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Abstract

The General Circulation and Chemisty model HAMMONIA (Hamburg Model of the
Neutral and lonized Atmosphere) is used in order to study the influence of an ex-
treme solar energetic particle storm on the Earth’s atmosphere. HAMMONIA uses
ionisation rates describing precipitation of protons, electrons, and a-particles of so-
lar and magnetospheric origin into the entire atmosphere up to the thermosphere.
This allows to consider interactions between the effects of the prominent particle
precipitation event which is dominated by solar protons and the effects of subse-
quent solar and magnetospheric particle precipitation events. The geomagnetically
very active period from October 2003 to April 2004 is considered which includes one
of the strongest solar particle precipitation events ever observed in the atmosphere.
With the background of an assessment of potential effects of particle storms on the
terrestrial climate the study is focussed on the influence of energetic charged parti-
cles on the atmospheric chemical composition. Aspects of energetics and dynamics
are also considered. One important question is concerned with the contributions
of single particle components. Moreover, the influence of precipitating particles on
processes which cause temperature changes in the upper atmosphere are studied.
It is shown that particularly in the stratosphere and mesosphere at high latitudes
the concentration of NO, (NO 4+ NOs) is elevated by several thousand percents due
to the influence of high-energy protons whose appearance is more or less confined to
the solar particle event. While the influence of protons considerably decreases after
a few weeks, and the contribution of a-particles is in general marginal, the NO,
concentration in the upper stratosphere and above at auroral and polar latitudes is
controlled by precipitating electrons. In the middle atmosphere the NO, concentra-
tion is substantially enhanced by descending NO, originating from the thermosphere
where it is primarily induced by electron precipitation. A comparison with obser-
vational studies indicates that downward transport of NO, is underestimated by
HAMMONIA. Therefore, it is guessed that the influence of electrons on the middle
atmosphere is even stronger than predicted.

The influence of particle precipitation on HO, (H + OH + HO3) is confined to the
middle atmosphere. In the summer hemisphere significant enhancements of the HO,,
number density are confined to the short period of the prominent proton precipita-
tion event. While the increase of the HO,, number density in the summer hemisphere
is less than 50%, at high latitudes of the winter hemisphere precipitating protons
and electrons cause a series of short-term increases of several thousand percents.
However, except from a few events in October and early November, the resulting
HO; concentrations are very small.

In the mesosphere at high latitudes the prominent particle precipitation event is as-
sociated with an ozone depletion of more than 50% in summer and more than 75% in
winter. Further events dominated by electron precipitation lead to short-term ozone
depletions similar in magnitude. In the stratosphere in winter a longer-term ozone
depletion of up to 30% is predicted primarily due to precipitating protons. Here, the
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contribution of precipitating electrons is in general lower than 20%. Considering a
possible underestimation of ozone depletion due to underestimation of NO, decent,
it is guessed that electron precipitating provides an important contribution to the
longer-term ozone depletion.

A temperature increase of more than 10 K is shown for nearly the entire lower ther-
mosphere resulting from particle-induced increases of chemical heating and heating
through dissipative interactions between neutral and ionized gas. The influence of
these dissipative processes leads to a cooling of more than 5 K in the lower thermo-
sphere in summer at high latitues.

This work points out that precipitation of electrons must be taken into account in
addition to high-energy solar protons when the effects of severe solar particle storms
on the Earth’s atmosphere are studied.
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Zusammenfassung

Das Allgemeine-Zirkulations- und Chemiemodell HAMMONIA (Hamburg Model
of the Neutral and lonized Atmosphere) wird verwendet um den Einfluss eines
aullergewohnlich starken solaren Partikelsturms auf die gesamte Atmosphéare der
Erde zu untersuchen. Hierzu verwendet HAMMONIA Ionisationsraten, welche den
Einfall von Protonen, Elektronen, und «a-Partikeln solaren und magnetosphérischen
Ursprungs in die gesamte Atmosphéire bis in die Thermosphére beschreiben.
Dadurch konnen die Auswirkungen des Ereigisses, welches durch solare Protonen
dominiert wird, im Zusammenspiel mit dem Einfluss nachfolgender solarer und mag-
netosphérischer Partikelereignisse betrachtet werden. Hierzu wird der Zeitraum von
Oktober 2003 bis April 2004 betrachtet, welcher sich durch starke geomagnetische
Aktivitat auszeichnet und der eines der stirksten jemals beobachteten solaren Par-
tikelevents beinhaltet.

Vor dem Hintergrund einer Beurteilung moglicher Auswirkungen von Par-
tikelstiirmen auf das terrestrische Klima beziehen sich die Untersuchungen besonders
auf den Einfluss energetisch geladener Partikel auf die chemische Zusammensetzung
der Atmosphéire, aber auch auf Aspekte der Energetik und Dynamik. Von beson-
derem Interesse ist hierbei die Klirung der Frage, welchen Beitrag die einzelnen
Partikelkomponenten leisten. Auflerdem wird der Einfluss von Partikeln auf ver-
schiedene Prozesse untersucht, welche Temperaturanderungen in der oberen Atmo-
sphére hervorrufen.

Es wird gezeigt, dass der massive Einfall von hochenergetischen Protonen, welcher
nahezu auf das starke solare Partikel-Ereignis beschrankt ist, die Teilchenzahldichte
von NO, (NO 4 NO3) besonders in der Stratosphére und Mesosphére hoher Breiten
um mehrere tausend Prozent erhéht. Dabei wird in diesen Regionen nahezu alles
NO; durch den Einfluss von Protonen gebildet. Wihrend der Einfluss der Protonen
bereits nach einigen Wochen stark abnimmt und a-Teilchen generell kaum einen sig-
nifikanten Beitrag liefern, wird die NO,-Konzentration in der oberen Stratosphére,
sowie in der Mesosphire und Thermosphire der Aurora- und Polargebiete iiber
mehrere Monate, besonders im Winter, durch den Einfall von Elektronen bestimmt.
Dabei wird die NO,-konzenration in der mittleren Atmosphdre wesentlich durch
abwirts transportiertes NO,, erhoht, welches hauptsachlich durch den Einfluss von
Elektronen in der Thermosphire produziert wurde. Vergleiche mit Messungen
deuten an, dass der Abwartstransport von NO, in HAMMONIA noch deutlich un-
terschatzt wird. Das ldsst vermuten, dass der tatsachliche Einfluss von Elektronen
auf die mittlere Atmosphére noch bedeutender ist.

Der Einfluss von Partikeln auf HO,. (H + OH + HOQ) beschrankt sich hauptsichlich
auf die mittlere Atmosphére. Wahrend hier die HO,-Teilchenzahldichte in der Som-
merhemisphare nur kurzfristic durch den starken Protoneneinfall um bis zu 50%
erhoht wird, tragen in der Winterhemisphire sowohl Protonen als auch Elektro-
nen zu kurzfristigen Erhohungen um mehrere tausend Prozent bei. Abgesehen vom
starken protonendominierten Event und wenigen weiteren Events liegen die resul-



iv Zusammenfassung

tierenden Konzentrationen jedoch auf sehr niedrigem Niveau.

In der Mesosphire in hohen Breiten findet man in Verbindung mit dem
auflergewohnlich starken Partikelevent eine kurzfristige Ozonabnahme von iiber 50%
im Sommer und iiber 75% im Winter. Weitere durch Elektronen dominierte Par-
tikelevents sorgen kurzfristig fiir Ahnlich starke Abnahmen. Die Simulationen zeigen
eine langfristige um bis zu 30%-ige Ozonabnahme in der Stratosphire im Winter.
Diese wird im wesentlichen durch Protoneneinfall hervorgerufen, wahrend der Ein-
fluss von Elektronen im Allgemeinen weniger als 20% betragt. Beriicksichtigt man je-
doch eine mégliche Unterschitzung der Ozonabnahme durch abwirts transportiertes
NO,, lasst sich vermuten, dass Elektronen auch hier einen wichtigen Beitrag liefern.
Die Ergebisse zeigen liberdies eine mittlere Temperaturerhohung um mehr als 10
K in weiten Teilen der Thermosphéire, welche sich auf den Einfall von Partikeln
zurlickfithren ldsst. Diese wird besonders durch verstirktes chemisches Heizen und
Heizen durch dissipative Wechselwirkungen zwischen Neutralgas und Plasma. her-
vorgerufen. Durch die Wirkung dieser dissipativen Effekte auf die atmosphérische
Dynamik findet eine partikelbedingte Abkiihlung um mehr als 5 K in der unteren
Thermosphire im Sommer statt.

Um die mittel- und langfristigen Auswirkungen starker solarer Partikelstiirme auf die
Erdatmosphére zu untersuchen, muss neben dem Einfall hochenergetischer solarer
Protonen auch der Einfall weniger energiereicher Elektronen beriicksichtigt werden,
welche im Wesentlichen magnetosphérischen Ursprungs sind.
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Chapter 1

Introduction

The assessment of natural and anthropogenic sources of the observed climate trend
is a substantial scientific issue since a couple of decades. At this, the response of the
Earth’s atmosphere to variable solar input is a considerable uncertainty. It involves
the 11-year sunspot cycle, the 27-day solar rotational cycle, and precipitation of en-
ergetic charged particles. The investigation of the atmospheric response to the latter
is the purpose of this work. Ewven though, this work is not focussed on climate effects,
the results can be used in future climate prediction studies. Before the influence of
precipitating energetic charged particles on the atmosphere is discussed in detail a
short overview about the nature of the involved particles and the phenomenon of
particle precipitation is given in the following.

1.1 Energetic charged particles within the Sun Earth
system

Energetic charged particles enter the FEarth’s atmosphere from the interplanetary
space and from the Earth’s magnetosphere. The particle spectrum primarily com-
prises electrons, protons, and a-particles exhibiting typical energies from a few tens
of eV to several GeV but also heavier ionized particles of H, He, up to Zn can be
found (Breneman and Stone, 1985). Although these particles exhibit high ener-
gies, in comparison with the total energy input by solar electromagnetic radiation
energetic charged particles constitute a minor source of energy in the atmosphere.
However, within the high latitude upper and middle atmosphere these particles can
substantially contribute to the energy budget, becoming the dominant energy source
in the absence of insolation. Energetic charged particles are originally generated by
the Sun, planetary ionospheres, or other sources in the interstellar space. However,
with regard to the location of particle acceleration these particles are commonly re-
ferred to as solar energetic particles (SEPs) and magnetospheric energetic particles
(MEPs). A detailed definition of these particle populations is given in the following.
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1.1.1 Definition of SEPs and MEPs

Streams of charged matter originating from the Sun propagate along the inter-
planetary magnetic field (IMF) lines (Kallenrode, 2004). These streams of plasma,
commonly referred to as solar winds, usually consist of solar particles of relatively
low energies. Their influence on the atmosphere is rather secondary and will be
discussed in detail in conjunction with MEPs. Occasionally, large amounts of
high-energy particles are ejected by the Sun. Such SEP events are strongly coupled
with the occurrence of solar flares and coronal mass ejections (CMEs). Some CMEs
cause migrating shock waves which further accelerate energetic particles while
traveling through the interplanetary space. If the location of particle acceleration is
connected by the lines of the interplanetary magnetic field (IMF) with the Earth’s
magnetosphere, SEPs can enter the atmosphere over the polar regions where the
magnetic field lines are open. When SEPs penetrate into the atmosphere their
energy is gradually delivered to the atmosphere in order to ionize and heat the
ambient air. While the duration of a SEP event at the Sun typically is of a few
minutes up to one hour the corresponding particles reach the Earth’s orbit a few
hours up to one or two days past their ejection. Since interactions between these
particles and the atmosphere lead to increased ionization in the polar region and
consequently cause radio wave absorption such events are sometimes termed as
polar cap absorption (PCA) events. Under the assumption that protons are the
dominating particle species of SEP events they are often named solar proton events
(SPEs). However, also electron rich SEP events occur which may affect the Earth’s
atmosphere and therefore, in this work the term SEP event corresponds to the
complete particle spectrum. Besides solar energetic particles the interplanetary
space is populated by energetic particles of interstellar origin. Such corpuscles may
be accelerated by shock waves and attached to streams of solar matter (Kallenrode,
2004).

