs. Generally, the model was able to reproduce the daily
variability of OH and O3, especially at 70-80 km latitudes as shown in Figure 2.22 for
the January EEP 2005 event. However, they can not make strong conclusions for alti-
tudes below 70 km where >300 keV electrons precipitate. The uncertainty might be
because the MEPED 0° detector only covers a fraction of the BLC and the electron
measurements can be contaminated by protons, which limitations are not catered for.
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Figure 2.22: Comparison of NH modeled and observed nighttime OH concentrations (left) before,
(middle) during, and (right) after the peak EEP day for January 2005. Black, red, and blue colors mark
the data from SIC CTR run, SIC EEP run, and MLS observations, respectively. Adopted from Verronen
et al. [2013].

2.3.7 Outstanding Questions

Andersson et al. [2014b] point out the relatively high OH mixing ratios over North
America during periods of low EEP, but provide no explanation for it. Further, the EEP
impacted OH maps are based on only ~50 days, which during wintertime could be
influenced by planetary waves. Therefore, it is important investigate the EEP role in
the longitudinal distribution of OH together with the atmospheric conditions that may
lead to longitudinal structures in the observed OH enhancement in the two hemispheres.

Andersson et al. [2014b, 2012] and Verronen et al. [2011] point out that the back-
ground atmosphere has an undeniable important effect on the OH background, which
may affect the detection and assessment of contribution of EEP to OH variability.
Therefore in order to separate, quantify and understand the contribution of EEP to
OH variability, we need to consider all the possible sources of variability. As already
seen, correlation analysis accounts for each predictor variable separately. A method is
required that can take into consideration all the predictors together and also account for
the nonlinear relationship pointed out in Verronen et al. [2011]. One possible method
is multiple linear regression, which gives the contribution of a predictor variable when
other variables are held constant.

2.4 Ozone Variability

In this section, the production of O3 at different atmospheric altitudes and seasonal
conditions are described with focus on the wintertime nighttime O3 variability. The O3
loss mechanisms are also described with emphasis on the catalytic reactions driven by
the HOx species. This chapter concludes with a discussion of the spatial and temporal
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variability of the tertiary O3 layer and a summary of recent studies.

2.4.1 Ozone Production
The Primary and Secondary Ozone Layer

O3 belongs to the family of chemical species known as odd oxygen (Ox: O + O3). An
O3 maximum occurs at altitudes 30 to 35 km in the stratosphere as a result of absorption
of UV radiation in the Herzberg continuum (185 - 242 nm) leading to production of O3
through photolysis of O, [Chapman, 1930].

O, +hv—0+0 (2.13)

The resulting atomic oxygen, in turn reacts with O, to form O3 by a reaction which
is the same as equation 2.4. In the mesosphere, the rapid photolysis leads to low O3
concentrations during the daytime compared to nighttime as shown in Figure 2.23.
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Figure 2.23: Calculated vertical distribution of O3 and O at noon and midnight. Taken from Brasseur
and Solomon [2005].

The downward transport of atomic oxygen from the thermosphere above 100 km
caused by photodissociation of O3 in the Schumann-Runge bands (137-200 nm) results
in the formation of the secondary O3 maximum which is found near the mesopause.
The formation reactions are the same as in equation 2.4 in subsection 2.3.1.
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The Tertiary Ozone Layer

In the wintertime hemisphere at high latitudes near 72 km, there exists a local maximum
in O3 near the polar night terminator which Marsh et al. [2001] called the tertiary
ozone maximum , hereafter called the tertiary O3 layer. This layer is created near the
polar night terminator where the atmosphere is optically thick to wavelengths below
185 nm (primarily Lyman alpha) that are responsible for photolysis of H,O. At nearly
grazing incidence (large SZA) conditions, the solar radiation that dissociates H,O is
almost completely absorbed, resulting in reduced production and low concentrations
of HOx[Marsh et al., 2001; Sonnemann et al., 2006]. The radiation in the Schumann-
Runge bands and Herzberg continuum (185-242 nm), however, continues to penetrate
the high latitudes near the polar night terminator and thus photolysis of O, continues
and subsequent production of Oz. Therefore, without the HOy catalytic losses, O3
concentrations increase and persist throughout the night since the chemical lifetime of
Oy is of the order of ~0.1 to 1 day at 72 km in the polar night depending on the latitude
[see Smith et al., 2009]. The altitude-O3 profiles in Figure 2.23 show the elevated O3
concentrations during nighttime in the mesosphere.

2.4.2 Ozone Loss

The Chapman [1930] cycle also accounts for O3 loss by the reaction with atomic oxy-
gen and by photolysis at wavelengths less than 238 nm by the reactions:

03+0 — 02+ 0, (2.14)

O3+hv — 0+ 0, (2.15)

The Chapman model, however, can only account for a small portion of the total O3
losses throughout the atmosphere [Thorne, 1980]. In the middle atmosphere, a more
significant portion of the Oy is destroyed through catalytic cycles dominated by the
NOy and HOy species [see e.g. Thorne, 1980], here symbolized with letter the X:

X+03—X0+0, (2.16)

X0+0(P) =5 X+0, (2.17)

The net Oy loss reaction is of the form:
03+0 — 20, (2.18)

Since atomic oxygen is produced by photodissociation of O; in the presence of sun-
light, these catalytic cycles are limited during the nighttime because of low atomic
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oxygen concentration in the absence of sunlight (see Figure 2.23). During daytime, at
approximately 73 km, odd-oxygen loss rates are dominated by catalytic cycles involv-
ing atomic oxygen [Marsh et al., 2001].

Just after sunset, Oy loss increases briefly due to rapid conversion of atomic oxygen
to O3 and the subsequent loss through the following reaction [Marsh et al., 2001]:

H+ 03 — OH+ 0, (2.19)

The effectiveness of this loss channel, however, decreases over a few hours as atomic
hydrogen is rapidly converted to OH after sunset.

During EPP not all ionization results in production of odd hydrogen as atomic oxy-
gen can also be produced when some of the OF recombined dissociatively with elec-
trons by several reactions [Aikin and Smith, 1999]:

N>+0, — NOt +NO (2.20)
NO"+e—=N+0 (2.21)
N'+0,— 05 +N (2.22)
Ny +0, — 03 + N> (2.23)
O3 +e—0+0 (2.24)

However, the above reactions produce negligible atomic oxygen as compared to that
produced through daytime photodissociation of O,, implying that it does not fuel the
HOy catalytic cycles significantly.

The NOy catalytic cycles dominate O3 destruction in the stratosphere while the
HOy catalytic cycles are responsible for O3 destruction in the mesosphere [Thorne,
1980]. Chlorine catalytic cycles are also known to deplete stratospheric Oz and are
responsible for the formation of the O3 hole in spring.

2.4.3 Variability of the Tertiary Ozone Layer due to the Background Atmosphere

Observed throughout the whole winter, the magnitude and latitude extent of the tertiary
O3 layer varies significantly. The long photochemical lifetime of O3 in the polar night
below 80 km makes O3 susceptible to both vertical and horizontal motion. Vertical
motion is probably a major contributor to the observed downward displacement of the
tertiary O3 layer by several kilometers during 2004, 2006 and 2009 [see e.g Damiani
et al., 2010b; Smith et al., 2009]. The downward transport of atomic oxygen (O) also
plays a role in the overall amount of observed Ox. Normally during nighttime the HOx
catalytic cycles are slowed down due to lack of atomic oxygen in darkness.

The downward mean circulation and/or the downwelling associated with planetary
wave activity can lead to either O3 enhancement or decrease in the following ways
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[see Smith et al., 2018]: The descending dry air from the thermosphere implies low
production of HOy species through photolysis of H,O and therefore reduced catalytic
loss of O3, and hence high O3 mixing ratios. On the other hand downwelling can also
lead to low O3 mixing ratios through dynamical production of OH described in sub-
section 2.3.1 together with the higher temperature from adiabatic warming. The OH
catalytically destroys O3 in the presence of sunlight while higher temperature also im-
ply reduced production of O3 through the reaction given by equation 2.4 [see Smith
and Marsh, 2005]. In the presence of dynamics, low HyO VMR (predicting low HOy
concentrations, high O3 VMR) is normally seen in phase with high temperature (pre-
dicting low O3 VMR). Hence, the two processes counteract each other leading a weak
correlation between O3 VMR and either HO VMR or temperature as seen in Figure

2.24, top panels.
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Figure 2.24: Scatter plots of the monthly average perturbations from the zonal average of nighttime
ozone VMR versus HoO VMR, H,O VMR versus temperature, and O3 VMR versus temperature for
the latitude bands 70°-~75°N in the month of February (top) and 70°-75°S in the month of August
(bottom). The points in each panel include 18 longitude bins over 13 years. Taken from Smith et al.
[2018].

Based on photochemistry, low temperatures implies that O3 is more readily pro-
duced from the reaction indicated by equation 2.4 and it is destroyed more slowly by
the reactions O3 + O — O, + O and O3 + H — OH + O,. In this case, the O3 VMR
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will exhibit a strong positive correlation with HoO VMR as shown in Figure 2.24, bot-
tom left panel. Because of the strong dynamical negative correlation between H,O
VMR and temperature (Figure 2.24, middle panels), O3 VMR exhibits a correspond-
ing negative correlation with temperature as shown in Figure 2.24, bottom right panel.
For detailed studies on the variability of the nighttime O3 layer see e.g. Damiani et al.
[2010b]; Smith et al. [2018]; Sofieva et al. [2009].

2.4.4 Recent Studies: Observation of the SPEs-OH Effects on Ozone

The depletion of middle atmospheric O3 concentrations due to SPE-induced HOy cat-
alytic cycles has been modeled and observed by measurements [e.g. Jackman et al.,
2011, 2014; Solomon et al., 1983; Swider and Keneshea, 1973; Turunen et al., 2009].
This thesis mainly focuses on observational studies of the EEP effects on OH VMR and
consequently on mesospheric O3 VMR and the tertiary ozone layer. Consequently, in
the studies reviewed here we focus mainly on EPP effects on the tertiary ozone layer.

In the first study to observe the disappearance of the tertiary O3 layer, Seppéli et al.
[2006] use O3 VMR observations from the GOMOS instrument together with a coupled
ion and neutral chemistry model to study the effects of the January 2005 SPE on the
polar winter atmosphere. They use the model to infer the SPE-HOy (and NOy) link
to Ox reduction. They find more than 70% depletion of O3 VMR in the mesosphere
between 65-80 km altitude, as also reported by Verronen et al. [2006]. They point out
that for efficient loss of Oy through HOyx catalytic reactions, proton precipitation must
take place in the area where the tertiary O3 layer is observed and atomic oxygen should
be available for the catalytic HOy cycles.
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Figure 2.25: Temporal evolution of averaged values (~75°-82°N and S) of atmospheric O3 volume
mixing ratio (VMR) for the investigated 2005 SEP events: (top) January, at North 93°<SZA<118° and
at South 61°<SZA<87°. Taken from Damiani et al. [2008].

Using proton flux data from the GOES (Geostationary Operational Environmental
satellites) satellite series and Aura MLS OH and O3 observations, Damiani et al. [2008]
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investigate the effects of the January, May and September 2005 SPEs on atmospheric
chemistry, focusing on the relationship between O3 and OH. They confirm that SPEs
effects are different on the night and day hemispheres at high latitudes, as shown in
Figure 2.25. Further their results show little response in O3 VMR to SPEs-OH in the
summer hemisphere.

Using GOMOS observations, Sofieva et al. [2009] in Figure 2.26 show a drop to
values below 0.5 ppmyv in the O3 mixing ratios at the altitude of the tertiary O3 layer
compared to the pre-SPE values of approximately 2 ppmv for the SPEs in December
2006. They show that even moderate SPEs destroy the tertiary O3 layer.
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Figure 2.26: Top. Daily O3 mixing ratios at latitudes 60-90°N in December 2006. Bottom: Proton
flux measured by GOES-11. Note the destruction of tertiary O3 layer caused by the SPE. Taken from
Sofieva et al. [2009].

Verkhoglyadova et al. [2015] use particle flux measurements from GOES SEM in-
strument, OH from Aura MLS and O3 from SABER to analyze the global middle at-
mospheric effects at local nighttime for the 7-17 November 2004 and 20-30 August
2005 SPEs. They report OH density increases during the storm main phases at lati-
tudes +50°N/S at 65-80 km altitude corresponding to energetic proton fluxes of energy
>10 MeV. They observe corresponding statistically significant O3 depletions of up to
45% at latitudes 60-70°N/S. Larger relative O3 destructions were seen in the winter
hemispheres.
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In a following study, Verkhoglyadova et al. [2016] use the Atmospheric Ioniza-
tion Module Osnabriick (AIMOS) model to calculate the ionization rates for measured
SPEs fluxes and estimate corresponding changes in OH abundances during the 7-17
November 2004 and 20-30 August 2005 SPEs. Their results show that both SPEs and
precipitating electrons contribute (almost simultaneously) to the total ionization of the
middle atmosphere during SPEs and concurrent geomagnetic storms, resulting in en-
hancement of the nighttime OH. They report that the relative contribution of electrons
(compared to SPEs) could reach approximately 90% at 70-120 km altitude during the
recovery phase of a geomagnetic storm, depending of the strength, duration and timing
of the SPEs and the associated geomagnetic storms.

2.4.5 Recent Studies: Observation of EEP-OH Effects on Ozone

As already mentioned EPP in general can modify the distribution and concentrations of
O3 through production of HOy in the polar night terminator region where the tertiary
O3 layer is formed. Several studies have focused on the OH induced O3 reduction
during periods of SPEs [e.g. Seppili et al., 2006; Sofieva et al., 2009; Verkhoglyadova
et al., 2015]. There is growing attention on the EEP-OH link to O3 depletion, boosted
by the availability of OH observations from the Aura MLS.

The geomagnetic storms associated with EEP tend to occur more frequently than
SPEs and are predominantly recurrent during the declining phase of the solar cycle.
Daae et al. [2012] infer that the frequency of such storms can lead to a significant im-
pact on the middle atmosphere chemistry, possibly causing persistent suppression of
mesospheric O3. Turunen et al. [2016] model the effect of high-energy electron pre-
cipitation (of duration 30 min) using the SIC model and find 14% depletion of Oy at
75 km altitude. They report that the largest relative change in Oy is not seen during
the actual event, but after the HOy catalytic cycles have had an impact. They also note
that pulsating aurora events occur much more frequently than SPEs and often cover
large spatial regions and hence may have significant consequences on the concentra-
tions of chemically active minor neutral constituents. Model simulations by Andersson
et al. [2018] indicate average EEP (and SPEs)-induced O3 variability of 12-24% in the
mesosphere on decadal time scales, in agreement with previously published results.

The study by Andersson et al. [2014a] uses MEPED 0° electron fluxes spanning L-
shells 3.0-5.5 which are corresponding to geomagnetic latitudes 55-65° and the location
of the inner and parts of the outer radiation belt to study the EEP-HOy link to O3. For
O3, they use multiple satellite observations from Aura MLS, SABER and GOMOS
(Global Ozone Monitoring by Occultation of star). With respect to a 7-days pre-storm
average, their results show up to 90% short-term O3 depletions at 75-80 km altitude,
which reach down to 60 km and are comparable to the effects of the large SPEs. By
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contrasting periods of maximum and minimum EEP activity, which is considered as
an indication of the maximum variability over a solar cycle, they found up to 34%,
21% and 9% for SABER, GOMOS and MLS respectively, shown in Figure 2.27. The
result from MLS (2005 to 2009) is less due to lower EEP forcing in 2005 compared
to 2003 for SABER and GOMOS. By considering the magnitude of direct O3 effect,
they suspect that EEP could be an important contributor to the Sun-climate connection.
They thus suggest that more research should be directed to better understanding of the
potential effects of EEP on O3 concentrations and its contribution in the overall solar
influence on climate. This knowledge would be useful for the solar input in climate

models.
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Figure 2.27: Magnitude of the long-term EEP effects on mesospheric ozone. (a—c) Ozone anomalies
(% of deseasonalized daily means, averaged over the winter time. (a) November to February in the
Northern hemisphere from GOMOS showing years 2003 (blue line) and 2008-2009 (red line). (b)
November to February in the Northern hemisphere from SABER showing years 2003 (blue line) and
2008-2009 (red line). (c) May to August in the Southern hemisphere from MLS showing years 2005
(blue line) and 2009 (red line). Black lines: winter time climatology from 2002 to 2012; grey area:
95% confidence range of the climatological mean. Subplots: winter time average ECRs between 2002
and 2012. Taken from Andersson et al. [2014a].

2.4.6 Outstanding Questions

The study by Andersson et al. [2014a] suggests that the apparent low O3 VMR change
found in the Aura MLS observations is a result of the lower EEP forcing during the pe-
riod 2005-2009. However, other conditions may also affect the O3 VMR response to
EEP-OH for example the season, time (SZA) and region of abundant O3. The EEP-OH
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impact on the tertiary O3 layer depends on a complex combination of the intersection
of a geomagnetically-oriented auroral zone and the geographically-oriented tertiary O3
layer which varies with season and atmospheric dynamics. Further the O3 catalytic re-
ductions require atomic oxygen that is abundant during sunlit hours. Hence, to observe
the maximum EEP-OH impact on the tertiary O3 layer, the satellite must be in a spe-
cific local time sector to make observations of the direct EEP-OH impact on O3 VMR.
Studies investigating the EEP-OH impact need to consider the conditions and locations
(in time and space) when/where EEP is important for the tertiary O3 layer. Simulta-
neous observation of OH and O3 mixing ratios is an advantage to investigate that the
apparent change is truly due to OH increase and not of a dynamical origin.
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Chapter 3

The Data and Methodology

This chapter gives a description of the data used in the studies included in the thesis.
Emphasis is placed on the particle data which are known to possess limitations on
their use. The known challenges of the particle data are pointed out together with
remedies used for the corrections. It goes on to explain how the energy deposition
profiles are retrieved from the corrected particle fluxes (or electron loss cone flux).
This is followed by a description of the AURA MLS measurements of OH, O3, H,O
VMR and temperature and some of the conditions under which the data can be used to
accomplish the objectives of the studies in this thesis. The sources of the solar Lyman
alpha radiation, solar wind parameters and magnetic indices are also briefly mentioned.
The detailed explanations on how the data are applied can be found in the respective
papers.

3.1 Measurement of Energetic Particles

3.1.1 NOAA/POES MEPED Observations

The Space Environment Monitor-2 (SEM-2) on
board the NOAA POES satellites houses the MEPED | Channel | Energy Range
instruments which monitor intensities of protons nom- [keV]
inally from 30 keV to > 140 MeV and electrons nom- | 0/90 P1 30 to 80
inally from >30 keV to >1 MeV [Evans and Greer, | 0/90 P2 80 to 240
2000]. POES orbits the Earth in a polar Sun syn- 0/90 P3 240 to 800
chronous orbit at about 800 km altitude, making mea- 0/90 P4 | 800 to 2500
surements within the same solar local time sector for | 0/90 P5 | 2500 to 6900
all passes throughout the day. For this study we use | 0/90 P6 >6900
data from NOAA-16 for year 2005 and NOAA-18 for
years 2006-2009.

The MEPED consists of eight particle detector sys-

Table 3.1: MEPED proton energy
bands [Evans and Greer, 2000].
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tems whose basic designs are described by Evans and Greer [2000]. The first set is the
0° and 90° proton solid state detector telescopes that monitor the intensity of protons in
six energy bands as listed in Table 3.1. The front silicon solid-state detector in the pro-
ton telescopes is known to suffer from degradation due to radiation damage resulting
in a raise of the energy thresholds to values higher than those specified in Table 3.1. In
this study, the proton fluxes are corrected for degradation due to radiation damage by
using correction factors derived by Sandanger et al. [2015] and @degaard et al. [2016].

The second set is the electron solid-

state detector system which also consists | Channel | Energy Range Corrected
of the 0° and 90° telescopes which mon- Energy Range
itor the intensity of electrons in the three [keV] [keV]
energy bands listed in Table 3.2 of which | 0/90 E1 30 to 2500 >43

the fourth energy channel is derived from | 0/90 E2 | 100 to 2500 >114
relativistic electron contamination of the | 0/90 E3 | 300 to 2500 >292

P6 channel [Nesse Tyssgy et al., 2016]. | 0/90 P6 >1000 >756

The electron detector telescopes are also

sensitive to protons within the range 210 Table 3.2: MEPED electron energy bands and cor-
keV to 2700 keV as shown in Table 3.3, rections [Evans and Greer, 2000; @degaard et al.,
With the corrected proton fluxes [@de- 20171,

gaard et al., 2016; Sandanger et al., 2015], the contribution of protons to the total
electron telescope observations can be determined as described by Nesse Tyssgy et al.
[2016].

For the electron corrections, the Sandanger et al.
[2015] and @degaard et al. [2016] correction fac- | Channel | Proton Energies
tors are applied to an integral spectrum to determine [keV]

the proton energy ranges measured by the telescopes. | 0/90 E1 210 to 2700
A monotonic Piecewise Cubic Hermite Interpolating | 0/90 E2 280 to 2700
Polynomial (PCHIP) is applied to the measured fluxes. | 0/90 E3 440 to 2700
The proton fluxes in the energy ranges shown in Table

Table 3.3: MEPED electron detec-

tor sensitivity to protons [Evans and
measured electron fluxes. Hence the corrected proton  Greer, 2000].

3.3 are retrieved and are subtracted from the original

fluxes are used to adjust for proton contamination in
the electron data. The geometric factor for the electron detectors varies with the elec-
tron energy spectrum. @degaard et al. [2017], therefore, calculated new optimized
geometric factors of which the associated new electron energy thresholds are >43 keV,
>114 keV, >292 keV and >756 keV as shown in the third column in Table 3.2.

The third detector set consists of four omni-directional (dome) solid state detectors
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designed to be sensitive to very energetic protons incident on the solid state detector
over a wide range of angles, with a viewing axis parallel to the 0° MEPED proton and
electron detector telescope units. These detectors measure proton energies in the range
of >16 MeV to >140 MeV. For detailed description of the omni-directional detectors
see Evans and Greer [2000].

3.1.2 Loss Cone Fluxes and Energy Deposition

a) b) 2D
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Figure 3.1: (a and b) The MEPED telescope viewing angles in respect to the loss cone exemplified for
one case at high latitudes. (c) A theoretical pitch angle distribution profile based on a selected solution
of the Fokker-Planck equation for particles. (d) The detector response-function for different viewing
angles through the detector collimator. Taken from Nesse Tyssgy et al. [2016].

With the proton fluxes corrected for degradation due to radiation damage and the elec-
tron fluxes corrected for proton contamination, the amount of the incident energy from
precipitating particle fluxes that are deposited in the atmosphere can be estimated. We
use the bounce loss cone estimate described by Nesse Tyssgy et al. [2016] which
is unique in comparison to previous studies. The previous studies [e.g Andersson
et al., 2014a,b, 2012; Verronen et al., 2011] use electron fluxes from the NOAA POES
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MEPED 0° detector telescope to estimate the fluxes of precipitating electrons. Al-
though the 0° detector telescopes’ viewing range is entirely inside the loss cone at high
latitudes as illustrated in Figure 3.1, they will not view the entire bounce loss cone and
hence will provide an underestimate of the precipitating fluxes [Nesse Tyssgy et al.,
2016; Rodger et al., 2010]. Whereas Andersson et al. [2014a,b, 2012] and Verronen
et al. [2011] use only the measurements from the 0° telescope, we use a combination
of measurements from both the 0° and 90° telescopes in conjunction with pitch angle
diffusion theory to construct a complete bounce loss cone for each of the new energy
channels [@degaard et al., 2017] as described by Nesse Tyssgy et al. [2016].

Further, while previous studies [e.g. Andersson et al., 2012] use electron fluxes
typically in the energy range 100-300 keV for studying the EEP effects on OH (or/and
03), we include the P6 channel in estimating an energy spectra. In the condition that
the P4 and PS5 proton channels exhibit little or no response, the P6 channel plays a
complementary role to the three electron channels shown in Table 3.2 in that it measures
fluxes of relativistic electrons of energies > 756 keV [@degaard et al., 2017; Yando
et al., 2011]. The derivation of > 756 keV electrons from the P6 channels is described
by the Nesse Tyssgy et al. [2016].

Monotonic piecewise cubic Hermite interpolating polynomials (PCHIP) [Fritsch
and Carlson, 1980] are fitted to the integral fluxes, which thereafter are converted into
a differential electron spectrum. This in turn is used to calculate the electron energy
deposition as a function of altitude. The procedure which is described in Nesse Tyssgy
et al. [2016] includes calculating the number of electrons per second that pass through
a horizontal surface of size 1 cm? at 120 km altitude. We then find the isotropic flux
that gives the same number of electrons per second passing through this unit horizontal
area, which we refer to as the equivalent isotropic flux level over the bounce loss cone.
Each energy interval is treated separately as the level of diffusion will depend on the
particle energy. The energy deposition as a function of altitude is then calculated by
using results of the Rees [1989] model, taking into account the cosine factor that en-
ters when converting from flux to particles passing through a horizontal unit surface.
In these calculations we have used the COSPAR (COmmittte on SPAce research) 1986
Reference Atmosphere.

3.2 Observation/Measurement of the Atmospheric Constituents

In this thesis, we use atmospheric parameters measured by the MLS instrument on
board the National Aeronautics and Space Administration (NASA) Aura satellite
launched on 15 July, 2004 [Waters et al., 2006]. Aura orbit the Earth in a Sun-
synchronous orbit at 705 km altitude with a period of 98.8 minutes, giving a latitude
coverage of 82°N-82°S on each orbit. Hence MLS observations at any given latitude
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Figure 3.2: Local solar time of MLS measurements versus latitude. Crosses give the locations of
profile measurements. The arrows show the direction of motion around the orbit. Taken from Waters
et al. [2006].

1000 -
900 A
800
700 A
600 A
500 A
400 A
300 1
200 1
100

o]
g R 8 8 8 2

SZA [deg]

Number of observations
O, [ppmv]

o o
[ ®

o o
< 0

Figure 3.3: (Red): Monthly mean O3 variation with SZA during December 2006 for the geographical
latitude band of 40-80°N. The black line is the running mean of O3z over a window of 5°. (Blue): The
number of observations comprising each mean.

are taken at the same solar local time throughout the mission as shown in Figure 3.2.
MLS remotely senses microwave wavelengths emissions from the limb of the Earth,
and measures vertical profiles of atmospheric constituents which include: water vapor
(H>0), ozone (O3), hydroxyl radical (OH), perhydroxyl radical (HO;) VMR, tempera-
ture, geopotential height (GPH), among others. MLS observations give the first global
measurements of odd hydrogen family species (OH and HO,) that dominate O3 de-
struction in the mesosphere. This allows for a unique opportunity to investigate the
EPP impact on OH VMR and subsequently on O3 VMR.

The data are sorted according to the instructions in the data quality manual by
Livesey et al. [2015]. Since OH production from energetic particles must overcome
the ambient background production from photolysis of H,O to be visible, the studies
in this thesis use nighttime observations to investigate EPP-OH changes. For night-
time conditions SZAs >100° are used. However, O3 catalytic reduction requires sunlit
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conditions to take place. Therefore, for studies that include O3, twilight-nighttime con-
ditions are considered for which the SZAs are >95°. The monthly mean variation of
OH and O3 with SZA for December 2006 is shown in Figure 2.16 (in subsection 2.3.4)
and Figure 3.3 respectively, illustrating a typical variation of OH and Oz with SZA dur-
ing wintertime. Low OH mixing ratios are seen for SZA>90° and high O3 mixing at
SZA>95°. Also shown is the number of observations included in each mean value.

3.3 The Sources of Other Parameters

3.3.1 The Solar Lyman-alpha Radiation

The Solar Extreme Ultra Violet Experiment (SEE) and the Solar Stellar Irradiance
Comparison Experiment (SOLSTICE) instruments on board NASA’s Thermosphere
Ionosphere Mesosphere Energetics and Dynamics (TIMED) and the Solar Radiation
and Climate Experiment (SORCE) spacecraft, respectively, give solar irradiance mea-
surements within the years 2005 to 2009. These irradiance measurements are used to
make composite solar Lyman-¢ time series that can be retrieved from the Laboratory
for Atmospheric and Space Physics (LASP) Interactive Solar IRradiance Datacenter
(LISIRD).

The amount of solar radiation at a specific location in latitude and altitude varies
with the SZA. As such, including the SZA dependency in the the Ly-o radiation using
an exponential function of the secant of the SZA yields a function of the form [see
Andersson et al., 2012; Minschwaner et al., 2011]:

157" = Totexp|—Bsec(SZApin)] G-b

where SZA,,;, is the minimum SZA at which the intensity of solar UV radiation is
maximum at a particular altitude, location and day. S is related to the optical depth of
the atmosphere at wavelengths relevant for photolysis [see Minschwaner et al., 2011].
I is the composite solar Ly-o radiation. In the analysis we assume =1 since we are
interested in the change of solar radiation, but not the optical properties that vary with
altitude.

3.3.2 The Solar Wind Parameters and Magnetic Indices

Solar wind parameters like IMF Bz, flow pressure and flow speed are measured by ei-
ther the WIND or ACE satellites and are obtained from archives like the Coordinated
Data Analysis Web (CDAweb). Magnetic activity indices are measured by ground
based magnetometers, the data of which is archived and can be retrieved from the
OMNI database. In this thesis, we use the Dst index, the AE index [Sugiura et al.,
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1991] and the Kp index [Bartels et al., 1939] to show the level of geomagnetic distur-
bances. The definitions of the above mentioned indices are given in Appendix. For a
review on the definitions and method of deriving the geomagnetic indices (Kp, AE and
Dst) [see Rostoker, 1972]
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Chapter 4

Summary and Discussion of papers

In this chapter, the summary and discussion of papers I, II and III are given. Where
necessary, new analysis not included in the papers is also presented.

4.1 Longitudinal Distribution of OH

The main objectives of paper I are: to investigate the role of EEP during solar mini-
mum, and further separate the longitudinal OH variability due to EEP and that due to
atmospheric dynamics. In this paper we use solar wind parameters (flow speed, pres-
sure and IMF Bz) and magnetic indices (kp, Dst and AE) obtained from the OMNI
database to identify two sequences of recurrent geomagnetic activity signatures in year
2008. We use nighttime (SZA>100°) Aura/MLS observations of OH VMR, temper-
ature, GPH and H,O VMR, to allow for detection of EEP-related OH VMR changes.
We use particle fluxes from MEPED instrument on board NOAA-18 which traverses
the same local time sector as the Aura satellite, making it possible to study the local
effects of EEP energy deposition on OH.

In paper I, we choose year 2008 which is deep into the solar minima, but never-
theless characterized by sequences of HSSWS which caused recurrent geomagnetic
activity and subsequently recurrent EEP. By sorting the data into disturbed- and quiet-
time periods based on the annual mean Dst index for the different seasons, we present
results for winter in the NH and autumn in the SH as shown in Figure 4.1. Those
two seasons coincided with low OH background, as well as relatively high geomag-
netic activity in the respective hemispheres. On this seasonal scale EEP enhancements
are seen over northern Russia and west Antarctica during disturbed conditions, which
can be explained by EEP. During quiet-time, however, OH enhancements are seen over
North America and still over the same region in West Antarctica, coinciding with re-
gions with low H>O mixing ratios and high temperatures. By fitting sinusoidal curves
to the longitudinal temperature anomalies at geographic latitudes 60-70°N during win-
ter for disturbed and quiet conditions at 75 km, planetary waves with wave numbers 1
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Figure 4.1: A plot taken from paper I showing mean nighttime OH during disturbed and quiet conditions
in 2008 at altitudes 75-78 km for (left column) winter (January—February) at LST 2<LST<4 in the
NH and for (right column) autumn (March-May) at LST 22 < LST < 2 in the SH. Mean values
were calculated for each 5° latitude by 10° longitude bin between 40° to 80°N and longitudes 180°W
to 180°E. The white line shows the approximate location of 55°N/S corrected geomagnetic (CGM)
latitude.

and 2 are found whose superposition seem to drive the longitudinal temperature distri-
bution. Therefore, planetary wave activity and the associated downwelling lead to the
observed OH enhancements during quiet times. The detailed mechanism of which are
discussed in paper I, but are also briefly described in subsection 2.3.1.

The OH enhancement over west Antarctica, seen also during quiet time periods
could possibly be also a result of a steady drizzle of radiation belt electrons due to
the weak magnetic field strength in that region. The quiet time OH enhancement over
North America, however, is unrelated to asymmetries in the Earth’s magnetic field as it
is located in a region with a high magnetic field ratio (g—’;’) for particle bouncing over a
field line.

In paper I, the EEP-OH enhancements are of the same order of magnitude as the
enhancements due to the background atmospheric conditions (see figure 4.1). This im-
plies that we can not ignore the dynamically varying background atmosphere when
assessing the EEP on the atmospheric chemistry. Therefore to separate, quantify and



4.2 Multiple Linear Regression: Separating the Contribution from the Different Sources 53

understand the EEP effect on OH, we need to cater for the varying atmospheric back-
ground. This requires a method that can simultaneously account for the EEP-OH pro-
duction as well as that from the background production for example through photolysis
of H>O as well as the dynamics. With this reasoning in mind, it gives the motivation
for paper II.

4.2 Multiple Linear Regression: Separating the Contribution from
the Different Sources

The main objectives of paper II are: to model the natural background variability of
OH in order to estimate the impact of EEP on OH in a geographic and CGM coordi-
nate system. Thus forth investigate the relative importance of SPEs and EEP during
the declining phase of solar cycle 23. To study EPP effects on OH, we use MEPED
NOAA POES 16 and 18 observations for years 2005 and 2009 respectively, with which
we estimate precipitating particle fluxes that we use to quantify the energy deposition
from energetic protons and electrons [see Nesse Tyssgy et al., 2016; Nesse Tyssgy and
Stadsnes, 2015]. We use Aura MLS observations of the atmospheric constituents: tem-
perature, GPH, H,O and OH VMR. We also use time series of composite solar Ly-«
radiation obtained from LISIRD.

The data are sorted by the geographic and CGM latitude bands of 45°-80°N and
55°-70°N respectively. Then the daily means of both the atmospheric constituents and
particle energy deposition are calculated. We use triangulation based interpolation to
obtain data at altitudes for which Aura MLS does retrieve observations of temperature,
GPH and H,O. The adjusted R? gives a measure of the amount of variation in the
response variable (OH) explained by the regression models. The adjusted R? is used
throughout the paper to show how good a model fits the observations.

We use multiple linear regression to model the background atmospheric contribution
to the temporal variability of OH during the year 2005 to 2009 in the NH in both a
geographic and a magnetic coordinate system. By adding the different particle energy
depositions separately to the background models, models with the energy deposition
are obtained.

To find out if a linear relationship exists between the response variable, OH VMR
and the predictors, Pearson’s correlation coefficients were calculated, which give evi-
dence of linearity between OH VMR and the atmospheric constituents. The response
variable was logarithm transformed to allow for normality of the regression residuals
(error). To control for correlated predictors, first stepwise regression is used to select
the predictor terms that are more relevant. Then robust weighted least squares regres-
sion is used to create models that are least affected by outliers and the effects of unequal
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Figure 4.2: The Durbin-Watson (DW) statistic test for autocorrelation in the regression residuals for the
models for which electrons (EEP), protons (SPEs) and total energy (EPP) deposition are added for the
geographic (40-80°N) and corrected geomagnetic (55-70°N) latitude bands. The DW test is 2 for no
autocorrelation, 0 to <2 for positive autocorrelation and >2 to 4 for negative autocorrelation. Values in
the range 1.5 to 2.5 are considered relatively normal.

error variances. To cater for multicollinearity among the predictor variables, Belsley
et al. [2005] collinearity diagnostics is used to identify and remove any terms whose
regression coefficients are deemed to be degraded by any near dependences among pre-
dictors. Second order (quadratic) regression is opted for to cater for non-linear effects
in the predictors. Centered predictor variables are used to reduce structural collinear-
ity that may arise from inclusion of higher order terms in the regression models. In the
following paragraphs, we discuss the findings and any limitations with using multiple
linear regression in paper II.

Using multiple linear regression, background OH models for the geographic (40-
80°N) and corrected geomagnetic (55-70°N) latitude bands are obtained at altitudes
62-78 km for years 2005 to 2009. The different particle energy depositions are added
separately to the background OH model resulting in three models: background plus
electron energy deposition (EEP), background plus proton energy deposition and back-
ground plus the total energy deposition (EPP). Figure 4.2 shows the Durbin-Watson
(DW) statistics test for autocorrelation in the regression residuals of the EEP, SPEs and
EPP models covering years 2005 to 2009 in the geographic and corrected geomagnetic
(CGM) latitude bands. For models in the geographic coordinate setting, there is evi-
dence of positive autocorrelation as is expected of time series data. For the CGM mod-
els, most of the DW test values are >1.5 except at 64 and 78 km, implying relatively
normal values. Autocorrelation can, however, be catered for by autoregressive models
but the lifetime of OH is less than a day in the mesosphere [see Pickett et al., 2006]
and we are using data with a resolution of 1 day, therefore, it would be unrealistic to
introduce lagged variables in the regression analysis. As such to better understand the
causal relationship between OH and EEP, an autoregressive model is not appropriate,
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Figure 4.3: A plot taken from paper II showing the observed hydroxyl (OH) (black line) against mod-
eled OH contribution from each of the predictors in the regression model at 78 km. The blue lines
represent modeled background OH variability due to at most one predictor in the regression model.
The red lines represent modeled OH which includes the background and the contribution of energetic
particles (electrons and protons). The data are averaged within the geographical (GEO) latitude range
of 45-80°N (left) and within a corrected geomagnetic (CGM) latitude range of 55-70°N (right).

but it could be more applicable for a predictive model.

The multiple linear regression in paper Il is a mean to calculating the relative con-
tribution from the different sources of OH variability. Figure 4.3 shows the background
OH (black), modeled OH (red) and the contribution to the modeled OH from the dif-
ferent probable predictors at 78 km. This kind of breakdown is done for all the models
in both the geographic and geomagnetic coordinate system. The results generally show
the background parameters as the main contributor to temporal OH variability at al-
titudes above 70 km. While below 70 km, EPP dominates. Electrons contribute up
to 15% at 67 km in the geographic coordinate system. In a CGM coordinate system,
the electrons contribute up to 11% occurring at 75 km and at 67 km, corresponding to
where 50-200 keV and >200 keV electrons respectively deposit most of their energy
[see e.g. Andersson et al., 2012; Turunen et al., 2009]. Generally above 70 km the con-
tribution from electrons is comparable to that from protons. Below 70 km, however, the
proton impact is more prominent compared to the electron impact, responsible for up
to 43% and 32% contribution in the geographic and CGM coordinate systems respec-
tively. The trend of the total EPP effect is similar to that of protons in both coordinate
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systems, with little difference in values.

Transforming from the geographic to the CGM coordinate system is expected to
improve the impact of the electron precipitation in the regression models. This kind
of behavior is only seen at 75 km where the electron contribution improves from 8%
to 11% by changing from a geographic to the CGM coordinate system. The lack of
improvement in the contribution from electrons at most altitudes is likely due to high
short-term variability introduced in the OH data when averaged over the CGM latitude
bands. These short-term variations are not captured by the regression models, hence
they tend to mask the electrons contribution. Since this analysis covers the declining
and minimum phase of solar cycle 23, Paper Il results may be a lower estimate of the
relative contribution of electrons to OH variability at long time scales.

A long time series is required to assess the contribution of EEP and SPEs to the gen-
eral temporal variability of OH. During the declining and minimum phase of solar cycle
23, there were few SPEs and the EEP events there in are relatively weak. Therefore,
the EEP role in general is damped (masked) by the background atmospheric variability,
which is less affected by the solar cycle phases. On shorter time scales, by focusing on
the more (geomagnetically) active years 2005-2006, the role of EEP in the geographic
and geomagnetic latitude bands increases to ~22% and ~20%, respectively.

Nevertheless, it is evident that the background atmosphere governs much of the OH
variability. This implies that studies concerned with the EEP-OH impact on O3 should
also carefully evaluate the background parameters, to assess whether an apparent O3
change is truly associated with EEP-OH.

4.3 The Impact of EEP on the Tertiary Ozone Layer

The main objectives of paper III are: to investigate when and where maximum overlap
between the auroral zone and the tertiary O3 layer exists, and to identify the potential
limitations of using O3 mixing ratio observations from the Aura MLS instrument. Fur-
ther, to examine the effects of two EEP events on O3 in comparison with the effects
of two SPEs within the same wintertime conditions. Hence forth check the linearity
between O3 and the parameters: AE, OH, electron energy deposition, proton energy
deposition, H,O and temperature at 73 km during January 2005 and December 2006.
In this paper, we use electron and proton energy deposition profiles obtained from
particle fluxes from the NOAA-16 and -18 MEPED 0° and 90° telescopes and atmo-
spheric observations (OH, O3, HO VMR, temperature) from the Aura MLS satellite at
geographic latitudes 40-80°N. We investigate when and where maximum overlap be-
tween the tertiary O3 layer and the auroral zone (or footprint of the Earth’s radiation
belts) exists. We further investigate the limitations of using Aura MLS observations
in studying the direct EEP- OH effects on Osz. For the first time, the EEP-OH-Os3 is



4.3 The Impact of EEP on the Tertiary Ozone Layer 57

investigated by comparing two sets of SPEs and EEP events during the same winter
months.

The results show that maximum overlap between the auroral zone and the tertiary
O3 layer exists during the winter months December to January for years 2005 and
2006. EEP induced OH will only effectively destroy O3 in the presence of atomic
oxygen, hence in the presence of sunlight. For SZA at twilight (95-105°) at geographic
latitudes 40-80°N there are, however, generally few Aura MLS O3 measurements (5-
12% of the total observations) within the auroral zone during January and December.
Figure 4.4 shows the geographic coverage of O3z at 73 km at 5 different SZA bands in
the NH, illustrating very little intersection of O3 observations with the auroral zone at
twilight (SZA 95-105°). Hence, for most SZA>95°, Aura MLS barely observes the
direct EEP-OH impact on O3, but predominately observes the lagged effect.

52A 95°105° szA 10501150 sza 1150125 sza 12501350 528 135°-145°

January
2005

December’
2006

Figure 4.4: A plot taken from paper II1, illustrating the geographic coverage of the mean nighttime O3
at 73 km at different SZA bands. Mean values were calculated for each 5° latitude by 10° longitude bin
between latitudes 40°-80°N and longitudes 180°W-180°E. The black oval lines show the approximate
location of 55°N and 70°N CGM latitude.

Case studies of EEP and SPEs within the same wintertime conditions show that the
impact region of EEP on the tertiary O3 is much smaller than the region of overlap be-
tween the auroral zone and the tertiary O3 layer, and also compared with the impact
region of SPEs. Figure 4.5 show the mean nighttime energy deposition, OH, O3, H,O
VMR at 73 km at geographic latitudes 40-80°N during quiet-time and particle precipi-
tation events in December 2006. The SPE generally shows precipitation over the polar
cap region with corresponding OH enhancements and O3 depletions. The EEP-OH
enhancements tend to be more intense in regions with high HyO mixing ratios, corre-
sponding here to longitudes 120°E-60°W. Although there is precipitation at longitudes
0-90°E, it shows no effect on OH and O3, illustrating the impact of planetary wave in
the H,O distribution.

Further, the daily mean O3 and the electron energy deposition at 73 km altitude ex-
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Quiet-time

0

Figure 4.5: A plot taken from paper III showing the mean nighttime distribution of energy deposition,
OH, O3 and H,O for SZA > 95° at 73 km within the geographical latitude band of 40°-80°N during
the months of December 2006 for quiet time (1-5 December), SPEs (6-16 December) and EEP (17-25
December) events. Mean values were calculated for each 5° latitude by 10° longitude bin between
latitudes 40°-80°N and longitudes 180°W-180°E. The black oval lines show the approximate location
of 55°N and 70°N CGM latitude.
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hibit insignificant correlation at all the different SZAs considered (95-105°, 105-115°,
115-125°, 125-135° and 135-145°). The solar proton, however, exhibit significant cor-
relation over a range of SZAs (95-135°) which comprises of the direct and lagged re-
sponse of O3 to SPEs. O3 has a long recovery time (0.1-1 day) at the altitude location
of the tertiary O3 layer under polar night conditions and might be subject to trans-
port [Smith et al., 2009]. Hence a superposed epoch analysis is applied to investigate
potential effects of EEP on OH and O3 mixing ratios within the geomagnetic latitude
band.

Based on the mean energy deposition, twelve EEP events are selected whose energy
deposition is greater than the mean energy deposition at 73 km altitude during the
winters of years 2005 to 2009 for SZAs > 95° for the CGM latitude band of 55-70°N
(see Table 1 in paper III). The SPEs periods with >1000 particle flux units are removed
from the analysis, based on the list of SPEs (https://umbra.nascom.nasa.gov/SEP/). On
performing a superposed-epoch analysis of these EEP events, the results in Figure 4.6
show a response in both OH and O3 mixing ratios to electron precipitation after lag
zero that was not revealed in simple correlation analysis. As mentioned above, the
correlation between EEP/OH VMR and O3 VMR is biased by the satellites’ viewing
geometry and solar local times, as catalytic reduction of Os is largely governed by the
SZA (or sunlit conditions). However, compositing the wintertime EEP events show
an appreciable reduction in O3 VMR (up to approximately 0.35 ppmv) at 67-75 km
altitudes in response to EEP-OH enhancements.

This analysis differs from that by Andersson et al. [2014a] in such a way that we are
considering only EEP events during wintertime (total of 12 events) when the tertiary
O3 layer is present in the NH, while they show a superposed epoch analysis of EEP
events for all seasons, strongly biased towards summer. During summer, however the
tertiary O3 layer does not exist and the O3 mixing ratios are less than 1 ppmv. This
implies that O3 anomalies calculated for summer may potentially give large percentage
changes in O3 VMR for small changes in the absolute values of the O3 VMR. Further,
we assess both OH and O3 together to ensure/verify that the changes observed in O3
mixing ratios are due to OH enhancement produced by EEP but not a change related
to, for example dynamics.

In summary, the limitation posed by the Aura MLS SZA/geographic coverage, the
region of overlap between the auroral zone and the tertiary O3 layer together with the
background atmospheric dynamics that modulate the distribution of H,O result in a
much smaller EEP-OH impact region on the tertiary O3 layer compared with the ge-
ographic impact of SPEs. The background dynamics could also redistribute the O3
mixing ratio anomalies caused by the EEP-OH impact. The superposed epoch analysis
indicates that there is an observable effect of EEP-OH on the O3 mixing ratios, but to
quantify the effect based on observations requires better measurement coverage as well
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an overview of the background atmosphere in respect to composition and dynamics.
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Figure 4.6: Superposed epoch analysis of the electron energy deposition, OH VMR and O3 VMR for
EEP events during the winters of years 2005 to 2009 at altitudes close to the tertiary O3 layer (67-75
km) in the CGM latitude band of 55-70°N.

4.4 Future Prospects

Future studies should focus on investigating the contribution of electrons to OH vari-
ability over a full solar cycle or even longer than that to get a more general picture.
Further, although we do not expect the general tendencies to differ, this analysis should
be conducted on the SH as the offset between the magnetic and geographic pole are
different. Multiple linear regression as a method might be an important research tool
for tackling other scientific questions.

The SABER instrument on board the TIMED satellite gives O3 observations with
a nominal vertical resolution of 2 km. Compared to MLS which has a coarser and
variable vertical resolution at mesospheric altitudes, the SABER vertical resolution is
consistent and smaller. The Aura MLS O3 observations are not suitable for scientific
use for altitudes above approximately 75 km, whereas the SABER instrument provides
O3 from approximately 20 km to about 95 km during daytime to about 100-105 at night.
Further the SABER measurements span over a longer period of time (from 2002) than
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the Aura MLS observations (from August 2004). Therefore, with the SABER vertical
resolution, altitude coverage and time span, it would be a more suitable data set for
studying O3 variability. However, SABER does not provide OH observations. In future
studies, it would be more appropriate to use multiple satellite O3 observations, together
with relevant background parameters, to better understand the O3 variability.

The outstanding questions should then be: How much of the incident energy depo-
sition eventually affects the tertiary O3 layer? Further, with help from models; What
role does the tertiary ozone layer play in driving the mesospheric dynamics?
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Abbreviations

AIMOS
AU

BLC

Bz
CDAweb
CGM
CIR

CH
CME
COSPAR
DEMETER
Dst

DW
ECR
EIT
EMIC
EEP
EOS
EPP
GOES
GOMOS
H

H;

HO,

HO X
H,0
HSSWS
IGRF
IDP
IMF

Atmospheric Ionization Module Osnabriick
Astronomical Unit

bounce loss cone

Northward component of the IMF

Coordinated Data Analysis Web

corrected geomagnetic

Corotating Interaction Region

Coronal Hole

Coronal Mass Ejection

Committee on Space Research

Detection of Electromagnetic Emissions Transmitted from Earthquake Regions
Storm-time Disturbance Index

Durbin-Watson

electron count rate

Extreme Ultraviolet Imaging Telescope
Electromagnetic Ion Cyclotron

Energetic Electron Precipitation

Earth Observing System

Energetic Particle Precipitation

Geostationary Operational Environmental Satellites
Global Ozone Monitoring by Occultation of Stars
atomic Hydrogen

molecular Hydrogen

Hydroperoxy radical

Odd Hydrogen

Water vapor

High Speed Solar Wind Streams

International Geomagnetic Reference Field
instrument for the detection of particles
Interplanetary Magnetic Field
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L*
I

LST

LT
MEPED
MLS
MLT
NASA
N

NH
NOyx
NOAA
(0))

Ox
OH
POES
ppbv

ppmv
SABER

SEM
SH
SIC
SPE
SSC
SZA

THz
ULF
Uv
VLF
VMR

invariant drift shell

drift shell equatorial radius

Local Solar Time

Local Time

Medium Energy Proton and Electron Detector
Microwave Limb Sounder

Magnetic Local Time

National Aeronautics and Space Administration
molecular Nitrogen

Northern Hemisphere

odd Nitrogen

National Oceanic and Atmospheric Administration
molecular Oxygen

Ozone

odd Oxygen

Hydroxyl radical

Polar Orbiting Environment Satellite

parts per billion volume

parts per million volume

Sounding of the Atmosphere using Broadband Emission Radiometry
Space Environment Monitor

Southern Hemisphere

Sodankyld Ion and Neutral Chemistry

Solar Proton Event

Storm Sudden Commencement

solar zenith angle

Temperature

Terra Hertz

Ultra Low Frequency

Ultra Violet

Very Low Frequency

volume mixing ratio
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Abstract In 2008 a sequence of geomagnetic storms occurred triggered by high-speed solar wind
streams from coronal holes. Improved estimates of precipitating fluxes of energetic electrons are derived
from measurements on board the NOAA/POES 18 satellite using a new analysis technique. These fluxes
are used to quantify the direct impact of energetic electron precipitation (EEP) during solar minimum on
middle atmospheric hydroxyl (OH) measured from the Aura satellite. During winter, localized longitudinal
density enhancements in the OH are observed over northern Russia and North America at corrected
geomagnetic latitudes poleward of 55°. Although the northern Russia OH enhancement is closely
associated with increased EEP at these longitudes, the strength and location of the North America
enhancement appear to be unrelated to EEP. This OH density enhancement is likely due to vertical motion
induced by atmospheric wave dynamics that transports air rich in atomic oxygen and atomic hydrogen
downward into the middle atmosphere, where it plays a role in the formation of OH. In the Southern
Hemisphere, localized enhancements of the OH density over West Antarctica can be explained by a
combination of enhanced EEP due to the local minimum in Earth’s magnetic field strength and atmospheric
dynamics. Our findings suggest that even during solar minimum, there is substantial EEP-driven OH
production. However, to quantify this effect, a detailed knowledge of where and when the precipitation
occurs is required in the context of the background atmospheric dynamics.

1. Introduction

Energetic particles precipitating into the mesosphere and lower thermosphere are known to produce copi-
ous amounts of odd nitrogen (NO: N, NO, NO,) and odd hydrogen (HOy: H, HO, HO,), which can contribute
to ozone (O;) destruction [e.g., Jackman et al., 2005; Sinnhuber et al., 2012]. The energetic particles (electrons,
protons, and heavier ions) have different solar drivers. Coronal Mass Ejections (CMEs) associated with sunspots
predominantly occur during solar maximum and are the cause of solar proton events (SPEs) which can lead
to strong geomagnetic activity. The influence of the infrequent SPEs upon the middle atmosphere has been
extensively studied [see, e.g., Bates and Nicolet, 1950; Weeks et al., 1972; Swider and Keneshea, 1973; Crutzen
and Solomon, 1980; Solomon et al., 1981; Lépez-Puertas et al., 2005; Damiani et al., 2008, 2010; Verronen and
Lehmann, 2013; Jackman et al., 2014; Nesse Tyssay and Stadsnes, 2015]. The atmospheric effects of the more
frequent energetic electron precipitation (EEP) events are less known and harder to detect. During geomag-
netic storms energetic electrons are injected and stored in the magnetosphere where they can be accelerated
to relativistic energies [Foster et al., 2014] and subsequently lost to the atmosphere [Turner et al., 2014]. The
penetration depth varies with the particle energy, for example, a 30 keV electron will stop at ~90 km, while
a 1 MeV electron penetrates to about 60 km [Turunen et al., 2009]. Individually, such storms have weaker
geomagnetic signatures than SPEs. It is, however, speculated that these events, because of their frequent
occurrence, will have a strong impact on the atmosphere in general [Andersson et al., 2014a].