In contrast to SEPs which basically originate from the Sun, MEPs not necessarily
are generated in the Earth’s magnetosphere. Their name is owing to the location
of acceleration before they penetrate into the Earths atmosphere. Actually, a
substantial amount of MEPs is formed by solar wind plasma and hence of solar
origin. A further portion consists of ionospheric plasma. In addition, a couple of
processes take place in the magnetosphere creating new plasma. In the magneto-
sphere charged particles are stably trapped within radiation belts and the plasma
sheet of the magneto tail. The mechanisms of particle generation and trapping
within the magnetosphere are quite complex and a discussion is beyond the scope
of this work. In this regard it is referred to the literature (see e.g. Kallenrode, 2004;
Li and Temerin, 2001; Hultquist et al., 1999).

During magnetic storms which are caused by fast solar wind streams or interplane-
tary shock waves, disturbances of the Earth’s magnetic field lead to acceleration of
charged particles from the radiation belts and the plasma sheet into the atmosphere
of subauroral and auroral regions respectively.

In the following, SEPs and MEPs which precipitate into the Earth’s atmosphere
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Figure 1.1— Globally averaged atmospheric temperature structure and corresponding atmo-
spheric layers. The temperature profile is taken from a GCM simulation and represents the mean
over period December 2003-February 2004.

are collectively referred to as precipitating energetic particles (PEPs).

1.1.2 PEPs in the atmosphere

While the region of precipitation is determined by PEP’s origin the penetration
depth is primarily controlled by the energy of PEPs. The penetration depth and the
altitude regions where particles act on the atmosphere are in the following usually
described by different atmospheric layers. As indicated in Figure 1.1, which shows
the globally averaged altitude profile of the temperature and different layers, these
layers can be described by characteristic features of the temperature profile. It must
be noted, that the presented temperature profile is taken from calculations with the
general circulation model (GCM). The lowermost 10-15 km, called troposphere, are
characterized by a continuous temperature decrease in upward direction. The upper
boundary of the troposphere is the tropopause where a local temperature minimum
can be identified. Above the tropopause the temperature increases with increasing
altitude reaching a local maximum at an altitude of about 50 km. That tempera-
ture maximum corresponds with the stratopause which forms the upper boundary
of the stratosphere. The lowest temperatures anywhere in the atmosphere can be
found at the mesopause, the upper boundary of the mesosphere. The corresponding
altitude varies seasonally between about 80 and 100 km. The stratosphere and the
mesosphere form the middle atmosphere. Above the absolute temperature minimum
strong temperature increases can be found in the thermosphere, the lowermost part
of the upper atmosphere.
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Typically, auroral PEPs exhibit energies of 1-10 keV resulting in a precipitation into
the lower thermosphere within a narrow band between 70° and 75° geomagnetic
latitude (Thorne, 1980). Subauroral particles, mainly radiation belt electrons with
energies of 10 keV up to several MeV | are sufficiently energetic to reach the meso-
sphere equatorward of 70° geomagnetic latitude. Occasionally, PEPs of solar origin
have extremely high energies allowing them to enter the stratosphere. When PEPs
traverse the atmosphere collisions between PEPs and atoms or molecules lead to
jonization, dissociation, and excitation of these atmospheric components. Thereby
a substantial amount of the initial energy is carried to secondary particles causing
further ionizations, dissociations, and excitations ( Thorne, 1980). In addition, the
energy of PEPs can be converted into Bremsstrahlung (Chapman and Little, 1957),
high-energy electromagnetic radiation which can cover long distances and penetrate
into the atmosphere much deeper than the initial particle could.

The direct impact of primary and secondary particles on atmospheric gases initial-
izes a series of subsequent chemical reactions consequently leading to substantially
altered abundances of minor compounds. Additionally, numerous direct and indi-
rect effects influence atmospheric dynamics and the energy budget. The underlying
mechanisms interact with each other strongly coupled to the spatially and tempo-
rally highly variable appearance of PEPs, making the investigation of the influence
of PEPs to a challenge since a couple of decades. Based on rather incidental observa-
tions and measurements which suggest the existence of PEPs and their influence on
the atmosphere, concepts of the involved mechanisms have been developed. Later
systematic measurements and complex model studies allowed a verification of these
concepts. Chapter 2 will give an overview of the historical development of research
concerning PEP effects on the atmosphere.

1.2 Motivation

Already early observations have revealed that the incidence of energetic charged
particles can significantly influence the chemical composition of the atmosphere
(e.g. Weeks et al., 1972; McPeters, 1986) and consequences for the energy budget
and dynamics seemed likely. In order to identifv the responsible mechanisms a
series of model studies have been performed. A large part of these model studies
considered the influence of SEP events on the middle atmosphere. As a main
result they showed SEP-induced increases of the chemically very active species
of the NO, (N, NO, NO3) and HO, (H, OH, HO3) family and a resulting ozone
depletion (e.g. Jackman et al., 2005; Verronen et al., 2005). Besides the influence
of SEPs on the atmospheric chemical composition also changes of the energy
budget and dynamics due to SEP impact have been studied (e.g. Krivolutsky et al.,
2006; Jackman et al., 2007). These model studies usually consider precipitation of
high-energy protons into the middle atmosphere, only. That excludes consideration
of a series of important processes which are associated with SEP events. Not
included are the effects of incident a-particles and high-energy electrons of solar
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origin, or precipitation of MEPs. The latter can be induced by SEP precipitation.
These magnetospheric particles can exhibit sufficiently high energies so that they
penetrate into the middle atmosphere where they superpose SEP effects. In a model
study by Wissing et al. (2010) in addition to solar protons also solar electrons and
magnetospheric particles are considered, but the examinations are constrained on
altitudes below the thermosphere. Therefore, not considered are the effects of the
main part of MEPs which directly act within the thermosphere and, as suggested
by early theories (e.g. Solomon et al., 1982) and corroborated by more recent
observations (e.g. Randall et al., 2006, 2009), subsequently can indirectly affect
lower atmospheric layers.

Besides model studies which examine the effects of SEP events also model
simulations have been performed which focussed on the influence of low-energy
magnetospheric particles on the chemical composition, energy balance, and dy-
namics of the thermosphere (e.g. Siskind et al., 1989a,b; Dobbin et al., 2006).
These studies neglect the incidence of energy-rich particles into altitudes below
the thermosphere. Thereby potential PEP-induced effects remain unconsidered,
which appear in the upper atmosphere as a consequence of interactions with lower
atmospheric layers.

Since energy balance, dynamics, and chemical composition react on diverse processes
(e.g. Roble, 1995; Mlynczak, 2000) which in turn undergo complex interactions, it
can be guessed that model simulation which only consider a relatively small part of
the spectrum of PEP-induced processes cannot reproduce the complex interactions.
This is an important reason that the mechanisms of the response of energy budget
and dynamics to PEP impact are poorly understood until today.

The goal of this work is to improve our knowledge of the influence of PEPs
on the Earths atmosphere. In order to reach this goal a model study is accom-
plished which simulates the effects of particle precipitation during the “Halloween”
particle storm, one of the largest particle precipitation events ever detected in the
Earth’s atmosphere, and subsequent particle precipitation during the following
six months. The study uses a 3-D general circulation and chemistry model which
covers an altitude range from the surface up to the thermosphere. The model uses
ionization rates of solar and magnetospheric protons, electrons, and a-particles.
That gives the possibility, for the first time, to investigate simultaneously, and assess
the relative importance of, the effects of both solar and magnetospheric particles
taking into account interactions between the effects of both particle classes. The
model study is accomplished to clarify the following question:

e What is the influence of an extreme solar particle precipitation event and
subsequent solar and magnetospheric particle precipitation on NO,, HO,., ozone,
and temperature?

Along with the clarification of the general question, this work is concerned with the
following aspects:

e What are the individual contributions of precipitating electrons, protons, and
a-particles? Such a consideration can help to assess potential errors in conventional
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model simulations excluding precipitating electrons or a-particles.

e Which role plays NO, production by precipitating magnetospheric particles, in
particular electrons, and downward transport for the NO, concentration in the
middle atmosphere?

e What are the responsible mechanisms for PEP-induced temperature changes?

1.3 Outline of the Thesis

The following chapter gives an overview of previous work concerning PEP effects on
the atmosphere. After that, a theoretical view on middle and upper atmospheric
processes which are included in the model is given in chapter 3. Chapter 4 presents
PEP-induced ionization rates which are of particular importance for the model sim-
ulations forming the basis of this work. Chapter 5 compares nitric oxide densities
within the thermosphere calculated by HAMMONIA and obtained from an empirical
model and discusses potential sources of errors. The investigation of PEP-induced
atmospheric changes is presented in chapter 6. Here, at first, the influence of PEPs
on chemical key components and temperatures is shown. The contributions of pre-
cipitating electrons, a-particles, and protons are examined. In this context the
importance of interactions between the thermosphere, mesosphere, and stratosphere
are discussed. The results of this work are summarized and conclusion are given in
chapter 7. This chapter also discusses future activities.



Chapter 2

Review of Conceptual and

Historical Understanding of
PEP Effects

In the late 50s and early 60s of the twentieth century rocket and satellite based
measurements provided evidence of high-energy charged particles in the Earth’s
environment. Long time before, several incidental observations and indirect studies
suggested the existence of such particles and their interactions with the atmosphere.
A couple of these indirectly obtained findings are presented in section 2.1. After
that, a review of the historical development of observational and theoretical studies
investigating the influence of PEPs on the atmosphere is given. Since initial
research of PEP effects concentrated either on SEPs in the middle atmosphere or
MEPs in the upper atmosphere the review separately considers the investigation of
SEP and MEP effects. In the final part of this review studies are presented which
consider couplings between atmospheric layers and the combined effects of SEPs

and MEPs.