Bartels [1932] identified “M regions” on the solar surface as the source of the sequences of recurrent geo-
magnetic activity that occurred during minimum solar activity. M regions are in fact coronal holes (CHs) and
are independent of sunspot activity [Allen, 1943]. They are associated with open magnetic field lines and,
high-speed, low-density flows in the solar wind [Billings and Roberts, 1964]. CHs are the source of high-speed
solar wind streams (HSSWS) and subsequent recurrent geomagnetic activity [e.g., Neupert and Pizzo, 1974;
Burlaga and Lepping, 1977; Sheeley and Harvey, 1981]. The interaction of the fast solar wind associated with
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CHs with the slow solar wind streams results in the compression of the magnetic field and plasma at their
interfaces forming a corotating interaction region (CIR), which is the geoeffective structure [Tsurutani et al.,
2006; Gopalswamy, 2008]. However, the interplanetary magnetic field (IMF) associated with CIRs has a highly
oscillating nature, which results in only moderate intensification of the magnetospheric currents and hence
moderate geomagnetic signatures. The intensity of the resulting storm depends on the combination of solar
wind speed and the direction of the B, component [Gopalswamy, 2008].

Recent studies [Verronen et al., 2011; Andersson et al., 2012, 2014b, 2014a] provide observational evidence of
radiation belt (geomagnetic latitudes 55°-65°) electron precipitation (100-300 keV) affecting mesospheric
(71-78 km) OH. Based on two case studies in the declining phase of the solar cycle, Verronen et al.[2011] found
that 56-87% of the changes in OH could be explained by changes in EEP. In a follow up study, Andersson et al.
[2012] focused on a larger part of the solar cycle from solar maximum to solar minimum. They found months
of high correlation between daily zonal mean OH mixing ratios at 70-78 km and the flux of 100-300 keV
electrons. The correlation coefficients were highly dependent on season and the strength of the particle
precipitation. Andersson et al. [2014b] studied the longitudinal response of nighttime mesospheric OH to
>30keV electron precipitation, contrasting days with daily mean count rates of >100 c/s to days with <5 c/s.In
total 51 days between 2005 and 2009 met the first criteria. Generally, they concluded that clear effects of EEP
were seen at magnetic latitudes 55°-72°. In the Southern Hemisphere (SH), the OH data revealed localized
OH mixing ratio enhancements at longitudes between 150°W and 30°E, over West Antarctica, poleward of
the South Atlantic Magnetic Anomaly (SAMA) region. In the Northern Hemisphere (NH), EEP-induced OH vari-
ations were more equally distributed with longitude; however, two potential regions of enhanced OH mixing
ratio above Northern America and Northern Russia were found.

The middle atmosphere has a strong seasonal dynamical variability, including both the background merid-
ional and zonal winds, as well as the atmospheric wave activity [see, e.g., Shepherd, 2000; Kleinknecht et al.,
2014]. For example, Damiani et al. [2010] have shown that during sudden stratospheric warmings (SSWs), the
OH layer may show short-term variations comparable in strength to the OH increases during SPEs. Anders-
son et al. [2014b] did not include potential seasonal or meteorological factors when considering the particle
impact upon the longitudinal distribution of OH, although there appears to be features less constrained to
the magnetic latitudes and geomagnetic activity in both hemispheres. During strong particle precipitation
events, the OH production due to background dynamics of the atmosphere might be overshadowed by the
impact of energetic particle precipitation (EPP). However, during the more frequent and modest changes, the
dynamical background will be of higher importance. Moreover, for the more frequent events, the magnitude
of the direct EEP-induced HOy effect on O; in the mesosphere is high enough to suspect that EEP could be
an important contribution to the Sun-climate connection on solar cycle time scales [Andersson et al., 2014a].
Assessing the impact and spatial distribution of electron forcing is, therefore, important for more accurate
modeling of its atmospheric and climate effects.

The quantification of relativistic electron precipitation has, however, proved difficult due to particle detec-
tor challenges [see, e.g., Nesse Tyssoy et al., 2016]. In addition, radiation belt electrons usually have strong
anisotropic pitch angle distribution that needs to be accounted for when considering their impact upon the
atmosphere [Rodger et al., 2013; Nesse Tyssay et al., 2016]. In this study, we optimize the data from the Medium
Energy Proton and Electron Detectors (MEPED) on the Polar Orbiting Environmental Satellite (POES) NOAA-18,
taking into account detector degradation, proton contamination, and combining data from both the 0° and
90° telescopes to achieve a better estimate of the true loss cone fluxes. We also use electron fluxes with energy
>1000 keV obtained from the proton telescopes to determine the EEP impact on OH in the middle atmo-
sphere [Nesse Tyssoy et al., 2016]. Whereas Andersson et al. [2014b] used all available POES satellites, we only
use NOAA-18, which is traversing the same local time as the Aura satellite making it possible to study the
local effects of the energy deposition by relativistic electrons on OH. The data and its application are further
explained in the next section.

Since most studies have focused on geomagnetic activity during solar maximum, it is paramount to get a
deeper understanding of the contribution of EEP on HO, also during solar minimum. Therefore, we target the
solar minimum year of 2008, where a sequence of weak to moderate storms triggered by HSSWS occurred.
The low intensity of the recurrent storms implies that we need to carefully consider the role of the changing
background dynamics upon the OH distribution. In addition to OH mixing ratios, the Aura MLS provides mea-
surements of temperature, water vapor (H,0), and geopotential height (GPH) which reveal the background
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Figure 1. A plot showing the footprints of Aura (dark blue) and NOAA 18 (light blue) in local time and geographical
latitudes for year 2008. Midnight is at the bottom and dusk to the left of each plot.

state of the atmosphere. Thus, extracting information on both the longitude and altitude distribution enables
us for the first time, to separate the OH variability caused by EEP and by atmospheric dynamics. The resulting
analysis is given in section 3, and the subsequent discussions and conclusion follows in sections 4 and 5.

2. Materials and Methods

2.1. Aura MLS Observations

The Microwave Limb Sounder (MLS) is one of the four instruments on board NASA's Aura satellite [Schoeber!
et al., 2006]. It is in a near-polar Sun-synchronous orbit at 705 km altitude, scanning the atmosphere up to
geographic latitudes 82° N/S with about 14 orbits per day (period ~100 min). The MLS measures naturally
occurring microwave thermal emissions from the limb of the Earth’s atmosphere to remotely sense vertical
profiles of atmospheric constituents [Schoeberl et al., 2006; Waters et al., 2006].

In this study we use Aura/MLS level 2 files version 4.2x for the year 2008 screened as per Livesey et al. [2015].
Only nighttime observations with solar zenith angle (SZA ) >100° are considered to make sure no sunlight
illuminates the sampled atmosphere below 100 km [Pickett et al., 2006]. At night without solar radiation, the
data should typically show low values of background OH, which makes the detection of OH enhancements
due to EEP effects easier. In the latitude range of the radiation belts, nighttime Aura measurements occur at
local solar time (LST) 02:15-03:30 in the NH during 2008. In the SH, however, Aura measurements are from LST
15:26 to 01:18. For SH nighttime observations we use LST 22:00-01:18.

The temporal resolution of Aura MLS data is ~25 s. The vertical and horizontal resolution of OH measurements
is 2.5 km and 165 km, respectively, within mesospheric altitudes (60-80 km). O;, H,O, temperature, and GPH
have coarser and variable vertical/horizontal resolutions within mesospheric altitudes [see Livesey et al., 2015].

The geometric height, z, can be expressed using the pressure altitude as

z=-HIn (P%) (1)

where H is the atmospheric scale height (~7 km) [Brasseur and Solomon, 2005], P, is a reference pressure
(1000 hPa) and P is the pressure level given in the MLS data.

2.2. NOAA POES MEPED Observations

In 2008, one of the five NOAA/POES satellites, NOAA 18 scanned the Earth at approximately the same local
times as the Aura satellite (see Figure 1). This implies that the particle fluxes measured by MEPED/NOAA 18
deposited their energy close in both time and space to the measurements performed by Aura. Considering the
short lifetime of OH below 80 km, the EEP impact on OH is considered to be a local effect.

The MEPED consists of two proton and two electron telescopes viewing almost perpendicular to each other.
The electron and proton telescopes pointing radially outward are often named the 0° detectors. At high
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Table 1. MEPED Proton and Electron Energy Channels [Evans and Greer, 2000]

Proton Energy Channels Electron Energy Channels
Channel Energy Range (keV) Channel Energy Range (keV)
0/90 P1 30to 80 0/90 E1 30 to 2500
0/90 P2 80 to 240 0/90 E2 100 to 2500
0/90 P3 240 to 800 0/90 E3 300 to 2500
0/90 P4 800 to 2500
0/90 P5 2500 to 6900
0/90 P6 >6900

latitudes they will view particles within the loss cone and have therefore previously been used to represent
the precipitating fluxes [Verronen et al., 2011; Andersson et al., 2012, 2014b, 2014a]. Electrons with energies
capable of precipitating into the middle atmosphere (>30 keV) have, however, often a strongly anisotropic
pitch angle distribution, which decreases toward the center of the loss cone. The 0° detector looking close
to the center of the loss cone will therefore provide an underestimate of the precipitating fluxes. The other
electron and proton telescope, called the 90° detector, view particles near the edge or outside the loss cone.
Therefore, the 90° detectors will measure higher fluxes compared to the true precipitating fluxes. To overcome
this challenge, we combine data from both electron telescopes to estimate the electron fluxes over the entire
loss cone. The 0° and 90° electron fluxes were fitted to the solution of the Fokker-Planck equation for pitch
angle diffusion of energetic particles [Kennel and Petschek, 1966]. We take into account the detector sensitivity
when the directional flux varies over the acceptance solid angle of the telescope [Nesse Tyssay et al., 2016].
We correct the electron data for contamination by protons [Yando et al., 2011]. The degradation of the proton
detector is taken into account by applying the new correction factors developed by Sandanger et al. [2015].

During solar minimum, when no SPEs occur, there will be insignificant high-energy proton fluxes detected
by the MEPED proton telescope which can be confirmed by the P4 and P5 energy channels (see Table 1).
Considering that the highest-energy channel of the proton detector (P6) is responsive to relativistic electrons,
we utilize this contamination effect to get a quantitative measure of electron fluxes larger than 1 MeV [Yando
etal., 2011]. The particle fluxes are sampled every 2 s. However, for purposes of comparing the particle fluxes
with composition data from Aura, we average the fluxes over 1° latitude bin equivalent to about 16 s.

Combining the electron and proton channels (E1, E2, E3, and P6), we achieve a differential electron spectrum
covering energies from 50 to 1000 keV. We use the electron spectra to calculate the energy deposition as
a function of altitude. In these calculations, we use the cosine-dependent Isotropic over the Downward
Hemisphere (IDH) model of Rees [1989]. This is a range-energy analysis based on a standard reference
atmosphere (COmmittee on SPAce Research International Reference Atmosphere 1986).

2.3. OMNI Data

In this study we use IMF and solar wind plasma parameter data for the year 2008 downloaded from the Coor-
dinated Data analysis Web (http://cdaweb.gsfc.nasa.gov./istp-public/). We focus on the B,, Vg, and solar wind
flow pressure (Pgy), at 1 h resolution in geocentric solar magnetospheric (GSM) coordinates. Originally, the
data are measured by either WIND or the ACE satellite and time shifted to the Earth’s bow shock nose. The Dst
and AE indices also have a 1 h resolution, while the Kp index has a 3 h resolution.

3. Results

3.1. Solar Wind and Geomagnetic Conditions

In Figure 2, daily means of Kp, Dst, AE, B,, Vs, and Py, are plotted for the whole year 2008, during which two
HSSWS associated with the 27 days solar rotation period are indicated by the vertical dashed and dotted lines.
The daily mean Dst index and IMF B, clearly show decreases corresponding to the arrival of the HSSWS, indi-
cating the recurrent storm activity experienced by the magnetosphere. All the storms were weak to moderate
based on the Dst index classification by Loewe and Prélss [1997].

In the period January to April, both the HSSWS were geoeffective. In May, the signature of the HSSWS in the
geomagnetic indices is weak. In the daily mean Dst, for example, this period shows Dst > —15 nT. Both Kp and
AE also display low values in May. From June to September, one of the HSSWS becomes geoeffective again
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Figure 2. Daily means of Kp, Dst, AE, B,, Vs, and Ps, during 2008 from top to bottom, respectively. The black vertical
dashed and dotted lines indicate the 27 days recurrent period of the HSSWS. The red dashed lines show the zero line
in the Dst index and B,.

(dashed vertical line). The signature from this HSSWS disappears in October. The other HSSWS (dotted vertical
line) also becomes geoeffective again in September. At the end of the year, in November and December, the
solar wind and geomagnetic signatures from the two HSSWS are weakened.

3.2. Longitudinal Distribution of OH

To investigate the seasonal longitudinal distribution of OH, we calculate the longitudinal OH running mean
(5° longitude window) within a latitude band of 40° to 80° for altitudes 60 to 81 km in both hemispheres for
winter, spring, and autumn. Note that due to the SZA selection of >100°, the data coverage for summer stops
at about 65°N and 70°S. The months January and February are considered winter in the NH and summer in
the SH. While the months June, July, and August are summer in the NH and winter in the SH. The other seasons
follow accordingly. However, the month of December 2008 is not included in this study. The seasonal lon-
gitudinal distribution of the OH volume mixing ratio (VMR) is shown in Figure 3. All seasons show two OH
maxima located at about 67 and 73 km in both hemispheres. Summer months exhibit another OH maxi-
mum located at approximately 78 km in both hemispheres. Generally, the OH VMR decreases with decreasing
altitude. For winter in the NH, there is high OH VMR within longitudes 150°W-100°E for altitudes 81 km to
about 76 km. In the SH winter, the high OH VMR at altitudes 76-81 km is almost homogeneously distributed
but strongest within longitudes 180°W-60°W and 120°E-180°E. High OH VMR are still visible in spring within
approximately the same longitude region. Autumn also shows high OH VMR within approximately the same
longitudes in the NH but weaker compared to winter. In the SH, there is a stronger OH concentration within
longitudes 115° -0°W than during winter, with signatures up to below 76 km. Generally, these kind of high OH
concentrations at 67-81 km occurred during January, February, March, October, November, and December in
the NH, while in the SH, they occurred during April to September (~autumn to winter in both hemispheres).

3.3. Longitudinal Variation of EEP Effects on OH

We present the hemispherical distribution of disturbed and quiet conditions for the energy deposition and
OH during winter in the NH and autumn in the SH averaged over altitudes between 75 and 78 km in 2008.
Disturbed/quiet conditions were sorted based on daily mean energy deposition by EEP at particular altitudes.
Days, for which the daily mean energy deposition is greater than the annual mean energy deposition at a
particular altitude range, were considered to be disturbed time. Whereas days, for which the daily mean
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Figure 3. OH running mean (5° longitude window) for the altitude range of 60-81 km. Autumn, winter, and spring
months cover a latitude band of 40° to 80°N/S for year 2008. Summer months do not extend to 80° latitude due to
the SZA selection of >100°. (top row) The NH and (bottom row) the SH. (first column to fourth column) Winter, spring,
summer, and autumn. The months January and February are considered winter in the NH and summer in the SH.
Whereas the months Jun,e, July and August are considered summer in the NH and winter in the SH. The other seasons
follow accordingly.

energy deposition is less than the annual mean energy deposition at a particular altitude range, were consid-
ered to be quiet time. The data are sorted according to geographical latitude and longitude in such a way that
each 5° latitude by 10° longitude bin shows the running mean (over a window of three bins) of the energy
deposition or OH/temperature/H,0/GPH within that bin.

We present maps of an average at 75-78 km for the energy deposition and OH VMR. (For comparative studies
with temperature, H,0 and GPH, we use data at 75 km.) All maps cover geographical latitudes 40°-80° N/S.
The first results, sorting by season, show that winter (January and February) in the NH and autumn (March,
April, and May) in the SH exhibit the longitudinal signatures in OH reported by Andersson et al. [2014b] more
clearly than in the other seasons. This is consistent with the strength of the geomagnetic activity. Although
winter is the best season to observe EEP effects in the atmospheric OH due to low background levels,
EEP-related changes in OH were stronger in the SH autumn compared to winter in 2008. Consequently, we
focus on the winter and autumn months for the NH and SH, respectively, as shown in Figures 4 and 5. As the
maps of NH and SH cover different months, they also cover different EEP events throughout 2008.

3.3.1. Energy Deposition

Figure 4 shows the night-time mean energy deposited between 40° and 80° geographic latitudes during
disturbed and quiet conditions for winter and autumn in the NH and SH, respectively. The energy data are
averaged between 75 and 78 km. The storm time NH map is fairly homogeneous with maximum values
covering northern Russia and part of North America at longitudes (30°E-130°W) and minimum values over
Scandinavia to North America (60°W-30°E). In the SH, the energy is deposited almost homogeneously within
the latitude range of the radiation belts. The energy deposition during storm times is approximately 1 order
of magnitude greater than during nonstorm times in both hemispheres.

3.3.2. OH Composition

Figure 5 shows the night-time mean OH maps for disturbed and quiet conditions during winter in the NH and
autumn in the SH. In the NH, OH shows clear enhancements poleward of latitude 55°N CGM during storm con-
ditions, with local maxima within longitudes 90° - 10°W and 70°E-130°W which Andersson et al. [2014b] refers
to as the North America and northern Russia hot spots. The OH enhancement over North America is, however,
also present during quiet times within longitudes 90°-0°W, and it is stronger over the North Atlantic Ocean
than over North America. (There is also a region of high-OH volume mixing ratio at 60-90°E about 40-45°N
(L~ 1.5-2) corresponding to the inner radiation belt. As our focus is the auroral and subauroral latitudes, we
consider this feature outside the scope of the current paper.)

In the SH, there appears to be a local OH enhancement over West Antarctica both during disturbed and quiet
conditions which Andersson et al. [2014b] refers to as the Antarctic Peninsula hot spot. OH enhancement is
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Figure 4. Mean nighttime energy deposition during (top row) disturbed and (bottom row) quiet conditions at altitudes
75-78 km for (left column) winter (January—February) at LST 2 < LST < 4 in the NH and for (right column) autumn
(March-May) at LST 22 < LST < 1 in the SH. Mean values were calculated for each 5° latitude by 10° longitude bin
between 40° to 80°N and longitudes 180°W to 180°E. The white line shows the approximate location of 55°N/S CGM
latitude.

seen at all longitudes during disturbed times and within longitudes 150°-0°W during quiet conditions. The
West Antarctica hot spot appears, however, to be unbound by the geomagnetic location of Earth’s radiation
belts but seems rather to be more geographically constrained.

Note that the local OH enhancements in Figure 5 generally cover smaller longitude ranges than the hot spots
seen by Andersson et al. [2014b] but are located within the same regions. Both the current presentation and
the maps presented by Andersson et al. [2014b] show OH features (signatures) unconstrained to the geomag-
netic latitude location (or footprints) of the Earth’s radiation belts, indicating potential signatures due to the
background dynamics.

3.4. Dynamical Background

We investigate the possibility that atmospheric dynamics is responsible for some of the observed OH
enhancements. Figure 6 shows the temperature, H,0 and GPH (top row to bottom row) for quiet time
conditions in the NH (left column) and SH (right column), respectively. In the NH, there is a temperature
enhancement between longitudes 90°W and 110°E and an H,0 minimum. The temperature maximizes in
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Figure 5. Mean nighttime OH during (top row) disturbed and (bottom row) quiet conditions at altitudes 75-78 km for
(left column) winter (January—-February) at LST 2 < LST < 4 in the NH and for (right column) autumn (March-May) at
LST 22 < LST < 2 in the SH. Mean values were calculated for each 5° latitude by 10° longitude bin between 40° to 80°N
and longitudes 180°W to 180°E. The white line shows the approximate location of 55°N/S CGM latitude.

approximately the same region where the North America OH maximum is located. A depression in the GPH is
seen within longitudes 180°W-0°W, displaced by approximately 90° westward from the location of the tem-
perature maximum and H,O minimum. In the SH, the same features are seen in the temperature, H,0, and
GPH for the West Antarctica maximum, all located over approximately the same region over West Antarctica
without a shift in the location of the GPH minimum. The North America and West Antarctica OH enhance-
ments seem to follow more closely the region of intersection of the depression in the GPH with temperature
maximum and H,0 minimum.

During winter time, especially in the NH, planetary wave activity is known to play an essential role in the back-
ground dynamics. To determine the role of planetary wave activity upon the OH composition, Figure 7 shows
the OH (a), EEP (b), and temperature anomaly (c) in a geographic latitude band 60°-70°N for quiet (right
column) and disturbed (left column) conditions. We sorted the data based on the energy deposition as in
section 3.3. The temperature anomaly is the difference from the mean over the period. Then we derive the
quasi-stationary planetary wave numbers 1 (S1) and 2 (S2) shown as the superposition of two sinusoidal
curves fitted to the longitudinal temperature anomaly Figures 7c and 7d.
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Figure 6. (top row to bottom row) Mean nighttime temperature, H,0, and GPH during quiet conditions at altitudes
75 km for (left column) winter (January -February) at 2 < LST < 4 in the NH and for (right column) autumn at LST
22<LST<2 in the SH during 2008. Mean values were calculated for each 5° latitude by 10° longitude bin between 40°
t0 80°S and longitudes 180°W to 180°E. The white line shows the approximate location of 55°N/S CGM latitude.

ZAWEDDE ET AL. IMPACT OF ELECTRON PRECIPITATION ON OH 5922



86

Paper I: Impact of electron precipitation on OH

@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA022371

NH NH
Disturbed Conditions Quiet-Time Conditions
P T B
5 5
S 4 °
3 3
o
4
g5 5%
gz gk
53 53
< <
5 3
—S1+82
= =
= = S1
< <
,,,,, S2
180OW  1200W  60oW 3 60 T20°E 1809 180W  1200W  60OW ® 60 T200E 180
Longitude Longitude

Figure 7. Longitudinal variation of OH and energy deposition averaged between altitudes 75-78 km during winter for the latitude band of 60-70°N in 2008

for disturbed and quiet time conditions. For comparison with background atmospheric dynamics, Figures 7c and 7d show the quasi-stationary planetary wave
activity for wave number 1 and 2 derived from temperature between latitudes 60 and 70°N at an altitude of 75 km during winter for year 2008. (top row to
bottom row) (a) OH (blue). Running mean of 30° longitude (black). (b) Energy deposition (blue). Running mean of 30° longitude (black). (c) Temperature anomaly
(blue) fitted with a sinusoidal curve for the superposition of planetary waves $1 and S2 (black). (d) Sinusoidal curve fitting for planetary wave numbers 1 (S1)

and 2 (S2). The red solid line is the zero line. The red dotted lines show the standard error of the mean.

During NH winter in 2008 the S1 and S2 peak around the same longitudes during both quiet and disturbed
conditions. S1 has its maximum around 0°E. S2 has its maximum around 140°E and 40°W. The amplitudes are
slightly higher during disturbed conditions. However, this may well be due to the random sample of days for
the storm time conditions and unrelated to the EEP. During disturbed conditions S1 and S2 have an amplitude
of about 19 K and 7 K, respectively. The superposition of the two waves, S1 + S2 is large at 75 km driving a
longitudinal variability in temperature of around 23 K with a maximum around 25°W and a minimum close
to 155°W.

The OH during disturbed conditions shows that in addition to changes correlated with the temperature
variations, an additional source is present that coincides with the distribution of EEP. As Figure 4 shows,
the EEP in a geographic latitude band between 60°-70°N samples only part of the auroral oval due to
the offset between geomagnetic and geographical coordinates. The energy deposition shows high values
(>4 keV cm™3s™") between longitudes 25°E and 135°W corresponding well with the increase of OH in this
region. In the region of little EEP, the OH appears to track the temperature variations as it does during quiet
times. To better reveal the EEP impact on the OH density, we have subtracted the quiet time conditions from
the disturbed conditions as shown in Figure 8. The longitudinal OH behavior is generally in phase with the
energy deposition. The only exception is the longitude interval 30° -60°E which corresponds to regions where
the auroral oval intersects a descending area of low H,0 mixing ratios (see Figure 6). Note that the negative
OH values are due to the fact that some of the MLS observations are noisy in nature. Ignoring such values
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Figure 8. The difference between disturbed and quiet time at 75-78 km within a latitude band of 60-70°N for
winter in 2008. The red dotted lines show the standard error of the mean. (a) Longitudinal OH (b) longitudinal
energy deposition.

will automatically introduce a positive bias into any averages made of the data as part of scientific analysis
[Livesey et al., 2015].

4. Discussion

4.1. Is the Impact of EEP Upon the OH Production of Any Significance During Solar Minimum?

During geomagnetic storms radiation belt particles can be accelerated to high and possibly relativistic ener-
gies that precipitate deep into the atmosphere, causing enhancements of OH. EPP leads to production of HOy
species through ionization, dissociation, and dissociative ionization of the most abundant chemical species
in the atmosphere (N, and O,). The abundance of H,0 below 80 km facilitates the formation of large water
cluster ions which recombine with electrons forming ~2HO,, per ionization [Solomon et al., 1981; Sinnhuber
et al,, 2012]. EEP appears to impact the geomagnetic latitudes 55°-72° N/S CGM as illustrated by Figure 4
[see also Andersson et al., 2014b].

The region of high OH VMR over northern Russia is collocated with the region of enhanced EEP energy
deposition. The region of high OH VMR over North America and the North Atlantic Ocean, prominent during
both disturbed and quiet conditions is not evident in the energy deposition. In the SH, we find a similar
situation. The OH concentration maximizes over the West Antarctica, while the energy deposition is found to
be rather homogeneously distributed with longitude. In the following, we will discuss the extent to which the
local OH enhancements in the two hemispheres are related to the EEP energy deposition and the role of the
background atmosphere on the longitudinal distribution of OH.

4.1.1. Longitudinal Variations of the Energy Deposition and OH in the NH

For January 2005 to December 2009, Andersson et al. [2014b] found two regions of high OH concentration
during high EEP in the NH (51 days of data in total). These regions are the North America and northern
Russia, which were attributed to EEP forcing. Our energy deposition maps based on the electron fluxes from
MEPED/NOAA 18 maximizes as illustrated in Figure 4 over the northern Russia region. We do not, however,
find evidence based on the energy deposition for an EEP-produced OH concentration enhancement over
North America. The OH enhancement is prominent in both disturbed and quiet times. The energy deposition
pattern cannot explain the distinct pattern found in the OH concentration.
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OH retrieval from Aura.

Barth et al. [2001] investigated the geomagnetic longitude dependence observed in NOy at 106 km produced
by auroral electrons. The most characteristics feature in their result isa minimumin a region above Scandinavia
and Greenland. A possible candidate for these longitudinal variations in the NH is the asymmetries in the
Earth’s magnetic field. Electrons drifting around the Earth to the weak field associated with the SAMA are lost
to the atmosphere. This depletes the electrons throughout the anomaly region. Barth et al. [2001], therefore,
suggested that we are seeing the “normal” electron precipitation west of the weak magnetic field region but
a much weakened precipitation of electrons within the weak magnetic field region itself and eastward of it.
Figure 9 shows the square root ot the ratio: Byo/Bsoun Where B, is found by magnetic field tracing using
the IGRF model. Based on this theory, the low magnetic field ratio over North Asia and Alaska would imply that
there will be more electron precipitation there than in the SH for particles bouncing over the same magnetic
field lines. Therefore, the lower magnetic field ratio and the associated electron precipitation may explain
the presence of the northern Russia hot spot. On the other hand, the magnetic field ratio is relatively higher
above Scandinavia and Greenland. As the high By,,/Bs,,e, ratio overlaps with the large OH VMR, it does seem
unlikely that the North America/North Atlantic OH maximum is due to EEP forcing.

4.1.2. Longitudinal Variations of the Energy Deposition and OH in the SH

In the SH autumn, there is a maximum in the OH density above West Antarctica during both disturbed and
quiet conditions. The West Antarctica OH enhancement and its persistence during quiet times might be
explained by the weaker magnetic field in this region that allows a steady drizzle of radiation belt electrons.
Electrons that were mirroring at other longitudes could be lost here as they penetrate deeper in the atmo-
sphere and interact with the denser atmosphere. The West Antarctica hot spot is also visible in winter and
spring starting at approximately 70-73 km altitude during quiet times (not shown).

According to Horne et al. [2009], the effects on atmospheric chemistry due to relativistic electron precipitation
(REP) are more likely to occur in the SH poleward of the SAMA region, because >1 MeV electron precipita-
tion occur mainly in that region. However, the energy deposition seems rather uniformly distributed with
geographic longitude circles as seen in Figure 4. This is also a feature in the results of Andersson et al. [2014b].

Although the West Antarctica OH enhancement can be explained by the weaker magnetic field in that region,
its features seem more constrained by geographical rather than geomagnetic location. There is a possibility
that in addition to the above mentioned causes, atmospheric dynamics may also play an active role in the
formation of the West Antarctica OH maximum.

4.2. The Role of the Background Dynamics in Determining the Longitudinal OH Distribution

Elevated temperatures and dry air at 75 km appear to coexist with the longitudinal region of elevated OH VMR
measured by Aura as shown in Figure 6. The high temperatures are associated with descending air motions,
bringing down dry air from higher altitudes. The descent will then also bring down odd oxygen (O and 0;)
and atomic hydrogen (H). Atomic oxygen has a large concentration gradient from the middle mesosphere to
the mesopause, which makes the atomic oxygen highly variable in the presence of vertical motion. Even a
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small displacement can generate large changes in the mixing ratio [Smith, 2004]. Thus, the O3 mixing ratio at
75 and 78 km will increase if O5-rich air from the secondary O, maximum is brought down.

Winick et al. [2009] found elevated OH Meinel emissions related to the vertical displacements associated with
SSWs. The vertical displacement of the OH airglow layer from 87 km to 78 km was observed at the time of
major SSW from January 2009 [Shepherd et al., 2010]. Assuming that this transport is fast enough to maintain
an O density, it could lead to an enhanced production of vibrationally excited OH (OH¥) at lower than normal
altitudes [Winick et al., 2009]. The pressure here will be sufficient to allow a third body reaction creating O;:

0+0,+M—0;+M @

Then, O; will react with atomic oxygen forming OH by the exothermic reaction:

H+0; - OH* + 0, (3)

The variability of the ground state OH measured with the Aura MLS instrument during periods of SSWs by
Damiani et al. [2010] further corroborates the interpretation by Winick et al. [2009]. The OH* is deactivated
either by photon emissions in the Meinel band (observed in the airglow) or by collisional quenching [Brasseur
and Solomon, 2005]. The latter depends on the density and therefore becomes more important at lower alti-
tudes. The enhanced level of atomic hydrogen might also contribute to the conversion of HO, into OH by the
reaction [Brasseur and Solomon, 2005]:

H+HO, — OH + OH @

This potential chemical scheme seems consistent with our observation. As pointed out earlier, the quiet time
longitudinal OH enhancement is only apparent above 73 km, supporting the potential effect of a steep gradi-
ent in the mixing ratios of odd oxygen. In January and February 2008 the polar vortex was displaced from its
climatological position over the pole by an SSW [Medvedeva et al., 2012]. There could therefore be a systematic
longitudinal response associated with SSW also in our observations. However, considering the complex chem-
istry of the odd hydrogen family and its dependence on temperature, pressure, and mixing ratios, modeling
studies and/or additional satellite data are needed in order to quantitatively assess the described features.

Also, the H,0 mixing ratios might impact the OH production efficiency. At altitudes above about 65 km, HO,
production depends on the ionization rate, and the atomic oxygen and H,0 densities [Solomon et al., 1981].
The main process during the formation of HO, due to EPP events is the uptake of H,0, forming large cluster
ions and subsequent recombination with electrons. However, if the H,0 mixing ratios are reduced by a few
ppb (parts per billion), water cluster reactions may be cut off by dissociative recombination of the intermedi-
ates (e.g., O}, 0"2 H,0) with electrons. In this case, even the natural electron concentration may be sufficient
to reduce the efficiency of the HO, production rate [Crutzen and Solomon, 1980]. This implies that the impact
of EEP might also depend directly on the dynamical background as the EEP deposited over North America
may be less efficient in producing OH due to the low H,0 mixing ratios compared to the EEP over northern
Russia which has higher H,0 mixing ratios. This explanation also applies to Figure 8 for longitudes 30°-60°E,
and it is briefly mentioned in subsection 3.4.

Planetary waves are more prominent during wintertime, in particular in the NH. This is evident in Figure 7
which shows that the general longitudinal trend of OH VMR within a latitude band of 60° - 70°N closely follows
that of the superposition of the planetary waves S1 + S2 especially during quiet time conditions. Quasi
stationary planetary wave activity is of approximately the same amplitude and phase during both disturbed
and quiet times (Figures 7c and 7d). Quasi-stationary planetary waves drive the background OH density
with a peak that persists during both disturbed and quiet time conditions regardless of the strength of the
energy deposition. The North America OH maximum which is present during both disturbed and quiet time
conditions is a feature attributed to quasi-stationary planetary wave activity.

Any EEP-induced OH production will be an addition onto the already existing background OH. The OH
enhancement due to EPP is visible for strong energy deposition during disturbed conditions. The visibility
of the OH variability due to EEP depends on the background OH and the strength of the energy deposited.
Hence, during disturbed conditions, there exist two peaks in the OH density: one due to the background
dynamics and another due to EPP. Figure 7 does not show an exact one to one relationship between the
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energy deposition and the OH density in regions (longitudes 25°E-135°W) of high energy deposition where
such a relationship may be expected. As already discussed, the OH production efficiency is affected by the
H,O density which may be variable over the latitude band under consideration.

Therefore, we believe that in our results for the winter 2008 NH, it is only the OH maximum over northern
Russia that is attributed to EEP forcing, while the North America hot spot is mainly a consequence of adynam-
ical atmosphere. The West Antarctica hot spot in the SH is attributed to both EEP and atmospheric dynamics.
This mechanism has not been considered by Andersson et al. [2014b]. Based on the increased level of OH they
find over Greenland, which does not seem to be restricted in geomagnetic latitude, a planetary wave effect
might be present in their data as well. Although our analysis supports the conclusion that even small storms
can impact the mesospheric OH, a quantitative assessment needs to firmly establish the dynamically varying
background. This could potentially be achieved by applying a multilinear regression analysis of OH with GPH,
03, and H. The production of OH due to EEP could then be included with a potential dependency on H,0.

5. Summary and Conclusions

OH enhancements due to EEP were seen poleward of CGM latitudes 55°N/S with regions of local maxima: the
northern Russia and West Antarctica maxima. We find that the West Antarctica maximum might be explained
by a combination of EEP and the weak magnetic field in this region. Even in the cases with geomagnetic quiet
conditions, the weaker magnetic field in this region causes a steady drizzle of radiation belt electrons, hence
causing an OH “pool” in this region. In addition, atmospheric dynamics might contribute to the formation of
the West Antarctica maximum.

The North America OH maximum cannot be explained by the weaker magnetic field, since it is located in
a region with relatively high magnetic field ratio. It rather appears that the North America OH maximum in
2008 is due to dynamical effects. Planetary waves in the polar winter induce downwelling of thermospheric
air, bringing down dry air, atomic oxygen, and atomic hydrogen. The air density at mesospheric altitudes is
sufficient to facilitate three-body reactions between atomic oxygen and O,, which results in formation of O;,
which again reacts with atomic hydrogen forming OH. The same dynamical features may be related to the
West Antarctica OH maximum. The northern Russia OH maximum, however, appears to be a feature related
to EEP forcing alone.

Our findings suggest that even during solar minimum, there is substantial EEP driven OH production. To quan-
tify this effect, the background atmospheric dynamics have to be taken into account, along with detailed
knowledge of where and when the precipitation occurs. Background atmospheric dynamics are important in
explaining the longitudinal distribution of OH.
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Abstract Using a new analysis technique, we estimate the precipitating particle fluxes measured

by the Medium Energy Proton and Electron Detector on the National Oceanic and Atmospheric
Administration Polar Orbiting Environmental Satellites. These fluxes are used to quantify the direct impact
of energetic particle precipitation (EPP) on mesospheric hydroxyl (OH) measured from the Aura satellite
during 2005-2009 in the Northern Hemisphere, covering the declining and minimum phase of solar cycle
23. Using multiple linear regression of nighttime OH volume mixing ratio with temperature, geopotential
height, water vapor (H,0) volume mixing ratio, Lyman-alpha (Ly-a) radiation, and particle energy
deposition, we account for the background variability and hence the EPP impact independent

of season and other short-term variability. We investigate the relative importance of solar proton events,
energetic electron precipitation and the background to OH variability. The background dominates over
EPP above 70-km altitude. Below 70 km, EPP dominates. The maximum EPP contribution is 44% and 34%
in the geographic and corrected geomagnetic (CGM) settings respectively at 67 km. Protons dominate
over electrons at mesospheric altitudes with maximum contributions of 43% and 32% at 67 km in the
geographic and CGM settings, respectively. In a CGM setting, the electrons contribution is comparable to
that of protons above 70 km, with a maximum contribution of 11% at 75 km. Since the period investigated is
during relatively low solar activity, these results represent a lower estimate of the general EPP contribution
to OH variability.

1. Introduction

In the mesosphere, background odd hydrogen (HO,: H, OH, HO,) is produced by photodissociation of water
vapor (H,0) by the reaction (Brasseur & Solomon, 2005; Solomon et al., 1981; Swider & Keneshea, 1973):

H,0+hv - H+ OH V)

The photolysis of H, O is facilitated by the Lyman-alpha (Ly-a) line (121.568 nm) for altitudes above 68 km and
by Schumann-Runge band wavelengths (175-200 nm) at altitudes 60-68 km (Frederick & Hudson, 1980).
The background OH production is also modified by the seasonal pole to pole circulation pattern as it affects
both H,0 and temperature. Hence, the OH seasonal variability can be largely understood by considering the
variations in H,0 and solar intensity (see, e.g., Canty & Minschwaner, 2002; Shapiro et al., 2012). The amount
of solar radiation at a specific altitude and latitude varies with the solar zenith angle (SZA). As such the diur-
nal variations in OH can be described by an exponential function of the secant of the SZA (Minschwaner
etal, 2011).

The wintertime OH background production is also affected by processes involving planetary wave activity, like
sudden stratospheric warmings (SSWs) through an associated descent of the OH layer (see, e.g., Damiani et al.,
2010; Winick et al., 2009; Zawedde et al., 2016). For example, normally OH would have a positive correlation
with H,0, and a corresponding negative correlation with temperature. However, during SSWs OH seems to
have a negative correlation with H,0 and a positive correlation with temperature as elevated temperature is
associated with adiabatic heating due to downwelling bringing dry air downward (see, e.g., Damiani et al.,
2010). Therefore, simple correlation alone is not enough to ascertain the relation between OH and the related
atmospheric constituents.
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Energetic particle precipitation (EPP) is known to produce HOy during solar proton events (SPEs) and ener-
getic electron precipitation (EEP). SPEs are associated with strong geomagnetic activity driven by coronal
mass ejections (CMEs) which predominantly occur during solar maximum (see, e.g., Webb, 1995). CMEs pro-
pel fast shock waves ahead of them which accelerate solar protons directly from the solar wind to very high
energies capable of precipitating into the atmosphere to ~40-km altitude over the polar cap on open field
lines. Depending on the particle energy, the solar protons can also penetrate closed field lines and impact
the atmosphere at latitudes normally shielded from the direct solar wind impact. Monoenergetic beams of
protons of energy 10-20 MeV will deposit most of their energy within the mesosphere (60-80 km) (Turunen
et al, 2009). On the other hand, energetic electrons are first stored and accelerated in the Earth’s radiation
belts. During geomagnetic storms, electrons are accelerated to high and possibly relativistic energies before
precipitating into the atmosphere (see, e.g., Li & Temerin, 2001; Reeves et al., 2013; Turner et al., 2012). Clear
effects of electron precipitation on OH are seen within the latitude range of the Earth’s radiation belts at mag-
netic latitudes 55-72° (see, e.g., Andersson, Verronen, Rodger, Clilverd, & Wang 2014). This is a small band
within the atmosphere as compared to the polar cap where the protons deposit their energy. Medium energy
and relativistic electrons (>100 keV) precipitate below 80 km (Turunen et al., 2009).

On interpreting the results from Weeks et al. (1972), Swider and Keneshea (1973) state that during ioniza-
tion events, for every O ion converted into an oxonium (water cluster) ion, one OH molecule is generated.
An additional contribution will arise from dissociative recombination of the water cluster ions with elec-
trons, yielding either H or OH as one of the reaction products. Therefore, the total OH + H formation rate
resulting from the water cluster ion formation can be seen as 2HO, (Solomon et al., 1981). Also, the behav-
ior of the perhydroxyl radical (HO,) is generally similar to OH (see Crutzen & Solomon, 1980). This implies
that we can focus on one of the constituents in the HO family (i.e,, OH) to study the effects of EPP on the
atmospheric system.

The Aura Microwave Limb Sounder (MLS) database provides observations of both OH and HO,, although the
MLS HO, data are not recommended for scientific use for altitudes above 0.046 hPa (~70 km) (Livesey et al.,
2015.The availability of Aura MLS OH observations sparked the genesis of several correlation studies between
OH and particle fluxes. These studies have attempted to estimate how much of the mesospheric OH variability
can be attributed to both SPEs and EEP. Since SPEs are strong, their effects on the atmospheric constituents are
easily detected and have been extensively studied (Crutzen & Solomon, 1980; Sinnhuber et al., 2012; Solomon
et al,, 1981, 1983; Verronen et al., 2006, 2007, Weeks et al., 1972). Based on March 2005 and April 2006 as
case studies, Verronen et al. (2011) found that 56-87% of the OH variation at 71- to 78-km altitudes can be
explained by EEP. The time period of 1 month considered is rather short and will as such not reflect the general
situation. Considering the period 2004-2009, Andersson et al. (2012) found a strong correlation of r > 0.6 (or
r? > 36%) between OH and 100- to 300-keV precipitating electrons at 70- to 78-km altitude. Although simple
correlation analyses show high correlation between OH and precipitating electrons, this correlation will also
be affected by OH variability from other sources, for example, photolysis of H,O or planetary wave activity
(Zawedde et al., 2016). The magnitude of this correlation may significantly change if the various probable
sources of OH variability are taken into account (i.e., when other variables are held constant).

The mesospheric OH response to energetic electron energy deposition has been modeled on different time
scales, for different types of events and for different geographic locations in the atmosphere (see, e.g., Aikin
& Smith, 1999; Turunen et al,, 2016; Verronen et al., 2013, 2015). Daae et al. (2012), Verronen et al. (2013), and
Andersson, Verronen, Rodger, Clilverd, and Seppald (2014) have discussed whether the frequent EEP events
could have an impact on mesospheric OH comparable to the impact due to the infrequent SPEs over long
time scales. The recurrent geomagnetic activity associated with EEP is known to vary strongly throughout a
given solar cycle and will produce a continuous and significantly fluctuating source of variability in meso-
spheric constituents. Therefore, they suspect that on solar cycle time scales, the EEP forcing could be more
important to mesospheric OH and ozone (O;) than SPEs. Andersson, Verronen, Rodger, Clilverd, and Seppalé
(2014) show that on solar cycle time scales, the direct HOy-driven effect due to EEP causes significant vari-
ability in mesospheric O;. They, therefore, suspect that EEP could be an important contributor to Sun-climate
connection on solar cycle time scales.

In a recent study, Zawedde et al. (2016) show that during solar minimum, EEP-driven OH production is compa-
rable with OH production due to the background atmospheric dynamics. Since EEP events are generally weak,
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their contribution to OH variability may be masked by the seasonal trend in H,0 and solar Lyman-a radiation
and shorter term variations such as SSWs. This may also depend on the altitude and the geographical location.
Therefore, to quantify the EPP effect, the background atmospheric dynamics, along with detailed knowledge
of where and when the precipitation occurs, needs to be taken into account. This, however, requires a method
that can simultaneously take into consideration all the available sources of OH variability. This method should
be able to consider the day-to-day variability in OH due to H,0 and Ly-a radiation as well as other atmo-
spheric parameters, for example, temperature that capture the daily and seasonal variability. In addition, the
contribution from energetic particles should also be accounted for. One way to achieve this goal is by using
multiple linear regression to assess the contribution from a parameter when all the other parameters are
held constant.

By applying a new analysis technique on measurements from the Medium Energy Proton and Electron
Detector (MEPED) on the National Oceanic and Atmospheric Administration (NOAA) Polar Orbiting Environ-
mental Satellites (POES), an estimate of the flux of precipitating electrons is obtained by measurements from
both the 0° and 90° telescopes (Nesse Tyssoy et al., 2016; @degaard et al., 2017). An estimate of the flux of
precipitating protons is obtained by combining measurements from the MEPED 0° telescope and the omnidi-
rectional detectors (0-60°) (Nesse Tyssay et al., 2013; Nesse Tyssgy & Stadsnes, 2015). The known challenges
with NOAA POES data (see, e.g., Evans & Greer, 2000; @degaard et al., 2017; Sandanger et al., 2015; Yando
etal, 2011) are overcome, giving a realistic estimate of the precipitating fluxes throughout the mesosphere.

It is from this perspective that we draw the objectives for this study. We use multiple linear regression to
model the natural atmospheric background variability of OH in order to estimate and understand the impact
of EPP on OH in general in both a geographic and magnetic coordinate system. We further investigate the
relative importance of SPEs and EEP during the declining phase of solar cycle 23 (2005-2009). We analyze
OH, temperature, geopotential height (GPH), and H,0 observations from the MLS instrument on board the
Aura satellite and particle data from the NOAA POES satellites for the years 2005-2009. Composite solar Ly-a
radiation from the Thermosphere lonosphere Mesosphere Energetics and Dynamics (TIMED) and the Solar
Radiation and Climate Experiment (SORCE) spacecrafts is also included in the analysis. In the following study,
we investigate and discuss the relative contribution to OH variability from the background parameters and
the solar energetic particles during the years 2005-2009.

2. Data

2.1. NOAA POES MEPED Observations

The NOAA/POES satellites provide an extensive data set of particle fluxes as measured by the MEPED 0° and
90° telescopes which are part of the Space Environment Monitor-2 instruments on board these satellites. We
use particle data from NOAA-16 for year 2005 and NOAA-18 particle data for the years 2006 to 2009. The
NOAA-16 and NOAA-18 particle measurements are closest in time and space to the atmospheric observations
by the Aura MLS satellite.

The two MEPED electron solid-state detectors monitor the intensity of electrons in three nominal energy
bands: >30, >100, and >300 keV (Evans & Greer, 2000), whose known data challenges have been catered for
using the new analysis toolbox described by Nesse Tyssay et al. (2016). In this toolbox, the proton fluxes are
corrected for degradation due to radiation damage by applying correction factors derived by Sandanger et al.
(2015) and @degaard et al. (2016). The corrected proton data are then used to correct the electron data from
proton contamination. Since the geometric factor for the electron detectors varies with energy, @degaard
et al. (2017) calculated new optimized geometric factors and the associated new energy thresholds for the
electron channels are >43, >114, >292, and >757 keV. The fourth electron channel is derived from relativis-
tic electron contamination of the p6 channel of the proton telescope detectors as described by Nesse Tyssay
etal. (2016).

If there is strong pitch angle diffusion and an isotropic distribution of the particles, the 0° and 90° telescopes
give a realistic estimate of the precipitating particle fluxes. Otherwise the 0° and 90° telescopes will either
underestimate or overestimate the flux of the precipitating particles, respectively, with decreasing fluxes
toward the center of the loss cone (Nesse Tyssgy et al., 2016; Rodger et al., 2010, 2013). Therefore, a com-
plete bounce loss cone flux is constructed for each of the new electron energy channels (Jdegaard et al.,
2017), using measurements from both the 0° and 90° telescopes in conjunction with electron pitch angle dis-
tribution theory as described by Nesse Tyssay et al. (2016). We convert the integral fluxes into a differential
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electron spectrum covering energies from 43 to 757 keV, which in turn is used to calculate the energy deposi-
tion as a function of altitude. In these calculations, we use the cosine-dependent Isotropic over the Downward
Hemisphere model of Rees (1989). This is a range-energy analysis based on a standard reference atmosphere
(COmmittee on SPAce Research, International Reference Atmosphere 1986).

To monitor the strong solar proton precipitation, we combine the measurements from MEPED proton tele-
scope (0°) with measurements from the MEPED omnidirectional detector system (0-60°) as described in
Nesse Tyssoy et al. (2013) and Nesse Tyssgy and Stadsnes (2015). The proton telescope measures the proton
fluxes in six energy bands over the range >30 to >6,900 keV, while the omnidirectional telescope measures
the proton fluxes with energies >16 to >70 MeV. At high latitudes, both the 0° detector and the omnide-
tector measure protons in the loss cone. Under the assumption of isotropic fluxes, which is expected during
SPEs, we combine the measurements from the two detector systems to obtain integral spectra by fitting
monotonic piecewise cubic Hermite interpolating polynomials (Fritsch & Carlson, 1980) to the measure-
ments. The energy deposition height profile for protons is calculated based on range energy of protons in air
given by Bethe and Ashkin (1953). The atmospheric densities are retrieved from the MSIS-E-90 model (Hedin,
1991). We include the SPEs (>1,000 particle flux units) from 2005 to 2009 presented in Nesse Tyssgy and
Stadsnes (2015).

2.2. Aura MLS Observations

The Aura satellite is one of the three Earth Observing System/National Aeronautics and Space Administration
core platforms (Schoeberl et al., 2006). Launched in 2004, the Aura satellite focuses on observing atmospheric
composition and it is dedicated to understanding the changing chemistry of our atmosphere. It is in a near
polar sun-synchronous orbit at 705-km altitude, giving daily global coverage with about 14 orbits per day. The
MLS is one of the four instruments on board Aura. Aura MLS measures naturally occurring microwave thermal
emissions from the limb of Earth’s atmosphere to remotely sense vertical profiles of atmospheric constituents,
every 25 s (Schoeberl et al., 2006; Waters et al., 2006).

In this study, we use Aura/MLS Level 2 files version 4.2x data for the years 2005 to 2009. We use Northern
Hemisphere (NH) nighttime data which are screened following the instructions in the data quality and descrip-
tion document (Livesey et al., 2015). The OH sensitivity to changes in temperature and H,0 is modest during
nighttime compared to daytime, indicating a better possibility of identifying EEP effects on OH at night
(Andersson et al., 2012). For the NH, considering the SZA >100° selection, approximately 97% of the MLS
observations occur at solar local times 2-5 in the geographic latitude band of 45-80°N. When a corrected
geomagnetic (CGM) latitude band of 55-70°N is considered, the SZA >100° selection gives solar local times
2-4.The temporal, vertical, and horizontal resolution of OH are 25s, 2.5 km, and 165 km, respectively, within
mesospheric altitudes (60-80 km). The vertical and horizontal resolutions of temperature, GPH, and H,0 are
variable and coarser within the mesosphere (see Livesey et al.,, 2015). The pressure levels are converted into
geometric height.

The local oscillator signal driving the Aura MLS 2.5-THz radiometers (from which OH measurements are
derived) is provided by a methanol laser which in December 2009 began to show signs of aging and was tem-
porarily deactivated (Livesey et al., 2015). In order to conserve the remaining lifetime of the THz instrument
for valuable measurements when the Sun becomes more active, OH measurements were suspended from
December 2009 to August 2011.

2.3. Solar Lyman-Alpha

The time series for the daily composite solar Ly-a radiation are retrieved from the Laboratory for Atmospheric
and Space Physics Interactive Solar IRradiance Datacenter. For the years 2005-2009, the composite Ly-a
times series consist of irradiance measurements from the Solar Extreme ultraviolet Experiment and the
Solar Stellar Irradiance Composition Experiment instruments on board the National Aeronautics and Space
Adminsitration’s TIMED and SORCE spacecrafts respectively.

Since the amount of solar radiation at a certain altitude varies as a function of the SZA, applying the exponen-
tial function of the secant of the SZA to the daily composite solar Ly-a radiation yields a function of the form
(see Andersson et al., 2012):

ISR = |, expl—psec(SZAp)] @
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where f is a an altitude dependent fit parameter related to the optical depths of ultraviolet absorption by
0; and molecular oxygen (0,), SZA,, is the daily minimum SZA for which the intensity of solar ultraviolet
radiation is maximum and |, is the daily composite solar Ly-a radiation (approximately the Ly-« radiation at
the top of the atmosphere). Assuming f to be unity gives the general daily variation in solar Ly-a radiation
with SZA.

3. Methods and Results

3.1. Variation of OH

Figure 1 (top to bottom) shows the daily mean temperature, H,0, GPH, IiZA, electron energy deposition, proton
energy deposition (for SPEs periods), and OH for years 2005 to 2009 averaged over a geographic (GEO) latitude
band of 45-80° (left) and a CGM latitude band of 55-70° (right) in the NH. All averages are for 78-km altitude
during nighttime except /32" which shows variation when f is unity during daytime. This is the case because
we are only interested in the change in |{s'z»x and not the optical properties (optical depth) of the atmosphere
which vary with altitude.