2.1 Indirect Findings

In the late 1870s the aurora was traced back to PEPs by Henry Becquerel (Kallen-
rode, 2004). He guessed that Sun spots are a source of fast protons which can reach
the Earth, where they are guided by the magnetic field lines towards the auroral
ovals. Although, later investigations suggest that the relation between Sun spots and
aurora is based on more complex mechanisms, Becquerels interpretation is notewor-
thy, since he ascribed the Sun to emit energetic particles which can affect the Earth’s
environment. These thoughts were revisited by Chapman and Ferraro (1931). They
developed the idea that the aurora is caused by magnetic storms which are induced
when solar matter hits the Earth. Forbush (1946) reported several solar flares asso-
ciated with extraordinary increases in cosmic ray intensity which were measurable
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in high and mid-latitude regions but not at low latitudes. He guessed that energetic
charged particles emitted by the Sun are responsible for the observed phenomenon.
A few years earlier Vegard (1939) detected the Balmer H line in auroral spectra
which he interpreted as hydrogen showers of solar origin. In a later theory Vegard
(1948) recognized that H lines in the auroral spectrum are related to fast protons
nearing the Earth. Later studies confirmed the existence of protons during aurora
events (e.g. Father, 1967; Fdgar et al., 1973), even though it is thought that the
aurora is primarily caused by electrons.

The investigation of disturbed radio wave propagation occurring over high geomag-
netic latitudes shortly after solar flare observations led to consideration of the in-
fluence of PEPs on atomic and molecular processes in the atmosphere. The distur-
bances were attributed to increased ion concentrations in the ionospheric D-region.
Bailey (1957) suggested that the additional D-region ions are caused by enhanced
input of chemical components with low ionization potential. Due to their low ion-
ization potential these components, such as alkali metal compounds, would be eas-
ily ionized by solar ultraviolet radiation leading to enhanced ion concentrations.
This theory was substantiated by the fact that the disturbances appear to be much
stronger at daytime. However, Herzberg (1960) ascribed the increased ion concen-
tration to enhanced NOT amount. This results from PEP-induced production of
nitric oxide (NO) which is relatively easy to ionize by solar photons. The assump-
tion that PEPs are responsible for the production of nitric oxide is noteworthy since
the production of nitric oxides by PEPs plays a key role in later studies considering
the influence of PEPs on the atmosphere.

2.2 SEP effects

2.2.1 Chemistry

Probably the first in situ measurements showing the influence of SEPs on the at-
mosphere were accomplished by two Sidewinder rockets instrumented to measure
ozone during the initial and the final phase of a solar proton event on 2 and 4
November 1969 (Weeks et al., 1972). These measurements revealed a substantial
ozone decline during the SPE within the northern polar mesosphere. The observed
ozone decrease disagreed with the results of photochemical calculations by Maeda
and Aikin (1968) predicting an increase of ozone in consequence of extraordinary
strong particle precipitation in that altitude range. Weeks et al. (1972) guessed
that the observed ozone decrease was caused by PEP-induced NO. This hypothe-
sis was contradicted by the results of a theoretical study by Swider and Keneshea
(1973) suggesting that the ozone depletion in the mesosphere observed during the
SPE in November 1969 was basically caused by the influence of PEP-induced odd
hydrogen (HO,: H, OH, HO3). During the initial phase of research on atmospheric
response to energetic particle precipitation it was already assumed that PEPs are re-
sponsible for odd nitrogen (NO,: N, NO, NOg3) production and a subsequent ozone
destruction. In a fundamental theoretical work Crutzen et al. (1975) formulated
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the chemical relationship explaining the importance of SPEs for the production of
NO and the resulting destruction of ozone in the stratosphere. They guessed that
initially dissociation, ionization, and dissociating ionization of molecular nitrogen,
primarily by secondary electrons, form nitrogen ions and un-ionized atomic nitrogen
which in turn can create NO through a couple of reactions. The importance of NO,,
for the ozone budget, recognized by Crutzen (1970), results from the fact that the
ozone destruction by NO takes place within a catalytic cycle which regenerates NO
continuously:

Results of a model study by Heath et al. (1977) suggested that NO, induced by
solar protons caused a substantial ozone depletion which was observed in the strato-
sphere after a severe solar proton event on 4 August 1972. The above mentioned
theoretical studies dealing with the influence of solar proton events on the chemical
composition of the stratosphere and mesosphere, already used ionization rates which
were derived from satellite based particle flux measurements in order to prescribe
the energy input into the atmosphere due to SEPs. Under the assumption that the
influence of precipitating electrons, a-particles, and heavier ions would be negligible,
only solar protons were considered. Rusch et al. (1981) and Solomon et al. (1981)
give a detailed description of the relationship between PEP controlled ionization
processes and the production of NO, and HO, in the middle atmosphere. They
provided production rates for NO, and HO, depending on PEP-induced ion pair
production rates.

Although, theoretical considerations by Herzberg (1960) and Crutzen et al. (1975)
suggest that NO, might be produced in consequence of solar proton events, an in-
crease of NO was for the first time measured by satellite during a solar proton event
in July 1982 (MecPeters, 1986). In situ measurements of such a NO increase were
for the first time performed by a rocket campaign over the Indian Ocean during
October 1989 when a series of extraordinarily strong solar proton events happened
(Zadorozhny et al., 1992, 1994).

Satellite measurements during and past the October 1989 solar proton events showed
substantially more ozone depletion in the winter than in the summer hemisphere
(Jackman et al., 1993). Using 2-D and 3-D simulations Jackman et al. (1993) stud-
ied the causes of the inter-hemispheric differences in the middle atmosphere after
strong solar proton events of October 1989. While the 2-D model predicts insignifi-
cant inter-hemispheric differences, 3-D model calculations show, in consistence with
observations, significantly stronger ozone depletion in the winter than in the sum-
mer hemisphere. It was suggested that the observed differences were caused by
different dynamical conditions. A pronounced polar vortex, as usually found in the
winter hemisphere, inhibits mixing of air from polar latitudes which is perturbed
by PEP influence with unperturbed air from middle latitudes, while in the summer
hemisphere mixing of perturbed air from the polar region with unperturbed lower
latitude air weakens the effect of ozone depletion induced by a solar proton event.
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The effects of a strong solar proton event on NO, NOs, and O3 were, for the first
time, simultaneously observed by satellite for the severe solar proton event which
occurred on 14-16 July 2000. These measurements confirmed previous findings of
the dramatic influence of strong solar proton events on ozone in the middle atmo-
sphere (Jackman et al., 2000).

In October and November 2003 several solar storms caused a series of intense SEP
events. Owing to the time range of their occurrence around the 31 October these
events are often referred to as Halloween storm events. The influence of the Hal-
loween storm events on the atmosphere have been studied as much as no other
SEP event before. That notable interest is on the one hand due to the extreme
intensity of these events and the strong impact on the Earth’s atmosphere and on
the other hand to a couple of new instruments and methods which were for the
first time available to measure such atmospheric consequences. Instruments like
MIPAS (Michelson Interferometer for Passive Atmospheric Sounding) and GOMOS
(Global Ozone Monitoring by Occultation of Stars) on board of the Environmental
Satellite (ENVISAT) of the European Space Agency observed for the first time the
effects of a large SEP event on ozone, NO, NOs, and a series of additional chemical
components simultaneously over the southern and northern polar regions. GOMOS
supplied the first satellite observations of a NOs increase and an ozone decrease in
the polar region of the winter hemisphere after a SEP event (Seppdld et al., 2004).
MIPAS measurements revealed that the NO,, increase and ozone decrease after the
Halloween storm events were weaker and of shorter duration in the summer than in
the winter polar region (Ldpez-Puertas et al., 2005).

The causes of inter-hemispheric differences of ozone depletion induced by solar pro-
ton events in the middle atmosphere were studied by Rohen et al. (2005) using
a combination of ozone measurements by SCIAMACHY (Scanning Imaging Ab-
sorption Spectrometer for Atmospheric Chartography) and simulations with a 2-D
chemistry and transport model. They pointed out that due to a smaller solar zenith
angle (SZA) and subsequent stronger photolysis of HoO in the SH polar region the
effect of solar proton event produced HO, is not as strong as in the NH polar region.
Since in the NH polar region solar illumination is weak or absolutely absent NO,
is almost protected against photochemical destruction. This also strengthens the
ozone depletion in the NH induced by a solar proton event. Additionally, in absence
of O2 photolysis in the NH polar region the ozone recovery is rather slow. It is
interesting that Jackman et al. (1993) and Rohen et al. (2005) found completely dif-
ferent mechanisms which should be responsible for the inter-hemispheric differences
in ozone depletion induced by solar proton events. However, it can be guessed that
ozone depletion is a result of the combination of both effects.

A couple of SZA dependent mechanisms which cause inter-hemispheric differences
of the ozone response to the solar proton event also control the daily variations of
the ozone response as indicated by a combination of GOMOS measurements and
model simulations ( Verronen et al., 2005).

A 3-D model study by Jackman et al. (2009) addressed the long-term effects of solar
proton events over the time period of 1963-2004. They showed strong statistically
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significant NO,, (N, NO, NO3, NOgz, N2Og, HNO3z, HO2NOz, HONO, CIONO3,
CINOgz, BrONOs) enhancements caused by very large solar proton events in the
mesosphere and stratosphere in both hemispheres. Only modest statistically sig-
nificant signals in ozone are computed for the same events. An analysis of the
ozone content indicates that even very large solar proton events do not lead to any
statistically significant change in annually averaged total ozone.

2.2.2 Temperature and Dynamics

After fundamental investigations had revealed the prominent influence of solar pro-
ton events on chemistry, a couple of studies considered solar proton event effects on
temperature and dynamics. Since it was recognized that ozone plays a key role for
absorption of ultraviolet solar radiation in the atmosphere (Hartley, 1880; Chappuis,
1882; Huggins and Huggins, 1890) and in consequence ozone controls the tempera-
ture distribution, particularly in the stratosphere, the influence of ozone depletion
due to solar proton events on temperature has been studied. Model simulations
by Reagan et al. (1981) and Reid et al. (1991) indicated a substantial temperature
decrease in the sunlit upper stratosphere due to a massive ozone depletion which
was caused by strong solar proton events in August 1972 and October 1989. Rocket-
based measurements during the solar proton events in October 1989 confirmed the
temperature decrease in the stratosphere (Zadorozhny et al., 1994). Model simula-
tions by Krivolutsky et al. (2006) indicate a substantial temperature decrease in the
sunlit stratopause region in consequence of substantial ozone depletion due to the
solar proton event of July 2000. They also showed a strong temperature increase
in the mesosphere, which was attributed to dynamical effects. Qualitatively sim-
ilar results were provided by further studies which considered temperature effects
of the Halloween storm events (Jackman et al., 2007) and a solar proton event in
January 2005 (Becker and von Savigny, 2010). The temperature increase in the
upper summer mesosphere was traced back to a complex interaction between sev-
eral of dynamical processes, which are initialized by the temperature decrease in the
stratopause region. Using a general circulation model, Jackman et al. (2009) studied
long-term effects of solar proton events on chemical composition and temperature.
Although very large solar proton events occurred during the time period, especially
from 2000 to 2004, and significant ozone changes have been found in annual aver-
ages, no corresponding significant polar temperature variations could be identified.
In the above mentioned model studies which investigate the atmospheric conse-
quences of solar proton events only precipitation of energetic solar protons into the
middle atmosphere is considered.