The temperature, H,0, GPH, and IZZ‘ (top two panels) exhibit a strong seasonal periodic dependence for both
geographic (left) and CGM (right) latitudinal averages. The seasonal behavior is such that high values of GPH,
H,0,and IiZA correspond to low values of the temperature at 78-km altitude during summer, whereas low val-
ues of GPH, H,0,and IiZA are associated with high temperatures during winter. The electron energy deposition
(third panels) shows a continuous signature, whereas protons show four distinct peaks for both geographic
and CGM averages. Averaging over the geographic latitude band gives a strong signal of the proton energy
deposition while weakening the signature from the electrons as the electrons are only deposited in a rela-
tively small band within the geographic latitude band. Averaging over the CGM latitude range of the radiation
belts covers most of the electron energy deposition resulting in a strong signature of electrons while that of
the protons is less prominent as the SPEs protons will be cut off depending on their rigidity (Nesse Tyssgy &
Stadsnes, 2015). As such, it is important to investigate both kinds of averages since the electrons and protons
exert a somewhat different forcing in the two different latitude band averages.

The OH daily means also exhibit a seasonal variation but not as smooth and periodic as the temperature, H,0,
GPH, and IleA. There are distinct strong peaks in the OH daily means corresponding to the peaks in the proton
energy deposition for OH averaged over the geographical latitude band. Peaks in OH corresponding to the
electron energy deposition are, however, not that evident. When OH is averaged over the latitude range of
the radiation belts (CGM 55-70°N), the data exhibit stronger short-term variability; hence, it is quite difficult
to isolate the OH peaks that are attributed to protons as well as those due to electrons. Apart from the narrow
distinct peaks associated with SPEs, OH also exhibits other relatively broader peaks during some of the winters
(2006, 2007, and 2009) associated with SSWs, shown by the vertical dashed lines. For a comprehensive list of
SSWs during the years 2005 to 2009 see, for example, Damiani et al. (2010). The narrow peaks associated with
SPEs weaken for averages over the CGM latitude band, but the broad winter SSWs OH peaks seem to persist
in both the geographic and CGM latitudinal averages.

3.2. Regression Analysis

The data are sorted by geographic coordinates; 45-80°N and by CGM coordinates; 55-70°N. Then daily aver-
ages are calculated for the respective altitudes. Triangulation-based linear interpolation is used to obtain
temperature, GPH, and H,0 data at altitudes at which Aura MLS does not retrieve observations. To allow
for normality of the regression models residuals, OH is transformed by taking its logarithm for all regression
analyses. A constant is added to OH to ensure that the logarithms are all real.

To reduce structural collinearity, the predictors are centered by subtracting the mean from the predictor vari-
ables. Structural collinearity results from inclusion of higher-order terms like interactions and squares into the
regression model. Hence, centered variables are used in the following multiple regression analysis and for the
simple regression for consistency.

The adjusted R? (also known as the adjusted coefficient of determination) gives a measure of how much of
the variation in the dependent (response) variable is explained by the regression model. The adjusted R? is
used throughout to determine how good the models fit the observed OH at a particular altitude.

Figure 2 shows the regression workflow hereafter followed through out the methods and results. The
magenta, brown, and orange arrows represent the pathways for simple linear regression, multiple linear
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Figure 1. General view of the variation of the nighttime daily mean temperature, geopotential height (GPH), H,0,
IzZA, energy deposition (electrons and protons), and hydroxyl (OH) during the years 2005 to 2009 averaged over

a geographic latitude band of 45-80°N (left) and a corrected geomagnetic latitude band of 55-70°N (right).

The temperature, GPH, H,0, energy deposition (electrons and protons), and OH are daily averages at 78 km.
Whereas IEZA is for § =1 (neglecting the altitude dependence in f). The vertical dashed lines denote some of the
sudden stratospheric warmings for illustration.

regression for the background, and multiple linear regression of the background plus the particle energy
deposition, respectively.

3.2.1. Simple Linear Regression

The top panels in Figure 3 show the Pearson’s correlation performed on the OH and the proposed predictor
variables: temperature, GPH, H,0, and Iiz“ separately for the years 2005 to 2009. The correlation is deemed
significant for p values < 0.05 (95% confidence interval). There exists a significant correlation between OH and
the proposed predictors; temperature, GPH, H,0, and I;ZA for all altitudes except at 62 and 67 km for GPH and
[SZA. The single strongest correlation is found at 75 km followed by 78 km between OH and temperature,
and OH and H, O respectively in both the geographic and CGM framework.

Given the predictors variables; temperature, GPH, H,0, and 5%, a simple linear regression model for the OH
time series is given by:

OH(t) = Cy + G, X(t) + (), X =T,GPH,H,0, 15 (3)

where e represents the random errors (or residuals) which must be normally distributed independent random
variables with mean zero and constant variance (see Rawlings et al., 1998). The regression coefficients, C, and
C,, are listed in Table 1. For both kinds of coordinate averages, simple linear regression captures the general
seasonal trend in the OH variability but fails to capture the variations due to SSWs. In order to estimate the
EPP impact over the declining phase of solar cycle 23, the regression analysis must capture both long-term
seasonal variation as well as short-term variability. Nevertheless, simple linear regression with H,0 gives a
consistently high adjusted R? (>10%) for altitudes 64, 67, 73, 75, and 78 km in a geographic setting (Table 1).In
a CGM setting, both temperature and H, O give high adjusted R? for altitudes 73-78 km. The level of variation
in OH explained by the simple linear regression models is relatively low for altitudes below 73 km.

To account for nonlinear effects in the predictors: temperature, GPH, H,0, and Iiz", second-order polyno-
mial (or quadratic) regression is opted for. But in order to adhere to the hierarchy principle, all lower order
terms are included in the model whether or not the coefficients for these effects are significant. Therefore,
the second-order polynomial regression model of the response variable OH and with any of the predictor
variables X is given by:

OH(t) = Co + CryX()) + CX2(D) +€(®), X =T, GPH, H,0, ¥ @
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Figure 2. A flow diagram showing a summary of the workflow of methods used for linear regression analyses

in this paper. The magenta arrows represent the pathway for simple linear regression. The Brown arrows represent
the pathways for multiple linear regression for background hydroxyl (OH) variability. The Orange arrows represent the
flowlines for multiple linear regression of the background OH variability plus the particle energy deposition. The
variables OH, T, GPH, H,0 and | are: hydroxyl, temperature, geopotential height, water vapor and solar Lyman alpha
radiation, respectively. The acronyms EPP, SPEs and EEP represent: energetic particle precipitation, solar proton events
and energetic electron precipitation, respectively.

where C,, C;;, and C,, are the regression coefficients also listed in Table 2 and e represents the error term
to account for the discrepancy between the predicted and observed response variable. Simple quadratic
regression not only accounts for the nonlinear effects in the predictors but also improves the amount of
variation explained by the regression models especially for altitudes above 70 km (see Figure 4a).

Temperature seems to explain more variability in OH than any of the other predictors at altitudes 75 and 78 km
(see Figure 4a). The time plot of the observed and modeled OH for 2005 to 2009 from quadratic regression
with temperature as the only predictor variable is shown in Figure 5. The adjusted R? is higher for models
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Figure 3. Top: Correlation between daily mean OH and each of the proposed predictor variables: Temperature, GPH,
H,0 and /57A. Bottom: Correlation among pairs of predictor variables. The variables OH, GPH, H,0 and I5* are: hydroxyl,
geopotential height, water vapor and solar Lyman alpha radiation as a function of the solar zenith angle, respectively.
The acronyms GEO and CGM represent: geographic and corrected geomagnetic respectively.

for which the data are averaged over a geographical latitude band than for a CGM latitude band at the same
altitude. Note that altitude 75 km displays a rather peculiar behavior in OH variability. For averages over
the geographical latitude band, summers exhibit low OH volume mixing ratio (VMR) while winters exhibit
high OH VMR at 75-km altitude, which behavior is reflected by the regression models. However, for averages
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Table 1

Simple Linear Regression: Linear Regression Coefficients for Years 2005 to 2009 for a Geographic Latitude Band of 45-80°N
(Left) and a CGM Latitude Band of 55-70°N (Right)

Alt GEO GM
Var (km) Co C, (1074 R? & C; (1074 R?
78 074 -22.88 0.24 0.76 -19.60 0.12
75 056 21.93 0.55 056 2648 0.49
73 065 -8.94 0.31 066 -8.42 0.18
T 70 0.60 -1.67 0.04 0.60 -0.45 0.03
67 061 -1.93 0.09 061 -1.35 0.03
64 0.60 -0.77 0.05 060 -0.47 0.08
62 0.60 -0.33 0.02 0.60 -0.27 0.02
78 075 135.58 0.03 076 68.29 0.01
75 056 -273.19 0.46 056 -317.14 0.38
73 065 58.54 0.1 065 45.35 0.06
GPH 70 0.60 2336 0.1 0.60 16.88 0.05
67 061 121 0.02 061 -2.67 0.02
64 0.60 11.01 0.27 060 1049 0.16
62 0.60 -0.52 0.01 060 -1.51 0.03
78 074 30080 0.43 076 255.21 0.20
75 056 -172.07 0.31 057 ~194.20 0.24
73 065 93.62 0.36 066 84.59 0.20
H,0 70 0.60 2078 0.08 0.60 1557 0.05
67 061 1450 0.1 061 1157 0.04
64 0.60 1094 0.14 0.60 853 0.10
62 0.60 455 0.04 0.60 3.99 0.02
78 075 57822 0.07 076 416.69 0.03
75 056 -814.53 0.40 056 —954.29 0.32
73 0.65 206.74 0.1 065 155.51 0.05
(B 70 0.60 103.05 0.14 0.60 8133 0.07
67 061 -3.96 0.03 061 -22.47 0.04
64 0.60 4658 0.26 0.60 43.64 0.15
62 0.60 -5.78 0.03 060 -12.16 0.06

Note. The response variable is log;(OH + constant). The constant (4) is added to ensure only positive values of OH and
hence only real logarithms of OH. The predictor variables are temperature, GPH, H,0, and Iﬁz". The coefficient of deter-
mination is given by the adjusted R2. The variables OH, GPH, H,0 and 15?4 are: hydroxyl, geopotential height, water
vapor and solar Lyman alpha radiation as a function of the solar zenith angle, respectively. The acronyms GEO and CGM
represent: geographic and corrected geomagnetic, respectively.

over the CGM latitude band, summers exhibit some rather high variability in OH that are not reflected by the
regression models. A summary of the simple linear regression workflow is shown in Figure 2 by the magenta
arrows.

3.2.2. Multiple Linear Regression

Correlation between a predictor and OH may not necessarily imply causality. We wish to combine the regres-
sion analysis with all the different parameters to allow for detection of the contribution from each predictor
variable when other variables are held constant. Therefore, the OH background multiple second-order polyno-
mial regression equation for a pure quadratic model (without interaction terms) with predictors temperature,
GPH, H,0 and I5* i of the form:

OH(t) = Gy + G T() + CpT>(8) + Gy G(8) + o G2(8) + CH(E) + CoH(8) + Coy () + Gy P (0 + €(8) - (5)
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Table 2

Simple Linear ion: Second-Order ial (Quadratic) ion Model Coefficients for Years 2005 to 2009 for a

Geographic Latitude Band of 45-80°N (Left) and a CGM Latitude Band of 55-70°N (Right)
Alt GEO cGM

Var (km) G C; (1074 C; (1074 R? & Gy (1074) Gy (1074 R?
78 0.68 -8.33 2.28 0.56 0.69 —-7.81 239 0.45
75 0.56 2217 0.16 0.54 0.56 2649 -0.03 0.49
73 0.65 —-8.05 0.40 0.39 0.65 -8.37 0.34 0.26

T 70 0.60 -2.04 0.21 0.10 0.60 -0.92 0.16 0.06
67 0.61 —2.60 0.18 0.14 0.61 -1.78 0.10 0.04
64 0.60 -0.32 —0.12 0.08 0.60 —0.09 —0.09 0.09
62 0.60 —-0.65 0.06 0.06 0.60 -0.70 0.07 0.05
78 0.70 243.65 424.11 0.24 0.71 189.11 449.79 0.18
75 0.57 —288.28 —50.80 0.49 0.57 —344.26 -72.78 0.42
73 0.64 68.22 46.09 0.20 0.65 60.87 47.22 0.11

GPH 70 0.60 26.82 1212 0.15 0.60 19.27 5.53 0.06
67 0.61 1.70 149 0.02 0.61 -2.59 0.16 0.02
64 0.60 11.87 2.00 0.29 0.60 11.46 145 0.17
62 0.60 0.36 1.81 0.05 0.60 —0.04 197 0.03
78 0.71 172.45 113.32 0.46 0.72 119.10 127.41 0.25
75 0.58 —140.51 —47.08 0.35 0.58 —142.06 —68.36 0.30
73 0.64 68.25 50.07 0.50 0.64 63.42 4838 0.31

H,0 70 0.60 20.80 -0.15 0.08 0.60 15.58 0.05 0.05
67 0.61 15.14 7.4 0.15 0.61 1212 3.58 0.05
64 0.60 11.90 345 0.17 0.60 9.80 279 0.12
62 0.60 4.96 153 0.04 0.60 3.94 -0.14 0.02
78 0.70 892.30 2,981.60 0.24 0.71 819.08 3,509.60 0.18
75 0.57 —885.15 —604.14 0.43 0.57 -1,057.70 —680.53 0.36
73 0.65 251.49 480.36 0.17 0.65 211.37 417.30 0.08

z2 70 0.60 119.46 136.78 0.16 0.60 100.83 12441 0.08
67 0.61 -0.99 2571 0.03 0.61 -21.17 837 0.03
64 0.60 54.94 55.76 0.31 0.60 56.06 61.13 0.18
62 0.60 =127 29.88 0.04 0.60 —6.00 29.06 0.04

Note. The coefficients C;;and C;, are associated with the predictor variables temperature, GPH, H,0, IZZ‘ and their
squared terms, respectively. The response variable is og;o(OH + constant). The constant (4) is added to ensure only pos-
itive values of OH and hence only real logarithms of OH. The coefficient of determination is given by the adjusted R2.
The variables OH, GPH, H,0 and IfXZA are: hydroxyl, geopotential height, water vapor and solar Lyman alpha radiation
as a function of the solar zenith angle, respectively. The acronyms GEO and CGM represent: geographic and corrected
geomagnetic, respectively.

where Cy, Cjy, Cj5 ... Cpy, Cp are the regression coefficients (also listed in Table 3) and ¢ is the error term.
Polynomial regression allows for a nonlinear relationship between the response variable and the predictors
as well as maintaining a linear regression framework (linear in the regression coefficients). The coefficients

for multiple linear regression without quadratic terms are also listed in Table 3 for completeness.

Itis, however, evident that there is significant correlation among the predictor variables as shown in Figure 3
(bottom panels), which is strongest between GPH and Iff“. The violation of the basic assumptions of normal-
ity, independence, and constant variance of the residuals and the predictor variables being measured without
error leads to problems in least squares regression analysis (see Rawlings et al., 1998). Correlation among
predictor variables, however, does not always result in collinearity. The inclusion or exclusion of a certain
predictor for example H,0 may increase or decrease collinearity.
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Figure 4. Line plots showing the amount of variation in OH explained by the different regression models for years
2005 to 2009. The data are averaged within the geographical (GEO) latitude range of 45-80°N (left) and within a
corrected geomagnetic (CGM) latitude range of 55-70°N (right). (a) Adjusted R? from simple linear regression.

The dotted lines represent linear (/) regression models, whereas the solid lines represent the quadratic (q) models.

The colors red, blue, green, and cyan represent temperature, GPH, H,0, and IiZA, respectively. (b) Adjusted R? from
multiple linear regression. The black lines represent the model of the background OH variability. The red lines represent
the model of the background plus the energetic particle precipitation (electrons and protons). The blue lines represent
the model with only electrons added, while the green lines represent a model for which only protons are added

to the background. (c) Relative importance of temperature, GPH, H,0, and /22“ in a model for which the total energy
(EPP) is added. (d) Relative importance of EEP, SPEs, and EPP shown by the amount variation explained by each kind of
forcing at a particular altitude.
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Figure 5. Simple Linear Regression: Second-order polynomial regression of the response variable hydroxyl (OH) and
temperature as the predictor for years 2005-2009. The data are averaged within the geographic (GEO) latitude range
of 45-80°N (left) and a corrected geomagnetic (CGM) latitude band of 55-70° N for altitudes 73, 75, and 78 km.

The black line represents the OH observation, while the blue line represents the modeled OH.

Therefore, we performed Belsley et al. (2005) collinearity diagnostics that assesses the sources and the asso-
ciated strength of collinearity among variables using condition indices and variance decomposition. The
condition indices identify the number and strength of any near dependencies in the predictor variables.
Whereas the variance-decomposition proportions identify groups of predictors involved in near dependen-
cies, and the extent to which the dependencies may degrade the regression coefficients. The predictor terms
for which the condition index is >10 and the variance decomposition is > 0.5 are deemed to degrade the
regression coefficients and are therefore excluded from the regression models.

Stepwise regression is used for variable selection. Stepwise algorithm searches for and adds or removes terms
until no terms can be added or removed from the model. Using the sum of squared error criterion, the stepwise
algorithm adds the terms to the model if the sum of squared error of the model is smaller than 0.05 and
removes terms from the model if p value of the F statistic is larger than 0.1. After finding the models’ form
and the relevant parameters (or terms) using stepwise regression, robust weighted least squares regression
with bisquare fitting weight function was used to create models that are least affected by outliers. The models
were further tested with both a quadratic (with interaction terms) and a pure quadratic (without interaction
terms) models. In the following analysis we show only pure quadratic models as they were less affected by
collinearity effects.

As already noted, polynomial regression (q) gives higher adjusted R? than linear regression for the same
altitude (see, e.g., Figure 4a: the solid lines [g] against the dotted lines [/]). The multiple linear regression
model further improves the description of the background variability as illustrated by the solid black lines in
Figure 4b. The regression workflow for obtaining the background OH models is summarized in Figure 2 by fol-
lowing the brown arrows. With the background model obtained, then the different types of particle energy
deposition are added to the model separately. This results in three models; a model of the background plus
the electron energy deposition (EEP), a model of the background plus the proton energy deposition (SPEs),
and a model of background plus the total particle energy deposition (EPP) whose coefficients are recorded
in Table 4. Figure 6 shows time plots of observed (black line) and modeled OH for years 2005 to 2009 for alti-
tudes 62 km to 78 km in the NH for the geographic latitude band. The same plots but for the CGM latitude
band are shown in Figure 7. In blue are the models for the background OH variability, whereas red shows mod-
els for which the total energy deposition is included. The altitudes 75-78 km exhibit the highest adjusted
R? for all models in the geographic and CGM latitudinal settings, respectively. Models under a geographic
latitude setting give higher adjusted R? than their CGM latitude setting counterparts. The line plots of the
adjusted R? from the four models is shown in Figure 4b. For the geographical latitude setting, the electron
(blue) contribution to the adjusted R? is lower than that of the protons (green) at all altitudes except at 78 km.
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Variabity of OH sources: EPP and the background atmosphere
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Figure 6. Multiple Linear Regression: Time plots showing observed hydroxyl (OH) (black line) against modeled OH for
altitudes 62 to 78 km. The blue lines represent modeled background OH variability. The red lines represent modeled
background OH including the contribution of energetic particles (electrons and protons). The data are averaged within
the geographical (GEO) latitude range of 45-80°N.

Ina CGM latitude setting, however, the contribution of electron energy deposition (blue) above 70-km altitude
is comparable to that of protons. While the contribution of protons (green) increases with decreasing altitude
and maximizes at 67 km. A summary of the regression workflow for obtaining the relative importance of the
proposed predictors to the OH variability is shown in Figure 2 by the orange arrows.

3.2.3. Relative Importance

In Figure 4b we can only approximately deduce the contribution of the particle forcing to the variability in
OH. In order to investigate the relative contribution of each of the predictors in the regression models, we
predict OH using the terms for each predictor in the regression model. Then calculate the correlation coeffi-
cient, r; between the observed and model OH, then calculate r2 by squaring r.. The total 2 is the sum of the

Fotal
individual r,z.Therefore, the contribution of each predictor to the adjusted R? is obtained by

R = (/i) * R ©®
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Figure 7. Multiple Linear Regression: Time plots showing observed hydroxyl (OH) (black line) against modeled OH for
altitudes 62 to 78 km. The blue lines represent modeled background OH variability. The red lines represent modeled
background OH including the contribution of energetic particles (electrons and protons). The data are averaged within a
corrected geomagnetic (CGM) latitude range of 55-70°N.

where i represents each predictor variable including its higher-order terms if any. Figure 8 shows time plots
of the contribution of each predictor variable to the adjusted R? for altitude 78 km in a model to which EPP is
added. The figure shows the observed OH in black, modeled OH in red (part a), and the contribution of each
predictor variable in blue (b-e). H,0 seems to play a dominant role in the background model, with a contri-
bution of about 33% in the geographical setting. Whereas in a CGM setting, temperature seems to dominate
with a contribution of 33% at this altitude. SSWs are well approximated by the temperature variability. The
particle contribution at this altitide is about 9% and 5% in the geographic and CGM coordinate settings,
respectively. This type of breakdown of the contribution of each predictor is done for electrons (EEP), protons
(SPEs), and EPP for all altitudes, and the results thereof are shown in Table 5.

The breakdown of the relative importance of the background predictors in an atmosphere that is respond-

ing to the total energy deposition (EPP) is shown in Figure 4c and in Table 5. It is evident that temperature
and H, 0 consistently contribute to OH variability at all altitudes. The /iz" and GPH, however, only sporadically

o
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Figure 8. Multiple Linear Regression: Time plots showing observed hydroxyl (OH) (black line) against modeled OH
contribution from each of the predictors in the regression model at 78 km. The blue lines represent modeled
background OH variability due to at most one predictor in the regression model. The red lines represent modeled OH
which includes the background and the contribution of energetic particles (electrons and protons). The data are
averaged within the geographical (GEO) latitude range of 45-80°N (left) and within a corrected geomagnetic (CGM)
latitude range of 55-70°N (right).

contribute to OH variability at altitudes 64-70 km and 73-78 km, respectively. Therefore, by considering
temperature and H,O only, H,0 dominates over temperature at altitudes 64-73 and 78 km in a geographic
setting with a contribution of up to 33%. Also, H,0 dominates over temperature at 64-73 km in a CGM set-
ting with a contribution of up to 22%. At 78-km altitude in a CGM setting, temperature dominates over H,0
with a contribution of 33%. The temperature gives the highest contribution with up to 36% and 34% at 75-km
altitude in the geographic and CGM coordinate settings, respectively.

Furthermore, to assess the relative importance of EEP, SPEs, and EPP, a line plot of the contribution of each
forcing is shown in Figure 4d. For a geographic setting, electrons contribute up to 15% at 67-km altitude. The
contribution of protons increases with decreasing altitude with maximum contribution of about 43% at 67-km
altitude. The trend of EPP is the same as that due to SPEs with little difference in values. In a CGM setting, the
electron contribution maximizes at 67 and 75 km with a contribution of about 11%. Protons contribute up to
32% at 67 km. The trend of EPP generally follows that of SPEs at all altitudes with maximum contribution of
about 34% at 67 km.

Note that there may be a discrepancy of up to +2% between the total contribution from the predictors and
the adjusted R2. This is probably due to rounding off errors.

4. Discussion

4.1. Mechanisms Directly Driving OH Background Production

Nighttime mesospheric background OH has two main sources: remnants of the daytime production and the
reaction of O; with atomic hydrogen (H). During normal, unperturbed conditions in the mesosphere, OH is
mainly produced through photodissociation of H,0 by the reaction given by equation 1. The chemical lifetime
of HOy is of the order of 0.1 to 1 day in the mesosphere, allowing for the existence of the remnant of daytime
OH production after sunset (see Pickett et al., 2006).
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Table 5
Multiple Linear Regression: The Contribution of the Various Predictor to the Amount of Variation in OH Explained by the Regression Models for Altitudes 62 to 78 km in the
Northern Hemisphere

Alt GEO CGM
(km) T G H I E R? T G H ! E R?
78 0.06 021 038 0.04 069 031 0.03 021 0.03 058
75 038 0.15 0.08 061 035 0.10 011 056
73 0.17 0.04 0.29 0.10 0.60 0.13 0.03 020 0.07 043
EEP 70 0.03 0.06 0.10 0.10 028 0.02 003 0.07 0.06 0.18
67 0.05 0.11 0.00 0.15 031 0.02 0.04 0.00 0. 0.18
64 0.02 0.10 017 0.08 037 0.02 0.06 0.09 0.07 0.24
62 0.06 0.04 0.00 0.05 015 0.05 0.02 0.00 0.03 0.1
78 0.07 0.19 032 0.08 0.67 0.28 0.02 0.18 0.04 0.53
75 036 0.13 013 063 035 0.09 0.13 0.56
73 0.16 0.04 0.28 0.15 064 0.13 0.03 0.19 0.08 043
SPE 70 0.03 0.05 008 0.19 034 0.03 005 0.10 0.16 035
67 0.05 0.12 0.00 043 061 0.03 0.06 0.00 032 041
64 0.02 0.1 0.19 026 059 0.02 0.08 013 0.18 0.40
62 0.07 0.05 0.00 030 041 0.05 0.02 0.00 0.15 0.22
78 0.06 0.19 033 0.09 068 033 0.03 022 0.05 0.62
75 0.36 0.14 0.14 0.64 0.34 0.09 0.16 0.58
73 0.16 0.04 0.28 0.16 0.65 013 0.03 0.19 0.10 045
EPP 70 0.03 0.05 0.08 0.19 034 0.03 0.05 0.10 0.17 035
67 0.05 0.12 0.00 0.4 062 0.03 0.06 0.00 034 043
64 0.02 0.1 0.19 027 059 0.02 0.08 013 0.19 0.42
62 0.07 0.05 0.00 030 042 0.05 002 0.00 0.15 0.22

Note. Also shown is the adjusted R? for regression models for each altitude. The acronyms EEP, SPE, and EPP stand for the electron, protons, and total (electrons
plus protons) energy deposition. The letters T, G, H, I, and E represent the contribution due to the predictors temperature, GPH, H,0, I{?{ZA, and energy deposi-
tion, respectively. The variables GPH, H,0 and Iiz“ are: geopotential height, water vapor and solar Lyman alpha radiation as a function of the solar zenith angle,
respectively. The acronyms GEO and CGM represent: hic and corrected ic, respectively.