2.3 MEP effects

Simultaneously to the investigation of SEP effects, separate studies considered
precipitating MEPs. Early model studies showed a variability of ion and neutral
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chemistry due to the occurrence of MEPs (e.g. Jones and Rees, 1973; Rees, 1975;
Roble and Rees, 1977). Similar to the NO, production in the middle atmosphere
which is caused by SEPs, also a substantial increase of NO, in the thermosphere
was predicted as consequence of MEP precipitation and associated changes of ion
chemistry. This was confirmed by satellite observations in the upper mesosphere
and lower thermosphere which revealed substantially higher NO, concentrations
in polar latitudes than in middle latitudes, which were attributed to auroral MEP
precipitation (Rusch and Barth, 1975).

In addition to the influence of precipitating MEPs on atmospheric chemistry also
temperature and dynamical effects have been studied focussing principally on the
thermosphere. In that context effects of MEP precipitation on interactions between
plasma and neutral gas dynamics play an important role. These interactions
which are known as ion drag and Joule heating can strongly influence winds and
temperature. Using a general circulation model of the thermosphere Roble and
Ridley (1987) and Roble et al. (1987a) showed that ion drag and Joule heating
associated with precipitation of auroral MEPs lead to alteration of the horizontal
wind pattern and increasing temperatures with the strongest effects in the winter
lower thermosphere.

The relationship between chemical processes and temperature changes which are
affected by MEP precipitation has been discussed by a couple of authors. Siskind
et al. (1989a,b) describe an increase of NO in the lower thermosphere in consequence
of an auroral particle storm. The NO increase was observed at high latitudes as
well as at middle latitudes. Model simulations indicated that at high latitudes the
major part of the additional NO is a result of MEPs direct influence on chemistry.
In contrast to that the NO enhancements at middle latitudes are ascribed to
MEP-induced Joule heating, which causes a warming also at middle latitudes. This
warming leads to a modified NO chemistry. Besides the MEP-induced increase of
NO a study of Roble (1992) also indicated N2 and O3 increases and decrease of O
as response to auroral activity. Model simulations indicate that such a response is
caused by upwelling driven by auroral particle precipitation and Joule heating.
The episode of the Halloween storms was not only characterized by SEP precipita-
tion but also accompanied by strong geomagnetic activity and MEDP precipitation.
Dobbin et al. (2006) studied the development of the thermospheric NO concentra-
tion and temperatures during the Halloween storm events. A comparison between
measurements and 3-D model results showed the influence of aurorally produced NO
and associated 5.3 pm radiative cooling on temperature. This study indicated that
variations of the NO density must be taken into account for a realistic prediction
of thermospheric temperatures during periods of high geomagnetic activity.
Although Thorne (1977) has already noted that during geomagnetically disturbed
conditions high-energy electrons from the Earth’s radiation belts can penetrate into
the mesosphere and stratosphere where they form an important source of ionization,
the majority of studies which considered the influence of PEPs on the middle
atmosphere have been focussed on solar proton events. Only a few studies examined
the effects of MEPs below thermospheric heights. A combination of satellite
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based observations of electron fluxes and NO content revealed the importance of
precipitating magnetospheric electrons for the NO formation in middle and high
latitudes of the mesosphere and lower thermosphere (MLT) (Callis et al., 1996a).
Further observational and model studies indicated that stratospheric NO, and
ozone content might be significantly affected by NO which is produced by MEPs
and subsequently advected downward from the MLT region (Callis et al., 1996b,
1998). Thus the authors suggested that model simulations which deal with PEP
effects on the middle atmosphere should generally take magnetospheric electron
precipitation into account.

Based on the findings of Callis et al. (1998) 3-D simulations were carried out by
Rozanov et al. (2005). These simulations indicated that magnetospheric electron
precipitation leads to a net cooling within the stratosphere and increased surface
air temperatures over wide areas of the northern continental regions.

In contrast to the above mentioned model simulations of SEP effects, model
simulations which deal with MEP precipitation use ionization rates derived from
electron flux measurements by a polar-orbiting satellite or from parameterizations
related to the strength of the geomagnetic activity, While it was early recognized
that precipitating MEPs cause substantial NO enhancements in the MLT region,
the mechanisms of NO, downward transport and its importance for the lower
mesospheric and stratospheric NO, and ozone budget are still under debate. The
historical development of investigation of this coupling process between the upper
and the middle atmosphere is part of the following section 2.4.

2.4 Couplings and interactions

Photochemical simulations involving the meridional circulation provided first
evidence of a photochemical coupling between the thermosphere and stratosphere
(Solomon et al., 1982). They pointed out that the NO, -production in the thermo-
sphere significantly exceeds the NO,-production in the stratosphere. During the
polar winter, thermospheric NO, can experience downward transport enhancing
the stratospheric NO, abundance. Taking into account that in polar winter PEPs
are the main source of NO, in the thermosphere the findings by Solomon et al.
(1982) were groundbreaking for later studies concerning the coupling of the upper
and middle atmosphere involving PEPs.

The idea of NO,, transport from the thermosphere down to the stratosphere inside
the polar vortex was revisited by Callis and Natarajan (1986) in order to explain
the occurrence of the substantial ozone decrease which was observed since the late
1970s during Antarctic spring (Farman et al., 1985) and known as ozone hole. Callis
and Natarajan (1986) contradicted the theory of Farman et al. (1985) that the
considerable ozone decrease is caused by enhanced emissions of chlorofluorocarbons
of anthropogenic origin and subsequent increase of chlorine species within the
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stratosphere. Measurements (e.g. Nozon, 1978; McKenzie and Johnston, 1984;
Fahey et al., 1989) raised doubts about the NO, transport theory and today it is
generally accepted that chlorine plays the major role. NO, minima were found in
both the time and altitude range of the strongest ozone decline. A detailed overview
of the research concerning the causes of the ozone hole is given by Solomon (1999).
Satellite observations revealed a substantial ozone decrease in the southern polar
stratosphere in consequence of the pronounced solar proton event of July 2000.
The ozone decrease was accompanied by the strongest NO, increase ever observed
by satellite in the SH stratosphere (Randall et al., 2001). Randall et al. (2001)
interpret the extreme NO, increase as a consequence of downward transport within
the SH polar vortex which carries NO, induced by a solar proton event from the
upper atmosphere into the stratosphere. Randall et al. (2005) analyzed remarkable
NO, enhancements which were observed a few months past the Halloween storms,
in the advanced NH winter 2003/2004, in the stratosphere. Their analysis suggests
that the Halloween storm and subsequent PEP events produced substantial
amounts of NO,, in the upper atmosphere. Unusual meteorological conditions led
to an unusually strong polar vortex from late January through March 2004 which
likely transported NO, downward into the stratosphere. The downward transport
hypothesis was supported by observations of carbon monoxide (CO) which is
chemically inactive and therefore used as an indicator of downward transport
(Randall et al., 2006). The findings of Randall et al. (2001, 2005, 2006) are
noteworthy since they show impressively a coupling mechanism of the upper and
middle atmosphere involving PEP-induced chemical processes. It was shown that
the main portion of descending NO, in NH winter 2003/2004 was not produced
by the Halloween storm SPEs but generated by subsequent auroral activity and
corresponding MEP precipitation (Semeniuk et al., 2005; Clilverd et al., 2006).
Strong downward transport of NO, leading to exceptionally large NO, amounts
within the stratosphere was observed during several of the following NH winters
(e.g. Randall et al., 2006, 2009; Siskind et al., 2007). The majority of these
winters were characterized by extraordinarily weak PEP activity and polar vortex
anomalies indicated by unusual middle atmospheric temperatures. It was deduced
that extreme variations of the NO, content in the NH polar stratosphere are less
a result of variable PEP activity but rather caused by anomalous meteorological
conditions. Analyses showed changes of the stratospheric NO, content in SH polar
winter, where the polar vortex is more stable than in the NH, are mainly caused by
PEP activity (Randall et al., 2007).

In order to assess the long-term influence of NO, intrusion on stratospheric
chemistry Reddmann et al. (2010) carried out 3-D model simulations. A time range
from July 2002 to March 2004 is considered including the Halloween storm PEP
events. Since the model could not reproduce the dynamical conditions which cause
strong downward transport events, the corresponding large enhancements of NO,
are prescribed by MIPAS measured NO, concentrations. The model results show
the strongest stratospheric ozone depletions occurring in SH spring 2003 and in
NH spring 2004, the periods after pronounced NO, downward transports into the
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stratosphere.

The first model study which considers both solar and magnetospheric precipitating
protons and electrons was carried out by Wissing et al. (2010). The period of the
Halloween storm PEP events was simulated. Model results suggest that ionization
by magnetospheric electrons directly produces NO, above the stratopause and in
consequence significantly affect the mesospheric ozone content. It is also shown that
magnetospheric electrons cause a significant impact on stratospheric ozone during
polar winter. However, these simulations are constrained on altitudes below the
thermosphere and cannot reflect effects which are caused by particle precipitation
into the upper atmosphere.
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Chapter 3

Middle and Upper Atmospheric
Processes in HAMMONIA

The influence of PEPs on the atmosphere is studied using simulations with
the Hamburg Model of the Neutral and lonized Atmosphere (HAMMONIA).
HAMMONIA is a general circulation and chemistry model which treats chemistry,
radiation, and dynamics interactively for an altitude range from the surface up to
the thermosphere (1.7 - 10=7 hPa). A detailed description of the model is given by
Schmidt et al. (2006). In order to simulate the effects of particle precipitation it
was necessary to implement a couple of parameterizations or to modify the existing
ones in HAMMONIA. These model modifications are described in the following.
Here, the original version of the model is referred to as HAMMONIA-1, while
the modified version is named as HAMMONIA-2. A brief description of the asso-
ciated atmospheric processes is also given. Finally, the simulation setup is presented.

3.1 Chemistry

As described by Schmidt et al. (2006) HAMMONIA-1 uses a condensed version of
the MOZART3 chemistry module (Kinnison et al., 2007) with 48 components, 46
photolysis, and 107 bi- and termolecular gas phase reactions. This set of chemical
reactions is completely adopted in HAMMONIA-2, whereas the corresponding reac-
tion rate coefficients are updated to values given by Sander et al. (2006).

As already mentioned, in this work the influence of PEPs on chemical composition,
dynamics, and energetics is studied. It has been recognized that the associated
atmospheric changes are mainly initialized by interactions between PEPs and the
ionosphere. This means in particular the generation of ions in consequence of colli-
sions between PEPs and neutral atmospheric components.

For an accurate description of the thermospheric chemistry and in order to reflect the
PEP-induced changes of the ionospheric composition an ion chemistry module has
been implemented into HAMMONIA-2 representing the ion chemistry of the iono-
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spheric E- and F-regions. The E-region comprises the lowermost thermosphere up to
about 130 km, while the F-region extends over a couple of hundred kilometers above
the E-region. The ion chemistry module in HAMMONIA-2 consists of 13 ion-neutral
reactions (listed in Table A.15) and 5 ion-electron recombination reactions (listed
in Table A.14) involving the six constituents O, O, N*, NI NO*, and electrons.
Additionally, HAMMONIA-2 considers 5 ionizing reactions directly involving PEPs.
These PEP-induced reactions are listed in Table A.1. Following the formulations of
Roble and Ridley (1987), ionization of O, Og, and Ny is calculated using particle-
induced ion pair production rates which are provided by the Atmospheric lonization
Module Osnabriick (AIMOS) (Wissing and Kallenrode, 2009). The algorithm of
determination of ionization rates is briefly described in section 4.1 and their appli-
cation in HAMMONIA-2 is discussed in section 4.3. PEP-involving reactions are
complemented by a reaction which describes pure dissociation of molecular nitrogen,
as also shown in Table A.1. It must be noted, that the explicit consideration of PEPs
in chemical reactions is constrained to the thermosphere. In the middle atmosphere
where the ion density is significantly smaller than above ion chemistry is dominated
by complex processes involving negative and cluster ions. Since the present work
is interested in NO, and HO, production resulting from the interactions between
PEPs and ion chemistry, parameterizations are used which describe the production
of atomic nitrogen and HO, in the middle atmosphere resulting from the interac-
tion of PEPs and complex ion chemistry. These parameterizations are depending
on the PEP-induced ionization rates and therefore they are discussed more detailed
in conjunction with the ionization rates in section 4.3.

While PEPs are the main source of ions at high latitudes, particularly in the absence
of solar irradiance, solar photons corresponding to Lyman-a and shorter wavelengths
are the main source of ions in the sunlit atmosphere. Therefore, HAMMONIA-2 con-
siders 6 ionizing reactions involving radiation at wavelengths between Lyman-a and
soft X-rays. Additionally, pure dissociation of molecular nitrogen by extreme ul-
traviolet radiation is considered. Ionization and dissociation of O, Os, and N3 by
radiation of wavelengths less than 121 nm and by subsequent secondary electrons
are calculated using the parameterization of Solormon and Qian (2005). Here, the
irradiance in bin A is given by:

: (3.1)

F10.7+ F10.7a

- Lnin)]
where I, = 80sfu (1sfu = 10722W/m?/Hz). The parameters Ig and A, are
taken from Table Al in Solomon and Qian (2005). The solar activity represented by
the solar radio flux at wavelength of 10.7 cm (F'10.7) is obtained from the National
Geophysical Data Center of the National Oceanic and Atmospheric Administration
(NOAA, http://www.ngdc.noaa.gov). F10.7a is the 81 day average of F'10.7. Due
to its relatively low ionization threshold NO is ionized by the intense solar Lyman-«
line at 121.6 nm. This important ion source is also considered in HAMMONIA-2,
using a cross section of 2-107'® taken from Kazil (2002). Table A.2 summarizes
the reactions caused by the impact of solar radiation in spectral range between
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Lyman-a and soft X-ray.

In addition to chemical reactions involving ions, electrons, PEPs, and hard solar
irradiance the chemistry module has been extended by 13 neutral bi- and termolec-
ular reactions which are assumed to be relevant for NO, chemistry or heating by
release of chemical potential energy. These reactions are included in Tables A.4-A.7.

3.2 Energetics and Dynamics

3.2.1 Heating by exothermic chemical reactions

As mentioned above, energy-rich photons and PEPs can dissociate, excite, or
ionize atmospheric gases. Through these processes kinetic energy of photons
and PEPs is converted into chemical potential energy of the resulting species.
In atmospheric regions with high density these species recombine immediately
or they are rapidly quenched. Consequently, the associated release of chemical
potential energy causes a warming of the atmosphere close to the point where an
individual PEP hits another atmospheric particle. In the upper atmosphere, at low
density, the life time of ions, excited species, and dissociation products increases
considerably. Hence, these products can travel long distances before they release
their chemical potential energy and warm the atmosphere. The so-called chemical
heating is the most important heating mechanism in the upper atmosphere. In
HAMMONIA-1 chemical heating is calculated for 7 neutral reactions (see Tables
A.16). In HAMMONIA-2 they are complemented by 44 additional reactions (see
Table A.17) which are primarily related to ion chemistry, the impact of PEPs, and
short wave solar radiation.

3.2.2 Direct heating by PEPs and solar extreme ultraviolet radia-
tion

An additional neutral gas heat source is the direct thermalization by collisions with
secondary electrons resulting from the impact of PEPs or solar extreme ultraviolet
(EUV) radiation comprising wavelenghts between Lyman-a and 0.05 nm. Following
Roble et al. (1987b), it is assumed in HAMMONIA-2 that 5% of the energy
of each absorbed EUV photon is directly converted to heat. Concerning direct
thermalization of energy from PEPs, we adopt a similar approach from Marsh et al.
(2007) which calculates it as the product of the particle induced ionization rate,
35eV (5.6077- 10718J) per produced ion pair, and a heating efficiency of 5%.
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3.2.3 NO cooling

Infrared cooling by NO emissions at 5.3 pm (called NO cooling) is a significant
cooling mechanism particularly in the thermosphere (Kockarts, 1980). It is not
explicitly taken into account in HAMMONIA-1. In HAMMONIA-2 this process
is parameterized using an approach of Kockarts (1980). This approach considers
excitation and deactivation of NO due to collisions with atmospheric constituents
and spontaneous emission of photons. As indicated by measurements the dominat-
ing collision partner is atomic oxygen. Using thermodynamic considerations the
parameterization of Kockarts (1980) calculates the NO cooling rate as function of
the predicted kinetic temperature and concentrations of nitric oxide and atomic
oxygen.

3.2.4 Ion drag and Joule heating

The neutral gas flow is mainly governed by the pressure gradient and the Coriolis
force in a wide altitude range. The motion of ionospheric plasma is additionally con-
trolled by magnetic and electric forces. Even though the density of the ionospheric
plasma is far less than that of the neutral gas, in the thermosphere dissipative
effects act between plasma and neutral gas. They can significantly affect thermo-
spheric winds and temperatures. The corresponding force on atmospheric motions
is referred to as ion drag and the resulting temperature effect is known as Joule
heating.

In HAMMONIA-1 the effects of ion drag and Joule heating are calculated follow-
ing an approach of Hong and Lindzen (1976). This simple approach calculates the
effects of plasma on the neutral gas flow as function of the geopotential height and
geomagnetic latitude and therefore it cannot reflect variations associated with geo-
magnetic activity and particle precipitation. In order to reflect the effects of PEPs
on ion drag and Joule heating HAMMONIA-2 uses a parameterization of Zhu et al.
(2005). This parameterization uses the model-predicted electron and ion concen-
trations. Besides the electron and ion concentrations, ion drag and Joule heating
also depend on the ion drift velocity which is calculated from the so-called E % §
velocity. In HAMMONIA the Earth’s magnetic field (E)) is assumed to be a dipole
field centered at the geomagnetic poles. Its strength is B = 2.82 - 1075v/1 + 3sin26
(Roble and Ridley, 1987) where 0 is the geomagnetic latitude. The shape of the
electric field E, which is defined by the gradient of the polar cap potential, is cal-
culated using a model of Heelis et al. (1982). This model, which is taken from a
software package from the “ModelWeb Catalogue and Archive” of the NASA God-
dard Space Flight Center (http://modelweb.gsfc.nasa.gov), describes the form of the
polar cap potential or the large-scale global convection characteristics of the high
latitude ionosphere, respectively. The calculated shape of the polar cap potential is
shown in Figure 3.1 for different times. It must be noted that the strength of the
polar cap potential is correlated to the geomagnetic activity. As suggested by Foster
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et al. (1986) the strength of the electric field is determined by the product of 7.8
kV and an empirical derived scale factor based on the K -index which is associated
with the geomagnetic activity. The relation between K,-index and scale factor is
shown in Table 3.1. In HAMMONIA-2, for K, -indices between the listed ones the
scale factor is derived from linear interpolation. For K,-index greater than 6- a
scale factor of 10 is assumed. The time dependent Kp-index is taken from NOAA
(http://ngde.noaa.gov). The strength of the polar cap potential shown in Figure 3.1
is associated with a scale factor of 1 representing weak geomagnetic activity.
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Figure 3.1— North polar cap potential configuration at 0 UTC (top, left), 6 UTC (top, right), 12
UTC (bottom, left), and 18 UTC (bottom, right) corresponding to a precipitation index of 1.

For the simulations in this work the northern pole of the geomagnetic field is as-
sumed to be located at 79.7°N/71.7°W. This is approximately the position where
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Table 3.1— Relation between K,-index and scale factor as given by Foster et al. (1986).

K,-index 1- 1 1+ 2- 24+ 3 34 4 5 6-

Scale factor 1 2 3 4 5 6 7 8 9 10

the geomagnetic pole was located in late 2003 and early 2004. Additionally, the
parameterization of Zhu et al. (2005) requires the calculated Pedersen and Hall con-
ductivities. These conductivities are computed using formulations of Kertz (1971)
depending on the modeled densities of ions and electrons and their gyro and collision
frequencies.

In contrast to the parameterization of Hong and Lindzen (1976), which is used in
HAMMONIA-1 in order to simulate the effects of ion drag and Joule heating, the
parameterization of Zhu et al. (2005) in HAMMONIA-2 allows to reflect some as-
pects of the response of ion drag and Joule heating to variable geomagnetic activity.
Moreover, it allows a more realistic representation of the spatial pattern of ion drag
and Joule heating, even though, the applicability of the approach to magnetospheric
physics is limited by the exclusion of large magnitude small-scale features of plasma
flows as mentioned by Heelis et al. (1982). A further limitation of the calculation
algorithm in HAMMONIA-2 is caused by the simple assumption of a fixed Earths
magnetic field. As a consequence, changes of the terrestrial magnetic field due to
variations in particle precipitation cannot be reflected in HAMMONIA-2.

3.3 Experiment configurations

In order to study the effects of the complete particle spectrum and to assess the con-
tribution of different particle classes four experiments have been performed. The first
experiment considers the complete spectrum of precipitating energetic charged par-
ticles comprising protons, electrons, and a-particles. In the following, it is named as
experiment PEA. T'wo further experiments, named as PE and PA, consider protons
and electrons or protons and a-particles, respectively. The experiment composition
is completed by a reference experiment excluding particle forcing. In the following,
it is named as experiment REF. An overview about the experiments is given in Table
3.2.

The corresponding model simulations cover a time range from March 2003 to April
2004. For the first five months a single simulation has been performed for each
experiment. The modeled atmospheric state of 1st of August 2003 00 UTC has
been used to start five one-month simulations per experiment. The purpose of these
simulations is to generate five slightly different states of the modeled atmosphere.
Therefore, each simulation has been carried out with small differences of the gravity
wave drag parameterization. The resulting five states are used to initialize five en-
semble simulations per experiment starting on 1st of September 2003 00 UTC. The
analyses in this work are related to the full ensemble experiments and therefore they
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Table 3.2— Experiments and involved precipitating particle classes.

Experiment involved particle classes

PEA protons, electrons, a-particles
PE protons, electrons

PA protons, a-particles

REF without precipitating particles

consider a time period after August 2003.