The nighttime temperature, GPH, H,0, and I3 shown in Figure 1 depict clear seasonal variations which are
also reflected in the OH VMR, although not so distinctly. The seasonal cycle in the mesospheric temperature,
GPH, and H,0 is related to the meridional circulation pattern which is characterized by upwelling at the sum-
mer pole, transport of air from the summer pole to the winter pole, causing piling of mass and descent at
the winter pole. Adiabatic upward motion of air causes expansion and cooling and also brings up air rich
in H,0 from lower altitudes. Adiabatic downward displacement causes compression and warming, and also
the descent of dry air from thermospheric altitudes. The descent and ascent of pressure surfaces during winter
and summer respectively is seen in Figure 1 in the second panels from top (i.e., GPH). Hence, during summer
the mesospheric temperatures are low but the air is rich in H,0 implying more production of OH through
photodissociation of H,0 by solar Ly-a radiation which is also high during summer at upper mesospheric alti-
tudes (above 70 km). During winter, the temperatures are high but the H,0 is low, hence low background
production of OH. However, the NH high-latitude winter is associated with dynamical processes involving
even higher than normal winter time temperatures (>220 K) and increases in the background OH production
for example during January 2006, 2007, and 2009 in Figure 1.

The temperature is dynamically connected to GPH and H,0, and they are anticorrelated as evident in Figure 1
(top 2 panels). Temperature is also anticorrelated with /iz“. Figure 3 (top panels) shows that generally tempera-
ture is negatively correlated with OH in the mesosphere, except at 75-km altitude. There are, however, periods
in winter during which temperature shows a positive correlation with OH. One such example is January to
middle March 2009 in the NH corresponding to the 2009 record breaking Arctic SSW during which the polar
vortex split, resulting in a greater impact on the lower stratosphere than any other previously observed SSW
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with no siginificant recovery of the vortex in that region (Manney et al., 2009). From Figure 1, the high temper-
atures also correspond to low GPH and low H,0 VMR at the same altitude. This event is preceded by a period
during which the OH abundances are low, corresponding to low temperatures, high GPH, and inappreciable
change in H,0 VMR.

Planetary wave activity at high latitudes during winter is associated with these temperature enhancements
and are known to cause descent of thermospheric dry air, as well as atomic oxygen (O) and H to mesospheric
altitudes (see, e.g., Damiani et al., 2010; Zawedde et al., 2016). The O will participate in a three body reac-
tion with O,, creating O; which reacts with H to form vibrationally excited OH (OH*) by the reaction (Winick
etal, 2009):

H+0; — OH* + 0, @)

The OH* is deactivated either by photon emissions in the Meinel band or by collisional quenching (Brasseur &
Solomon, 2005). Therefore, in addition to photolysis of H,0 by solar radiation, SSWs and the related planetary
wave activity drive mechanisms that enhance OH.

Models with only linear terms failed to capture the variability in OH due to SSWs. The linear terms in the
models estimate well the OH background seasonal variability, whereas the quadratic terms estimate well
the OH variability due to SSWs. Models with quadratic terms, therefore, successfully accounted for both
long- and short-term variations of the background enabling the assessment of the importance of EPP-driven
OH production.

4.2. EPP-Driven OH Production

Figure 1, third panels, shows the energy deposition for data averaged over a geographic latitude band of
45-80°N and a CGM latitude band of 55-70°N. The solar energetic protons would precipitate over the entire
polar cap. Hence, the impact region would cover a large part of the geographical latitude band of 45-80°.
Whereas the latitude range of Earth’s radiation belts related to energetic electrons is well approximated by the
CGM latitude band of 55-70° . Compared to the entire polar cap, the latitude range of the radiation belts is a
small band within the NH. As such, the results would be biased by the dominant type of particle forcing if only
one of the latitude bands is considered. Generally for modeling the background OH variability, geographic
models seem to explain a lot more variability in OH than their CGM counterparts, the improvement ranging
from 4% to 19% within the mesosphere by comparing Figures 6 and 7 (blue plots). This may be because the
parameters responsible for OH background production are oriented in a geographic coordinate system rather
than a magnetic coordinate system.

It is well known that EPP leads to production of odd hydrogen of which OH is part. With the availability of
OH data from the Aura satellite, the effects of the strong infrequent SPEs have been extensively studied even
over the years in question (see, e.g,, Damiani et al., 2008; Verronen et al., 2006, 2007). There has also been
several more recent studies on the direct EEP impact on OH (see, e.g., Andersson et al., 2012; Andersson,
Verronen, Rodger, Clilverd, & Wang 2014; Verronen et al., 2011; Zawedde et al,, 2016). It is, however, difficult
to find convincing observational evidence of OH increases associated with precipitating electrons at altitudes
below 70 km especially during solar minimum years (see, e.g., Verronen et al., 2011, 2013). With multiple lin-
ear regression, we show that there is significant and quantifiable OH changes due to EEP even below 70 km
associated with relativistic electrons, which is separable from the background production. We find that in a
CGM coordinate setting, for example, EEP contributes up to 11% to the OH variability at 67 km. This estimate is
0.92 times the correlation of r > 0.35 (2 > 0.12 or 12%) between OH mixing ratios and precipitating electrons
reported by Andersson et al. (2012) for the altitude 52-70 km, that is, at altitudes affected by 100 keV-3 MeV
electrons. Correlation between a single predictor and OH may, however, not necessarily imply causality and
correlation analysis does not account for other sources of OH variability.

A number of publications have discussed whether precipitation of electrons from the radiation belt can have
a large impact on the composition of the mesosphere comparable to SPEs (see, e.g., Andersson, Verronen,
Rodager, Clilverd, & Seppala 2014). EEP events are weaker, and their chemical response is hard to detect but
occurs much more frequently than the strong sporadic SPEs. Nevertheless, the weak geomagnetic storms
associated with EEP during solar minimum produce local OH enhancements that are comparable to the OH
enhancements due to background atmospheric dynamics (see, e.g., Zawedde et al., 2016). In order to under-
stand and quantify the effect of EEP on mesospheric OH, we model the background OH variability, taking into
account all the possible sources of OH variability as given in Table 3. Furthermore, the contribution of each
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predictor variable to the adjusted R? is estimated by equation (6) as described in subsection 3.2.3 and listed
in Table 5. At 78 km for example, temperature, GPH, H,0, 5%, and EPP contribute 6%, 19%, 33%, 0%, and 9%
respectively for a geographic setting, with an adjusted R? of 68%. These numbers will slightly vary depending
on the kind of particle forcing included in the regression model. It is clear that H,O dominates the background
OH production at this altitude. For a CGM setting at 78 km, temperature, GPH, H,0, I5%, and EPP contribute
33%, 3%, 22%, 0%, and 5% respectively (see Figure 8).

Considering all altitudes, GPH exhibits a sporadic contribution at 73- to 78-km altitude, which weakens in a
CGM setting. The /52* contribution though sporadic, dominates at 64- to 70-km altitude (see Figure 4c). While
temperature and H,0 show consistent contribution to OH variability at all altitudes and hence are the domi-
nant contributors. Temperature plays adominant role at 75 km where it exhibits maximum contribution to OH
variability. As mentioned earlier this altitude has a reverse seasonal behavior to that exhibited by other meso-
spheric altitudes. H,0 seemed to be the main contributor to OH variability at altitudes 64-73 km. Generally,
temperature dominates OH variability in the upper mesosphere while in the lower mesosphere, H,0 domi-
nates over temperature. The dominance of temperature over H,0 in the upper mesosphere (75-78) for the
CGM models (Figure 4c, red line) is consistent with the Sodankylé lon and Neutral Chemistry (SIC) model runs
for March 2008 for altitudes 65-75 km at 60°N/S by Andersson et al. (2012) performed to verify the sensitivity
of OH to H,0 and temperature. These model runs, however, do not include particle precipitation.

H,0 is important for the background OH production through photolysis, it may also be important for the
dynamical OH production since it is dynamically connected to temperature. Further, H,0 is important for
the EPP-OH production because it is an important constituent for formation of water cluster ions. Meso-
spheric HO, regardless of its source, can be converted to molecular hydrogen (H,) by the reaction (Crutzen
& Solomon, 1980):

H+HO, - H, + 0, (8)

For EPP, this effect is most pronounced in the altitude range 70 -85 km, thus temporarily resulting in enhanced
conversion of H,0 to H, after an event. This results in a nonlinear relationship between OH and EPP. Therefore,
with simple linear regression alone, it is not possible to clearly distinguish between the different pathways
H,0 can affect the OH production.

In case of strong precipitation events, the H,O cluster reactions which occur during EPP-HO, production
may be obstructed by dissociative recombination of the intermediate positive ions with electrons, resulting
in lower HO, production rate (<2 radicals) during periods of elevated electron concentrations (Solomon et
al, 1981). This process may be expedited if the H,O mixing ratios become less than a few parts per billion
(ppb). In that case, even the natural electron concentration may considerably reduce the efficiency of HO,
production through water cluster reactions. The Solomon et al. (1981) Figure 2 shows that HOy production
rate decreases with increasing ionization rate and also decreases with increasing altitude (see also Sinnhuber
et al,, 2012). The decrease of EPP-HO, production rate is hence strongly dependent on H,0 which in turn is
modulated by season, latitude, and the rate of vertical transport. Therefore, it is reasonable to assume that in
our regression analysis the overestimation of OH production during periods of intense precipitation events
is due to this nonlinear relationship between the ionization rate and the HO, production rate. This effect is
seen in Figures 6 and 7 for the red plots especially for altitudes 75 and 78 km. At 75 km, for example, consider-
ing the January 2005 SPE, the models shown in Figures 6 and 7 overestimate the OH VMR by ~6% and ~40%
for the geographic and CGM latitude bands, respectively. The peak ionization rates of 734 cm~3s~" and 730
cm~3s~" (not shown) associated with this event in the geographic and CGM coordinate settings are consis-
tent with a HO, production per ionization of ~1.7-1.8 at 75 km (see Solomon et a., 1981). These production
rates are 10-15% lower than the assumed 2HO, per ionization.

Andersson, Verronen, Rodger, Clilverd, and Seppéla (2014) argue that although the duration of the forcing
for individual EEP events is only a few days, the high frequency of occurrence of EEP events is enough to
cause variability in mesospheric O; on solar cycle time scales. For years 2005 to 2009, our results show that
in the mesosphere, electrons contribute up to 11% variability in OH in a CGM coordinate setting (Figure 4d,
blue), which is not directly comparable to the estimate (9%) from Andersson, Verronen, Rodger, Clilverd, and
Seppala (2014) for O, depletion since OH cataltytically deplets O5. The difference might also be due the fact
that we are considering a wider latitude band (55-70°) than that (55-65°) by Andersson, Verronen, Rodger,
Clilverd, and Seppéld (2014). Further, Figure 4c is for the NH, while the Andersson, Verronen, Rodger, Clilverd,
and Seppéla (2014) Figure 3¢ shows the Southern Hemisphere. They looked at the EEP impact by contrasting
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periods of maximum and minimum EEP activity, which they considered as an indication of the maximum
variability during the solar cycle, while we use multiple linear regression to investigate the contribution from
a predictor variable when other variables are held constant.

The relative contribution of EEP, SPEs, and EPP is shown in Figure 4d. For the geographic setting, the relative
contribution from electrons maximizes at 67-km altitude with a contribution of 15%. But still this is much lower
than the maximum contribution of protons which is up to ~43% at 67 km. Protons dominate over electrons
in the contribution to OH production in a geographic coordinate system setting as protons precipitate over
the entire geographic band in question, whereas electrons precipitate within a limited region connected to
the Earth’s radiation belts (see, e.g., Andersson, Verronen, Rodger, Clilverd, & Wang 2014). In a CGM coordinate
system, which follows the latitude range of Earth's radiation belts, EEP contribution to the OH variability is
comparable to that of SPEs for altitudes above 70 km with a contribution of 11% at 75 km. This is consistent
with 50- to 200-keV electrons which deposit most of their energy within 70-78 km (see, e.g., Andersson et al.,
2012; Turunen et al., 2009). Relativistic electrons (>200 keV) deposit their energy below 70 km where the EEP
impact exhibits maximum contribution of up to 11% at 67 km. Protons contribute most below 70 km with
maximum contribution of 32% which also occurs at 67 km. The EPP profile generally resembles the proton
profile for all altitudes with two distinct maxima at 67 and 75 km. These maxima correspond to contributions
of 34% and 16%, respectively.

In general, over the declining and minimum phase of the solar cycle 23, the background parameters are
responsible for most of the OH variability in the upper mesosphere above 70 km. For altitudes 62-70 km,
however, EPP (and SPEs) seems to contribute more than any of the other predictors in the respective regres-
sion models (see Figures 4c and 4d). EEP dominates over the background at 67 km in both the geographic and
CGM coordinate setting, respectively. Therefore, the derived effectiveness of a particle source in contributing
to variability of OH depends on the type of coordinate system one is working in, as well as the energy of the
incident particles which will ultimately determine the altitude at which the energy will be deposited.

4.3. On Shorter Time Scales

Along time series, including different phases of the solar cycle, is required when assessing the relative impor-
tance of EEP and SPEs upon OH in general. The lack of SPEs and the lower intensity of the EEP during solar
minimum implies, however, that the role of EPP with respect to the background variability will be damped as
the background variability is much less affected by the solar cycle phases. For completeness, we wish therefore
to demonstrate how the methodology works on shorter time scales.

We apply the methodology in subsections 3.2.2 and 3.2.3 focusing solely on the more active years 2005-2006,
where we find most of the EPP activity both in regard to SPEs and EEP. Figure 9 shows the relative contribu-
tion of EEP, SPEs, and EPP to the observed OH variability. In this case, the role of EEP in the geographic and
geomagnetic latitude bands is up to ~22% and ~20%, respectively. Averaging the OH data over the CGM lati-
tude band introduces short-term variations, most pronounced during summer, with features that are neither
captured by the background variability nor by EEP. There is, nevertheless, an improvement of up to 7% in the
EEP contribution at 75-km altitude due to changing to the CGM setting. It is also evident that EPP in general
now is responsible for 14-60% of the OH variability between 62- and 78-km altitude.

Further, the methodology can also be used to target the relative importance of the different parameters on
for example seasonal time scales. In particular, EPP-induced ozone loss during late winter and early spring
has been considered as a candidate for influencing the meridional temperature change and subsequently
the upward wave propagation. This could potentially impact the atmospheric dynamics from the lower meso-
sphere, stratosphere, and all the way to the ground (e.g., Seppala et al., 2009, 2013). Figure 10 shows the break-
down of the contribution of the various predictors to the modeled OH variability at 78 km during February
to April 2005 and 2007. The OH background level is impacted by the spring transition at the end of the peri-
ods, as well as individual EEP events. For these two case studies, EEP contributes 30—-34% to the modeled OH.
The contribution from EEP is more than the background contribution at 78 km. At the other altitudes, the
background generally contributes more than EEP (not shown), except at 73 km for 2005.

A detailed analysis of the relative importance of EPP and the background analysis at different time scales are,
however, out of scope of the current study as the main objective is to shed light on the relative importance
of EEP and SPEs which requires a long time series. It demonstrates, however, the potential of a multiple linear
regression model to contribute to also other important questions regarding EPP effect on OH.
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Figure 9. Multiple Linear Regression: Relative contribution of EEP, SPEs and EPP for years 2005-2006 for the
geographical latitude band (45° -80° N) and CGM latitude band (55°-70° N). The red, blue and green lines represent
EPP, EEP and SPEs respectively.

4.4. Comparison to Other Studies

In one of the earliest review studies, Thorne (1980) assesses the relative contribution of certain classes of EPP
to the chemical composition of the middle atmosphere. He stresses the production of odd nitrogen (NOy)
and HOy and their subsequent role in catalytic destruction of O;. Using the August 1972 SPE, Thorne (1980)
shows that the effect of this event peaks at ~50 km with up to 50% reduction in Os. Such depletions of
polar O; should cause a net reduction in the heating rate of 2.5° K/day at 60 km and 1.3° K/day at 45 km
(under sunlit conditions). Thorne (1980) also combines ionization rates during two intense Relativistic Electron
Precipitation events with cluster ion chemistry results to obtain profiles for mesospheric HO, production,
which he compares to the two major quiet time sources of HO,. From that study it is evident that elec-
tron precipitation can provide an important contribution over a broad altitude range near 70 km within the
mesosphere which behavior is also seen in our analysis in Figure 4d.
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Figure 10. Multiple Linear Regression: Time plots showing observed OH (black line) against modeled OH contribution
from each of the predictors in the regression model at 78 km for the spring transitions in 2005 (left) and 2007 (right).
The blue lines represent modeled background OH variability due to at most one predictor in the regression model.

The red lines represent modeled OH which includes the background and the contribution of energetic electron
precipitation. The data are averaged within the CGM latitude range of 55°-70°N.
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On a diurnal scale, Aikin and Smith (1999) model the response of mesospheric constituents to EEP for two
precipitation scenarios for altitudes 65, 70, and 75 km. They report that at high latitudes OH and HO, concen-
trations are enhanced by electron energy deposition with the largest difference between the background and
EEP-induced OH and HO, occurring in the early morning hours. They stress that during the day, the extent
of enhancement depends on overcoming the background production which is proportional to the ambient
H,0 mixing ratio. For our study, however, we use only nighttime data for all the analysis mainly to ensure a
low OH background that will enable easier detection of EEP induced OH.

Verronen et al. (2013) select the four strongest EEP events that occurred during the period 2004 to 2009:
January, March; May 2005 and April 2006 and use the SIC model to study the effect of radiation belt electron
precipitation on mesospheric OH and O; from Aura MLS. They show that the magnitude of EEP-induced OH
increase depends on the SZA and the level of the background OH production with the largest OH increase
seen in the winter pole at around sunrise as also reported by Aikin and Smith (1999). The OH enhancements
reported in this study led to several tens of percent depletion to O;, which was comparable to the effects
previously reported in cases of large SPEs. Although the SIC model was able to reproduce the observed daily
variability of OH and O; at 70- to 80-km altitude, they report significant differences in the absolute OH con-
centrations in the lower mesosphere. This implied that some correction might be needed for energies >300
keV in order to make confident conclusions at lower altitudes. With our current study, however, we have incor-
porated the necessary corrections for proton contamination of the electron channels and also accounted for
relativistic electrons (>757 keV) which deposit their energy in the lower mesosphere as described in Nesse
Tyssoy et al. (2016).

Verronen et al. (2015) use the electron concentration observations of the European Incoherent Scatter sci-
entific Association incoherent scatter radars located in Tromsg to investigate the contribution of proton and
electron precipitation to the observed electron density in the mesosphere-lower thermosphere during the
October—November 2003 and September 2005 SPEs. They compare European Incoherent Scatter scientific
Association measurements to the results from the SIC model, designed to separate the effects of protons
and electrons. Using proton and electron ionization rates calculated from the Atmospheric lonization Model
Osnabriick v1.2, Figure 1 in Verronen et al. (2015) generally shows that protons dominate over electrons at
lower altitudes (below ~72 km for September 2005 SPE) and electrons dominate at higher altitudes. This trend
is also exhibited by our results in Figure 4b. Although there are similar trends for the electron and proton con-
tribution, this differs from our study in the following ways: First as already mentioned, the source of the particle
forcing differs in that we use both SPEs and EEP events for the period 2005 to 2009 in our analysis whereas
Verronen etal. (2015) use two SPEs as the source of proton and electron precipitation. Then the ultimate effect
and altitude of the particle precipitation is different for both studies, we are interested in effects on meso-
spheric chemistry, while they are interested in ionospheric effects. Furthermore, due to proton contamination
of the POES MEPED electron detectors, the Atmospheric lonization Model Osnabriick v1.2 electron ionization
seems to be overestimated during SPEs forcing below 90 km where our region of interest in located. As already
stated, NOAA POES data challenges are catered for as described in Nesse Tyssay et al. (2016) for this study.

Overall, we find that in both geographic and CGM coordinate settings, the SPEs contribution to the OH vari-
ability dominates over that due to electrons for all altitudes. We find that the magnitude of the electron
contribution from this study is less than that from other studies, for example, by Verronen et al. (2011) and
Andersson et al. (2012) possibly due to the fact that those studies use correlation analysis without accounting
for the presence of other sources of OH variability. Furthermore, some of these studies investigate case stud-
ies of very active periods which provide the short-term EEP effects on mesospheric OH and consequently on
0;. With this multiple linear regression, we investigate the relative contribution from the different available
sources (or parameters) to the observed nighttime OH variability during 2005 to 2009, covering the declining
and minimum phase of the solar cycle 23.

5. Summary and Conclusions

We model the natural background variability in nighttime OH using multiple linear regression, taking into
account the temperature, GPH, H,0, and Iflz“. Using the new MEPED analysis toolkit, we estimate the par-
ticle energy deposition in the mesosphere. We then add the different kinds of particle energy deposition
(i.e., EEP, SPEs, and EPP) separately to the background regression model resulting in three types of models.
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Our results show the breakdown of the contribution from the various sources to OH variability, giving the
relative importance of these sources in the mesosphere.

Our models are able to capture both seasonal variations as well as short-term variability such as SSWs.
Generally, temperature and H,0O seem to consistently contribute to OH variability and hence are considered
the most important contributors to mesospheric background OH variability. By comparing temperature and
H,0 profiles, H,0 seems to be a dominant contributor to the background OH production at altitudes 64-73
km in both coordinate settings. Temperature dominates at 75-km altitude with maximum contribution of 38%
and 35% in the geographic and CGM settings, respectively.

Further, we have evaluated the role of EPP and the relative importance of EEP and SPEs over the declining and
minimum phase of the solar cycle 23. However, the derived effect of energetic particles on OH depends on
the applied coordinate system as well as the altitude range in consideration. In a geographic coordinate set-
ting, protons dominate over electrons at all altitudes with a maximum contribution to OH variability of ~43%
at 67 km. In a CGM coordinate setting, protons dominate over electrons only below 70 km with a maximum
contribution to OH variability of ~32%. Above 70 km, the electrons contribution is comparable to the pro-
tons contribution to OH variability, with maximum contribution of ~11% at 75 km. Note that the numbers
given refers to the NH. Applying the methodology in the Southern Hemisphere should, however, not impact
the conclusion regarding the relative importance of SPEs and EEP. It might, on the other hand, affect rela-
tive importance of the background parameters and EPP due to a larger offset between the geographic and
geomagnetic coordinate system. This should be explored in a future study.

Generally, the background dominates over the particles above 70-km altitude over the period considered.
However, for altitudes below 70 km, the relative contribution from EPP is more than the relative contribution
from any of the background predictors. The relative contribution of EEP and SPEs depends on the coordi-
nate system of interest and also the energy of the incident particles which determines the altitude of the
energy deposition.

The period 2005 to 2009 considered in this study coincided with the latter less active part of the declining
phase of solar cycle 23. The years 20082009 were exceptionally quiet in regard to EPP in general. Therefore,
the results from this study give a lower estimate of the relative contribution of EEP and SPEs to OH variability
over the declining phase of solar cycle 23. To get a more general picture, longer time series encompassing the
entire declining phase or even larger periods should be considered.
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Abstract

Energetic particle precipitation (EPP) increases the production of odd hydrogen (HO x)
species in the mesosphere which catalytically destroy ozone (O3) in sunlight. Hence, the
EPP-HOy impact on the tertiary Og layer (TOL) depends on a complex geometry of

a geographic-oriented TOL, geomagnetic-oriented auroral zone, producing short-lived HO x
species, and a destruction process depending on the solar zenith angle (SZA). Particle
observations from the Medium Energy Proton and Electron Detectors telescopes aboard
the Polar Orbiting Environmental Satellites, and hydroxyl (OH) and O3 mixing ratios
from Aura microwave limb sounder (MLS) are used to investigate the potential limita-
tions of using the MLS observations to study EPP-OH impact on the TOL in the north-
ern hemisphere. Our results show limited overlap between the auroral zone and the TOL
at twilight conditions. A composite analysis indicates O3 mixing ratio decrease over the
auroral zone lagged by ~1 day compared to the maximum EEP-OH impact. Hence, MLS
is predominantly observing a lagged and lower estimate of the response of O3 to EEP-
OH at SZA>95°. The energetic electron precipitation (EEP) impact region winthin the
TOL is smaller than the overlap region and is strongly modulated by the background
atmospheric dynamics. The results, although limited by the satellites viewing conditions,
imply that the importance of EEP upon O3 mixing ratio is strongly influenced by the
atmospheric background, both in terms of chemistry and dynamics. Multi-satellite ob-
servations at different solar local times are required to separate the direct from the lagged
EEP-OH impact on Og.

1 Introduction

In the high latitude nighttime winter mesosphere, a local ozone (O3) maximum is
formed at high solar zenith angles near the polar night terminator at approximately 72
km. This maximum, Marsh et al. [2001] called the tertiary ozone maximum, hereafter
called the tertiary Og layer. It owes its existence to the grazing incidence of solar radi-
ation leading to absorption and subsequently attenuation of radiation of wavelengths be-
low 185 nm that photodissociate water vapor (H,0) [see also Sonnemann et al., 2006].
This in turn leads to absence of odd hydrogen (HOx) production at the polar night ter-
minator region, slowing down the catalytic cycles that destroy Oz. Oz production, how-
ever, continues as the atmosphere is optically thin to wavelengths that dissociate molec-
ular oxygen (O2) which subsequently leads to formation of O3. The absence of HOx to-
gether with O3 production leads to accumulation of O3 which persists throughout the
polar night due to the long chemical lifetime of O in the polar night [see Smith et al.,
2009].

The long chemical lifetime of O3 during the polar night makes O3 susceptible to
dynamics. As such the temporal and spatial distribution of the tertiary Og layer is mod-
ulated by the meridional circulation pattern with features that vary from year to year
le.g. Sofieva et al., 2009; Smith et al., 2009; Damiani et al., 2010; Smith et al., 2018]. In
particular, dynamical processes driven by planetary wave activity are known to cause
downwelling of polar air which brings along O3 together with atomic oxygen (O) which
is more abundant above 80 km. The air density at mesospheric altitudes is sufficient to
allow the third-body reaction that forms Os:

O+0y+M— 05+ M (1)

Hence, in addition to the descending O3, downwelling also contributes to increased Og
production.

Periods of strong downwelling are observed more often in the northern hemisphere
(NH) winters than in the southern hemisphere (SH) winters and are associated with sud-
den stratospheric warmings (SSWs). The warming of the stratosphere gives a correspond-
ing cooling in the mesosphere after which there is warming in the mesosphere due to the
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adiabatic downward motions of air. The descent of the nighttime OH layer during SSWs
affects the formation of the tertiary Og layer through HOx, provided there is sufficient
atomic oxygen to facilitate the catalytic processes [see e.g. Damiani et al., 2010]. Nor-
mally under polar night conditions there is little atomic oxygen since it is mainly pro-
duced during daytime through photodissociation of O,:

Oy +hv =0+ 0 (2)

Therefore, near the polar night terminator where the tertiary O3 layer forms, catalytic
removal of Og is possible if the HO x concentrations are boosted by the downwelling pro-
cesses.

The distribution of the tertiary Og layer is also modified by energetic particle pre-
cipitation (EPP) through solar proton events (SPEs) and energetic electron precipita-
tion (EEP) events. Precipitating energetic particles produce odd nitrogen (NO x) and
HOx chemical species that catalytically destroy Osz. The catalytic cycles involving HO x
species, however, predominate throughout the mesosphere while NO x catalytic cycles
are most important in the stratosphere. The EPP driven HO x effects on mesospheric
O3 have been long studied through simulations/modeling even before observations of OH
were available [e.g. Thorne, 1980; Crutzen and Solomon, 1980; Solomon et al., 1983; Seppali
et al., 2006; Sofieva et al., 2009]. With the availability of hydroxyl radical (OH) and O
observations from Aura microwave limb sounder (MLS), several observational and mod-
eling studies have confirmed the SPE-HO x link to mesospheric O3 depletion [e.g. Seppald
et al., 2006; Damiani et al., 2008; Sofieva et al., 2009; Verkhoglyadova et al., 2015, 2016].
‘With the Aura MLS, several studies have also confirmed the importance of EEP on OH
le.g. Verronen et al., 2011; Andersson et al., 2012, 2014a; Zawedde et al., 2016, 2018].
The impact of EEP on Og are, however, typically investigated without simultaneous OH
measurements.

Andersson et al. [2014b] points out that the EEP impact on mesospheric O3 might
be a missing parameter driving dynamics, relevant for the atmosphere and the climate
system [see also Daae et al., 2012]. Using O3 observations from three different satellite
instruments, Andersson et al. [2014b] investigates the variability of O3 for the years 2002
to 2012, focusing on EEP related changes in O3. They report extremely large (up to 90%)
short-term (days) O depletion in the mesosphere, whose magnitude is comparable to
those caused by large but much less frequent solar proton events. To assess the sensi-
tivity and robustness of the short-term variability, they show a superposed epoch anal-
ysis of the 60 largest EEP events during all seasons. Since the tertiary Og layer is lim-
ited to wintertime conditions, the inclusion of events from the different seasons together
in an analysis may lead to biased results depending on the number of events from each
season included. .

Andersson et al. [2014b] quantify and report that the long term Og variability as
derived from MLS is low (9%) compared to that derived from Global Ozone Monitor-
ing by Occultation of Stars (GOMOS) and Sounding of the Atmosphere using Broad-
band Emission Radiometry (SABER) (21% and 34% respectively) for altitudes 70-78 km,
which difference they attribute to the weaker electron forcing in 2005 (for MLS) than
in 2003 (for GOMOS and SABER). Apart from the EEP forcing and the highly dynamic
wintertime modulating Og, there are limitations due to chemistry in that O3 takes place
in the presence of atomic oxygen which is mainly abundant during sunlit hours when it
is produced by photodissociation of Oy [see e.g. Thorne, 1980; Aikin and Smith, 1999;
Verronen et al., 2013; Turunen et al., 2016]. This imposes limitations on the SZA at which
O3 reduction takes place, which consequently has implication on the geographical loca-
tion of the reduction. Further, the region of electron precipitation (auroral zone) should
coincide with the tertiary Og layer. Hence, to monitor the direct EEP-OH effect on O,
the satellite must make observations at the SZA (or local times) at twilight, either in the
morning or evening when the wintertime tertiary Og layer exists and there is abundant
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14 atomic oxygen to allow catalytic Og reduction. Observations that do not overlap with

115 the auroral zone, tertiary Og layer and sunlit or twilight conditions will be affected by

16 the lifetime of OH and recovery time of O3. Hence, observing an O3 decrease during night-
1w time implies that the catalytic reduction has taken place earlier at the polar termina-

s tor. Lack of decrease during an EPP event may indicate that the potential O3 reduc-

19 tion has not yet occurred due to lack of photolysis and atomic oxygen. During daytime,

120 however, the O3 reduction by EPP is hard to detect as the sunlight destroys Og efficiently,
121 and an additional source would not be prominent.

122 In contrast to GOMOS and SABER, MLS also monitors OH and hence allows for

123 a unique opportunity to study whether the apparent Oz changes are correlated with OH.
124 Moreover, there are scarcely any studies that observe EEP, OH and O3 and hence could
125 verify that the changes observed in O3 are due to OH enhancement produced by EEP

126 and not a change related to for example dynamics.

127 In this study, we investigate when the overlap between the tertiary O3 layer and

128 the auroral zone exists using Aura MLS O3 observations for years 2005-2006. We iden-

129 tify the time and spatial locations at which EPP, and in particular EEP, may be impor-
130 tant for the tertiary Og layer. With particle observations from the National Oceanic and

131 Atmospheric Administration/ Polar Orbiting Environmental Satellites (NOAA /POES)
132 Medium Proton and Electron Detectors (MEPED) 0° and 90° telescopes, we further ex-
13 plore the effects of EEP-OH on the tertiary Og layer for the same period of time. By se-

134 lecting two pairs of EEP events and SPEs during the same wintertime conditions (same
135 month), we study the relative importance of EEP events and SPEs. We also use MLS

136 H,0 mixing ratio observations to evaluate the efficiency of the EPP-OH production, as
137 well as temperature to monitor the vertical motion of air, in correlation analysis focus-
138 ing on January 2005 and December 2006. Finally, a superposed epoch analysis is applied
139 identifying EEP events occurring exclusively in the winter months evaluating the response
140 on OH and O3 mixing ratios simultaneously. The aim is to understand potential cav-

141 ities using the MLS observations related to the EPP-OH impact on the tertiary Og layer
102 in order to better assess the potential role of EPP as a driver in the Earth’s atmosphere.
143 2 Data

144 2.1 Aura MLS Observations

145 The MLS instrument on board the National Aeronautics and Space Administra-

146 tion (NASA) Aura Satellite measures naturally occurring microwave thermal radiation

147 from the limb of Earth’s atmosphere to remotely sense vertical profiles of atmospheric

18 constituents [Waters et al., 2006; Schoeberl et al., 2006]. In this study, we use Aura/MLS
149 observations of the atmospheric constituents: temperature, H,O, OH and O3 mixing ra-
150 tios for years 2005 to 2006 in the NH, sorted as described in the data quality and descrip-
151 tion document [Livesey et al., 2015].

152 The OH background density is low during nighttime, making EPP related changes
153 in OH easily detectable at night. Hence, similar to Andersson et al. [2014b], we use SZA
154 > 95° to include also observations under twilight conditions since catalytic destruction
155 of O3 requires atomic oxygen that is only abundant under sunlit conditions. Moreover,
156 the HOx chemical life time is of the order of hours in the region of interest, the meso-

157 sphere [Pickett et al., 2006], hence OH is not significantly influenced by transport. The
158 temporal, vertical and horizontal resolution of OH in the mesosphere is 25 s, 2.5 km and
159 165 km respectively. For temperature, H,O, and O, the vertical and horizontal reso-

160 lutions are coarser and vary within the mesosphere (62-75 km) [see Livesey et al., 2015].
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2.2 NOAA/POES Observations

The MEPED 0° and 90° telescopes which are part of the space environment monitor-
2 instruments on board the NOAA /POES satellites provide measurements of fluxes of
trapped and precipitating particles. For year 2005, we use particle data from NOAA-
16 while for year 2006 particle data from NOAA-18 is utilized because these two satel-
lites measures particles that are closest in time and space to the atmospheric observa-
tions made by the Aura satellite.

The MEPED electron data is known to be contaminated by low energy protons while
the solid state detectors of the proton telescope are affected by degradation due to ra-
diation damage [Evans and Greer, 2000]. The procedures for correcting the MEPED elec-
tron data are described in Nesse Tyssoy et al. [2016]. Using the correction factors de-
rived by Sandanger et al. [2015] and Odegaard et al. [2016], the proton fluxes are cor-
rected for radiation damage before they are used to correct the electron data from pro-
ton contamination. The new optimized geometric factors lead to new electron channels
energy thresholds as , >43 keV, >114 keV, >292 keV and >756 keV [Ddegaard et al.,
2017] of which the fourth channels is obtained from relativistic electrons contamination
of the P6 channel of the proton telescope detectors [Nesse Tyssoy et al., 2016].

With an anisotropic distribution of particles, with decreasing fluxes towards the
center of the loss cone, the 0° and 90° telescopes tend to either underestimate or over-
estimate the fluxes of the precipitating particles respectively[Rodger et al., 2010, 2013;
Nesse Tyssoy et al., 2016]. Therefore, a combination of measurements from the 0° and
90° telescopes together with electron pitch angle distributions from theory of wave-particle
interaction, a complete bounce loss cone flux is derived for each of the electron energy
channels [Nesse Tyssoy et al., 2016]. A monotonic piecewise cubic Hermite interpolat-
ing polynomials (PCHIP) [Fritsch and Carlson, 1980] are fittted to the the integral fluxes
which thereafter are converted into a differential electron spectrum (43-756 keV). This
in turn is used to calculate the electron energy deposition as a function of altitude. The
procedure which is described in Nesse Tyssoy et al. [2016] includes calculating the num-
ber of electrons per second that passes through a horizontal surface of size 1 cm? at 120
km altitude. We then find the isotropic flux that gives the same number of electrons per
second passing through this unit horizontal area, which we refer to as the equivalent isotropic
flux level over the bounce loss cone. Each energy interval is treated separately as the level
of diffusion will depend on the particle energy. The energy deposition as a function of
altitude is then calculated by using results of the Rees [1989] model, taking into account
the cosine factor that enters when coverting from flux to particles passing through a hor-
izontal unit surface. In these calculations we have used the COSPAR (COmmittte on
SPAce research) 1986 Reference Atmosphere.

Proton fluxes used are a combination of measurements from the MEPED proton
0° telescope which measures the proton fluxes with energies >30 keV to >6900 keV and
the omni-directional 0-60° detectors that measures the proton fluxes with energies >16
MeV to >70 MeV [see Nesse Tyssoy et al., 2013; Nesse Tyssoy and Stadsnes, 2015]. At
high latitudes, both the 0°-detector and the omni-detector measure protons in the loss
cone, and isotropic fluxes are expected during SPEs. By fitting PCHIP to the measure-
ment from both detectors, integral spectra are obtained from which the energy deposi-
tion height profiles are calculated based on the range energy of protons in air given by
Bethe and Ashkin [1953]. The atmospheric densities are retrieved from the MSIS-E-90
model [Hedin, 1991]. We include the SPEs (>1000 particle flux units) during January-
March 2005 and October-December 2006 presented in Nesse Tyssoy and Stadsnes [2015].

o
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200 3 Methods and Results

210 In this study we focus on twilight-nighttime O3 mixing ratios at the altitude lo-

m cation (about 73 km) of the tertiary O3 layer in the NH. The Aura/MLS instrument re-

212 trieves OH at 73 km but does not retrieve temperature, O3 mixing ratio, HoO mixing

a3 ratio at this altitude. Hence, triangulation-based linear interpolation is used to obtain

214 temperature, O3 mixing ratio and HoO mixing ratio at 73 km using measurements at

215 70 km and 75 km. For all maps in this study, mean values are calculated for each 5° lat-
216 itude by 10° longitude bin between latitudes 40°-80°N and longitudes 180°W-180°E. Run-
a7 ning means are calculated for every 3 longitude bins (30°) to smooth the plots. The data
218 set is further sorted into five classes (or bins) based on the SZA: 95°-105°, 105°-115°,

29 115°-125°, 125°-135° and 135°-145° in order to differentiate between the in situ and lagged
20 O3 impact.

21 3.1 When is there Overlap Between the Tertiary Ozone Layer and the

2 Auroral Zone?

2 Figure 1 shows the evolution of the monthly mean nighttime O3 at 73 km altitude

24 throughout the year 2005 in the NH. The approximate location of the CGM latitude band
25 55°N-70°N where EEP is expected, is indicated by the black oval lines, here referred to

26 as the auroral zone. O3 mixing ratio enhancements of between approximately 1.5-2.5 ppmv
27 around the geographic pole are seen in January to March and October to December. This
28 is the tertiary Og layer. It exhibits maximum extent in latitude, extending equator-ward
29 to latitudes below 60°N during January and December 2005 in the NH. The same months
230 exhibit the largest region of intersection (60°-120°W) between the auroral zone and the

231 tertiary Og layer at 73 km altitude. For February and November the region of intersec-

m tion is less as the extent of the tertiary Os layer is poleward of 60°N. During March and
233 October, the O3 mixing ratio is lower and the region of intersection is also smaller. The

234 SZA distribution should be symmetric around winter solstice on 21 December. This means
235 that the month October should on average have more nights with greater SZA than the

236 month March. From April to September, the tertiary O3 layer does not exist. The Og

237 mixing ratio is less than 1 ppmv and for large parts of the polar cap (during May-July)

2 there are no measurements at SZA (>95°).

25 For precipitation to have a potential impact on the mesospheric energy budget through
26 reduction of Og, it should take place in a region that is abundant with O3. Further, the

207 catalytic reactions require the presence of sunlight that photodissociates Oy to produce

28 atomic oxygen. Figure 2 shows the SLT (blue) and CGM latitudes (red) at which MLS-
210 O3 observations are made at the five SZA bands (95°-105°, 105°-115°, 115°-125°, 125°-

250 135° and 135°-145°) during the months of year 2005. Also shown in panel 6 is the num-
251 ber of observations within the auroral zone at each SZA band expressed as a percent-

252 age of the total number of observations during each month of year 2005. For the 95°-

253 105° SZA band (black line in panel 6) which coincides with morning hours, there are few
254 or no O3 measurements (0-12%) taken during mid-winter months January-February and
255 November-December within the auroral zone. This implies that Aura/MLS barely ob-

256 serves the in situ reduction of O3 by HOx during the winter months. At other months
257 (March-September) when the tertiary O3 layer does not form, there are more measure-
258 ments (23-71%) within the precipitation zone. The same behavior is seen for the SZAs
259 105°-115° band (red), which is nighttime, with decreasing measurements during sum-

260 mer months.

267 Figure 3 shows the monthly mean O3 mixing ratio at 73 km for the five SZA bands,
268 together with the number of measurements comprising each monthly mean. For the 95°-
269 105° SZA band, maximum Oz mixing ratio (about 1.8 ppmv) are seen in February, fol-
210 lowed by October-December (about 1.75 ppmv) and January (about 1.4 ppmv). There
an is a trough between March to September with a minimum value of about 0.6 ppmv. The
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Figure 1. Overview maps showing monthly averaged nighttime O3 at 73 km for January to
December 2005 for SZA > 95° in the NH. Mean values were calculated for each 5° latitude by
10° longitude bin between latitudes 40°-80°N and longitudes 180°W-180°E. The black oval lines
shows the approximate locations of 55°N and 70°N CGM latitude, hence the latitude extent of
the auroral zone or the footprint of the electron radiation belts. The black dashed lines represent

the geographic latitude 60°N.
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261 Figure 2. Panels 1-5: Plots showing the SLT and CGM latitude coverage for O3 obser-

262 vations over different SZA bands for the geographical latitude band of 40°-80°N during the

263 months of year 2005. The horizontal black dashed lines denote the CGM latitudes 55° and 70°N.
264 Panel 6: The number of observations taken within the auroral zone at the different SZA bands,
265 expressed as a percentage of the total number of observations taken within the latitude band

266 40°-80°N during each month of year 2005.
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Figure 3. The red line shows the monthly averaged O3 at 73 km over the different SZA bands
for the geographical latitude band of 40°-80°N during the months of year 2005. The blue bar

plots show the number of observations in each monthly mean respectively.

same kind of behavior is seen for the SZA band of 105°-115°. For the rest of the SZA
bands (115°-145°), the maximum Oj mixing ratio values during winter months progres-
sively decrease with increasing SZA while there is progressively reducing observations
during summer months as the SZA increases.

Figure 1 shows that considering all SZA >95° the tertiary O3 layer exhibits max-
imum overlap with the auroral zone during the months of January and December 2005.
‘When the data is sorted by the different SZA bands, however, the situation is quite dif-
ferent as there are fewer observations within the auroral zone for the SZA band of 95°-
105° which corresponds to twilight hours during January and December 2005. At twi-
light the tertiary O3 layer formation can take place as well as photodissociation of O4
from which atomic oxygen forms, which is required for efficient catalytic removal of Os.
Since O3 has a long lifetime (~0.1-1 day) under polar night conditions at ~73 km [Smith
et al., 2009], the evening twilight O3 density will be maintained (constant) throughout
the night. Since there is limited overlap between the tertiary Oz layer and the auroral
zone at twilight conditions, the MLS observations will predominantly show the prema-
ture or lagged O3 response to EEP-OH within the auroral zone for SZAs>95°. The 95°-
105° and 105°-115° SZA bands in Figure 3 show an Oj reduction in January which is
also evident in Figure 1. This O3 reduction corresponds mainly to the January 2005 SPE
[see e.g. Seppdld et al., 2006; Verronen et al., 2006; Damiani et al., 2008]. The other SZA
bands (115°-145°) which exhibit maximum overlap with the auroral zone do not exhibit
a similar O3 reduction in January.

A schematic of the geographical overlap between the tertiary Oz layer and the au-
roral zone is illustrated in Figure 4 by the brown region. The magenta and red regions
are parts of the tertiary O3 layer that do not coincide with the precipitation zone while
the green region is part of the oval that does not coincide with the tertiary Og layer. The
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306 Figure 4. A schematic diagram showing the overlap between the tertiary O3 layer and the
307 auroral zone where electron precipitation is expected in the NH. This overlap is the region shown
308 in color brown. The region in green represents the part of the auroral zone that does not coin-
3090 cide with the tertiary Oz layer. Whereas the regions marked by red and magenta represent parts
310 of the tertiary Og layer that do not coincide with the auroral zone. A: Outer boundary when
a looking down on the NH for example latitude 40°N. The acronym NP represents the geographic

312 north pole. B: The CGM latitude 55°N. C: The CGM latitude 70°N. D: The latitude extent of
13 the tertiary Og layer, defined based on the O3 distribution of December 2005.

300 letters B and C represent the CGM latitudes 55°N and 70°N respectively while D is the
301 latitude extent of the tertiary Os layer. The direct EEP-OH driven O3 reduction is ex-

02 pected within the brown region during twilight, but measurements must also take place
303 at the same time within that region to allow for direct observations of this effect. Oth-
304 erwise, measurements taken at higher SZAs in that geographical region would detect the

35 premature or lagged effect of EEP-OH on Oj.

314 3.2 The Effects of EPP-OH on the Tertiary O3 Layer

315 To study the effects of EEP-OH on the tertiary O3 layer in comparison to SPEs

316 during wintertime conditions, the months January 2005 and December 2005 are chosen,

a7 during which there are both SPEs and EEP events. As pointed out above, these are the

318 same months when the tertiary Os layer exhibits maximum overlap with the auroral zone.
319 The SPEs periods are selected based on the list of SPEs (https://umbra.nascom.nasa.gov/SEP/)
320 with >1000 particle flux units. EEP periods are selected based on the mean electron en-

321 ergy deposition at 73 km during the year 2005 to 2006. Periods with electron energy de-

32 position above the mean value are considered EEP events, while those with electron en-

23 ergy deposition below the mean value are considered quiet time. This gives six and nine

324 EEP days during January 2005 and December 2006 respectively. The quiet-time peri-

35 ods are each five days.

33 The month of January 2005 starts with EEP events (January 2-7), followed by a

339 SPE (January 16-23) and a quiet-time period (January 25-29). The mean nighttime en-

30 ergy deposition, OH, O3, HoO mixing ratios and temperature at 73 km of which are shown
01 in Figure 5. During these EEP events, the electron energy is deposited at all longitudes

2 within the auroral precipitation zone, but significantly weaker in the sector 50°W-0°W.

u3 It does not show a one to one relationship with the OH enhancements. There are three

304 apparent patches of OH enhancements within the latitude range of the radiation belts,
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326

328

329

330

31

Quiet-time

Figure 5. Mean nighttime distribution of energy deposition, OH, O3 and H2O for SZA > 95°
at 73 km within the geographical latitude band of 40°-80°N during the months of January 2005
for EEP (2-7 January), SPEs (16-23 January) and quiet time (25-31 January) periods. Mean
values were calculated for each 5° latitude by 10° longitude bin between latitudes 40°-80°N and
longitudes 180°W-180°E. The black oval lines show the approximate location of 55°N and 70°N
CGM latitude.
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Quiet-time

332 Figure 6. Mean nighttime distribution of energy deposition, OH, O3 and H»O for SZA > 95°
333 at 73 km within the geographical latitude band of 40°-80°N during the months of December 2006
334 for quiet time (1-5 December), SPEs (6-16 December) and EEP (17-25 December) events. Mean
335 values were calculated for each 5° latitude by 10° longitude bin between latitudes 40°-80°N and
336 longitudes 180°W-180°E. The black oval lines show the approximate location of 55°N and 70°N
337 CGM latitude.
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but only one of them (90°E-180°E) seem to have a corresponding reduction in O3, though
not very distinct. This O3 reduction occurs in the region in the auroral zone where high
OH mixing ratio coincides with high H,O mixing ratio. During the SPE, the proton en-
ergy is deposited more homogeneously within as well as poleward of the auroral zone.

The corresponding OH enhancements exhibit structures that are not seen in the energy
deposition. However, there is appreciable reduction in O3 seen all over the geographic
extent of the tertiary Og layer, corresponding with the OH enhancement all over the po-
lar cap as well as the auroral zone. The quiet-time period exhibits some structure in OH
mixing ratio within and outside the auroral zone (60°E-60°W), coinciding with the re-
gion with high HyO mixing ratio. The geographic coverage of the tertiary Oz layer is some-
what reduced in the quiet-time period due to seasonal effects (see Figure 1), but increased
in intensity. There is also less O3 in the region 120°E-60°W. Generally the low HoO mix-
ing ratios correspond to region with high temperatures, however, during quiet-time and
SPE, the H,O minima seem to be a bit out of phase with the temperature maxima.

The month of December 2006 starts with five days (December 1-5) of quiet-time
period, followed by a SPE period (December 6-16) and then an EEP event (December
17-25) whose energy deposition, OH, O3, H,O mixing ratios and temperature maps at
73 km in the NH are shown in Figure 6. The quiet-time period in this case exhibits, lower
energy deposition and lower OH mixing ratio than that during January 2005. Even in
this quiet-time period, generally the region with relatively high OH mixing ratio corre-
sponds to regions with high H,O mixing ratio. The tertiary O3 extends a few degrees
equator-ward of the 60° latitude. During the SPE, the proton energy is deposited pole-
ward of the 55° latitude, more intense toward the polar cap. The OH enhancement thereof
is most intense within longitudes 90°E-90°W within the oval, corresponding with the re-
gion with high HyO mixing ratio. The corresponding O3 reduction is seen all over the
tertiary layer. During EEP, the energy deposition exhibits two regions of enhanced val-
ues within longitudes 30°E-90°E and 180°E-60°W. Only the region within longitudes 180°E-
60°W shows an OH enhancement, which extends to longitudes (130°E-180°E) not cov-
ered by electron precipitation. The entire region of OH enhancement (longitudes 130°E-
60°W) corresponds to the region with high H,O mixing ratio (Figure 6 right, bottom)
and low O3 mixing ratio. The energy deposited in the region within longitudes 30°E-
90°E shows no OH enhancement and it corresponds to a region with low HoO mixing
ratio. The O3 reduction seems to be modulated by EPP-OH, HoO mixing ratio distri-
bution and the dynamics governing the temperature at this altitude. Generally, in this
case the HoO minimum correspond to temperature maximum.

3.3 Correlation Analyses for two Winter Months

Spatially, there appears to be a negative correlation between the OH and O3 mix-
ing ratio during the SPE and EEP events in Figure 5 and 6. Due to the SZA dependence
of OH and Og, we proceed with correlation analysis based on the different SZA bands
for January 2005 and December 2006. We calculate the daily means of the electron en-
ergy deposition, proton energy deposition, OH mixing ratio, O3 mixing ratio, HoO mix-
ing ratio and temperature at 73 km for the five SZA bands: 95°-105°, 105°-115°, 115°-
125°, 125°-135°, and 135°-145°. The days with SPEs are excluded from the correlation
of O3 with EEP and the AE index to exclude possible influence from SPEs. The daily
mean AE index is included as a crude proxy for the EEP in case it is not captured by
the single satellite measurements of the electron fluxes.

To find out if there is a linear relationship between O3 and each of the variables:
OH mixing ratio, AE, electron energy deposition, proton energy deposition, HoO mix-
ing ratio and temperature, we calculate Pearson’s correlation coefficient, r, for all the five
SZA bands at 73 km. The correlation analysis is performed on the time series for Jan-
uary 2005 and December 2006, the results of which are shown in Figure 7 (top) with the
corresponding p-values (bottom). The correlation is deemed significant for p-value < 0.05
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Figure 7. Top: Correlation between daily mean Oz and the daily means of OH, AE index,
electron energy deposition, proton energy deposition and H2O for different SZA bands within
the geographical latitude band of 40°-80°N for January 2005 (left) and December 2006 (right).
The energy deposition, OH and O3 are averages at 73 km. Bottom: The parameter 1-Pyqiye
indicates only the correlation deemed significant at 95% confidence interval (or p-value <0.05).
The p-value which is the random chance probability of getting a significant correlation when the

true correlation is zero.

(95% confidence interval). For January 2005, the variables OH, SPEs and H,O exhibit
significant correlation with O3 at SZAs between 95° and 135°, with maximum correla-
tions of -0.80, -0.70 and 0.67 occurring at the SZA band of 115-125°, corresponding to
nighttime conditions. The magnitude of the respective correlations decreases for increas-
ing or decreasing SZAs. Temperature exhibits maximum correlation of -0.37 at SZAs 135-
145°. Both the AE index and EEP exhibit no significant correlation with O3 at any of
the SZAs. For December 2006, OH exhibits maximum correlation of -0.65 at SZAs 115-
125°, corresponding to nighttime conditions. AE exhibits significant correlation (-0.53)
only at SZAs 115-125 ° while EEP exhibits no significant correlation at any of the SZAs.
SPEs exhibits maximum correlation (-0.51) at SZAs 95-105°, corresponding to twilight
conditions, decreasing in magnitude as the SZA increases. While HoO and temperature
exhibit maximum correlations of -0.41 and -0.71 respectively at SZAs 135-145°.

The insignificant correlation of O3 with EEP in both case studies may imply that
EEP generally has no appreciable impact on the tertiary O3 layer. Reducing the num-
ber of observations (days) included in the correlation analysis when we remove days in-
fested by SPEs might also play a part. The lack of correlation could, however, also be
due to the viewing conditions of the MLS instrument. As shown in Figure 2, MLS is ob-
serving poleward of the auroral zone. This implies that in the twilight region where the
direct O3 reduction might occur, there is no significant electron energy deposition. If a
potential O3 reduction occurs here, it is related to EEP and OH produced in the auro-
ral zone reducing the twilight O3, and less Og is transported to these latitudes. In ei-
ther case, it will not be correlated to the EEP energy deposited at these latitudes. At
SZA >115° the lack of atomic oxygen prohibit EEP produced OH to effectively reduce
O3, hence there is little correlation between EEP and O3. SPEs are not limited to the
auroral zone, but impact the entire polar cap. Hence MLS will observe EEP produced
OH in the presence of atomic oxygen, and subsequently the direct impact on Og.