In order to avoid numerical instabilities which can occur when high wind speeds
resulting from ion drag violate the Courant Friedrichs Levi criterion (Courant et al.,
1967), all experiments have been performed with a numerical time step of 180 sec-
onds. This time resolution is significantly higher than that of 10 minutes as used
in HAMMONIA-1 (Schmidt et al., 2006). Simulations have been performed on 67
vertical equidistant log-pressure levels ranging from the surface up to 1.7-1077 hPa.
Tri-angular truncation T31 is used corresponding to a horizontal resolution of about
3.75° x 3.75°. Using Newtonian relaxation technique the simulations are nudged
to ECMWF-analyzed fields of sea surface temperature, air temperature, vorticity,
and divergence up to pressure level of 170 hPa. For all model simulations in this
work HAMMONIA-2 is used. In the following that model version is referred to as
HAMMONIA.
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Chapter 4

Ionization Rates

In HAMMONIA the PEP impact on the atmosphere is represented by ion pair
production rates which are calculated by colleagues from the University of Osnabriick
using AIMOS (Atmospheric Ionization Module Osnabriick). They are provided as
time dependent 3-D data sets for protons, electrons, and a-particles. The algorithms
used to determine the ionization rates are briefly presented in the following. A
detailed description of the ionization rates and their determination by AIMOS is
given by Wissing and Kallenrode (2009).

4.1 Calculation

The determination of ionization rates in AIMOS is based on multi-satellite mea-
surements of particle fluxes. The instruments TED (Total Energy Detector) and
MEPED (Medium Energy Proton and Electron Detector) on board of the polar or-
biting NOAA POES (Polar-orbiting Operational Environmental Satellite) satellites
15 and 16 provide information on the incidence of protons with energies ranging
from 154 eV to 6.9 MeV and electrons with energies from 154 eV to 2.5 MeV. Pro-
tons of higher energies up to 500 MeV as well as a-particles in an energy range from
4 to 500 MeV are detected by Energetic Particle Sensor (EPS) on board of GOES
(Geostationary Operational Environmental Satellite). These measurements provide
the possibility to calculate three dimensional ionization rates considering almost the
complete particle spectrum. Combination of measurements from both polar orbiting
satellites is used to determine a horizontal precipitation pattern. The width of the
polar cap over which SEPs enter the atmosphere is derived from the geomagnetic
activity and proton observations by POES at the maximum detectable energy (6.9
MeV). For higher energetic SEPs (GOES is able to detect protons of up to 500 MeV)
the area of precipitation is extended equatorward. The determination is limited to
two hourly temporal resolution due to the orbital time of the POES satellites.

In addition to the horizontal distribution of the particle precipitation also the pene-
tration depth and the location of the energy deposition has to be computed. While
a-particles and protons propagate more or less straightforward, electrons undergo
multiple scattering, whereby their covered distance in the atmosphere can substan-
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tially exceed the penetration depth. This effect is important in the less dense upper
atmosphere. Additionally, the location where PEP energy is finally deposited is also
dependent on the creation of secondary electrons and Bremsstrahlung. In order to
determine the location of deposition of PEP energy, taking into account interac-
tions between PEPs and the atmosphere, AIMOS applies a Monte Carlo simulation.
It uses absorber atmospheres which were provided by HAMMONIA for different

geographic latitudes, seasons, and solar activity strengths.

4.2 Ionization of different particle species
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Figure 4.1— Time evolution of ionization rates of precipitating protons at geomagnetic latitudes
of about 83°, 69°, and 39° north (left) and south (right). The unit of ionization rate is m~*s~* and the
time range is from October 2003 to April 2004. Note the higher resolution of the time axis for October
and November.

The time evolution of ionization rates at different geomagnetic latitudes is presented
for protons, electrons, and a-particles in Figures 4.1-4.3. Here, the geomagnetic
latitudes of 83° represent the polar caps, the regions where SEPs usually penetrate
into the atmosphere. At 69° geomagnetic latitude, the edge of the auroral oval,
the main precipitation area of MEPs is located. Geomagnetic latitudes of 39° are
usually outside of the main particle precipitation regions.
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Figure 4.2— Same as Figure 4.1 but for precipitating electrons.

The figures show minor inter-hemispheric differences of ionization rates but region-
ally they distinguish substantially. In the polar cap regions ionization by protons
is usually small. Exceptions occur during the Halloween storm period in October
and November 2003 when protons cause intense ionization in the mesosphere and
stratosphere. These extreme ionization events also appear at geomagnetic latitudes
of 69°, regions usually outside of the main precipitation of SEPs. Nevertheless, it
can be assumed that solar protons are responsible for this extraordinary ionization,
since during strong SEP events the polar caps temporarily extend equatorward.
Moderate ionization by protons occurs in the lower thermosphere of the main MEP
precipitation (69°) area over the entire time period. At geomagnetic latitudes of 39°
ionization by protons is usually small, with a slight increase during the Halloween
storm period. lonization by electrons exhibits substantial regional variations. Three
remarkable ionization events are produced by precipitating electrons from 20 Octo-
ber through 10 November 2003 in the polar cap with their maximum in the lower
mesosphere. Both, the temporal and the spatial characteristic of these events show
considerable differences to the ionization events which are caused by precipitating
protons. Additionally, the mesosphere experiences a series of weaker ionization
events caused by electrons. In the lower thermosphere and upper mesosphere of
the MEP precipitation area (69°) electrons lead to moderate or strong ionization
during the whole time. Except for a few short-term enhancements, ionization by
electrons is rather weak below the upper mesosphere. A similar behaviour can be
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Figure 4.3— Same as Figure 4.1 but for precipitating a-particles.

found, in general, for the entire altitude range at 39°. With the exception of the
Halloween storm PEP events ionization by a-particles plays a minor role. Large
jonization rates during these events particularly affect the mesosphere of the polar
cap regions. Here they show a similar pattern like ionization by protons. High
jonization rates at 69° can be explained by an equatorward extension of the polar
cap during the strong SEP events leading to precipitation of large amounts of solar
a-particles into that area.

4.3 Application of ionization rates within HAMMONIA

While AIMOS calculates time-dependent 3-D sets of ionization rates, HAMMONIA
utilizes this data in order to simulate the impact of PEPs on the atmosphere.
Depending on the altitude two different approaches are used. Above 0.001 hPa (in
the thermosphere) a set of six chemical reactions describes the influence of PEPs
on chemistry. These reactions which are listed in Table 4.1 involve PEPs and result
in ionization, ionizing dissociation, dissociation, and excitation of O, Os, and Ns,
where the ionization rates serve as reaction rates.

In the middle atmosphere ion chemistry is substantially more complex involving
a variety of negative and water cluster ions. Here, HAMMONIA follows param-
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eterizations of Jackman et al. (2005) describing the net effects of this complex
ion chemistry on atomic nitrogen and odd hydrogen. These parameterizations
are based on a formulation of Porter et al. (1976) which suggests that 0.7 elec-
tronically excited (D) state and 0.55 ground state nitrogen atoms are produced
per ion pair, and a formulation of Solomon et al. (1981) providing the production
rate of H and OH as a function of altitude and ionization rate as shown by Table 4.2.

Table 4.1— lonization and dissociation reactions caused by PEPs, secondary electrons, and X-
ray Bremsstrahlung. Branching ratios for ionizing reactions are taken from Roble and Ridley (1987)
and the rate for the lowermost reaction is taken from Verronen (2006).

reaction rate

Oy 4+ p" = 0F +e +p° Q

O +p*—=0"+0+e +p° Q /6

O+4+p*—=0"+e +p* Q-0.56-{O}/5
Q- 0
Q

Ny + p* = NI +e” + p*

N; + p* — NT + 0.5 N(*S) + 0.5- N(®°D) + e~ + p*
Ny + p* — 0.8- N(1S) + 1.2- N(®*D) + p*

6=0.92 - [N2] 4+ 1.5 - [O2] + 0.56 - [O]

p* = primary or secondary particle, () = total ionization rate,
X] = number density of species X

E®,
=
%)

Table 4.2— HO, production per ion pair as function of altitude for Baseline lonization Rates
(BIR). Values are taken from Jackman et al. (2005).

HO,. production per ion pair

altitude BIR BIR BIR
km 10%2em 351 103¢m 351 10%tem 351
40 2.00 2.00 1.99
45 2.00 1.99 1.99
50 1.99 1.99 1.98
55 1.99 1.98 1.97
60 1.98 1.97 1.94
65 1.98 1.94 1.87
70 1.94 1.87 1.77
75 1.84 1.73 1.60
80 1.40 1.20 0.95
85 0.15 0.10 0.00

90 0.00 0.00 0.00
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Table 4.3— Locations of ISR instruments. Values are taken from Wissing et al. (2010).

station latitude longitude
Tromsg 69°35'11”N 19°13’38" K
Svalbard 78°09°'11"N 16°01’44” K
Sondrestrom 66°59’12” N 309°03'02" K
Millstone Hill 42°37'10”N 288°30'30"E

4.4 Discussion

In this section uncertainties of the determination of ionization rates and conse-
quences for the ion chemistry are discussed. This is of particular importance as it
can help to assess potential error sources for the results of this work.

A direct comparison of modeled ionization rates and measurements is not possi-
ble as it would require continuous in-situ measurements of the ionization rates at
various locations and altitudes. Alternatively, modeled electron densities can be
compared with observations. The electron density is a characteristic physical quan-
tity of ion chemistry and directly coupled to the ionization rates which are processed
in HAMMONIA. In contrast to the ionization rates electron densities are continu-
ously measurable, e.g. by incoherent scatter radar (ISR) instruments at different
locations and over a wide altitude range. Such a comparison of electron densities
which are calculated by the AIMOS/HAMMONIA model chain with ISR measure-
ments has been carried out in collaboration with the AIMOS working group and
scientists involved in generation of the observational data. That work is presented
in Wissing et al. (2011). Based on that study, in the following obvious discrepancies
between simulation and observations, and responsible error sources are discussed.
The comparison uses observations from the European Incoherent Scatter (EISCAT)
radar instruments located in Tromse and Svalbard, and from additional ISR in-
struments in Sondrestrom and Millstone Hill. As can be seen in Table 4.3 all of
these instruments are positioned at NH middle and high latitudes. While the mea-
surements at Tromsg are mostly within the auroral oval the stations Svalbard and
Sondrestrom are located within the polar cap. The Millstone Hill instrument is nor-
mally situated equatorward of the auroral oval.

It has to be mentioned that a comparison between model and measurements based on
identical time resolution is not possible. The reason is that the time resolution of ob-
servational data, although it is strongly dependent on the specific ISR instrument, is
in general sufficiently high to resolve extreme short-time variations. Such short-time
variations of particle activity (time scales lower than one hour) cannot be resolved
by the AIMOS/HAMMONIA model chain since the AIMOS resolution is two hours,
only. Consequently, the ionization rates are provided as two hourly means and the
particle forcing applied in the model is constant over two hours. Therefore, the com-
parison uses snap-shots of the modeled electron densities at the end of the two hour
intervals and a time mean of ISR data with an integration time of one hour ending
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Figure 4.4— A typical auroral night-time comparison of a simulation with and without particle
forcing in contrast to the result of the incoherent scatter radar measurements. The illustration is
adopted from Wissing et al. (2011).

at the time of the snap-shot. Only time intervals are considered with a maximum of
10% gaps and 10% differing viewing direction. For the latter it must be noted that
the viewing direction changes continuously in some ISR experiments. All available
ISR data (from the Madrigal data base: http://www.eiscat.se:8080/madrigal) for the
period of October 2003 to April 2004 are used which satisfy the above-mentioned
criteria. Note, that none of the instruments provides continuous data during the
entire time period. They provide data for a series of sporadic measurements each
typically covering a time period of several minutes, hours, up to days.

Figure 4.4 shows a typical example of high-latitude night-time electron densities
which are obtained from model simulations with and without particle forcing com-
pared to the electron density measured by ISR. While the electron density from a
simulation without particle forcing, where ions are only produced by electromag-
netic radiation, is about two to four orders of magnitude smaller than the measured
values, electron densities from simulation with particle forcing and measured values
are in the same order of magnitude. Discrepancies at day-time and lower latitudes
are in general smaller. The simulated electron density drops strongly close to 90
km. The reason is that HAMMONIA uses full ion chemistry above 90 km, only.
Therefore, the comparison is constrained to heights above 95 km.

In the following, the ratio between modeled and observed electron densities is used
in order to illustrate the strength of discrepancy between simulation and measure-
ments. First, the dependence on local time of these ratios is considered using all
available pairs of values. The left part of Figure 4.5 shows height profiles of the
ratio for simulation without particle forcing. A strong dependency on local time
is obvious. While at noon simulations show relatively good agreement with ob-
servations, at night-time the modeled electron densities are two to three orders of
magnitudes smaller than the observed ones. The reason is that at day-time the
electron density is mainly controlled by photo-ionization which is included in HAM-
MONIA. Therefore, in particular night-time comparison provides useful information
about potential errors of PEP-induced ionization rates, while at day-time also the
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(2011).
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ing on altitude. Colors indicate the corresponding geomagnetic position. The auroral oval leads to a
maximum of electron density at approximately 66°N. The illustration is adopted from Wissing et al.
(2011).

influence of potential errors of photo-ionization has to be considered. The right part
of Figure 4.5 shows the ratio for the HAMMONIA simulation with particle forcing.
Here the values are centered around 1, but a spread of about two orders of magni-
tude remains. In order to assess these deviations, in the following, dependences on
location, geomagnetic activity, and time are studied.

Figure 4.6 shows the dependence of the night-time electron density from simulation
with particle forcing (PEA) on altitude and geomagnetic latitude. Since for night-
time conditions only PEPs contribute to ionization it can be assumed that electron
densities exhibit a similar horizontal distribution as the PEP-induced ionization
rates. The curves in Figure 4.6 show that electron densities within the thermo-
sphere tend to have lower values within the polar cap and higher values within the
auroral oval (5 70°).

Figure 4.7 shows for day-time (right) and night-time (left) the ratio between simu-
lated and measured electron density. During night-time the spread is wider than at
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Figure 4.8 — Dependence of HAMMONIA-modeled electron density on geomagnetic disturbance
(Kp-index, indicated by color) at one particular location: Tromse. The illustration is adopted from
Wissing et al. (2011).

day-time. The reason is that at day-time electromagnetic irradiance is normally the
main ionization source, which is obviously well reflected by HAMMONIA. It is also
revealed that at night-time in the auroral oval the model tends to underestimate the
electron density as indicated by the blue color range in Figure 4.7. No systematic
bias is indicated for the polar cap.  Figure 4.8 shows modeled altitude profiles
of the electron density as function of geomagnetic activity during night-time above
Tromsg. It is obvious, that the electron density increases with increasing K,-index
which represents the geomagnetic activity. Figure 4.9 shows the ratio of simulated
to measured electron density at night-time for Svalbard (left) and Tromsg (right).
For the polar cap the ratio is on average close to 1 with values ranging from 0.2
to 10. It seems that for very high K,-index the modeled electron densities tend to
be overestimated. However, the number of profiles is relatively small. For Tromsg ,
which is located within the auroral oval, at night-time electron densities seem to be
underestimated by the model. This is confirmed by Figure 4.7. This underestima-
tion seemns to be independent from the K ,-index.

Although the main motivation of the comparison is an evaluation of the PEP-induced
ionization rates, it must be discussed if the detected discrepancies might be a re-
sult also of uncertain reaction rates of the PEP-initialized ion chemistry, uncertain
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indicates the median of all ratios at the specific location. The illustrations are adopted from Wissing
etal (2011).

photo-ionization rates, uncertain recombination rates in HAMMONIA, or observa-
tional errors.

It can be assumed that wrong reaction rates result in a clear trend of deviation of
modeled electron densities independent of location, time, and geomagnetic activity.
Indeed, deviations clearly show dependencies on these quantities indicating uncer-
tainties of ionization rates. Uncertainties in the parameterization of solar irradiance
on which the photo-ionization rates in HAMMONIA are based on cannot be ex-
cluded, but the comparison shows clear night-time discrepancies indicating that the
PEP-induced ionization is a main cause of uncertainty.

Discrepancies between modeled electron densities and observations might be caused
by the chosen technique of the comparison which uses a different time resolution of
the compared values. Further error causes can be guessed in the algorithm of deter-
mination of ionization rates in AIMOS. The calculation is based on measurements
of polar-orbiting satellites which cannot continuously detect the particle incidence
over a certain area. The ionization rates are provided as two hour means but they
are derived from observations in much shorter time intervals. Therefore, short-time
variations of the particle incidence cannot be resolved by AIMOS.

As already mentioned the calculation of ionization rates also uses a Monte Carlo
simulation which considers interactions between particles and the atmosphere. Infor-
mation about the atmospheric structure is given by altitude profiles of density, tem-
perature, and chemical composition which were calculated by HAMMONIA without
considering PEPs. These profiles are taken from simulations of low and high solar
activity, respectively, for latitudes which represent the SH and NH auroral oval and
polar cap, and for different seasons. AIMOS uses the most appropriate profile with
respect to the actual conditions. However, it can be expected that atmospheric con-
ditions during high particle activity are strongly altered and hence probably deviate
from the given model atmosphere. This might be an error source particularly during
periods with high particle activity. Further error sources concerning the calculation
of the PEP-induced jonization rates are discussed in Wissing and Kallenrode (2009)
und references therein.
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Figure 4.10— Top: HAMMONIA simulated global mean ion and electron density profiles for
January 2004. Bottom: WACCM simulated ion densities for July solar minimum conditions. The
lower part of this figure is adopted from Marsh et al. (2007). Note, that the upper panel considers an
altitude range of about 80 to 200 km, while the altitude range in the lower panel is 70 to 130 km.

After evaluation of modeled electron densities the following paragraph considers the
corresponding positive ion species. The upper part of Figure 4.10 shows the HAM-
MONIA simulated global average number densities of five positive ion species and
electrons. It can be seen that NO™ is the dominating positive ion species in the lower
thermosphere while above about 160 km O™ becomes dominant. It is difficult to get
observational data appropriate for a comparison with HAMMONIA simulated ion
densities. A comparison with ion densities from the WACCM model (Marsh et al.,
2007) is also shown in Figure 4.10. It indicates that HAMMONIA simulated ion
densities are consistent with earlier modeling work.
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Chapter 5

Uncertainties in Representation
of Modeled Thermospheric NO,

The NO, family consists of the odd nitrogen constituents NO and NO;. A few
authors (e.g. Marsh et al., 2007) also consider atomic nitrogen (N) to be a NO,
component, but in this work the former variant is preferred. Section 2.2 emphasizes
the particular importance of NO,,, which is owing to the fact that its components
are both chemically and radiatively active and therefore play an important role in
determining the composition and structure of the atmosphere. In the thermosphere
NO, production is mainly initialized by the impact of solar EUV radiation and
MEPs. Subsequently, downward transport can act as an important source of
NO, in the mesosphere and stratosphere. Since in this work the investigation of
thermospheric processes plays a central role the present chapter considers NO, in
the thermosphere. An evaluation of modeled gas concentration is followed by a
detailed discussion of possible reasons for errors in the NO, representations in the
model.

5.1 Comparison between HAMMONIA and the Nitric
Oxide Empirical Model

In the thermosphere concentrations of NO exceed that of NOs and N by several
orders of magnitude. Therefore, in these altitudes NO, is mainly represented
by NO which is presented in the following. In order to evaluate the skill of
HAMMONIA in simulating NO under the influence of PEPs Figures 5.1 and 5.2
present NO number densities at three selected geomagnetic latitudes of the lower
NH and SH thermosphere, respectively. In both figures the left side corresponds
to HAMMONIA simulation involving the complete particle spectrum (simulation
PEA), while on the right side NO number densities calculated by the nitric oxide
empirical model (NOEM) (Marsh et al., 2004) are shown.

Since for the considered altitude and time range observational data of NO are
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Figure 5.1— Time-height cross sections of NO number density in the lower thermosphere for a
period from October 2003 to April 2004. The left side corresponds to HAMMONIA-PEA simulation,
while the values on the right are calculated by NOEM. Zonal means at geomagnetic latitudes of about
80° (top), 70° (center), and 40° (bottom) north are shown. No values are provided by NOEM below
100 km.

rare, an empirical model of nitric oxide such as NOEM is a useful tool in order to
assess the HAMMONIA simulated NO concentrations. NOEM is based on over 2.5
years of near-continuous NO observations by the Student Nitric Oxide Explorer
(SNOE) satellite. It uses the method of empirical orthogonal functions in order
to calculate lower thermospheric NO number densities taking into account auroral
forcing, changes in solar declination, and solar soft X-ray flux variations. A detailed
description of NOEM is given in Marsh et al. (2004). In order to create a time
series of NOEM-calculated NO number densities which can be compared with
HAMMONIA-simulated NO densities, NOEM is driven for the period from October
2003 to April 2004 using appropriate daily K, and F'10.7 values both obtained from
NOAA (www.ngdc.noaa.gov).