There are peculiar correlation tendencies seen in Figure 7 in that during winter 2005,
H,0 shows positive correlation with O3 at SZAs between 95° and 135° while during De-
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Figure 8. The daily mean H>O (in blue) and temperature (in red) at 73 km for the SZA band
of 95°-105° within the geographic latitude band of 40°-80°N. The plot for winter 2005 (January
to March) is to the left while that of winter 2006 (October to December) is on the right.

cember 2006, the correlation between HoO and Og is insignificant at SZAs 95° and 135°.
This duality of HoO, might reflect its role in the photochemistry and in the dynamics.

On a closer inspection of the HyO daily mean mixing ratio for the SZA band of 95°-105°,
Figure 8 shows that there is less variability in H,O and temperature (up to 0.86 ppmv
and 16 K) during January 2005 as compared to December 2006 (up to 1.52 and 27 K).
Low H2O mixing ratios as seen in both January 2005 and December 2006 reflect the down-
ward air motions siated with the mean meridional circulation during winter, bring-

ing down dry air together with atomic oxygen and atomic hydrogen. The mesospheric

air density allows atomic oxygen to participate in a three body reaction with molecu-

lar oxygen, forming O3 by the reaction given by equation 1. At mesospheric altitudes,

O3 normally reacts with atomic hydrogen to form vibrationally excited OH (OH*) [Winick
et al., 2009], which can be de-activated by either collisional quenching or by photon emis-
sion in the Meinel bands [Brasseur and Solomon, 2005]. In this case, in the presence of
sunlight, O3 can be reduced by the OH which will imply a positive correlation between

O3 and H,O as seen in January 2005 [see also Smith et al., 2018].

In addition, conditions of low temperature, O3 is more readily created by the re-
action in equation 1 and is destroyed more slowly through the reactions O3+0 — Os+
Oy and O3+ H — OH +O,, implying higher concentrations of O3 [Smith and Marsh,
2005]. Based on photochemistry, O3 and temperature are anti-correlated, implying that
in conditions of high temperature there is less production of O3. According to Smith et al.
[2018, figure 13], a positive correlation is expected between O3 and HyO.

Based on Figure 8, there is a strong anti-correlation between H,O and tempera-
ture in December 2006 which is consistent with a dynamical origin. In a different per-
spective, descending dry air implies low HoO which in turn imply low production of HO x
species from photolysis of HyO [see also Smith et al., 2018]. Reduced production of HO x
implies reduced efficiency of the catalytic cycles that destroy Og leading to accumula-
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493 Table 1. The list of EEP events based on the energy deposition at 73 km within the CGM
494 latitude band of 55-70°N for winters of years 2005 to 2009.

‘ Event ‘ Date of EEP event ‘
1 1-8 January 2005
2 11-15 January 2005
3 7-11 february 2005
4 26-28 January 2006
5 20-24 February 2006
6 18-31 December 2006
7 1-6 January 2007
8 17-28January 2007
9 29 January- 9 february 2007
10 14-29 February 2007
11 5-11 January 2008
12 12-21 January 2008

61 tion of O3. In Figure 6, the HoO minimum (predicting low HO x, high O3) are in phase

62 with the temperature maximum (predicting low Ogz). Smith et al. [2018] explains that
163 in such a scenario the two processes counteract each other, hence the insignificant cor-
464 relation for both HO and temperature exhibited by December 2006. Although, there
165 are similar tendencies in January 2005, the variation in both variables is less. A differ-
466 ence between the two periods is also evident based on Figure 5 and 6 as the minima in
467 H20 and maxima in temperature are in phase in 2006, but slightly out of phase in 2005.
468 In summary, SPEs exhibit significant correlation with O3 at SZAs between 95° and
469 135°, corresponding to nighttime-twilight conditions over a wide geographic area. The
70 EEP events exhibit no significant correlation with O3 at all SZAs considered, but the

an AE index exhibits a significant correlation at SZAs 115-125° for December 2006. This
an might be implying that there some small lagged response of O3 to electron precipitation.
a3 3.4 Superposed Epoch Analysis

e Andersson et al. [2014b] applied a superposed epoch analysis of daily mean values
a5 within the CGM latitude band of 55-65°, to reveal the effect of EEP upon O3 mixing

a6 ratio. In respect to the MLS observations, the majority of the events, however, did not
an include the period in time where the tertiary O3 layer exists, and has potentially strong
a8 biases due to low summer densities. Figure 9 illustrates a superposed epoch analysis of
a9 the electron energy deposition, OH and O3 mixing ratios at altitudes close to the ter-

0 tiary Og layer (67-75 km) for 12 winter EEP periods (listed in table 1) within the CGM
81 latitude range of 55-70°N for years 2005 to 2009. Days for which the daily mean energy
482 deposition is greater than the five year mean are considered EEP periods. Zero lag re-
83 fer to the first day of the EEP period that exceeds the limit. The periods with SPEs are
r excluded from this analysis. The electron energy deposition exhibits steady rises from
485 lag zero day, peaking at lag one day for 70-75 km altitudes, and at lag 2 days at 67 km
186 altitude. The OH mixing ratio show a rise from lag zero to a peak at lags 1-2 days only
487 for 70-75 km altitudes. The O3 mixing ratio exhibits decreases at 67-75 km altitudes,

88 with minima at lags 2-3 days. Hence there is a lag of at least a day between the EEP-
489 OH increase and the O3 VMR reduction [see also Turunen et al., 2016]. Note, however,
490 that there might also be a is a seasonal bias in the events as they almost exclusively oc-
01 cur in January and February, hence there is likely a seasonal decrease in the O3 mixing
402 ratio time evolution. At 73 and 75 km the O3 reduction is up to approximately 15%.
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Figure 9. Superposed epoch analysis of the electron energy deposition, OH VMR and O3
VMR for EEP events during the winters of years 2005 to 2009 at altitudes close to the tertiary
O3 layer (67-75 km) in the CGM latitude band of 55-70°N.

4 When and Where is EEP Important for the Tertiary Oz Layer?

Aura MLS provide a unique opportunity to study if an apparent O3 change is as-
sociated with OH produced by EEP. In this paper we investigate time and spatial loca-
tions at which the EEP-OH effects on the tertiary O3 layer can be observed in order to
better assess the EPP role on O3 variability. We focus on the conditions and possible
limitations of using Aura MLS Og observations in assessing the EEP-OH impact on Os.

4.1 The General Formation and Sunrise behavior of O3 Mixing Ratios
Observed by Aura/MLS

The tertiary Og layer is formed near the winter polar night terminator (twilight
conditions) at ~72 km at latitudes close to 60°, extending poleward covering the polar
cap. At sunset, solar Ly-« radiation that is responsible for photolysis of H2O is cut off
first due to the grazing incidence (large SZA) of solar radiation near the polar night ter-
minator, making the atmosphere opaque to Ly-« radiation. Therefore, production of HO x
species is cutoff. The solar radiation in the Schumann-Runge bands have a much smaller
O, absorption cross section than Ly-a has for HyO [see Sonnemann et al., 2006]. Thus,
the production of atomic oxygen and hence O3 increases in the absence of HO x species.
The high O3 mixing ratios seen at SZA approximately >95° in Figure 10, very promi-
nent during quiet-time, represent the tertiary O3 layer at 73 km within the latitude band
40°-80°N during January 2005 (top) and December 2006 (bottom). At SZA approximately
>130°, although still nighttime, the observations are progressively taken equator-ward,
away from the latitude range of the tertiary O3 layer as can be seen in Figure 11 (ex-
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506 Figure 10. The variation of O3 with SZA at 73 km within the geographical latitude band of
s07 40°-80°N for January 2005 (top) and December 2006 (bottom). The red bars represent Oz aver-
508 ages per SZA, calculated over the days during quiet-time, SPEs and EEP periods. The black line

5090 represents the running mean of O3 mixing ratios, averaged over a window of 5°. The blue bars
510 represent the number of observations involved in the averages.
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511 Figure 11. Monthly mean nighttime distribution of O3 mixing ratio at 73 km for SZA bands
512 between 95° and 145° within the geographical latitude band of 40°-80°N during January 2005

513 (top) and December 2006 (bottom). Mean values were calculated for each 5° latitude by 10° lon-
514 gitude bin between latitudes 40°-80°N and longitudes 180°W-180°E. The black oval lines shows
515 the approximate location of 55°N and 70°N CGM latitude.
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treme right). This explains the low O3 mixing ratios for SZA approximately >130° in
Figure 10.

At sunrise, rapid photodissociation of Og by sunlight causes a rapid decreases in
O3 density. As solar ultraviolet radiation of wavelengths greater than the Schumann-Runge
absorption of Oy (200nm< A <240nm) penetrates, the O3 mixing ratio increases [Aikin
and Smith, 1999]. Although atomic oxygen is produced during this period, the efficiency
of the catalytic cycles is low since production of HO x species through photolysis of HoO
is reduced, hence the O3 rise. Later as Ly-a radiation starts penetrating mesospheric al-
titudes, HoO photolysis produces HO x which catalytically destroys O3 which is evident
in Figure 10 at 80° <SZA<100°. Rapid photolysis of O3 leads to low concentrations dur-
ing daytime (SZA<80°).

4.2 The Conditions and Limitations for Observation of EEP-OH Effects
on O3

In Figure 4, the expected region of intersection between the precipitation zone and
the tertiary Og layer is represented by the brown region, which may vary in latitude cov-
erage depending on the strength of the event and the seasonal extent of the tertiary Os
layer. The O3 reduction occurs efficiently in the presence of abundant atomic oxygen which
is required for the catalytic cycles. Although atomic oxygen is produced during EPP events,
the amount formed by increased ionization is small compared to that produced by pho-
todissociation [see e.g. Aikin and Smith, 1999; Seppild et al., 2006]. Therefore, sunlit con-
ditions are required for effective catalytic O3 reduction [Turunen et al., 2016].

From Figure 1 it is clear that the maximum overlap between the oval and the ter-
tiary Og layer occurs during December-January in the NH winter. When the data is sorted
by the five SZA bands, O3 reduction is seen in the month of January 2005 for SZA bands
95°-105° and 105°-115° in Figure 3. In December 2006, O3 reduction extends from 95°-
105° to 115°-125° (not shown). There is, however, very limited overlap between the O3
measurements and the auroral zone during January and December for the SZA bands
95°-105° and 105°-115° as seen in Figure 2. The intersection of the auroral zone with
O3 observations increases by the SZA of 115°-125° and increases further with increas-
ing SZA.

The Aura/MLS instrument mainly takes observations in the morning sector (LST
2-13), covering the morning twilight within the geographic location 40°-80°N [see also
Waters et al., 2006]. For the January 2005 and December 2006 SPEs shown in Figure
10, reduction in nighttime Og is seen starting at SZA ~<135° as compared to the re-
spective quiet-time periods. More reduction is seen at SZA ~<120°. This kind of be-
havior is also seen for the December 2006 EEP event, but not distinctly for the January
2005 EEP event. Since there is O3 reduction prior to morning twilight conditions, it im-
plies that an EPP source was active at or before evening twilight although the satellite
was not at this location at evening twilight. Hence, MLS is observing a lagged effect of
a potential EEP-OH O3 reduction.

MLS is observing in the morning twilight conditions for the SZA band of 95°-105°
in the NH. In this SZA band, however, there is limited overlap between the oval and the
tertiary Og layer as shown in Figure 2 and 11. In Figure 11 O3 reduction at SZA 115°-
125° within longitudes 100°E-160°E for the January 2005 EEP event (top). The same
feature is seen at 125°-135° within longitudes 170°E-120°W for the December 2006 EEP
event (bottom). There appears to be O3 reduction associated with these two EEP events,
whose measurements are taken at larger SZA within the precipitation zone. This implies
that the observations at these large SZA are showing a lagged effect of EEP-OH on Os.
This could be the case since Oz has a long recovery time [see Smith et al., 2009]. To ob-
serve the direct and hence maximum effect of EEP-OH on O3, observations should be
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taken at twilight conditions, within the auroral zone during EEP events during winter-
time when the tertiary Og layer forms.

Further, based on Figure 5 and 6, it appears that electron precipitation are more
effective in a region that is abundant in HyO. In fact for the December EEP event, there
is no apparent OH enhancement observed in the region within longitudes 0°E-90°E de-
spite the energy deposited there. HoO is required for the formation of water cluster ions
which are required in the process of EPP-OH formation [Solomon et al., 1981]. The O3
ion formed by ionization reacts with Og, forming O} which uptakes HoO, forming pro-
gressively larger water cluster ion at each stage of the reaction. The water cluster ions
later dissociatively recombine with electrons forming H and OH (~2 HOx per ioniza-
tion). If the water cluster reactions are cut off by dissociative recombination with inter-
mediates like OF , then less than 2 HOy per ionization are produced. This can occur if
the H2O mixing ratios reduce by a few ppb, then the natural electron concentrations may
reduce the efficiency of EPP-HO x production [Solomon et al., 1983]. In recent study,
Zawedde et al. [2018] report that HoO is responsible for approximately 20% variability
of OH mixing ratio at 73 km within geomagnetic latitudes 55-70°N (auroral zone) for
year 2005 to 2009 whereas the EEP contribution is 7%.

4.3 Observation of the Tertiary O3 Layer Within the Auroral Zone

Figures 5 and 6 show that during SPEs there is proton precipitation over the po-
lar cap, extending to the auroral zone depending on the rigidity of the precipitating pro-
tons. There is corresponding OH enhancement, but most intense in regions with high
H,0 mixing ratio which in turn is modulated by planetary wave activity [see e.g Zawedde
et al., 2016]. O3 reduction is seen all over the latitude extent of the tertiary O3 layer.
Zawedde et al. [2018] show that SPEs contributes approximately 8% to the OH variabil-
ity at 73 km within geomagnetic latitudes 55-70°N (auroral zone) for year 2005 to 2009.
In the same Figures 5 and 6, electron precipitation seems to affect OH distribution and
consequently Oz more in regions rich in HoO. Planetary wave activity seems to be mod-
ulating the longitudinal distribution of HoO at 73 km, hence modulating the longitudi-
nal distribution EPP-OH which in turn modulates the distribution of O3. In this case
we do not see the Winick et al. [2009] dynamical production of OH at this altitude, but
the planetary wave modulates the distribution of HoO which is required for the forma-
tion of water cluster ions from which OH and H, eventually form through dissociative
recombination with electrons [see e.g Solomon et al., 1981].

Taking a closer look on the EEP events, in Figure 5, the January EEP events seem
to exhibit almost homogeneous energy deposition within the auroral zone. The respec-
tive OH production is, however, sparsely distributed within the oval with three patches
of OH enhancement, with a less evident response in the O3. The planetary wave in the
H,0 distribution seems to place a trough in HoO mixing ratios over much of the region
of intersection between the auroral zone and the tertiary Oz layer. For the January 2005
EEP event, Andersson et al. [2014b, Figure 2c] show up to approximately 35% O3 loss
at 70-75 km in the SH. During January, however, it is summer in the SH implying low
O3 mixing ratio during nighttime at mesospheric altitudes. Figure 1 shows that gener-
ally O3 mixing ratios are <1 ppmv during summer. Therefore a reduction of for exam-
ple 35% would imply approximately a change of <0.35 ppmv, implying that although
the percentage may seem large, the actual values are really small compared with win-
tertime conditions. As such it would be more meaningful to perform the analysis in the
winter hemisphere where there is abundant O3 during nighttime as well as optimum in-
tersection between the auroral zone and the tertiary Og layer [see also Damiani et al.,
2008, Figure 2.

Further during summer there is also restricted coverage by Aura MLS at high lat-
itudes, also covering parts of the auroral zone as shown in Figure 1. In this case small
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changes in the O3 mixing ratio may result in large percentages that may portray a non
realistic picture in regard to the EEP-OH impact on the tertiary O3 layer. Therefore in

a statistical study, if there are more events during summer than during winter, the re-
sults normally expressed as anomalies may be biased by the summer large percentages.

In the Andersson et al. [2014b] super epoch analysis, only 6 of the 28 EEP events in the
NH and 11 out of the 27 EEP events in the SH are from winter when the tertiary O3 layer
is present.

The December EEP events in Figure 6 exhibits OH mixing ratio enhancement in
regions with high HoO mixing ratio (longitudes 150°E-90°W). But still only a portion
of the region of OH enhancement coincides with the latitude coverage of the tertiary Os
layer. In this case, we see that part of the electron energy deposition (at longitudes 30°-
90°E) has no response on OH mixing ratios and subsequently not on O3 mixing ratio.
Of the EEP-OH formed, still only a portion lies within the geographic location of the
tertiary Og layer, and can have an effect on O3 in the presence sunlight. Therefore for
this case we see that only a very small portion of the energy deposition eventually could
have effect on the O3 mixing ratios.

Although the impact region may seem rather small, it is important to find out if
the frequently occurring EEP events would have a significant impact on nighttime O3,
where it is abundant and hence potentially important for the energy budget. Figure 7
shows the correlation of O3 with the variables OH, AE, electron energy deposition (EEP),
proton energy deposition (SPEs), H,O and temperature separately for January 2005 and
December 2006. The SZAs 95-105° are considered to be under morning twilight condi-
tions, therefore the EEP-OH that has accumulated over a few hours and the direct EEP-
OH will have drastic impact on the O3 mixing ratios through catalytic cycles. This is
possible when solar radiation that photodissociates Oy penetrates the atmosphere to meso-
spheric altitudes. A modeling study by Turunen et al. [2016] also shows that for EEP
occurring before sunrise, the largest relative change in O x species is not seen during the
electron forcing, but after the HOx catalytic cycles have had an impact in the morning.

EEP and AE exhibit insignificant correlation with O3 at all SZAs considered ex-
cept at 115-125° when the AE exhibits a significant correlation of -0.53 (r*=28%) for De-
cember 2006. This significant correlation at nighttime SZAs indicates the possibility of
a relationship between electron precipitation and lagged Os. The lack of correlation be-
tween O3 and EEP may be a result of the very little overlap between the auroral zone
(region of electron precipitation) and the tertiary Oz layer (see Figure 11), together with
the modulation of HoO distribution by planetary waves [see e.g. Zawedde et al., 2016].
H,0 in turn modulates the production of EPP- HO x by water cluster reactions [Solomon
et al., 1981]. The correlation analysis results are in line with the small impact area by
electron precipitation already discussed, implying that EEP may actually have little im-
pact on the tertiary Og layer. To investigate the direct effect, there is need for observa-
tions at twilight conditions within the auroral zone. The Aura MLS instrument barely
makes observations at twilight within the auroral zone.

Therefore, by considering all SZA>95°, most of the O3 reduction we see for exam-
ple in Figure 6 is predominantly that which was reduced at evening twilight and has not
yet recovered. With Aura MLS, we can only observe very little of the EEP-OH direct
effect on O3. This kind of limitation may also be present in some of the studies that have
made the same SZA selection to study the EEP-OH direct effect. For example Ander-
sson et al. [2014b] select SZA>95° for Aura MLS Og observations. In that case some por-
tion of the O3 anomaly reported might actually not be the direct EEP-OH effect on O3
variability since O3 takes some time to recover under polar night conditions [see Smith
et al., 2009)].

The limitations are not as strict with SPEs since they precipitate over the entire
polar cap, covering almost the entire geographic extent of the tertiary Os layer. Differ-
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ent studies show that the January 2005 and December 2006 SPEs had a strong effect on
the tertiary Og layer. Seppild et al. [2006] report that the SIC model predicted >70%
O3 loss between 70-80 km during the January 2005 SPE. Whereas Sofieva et al. [2009]
report a drop in Og mixing ratios at 65-70 km from ~2 ppmv before the SPE to <0.5
ppmv after storm onset (>75%). These results are a bit higher than our results which
show correlations of -0.58 and -0.41 (12 = 34% and 17%) for January 2005 and Decem-
ber 2006 SPEs respectively at SZAs 95-105° (twilight conditions). At larger SZAs (115-
125°), however, our results for the January 2005 SPE show a higher correlation of -0.70

(49%).

The lack of correlation between EEP and O3 mixing ratio reduction, might be due
to the viewing conditions of the MLS. The superposed epoch analyses shows, however,
a lagged O3 mixing ratio reduction in response to EEP and OH enhancement. A lagged
response was also shown in the study by Turunen et al. [2016]. Further, the distribution
of the tertiary O3 layer is influenced by planetary waves leading to longitudinal varia-
tions [Smith et al., 2018]. more prominent in the NH winter. This makes it hard to see
the direct impact of EEP on the tertiary Og; the O3 observed might not yet have been
reduced, or might have already partly recovered. The planetary waves/dynamics tend
to transport the O3 away from the auroral zone, leading to mixing. Nevertheless, the su-
perposed epoch analysis including both OH and O3 implies that there is evidence for a
subtle impact of EEP on the tertiary O3 layer.

Therefore, for EEP to have an impact on O3, it depends on a complex combina-
tion of the geographic intersection of the region of particle precipitation with the ter-
tiary Og layer, the distribution of the background atmospheric constituents, planetary
waves, and time of precipitation. The combination of all these factors results in a much
smaller impact on O3z from EEP than from SPEs. To quantitatively assess how much
of the energy deposition actually affects O3 requires a combination of particle observa-
tions from different satellites observing at different local times together with O3 obser-
vations from different satellites at local times covering twilight conditions.

5 Summary and Conclusions

MLS is the only satellite-born instrument that simultaneously measures OH and
O3, and hence allows to study if the apparent O3 changes are correlated with OH. There
are very few studies that observe EEP, OH and O3 and therefore are able to verify that
the changes observed in O3 are dues to OH enhancement produced by EEP and is not
a change related to for example dynamics.

In this study we investigate when maximum overlap between the auroral zone and
observation of the tertiary O3 exists. We further investigate when in time and where in
location EEP is important for the variability in the tertiary Og layer. By sorting the MLS
data into 5 SZA bands, we use correlation analysis to find out the relationship between
the variables OH, AE, energy deposition (protons and electrons), HoO and temperature
in the different SZA bands of Aura MLS.

Our results show that maximum overlap between the auroral zone and the tertiary
O3 layer exists during winter: January and December in the NH. In the periods consid-
ered, the months January 2005 and December 2006 are active with both SPEs and EEP
events. Generally there is limited overlap between the auroral zone where EEP is expected
and the location of the tertiary Oz layer which varies in size in the different winter months.
Furthermore, there is limited overlap between the oval and the tertiary O3 layer when
Aura MLS is observing in the SZA band of 95°-105° at which morning twilight condi-
tions are expected.

Therefore, for SZA>95° in the NH the Aura MLS barely observes the direct EEP-
OH effect on the tertiary Oz layer. Within the auroral zone, the MLS instrument pre-
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dominantly observes the O3 that was impacted at evening twilight and it is yet to re-
cover from the impact. This makes it tricky to make confident deductions on the EEP-
OH impact on the tertiary Og layer.

The case studies considered show that only a portion of the electron energy depo-
sition will result in OH formation, as it appears to be strongly depending on the geo-
graphic distribution of HyO. Further, only a portion of the EEP-OH formed will be able
to impact the tertiary Og layer at twilight conditions depending on its geographic ex-
tent. This results in a much smaller EEP impact region within the geographic extent of
the tertiary O3 layer as compared with the impact region of SPEs which cover almost
the entire extent of the tertiary Oz layer. The correlation analysis also shows no signif-
icant relationship between electron precipitation and the tertiary Og layer, but an in-
dication of possible relationship with lagged Og at nighttime SZAs. The superposed epoch
analysis, however, indicates O3 mixing ratio decrease over the auroral zone lagged by 1
day compared to the maximum EEP-OH impact. This implies that the importance of
EEP upon the O3 mixing ratio is strongly influenced by the atmospheric background both
in terms of chemistry and dynamics.

A quantitative assessment needs multi satellite measurements of both O3 and EEP
at different solar local times, covering evening to morning twilight conditions, to sepa-
rate the direct EEP-OH effect on O3 from the delayed effect. In the same respect, to quan-
tify how much of the electron precipitation eventually affects O3, observations at twi-
light conditions are required. It is also necessary to account for the variability due to the
background atmospheric dynamics as they affect the O3 distribution through H2O and
temperature, and redistributes the Oz anomalies.
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Appendix

Some Definitions

AE index is intended to put a measure on the maximum auroral activity.

Dst index is intended to give a measure of the strength of the ring current by measuring
the negative excursion in the horizontal component of the Earth’s magnetic field.

kp index is intended to be a measure of the global level of geomagnetic activity.
Adiabatic invariants are quantities that can be treated as characteristics constants of a
particle, which may change but only slowly compared with the respective time scales
(or some typical periodicities of the particle motion) [Baumjohann and Treumann,
1996]. For example the three basic particle motions are associated with adiabatic in-
variants that are conserved for slowly changing magnetic fields within their respective
timescales.

The first adiabatic invariant (¢,) is associated with the magnetic flux within a gyro
period given by [Baumjohann and Treumann, 1996]:

Oy = M—Zm,u = constant (1)
q

where ¢, is the magnetic flux, m is the particle mass, q is the charge and u is the
magnetic moment. It implies that as a particle moves into a region of stronger magnetic
field, the gyro-radius of the particle will get increasingly smaller, so that the magnetic
flux encircled by the orbit remains constant.
The second adiabatic invariant (J). As a particle gyrating over a magnetic field line
moves into the converging field at either hemispheres, it will be reflected in the region
of high magnetic field at the mirror points and it can bounce between the mirror points
at a bounce frequency @) such that: [Baumjohann and Treumann, 1996].

J= %mv”a’s (2)

where V|| is the parallel particle velocity, ds is an element of the guiding center path.
J is conserved for electromagnetic variations with frequency @ < @y if the changes in
the field are slow.
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The third adiabatic invariant (¢). If o < the drift frequency (®,), the magnetic flux
enclosed by the drift orbit is given by [Baumjohann and Treumann, 1996]:

2
o= —2mM = constant 3)
q
where M is the magnetic moment of the antisymmetric magnetic field.
L* is the equatorial distance in Earth radii (Rg) from the center of the Earth to a drift

shell if the Earth is considered a dipole.

_ 2nM
ORg

L-shell is the equatorial distance to a magnetic field line measured in Earth radii.

*

“4)

Pitch angle (@) is the angle between the particle’s velocity vector and the local mag-

netic field line:
-1VL

Vi

(&)

o =tan

where Vyerp and vpqraiier are the perpendicular and parallel components of the particle
velocity.

Relative sunspot number (R) is a measure of the number or groups of sunspots visible
on the solar surface, according to the formula [see e.g. Lockwood et al., 2014]:

R = (10N, +Ny) (6)

where N in the number of individual spots, N is the number of sunspot groups and k
is a parameter that varies with location and observing instrument.
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