The upper panels of Figures 5.1 and 5.2 show NO number densities at 80°
geomagnetic latitude, which is located within the polar cap. As indicated by the
ionization rates (see Figures 4.1, 4.2, and 4.3) energetic particle precipitation in
this thermospheric region is relatively weak. In contrast, the energetic particle
input into the auroral thermosphere, for which the NO densities are presented
by the central panels of Figures 5.1 and 5.2, is large albeit highly variable. The
lower panels are associated with the mid-latitude thermosphere which, in general,



5.1 Comparison between HAMMONIA and the Nitric Oxide Empirical
Model 39

HAMMONIA/PEA NOQ number density

5.0e+14 5.0e+14
et ulal et
35014 I L ! 356414
3.0e+14 200414
2.5e+14 3 250414
W] 20e14
156414
= 108414
5.08+13
T 1.0e+13
1.0e+12

2.0e+14
€ 150414
T 1.0e+14)
] 5.0e+13]
1.0e+13
2 1012

altitude [km]
altitude [km]

Oct Nov Dec Jan Feb Mar Apr 3 Oct Nov Dec Jan Feb Mar Apr 3
2003/2004 [molec/m’] 2003/2004 [molec/m’]
NO number density

HAMMONIA/PEA NO number density

508414
45e+14
40e+14
JEEESE
"2 a0ec4
1 25e414
208414
1.5e+14]

5.0e+14
4.5e+14
4.0e+14
3.5e+14
3.0e+14

YWY YR e T

B 1s5c.14

3 1.0e+14

i Al " 3 5.0e+13
Sk &  1.0e413

L i s g T 10e12

Oct Nov Dec Jan Feb Mar Apr B Oct Nowv Dec Jan Feb Mar Apr B
2003/2004 [molec/m’] 2003/2004 [molec/m?]

altitude [km]
altitude [km]

1.0e+14]
| 3 s50e+3

S 108413
1.08+12

HAMMONIA/PEA NOQ number density NO number density

5.0e+14,
458414
4.08+14)
356414
3.0e+14
2.5e+14
2.0e+14
S 15414
3 1.0e+14
S 508413
T 1.0e+13
1.0e+12

5.0e+14,
458414
4.08+14)
358414
2.0e+14
2.5e+14
2.0e+14
% 158414
3 1.0e+14)
1 508413
= 1.0e+13
1.0e+12

altitude [km]

Oct Nov Dec Jan Feb Mar Apr 3 Oct Nov Dec Jan Feb Mar Apr 3
2003/2004 P [molec/m’] 2003/2004 i [molec/m’]

Figure 5.2— As in Figure 5.1 but for 80° (top), 70° (center), and 40° (bottom) south.

is beyond the main particle precipitation area.

Qualitatively good agreement exists between HAMMONIA and NOEM-calculated
values. Both HAMMONIA and NOEM show a local maximum of the NO densities
in the lower thermosphere, although in HAMMONIA the height of this maximum
is in general 5-10 km below the height calculated by NOEM. NOEM calculations
indicate that in both hemispheres the maximum NO densities appear within the
auroral regions, with the highest values in the winter hemisphere. Except in the
north polar cap this behavior is well reflected by HAMMONIA, although it seems
that in general HAMMONIA values are somewhat smaller than NOEM-calculated
NO densities. However, as can be seen in the upper panels of Figure 5.1 there
are three pronounced events in November and December where NO densities in
the northern hemisphere at 80° geomagnetic latitude in HAMMONIA significantly
exceed the NOEM values at this location. A few additional but smaller events
appear in January and February. In the following the causes of differences between

HAMMONIA and NOEM-calculated NO densities are examined.
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5.2 Discussion of uncertainties

Differences between HAMMONIA and NOEM-calculated NO densities have to be
discussed starting with the question of the quality of NOEM values. A multi-year
comparison between NOEM-calculated and SNOE-observed NO densities in the
lower thermosphere is presented by Marsh et al. (2004). It doesn’t show a
systematic bias in NOEM values. Assuming that the observations are correct,
that indicates a general underestimation of lower thermospheric NO densities in
HAMMONIA. Potential causes for this behavior are discussed in section 5.2.3.
The comparison between NOEM and observations also reveals that in the auroral
region, particularly in winter, the empirical model underestimates short-term NO
maxima. Additionally, it shows that on average, differences between NOEM and
observations increase with increasing latitude below a height of about 120 km. This
could be explained by missing measurements at high latitudes during winter (Barth
et al., 2003) indicating that events of high NO density which are simulated by
HAMMONIA at 69°N and 80°N during late fall and winter may be not unrealistic,
but a critical examination is given in section 5.2.2.

5.2.1 Mechanisms of NO production and loss

Regarding the question of causes of the under- and overestimated HAMMONIA-
calculated NO densities, the production and loss mechanisms of NO have to be
discussed. In the thermosphere, NO is primarily formed by the reaction of molecular
oxygen and excited atomic nitrogen:

N(®D)+ 0y — NO +O. (5.1)

NO is also produced by the reaction of molecular oxygen and ground state atomic
nitrogen:

N(8)+ 0y - NO+0 (5.2)

but this reaction proceeds much more slowly and depends strongly on temperature.
The primary NO loss is through the so-called “cannibalistic” reaction with ground
state atomic nitrogen:

N(*8)+ NO — N, +O. (5.3)

In the presence of solar irradiance, loss of NO by photolysis is also important:

NO +hv — N(*S) + 0. (5.4)
The charge transfer reaction:

NO+ 05 — NOt + 0, (5.5)

is an additional NO loss mechanism. While reaction 5.3 destroys two odd nitrogen
components reactions 5.4 and 5.5 only recycle odd nitrogen, although reaction 5.4
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produces a ground state nitrogen atom which can participate in reaction 5.3 de-
stroying one odd nitrogen component. Atomic nitrogen in different energetic states
can be formed by the dissociation of Na:

Ny +p" — N+ N+ p*, (5.6)
or by ionizing dissociation of Na:
No+p* = NT+N+e +p*, (5.7)

through the impact of PEPs, solar extreme ultraviolet radiation, or soft X rays.
Here, p* represents a primary PEP, photon, or a secondary electron resulting from
the impact of the former.

The impact of hard solar radiation and PEPs can indirectly result in the following
ion chemistry reactions which additionally create atomic nitrogen:

NOt +e” — N+0, (5.8)
Ny +e” — N+N, (5.9)
Nt +0,— Of +N, (5.10)
Ny +0 —= NOT+ N(®D). (5.11)

For reactions 5.6-5.10 HAMMONIA uses N(2D):N(1S) production ratios which are
given in Table 5.1.
Ground state atomic nitrogen is also created by the following reactions:

Nt 4+0 - 0"+ N(*9), (5.12)
Ot 4+ Ny — NOT + N(19), (5.13)

and quenching of N(?D) by an electron:
N(ED)+e™ — N(18) + e, (5.14)

or by atomic oxygen

N(’D)+ 0 — N(*8) + 0. (5.15)

Table 5.1— N(*D):N(*S) ratios which are used in HAMMONIA for reactions producing atomic
nitrogen of different energetic states.

Reaction N(*D):N(1S) Reference
5.6 60:40 (Rusch et al., 1981)
5.7 50:50 (Rees, 1982)
5.8 85:15 (Bates, 1988)
(
(

5.9 50:50 Mul and McGowan, 1979)
5.10 65:35 Rees, 1989)
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5.2.2 Potential temporary errors

Short-term overestimations of the NO density at northern high latitudes are indi-
cated in Figure 5.1. From the chemical scheme, presented in the previous section,
it can be recognized that the NO budget strongly depends on the influence of PEPs
and incident hard solar irradiance. Both directly produce N(?D) and N(*S), the
former being the major source and the latter either a sink or a source of NO. Ad-
ditionally, impact of PEPs and hard solar irradiance initializes sequences of ion
reactions resulting in production or loss of NO. Therefore, at first, uncertainties in
the representation of the influence of PEPs and EUV radiation on ion chemistry are
discussed.
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Figure 5.3— Time series of nitric oxide number density at 80°N, on pressure level of 1.1-107*
hPa (about 105 km) (solid) and daily averaged K,-index (dashed), ranging from October 2003 to April
2004. Note, that NO number densities are multiplied by 104,

Uncertainties in the representation of PEP- and EUV-induced NO pro-
duction

In HAMMONIA the initial impact of solar EUV radiation is represented by photo-
dissociation and ionization rates which are calculated using a parameterization of
Solomon and Qian (2005) (see section 3). Dissociation and ion production by PEPs
are determined by PEP-induced ionization rates (see sections 4.3). An evaluation
of photo-ionization and PEP-induced ionization rates might give information about
the causes of differences between NO densities in HAMMONIA and NOEM cal-
culations. Even though it is not possible to assess the ionization rates directly, a
comparison between the modeled and ISR measured electron densities gives the pos-
sibility to evaluate indirectly the ionization rates and modeled ion chemistry. Such
a comparison is presented in Wissing et al. (2011). This comparison also provides
useful information for the assessment of NO, production. Appropriate parts of the
comparison are presented in section 4.4. Note, that the observational part of the
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Figure 5.4— Time series of nitric oxide number densities (solid) and ionization rates (dashed)
for the time period of October 2003 to April 2004, on pressure levels of 1.3.10™° hPa (about 120 km,
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are multiplied by 10714, Vertical lines indicate times of three main ionization maxima at 1.3-10° hPa.

comparison is based on radar observations which are obtained at a few locations
within the polar cap, auroral oval, and mid-latitudes of the northern hemisphere.
Since the algorithms for determining ionization rates and ion chemistry are the same
for both hemispheres the obtained findings can be adopted to the southern hemi-
sphere. The comparison shows that at night-time, when PEPs are the dominant
source of electron production, HAMMONIA tends to underestimate the electron
densities in the auroral thermosphere. This indicates an underestimation of PEDP-
induced ionization rates which might explain, at least partially, that NO densities in
the auroral region are smaller in HAMMONIA than in NOEM. No general trend of
deviation is shown for electron densities in the polar cap region, even though, it seems
that HAMMONIA tends to overestimate electron densities in the polar cap during
periods of high geomagnetic activity. As can be seen in Figure 5.3, HAMMONIA-
calculated NO densities in the northern polar cap in winter are well correlated with
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the geomagnetic activity which is represented by the K -index (taken from the Na-
tional Geophysical Data Center of NOAA (www.ngdc.noaa.gov)). Comparison with
time-height cross sections of NO densities (see Figure 5.1) reveals that periods when
HAMMONIA potentially overestimates NO densities in the northern polar cap co-
incide with periods of substantially increased geomagnetic activity. This might be
an indication that occasionally overestimated NO densities in the NH polar cap are
a result of overestimated ionization rates during geomagnetic active periods. An ar-
gument against this is provided by Figure 5.4. It shows NO densities and ionization
rates at pressure levels corresponding to altitudes where HAMMONIA-calculated
NO densities in the NH polar cap are occasionally higher than corresponding NO
densities in NOEM. NO densities in both the auroral and the polar cap region are
very similar, while the ionization rates in the polar cap at pressure levels where the
highest NO densities appear are 5 to 10 times smaller than in the auroral region.
Assuming that NO production in the polar winter lower thermosphere is mainly
controlled by PEP influence, it is questionable that such low ionization rates in the
polar cap are responsible for NO densities similar to values of the auroral region
where ionization is significantly higher.

Nonetheless, a few mechanisms have to be discussed which might compensate a
weaker PEP-induced NO production in the NH polar cap resulting in NO densities
which are similar to auroral NO densities. This discussion focuses on the question
if high NO densities in the polar cap region are caused by local PEP-induced NO
production or by intrusion of NO which is produced out of the polar cap. The former
might indicate a connection between high NO densities and overestimated ionization
rates.

The role of temperature and transport

At first it is examined if any heating processes lead to a significant increase of
the polar cap temperature resulting in enhanced NO densities due to production
by the highly temperature-dependent reaction 5.2 and weakening of the NO
destroying reaction 5.3. If the polar cap temperature would substantially exceed
the temperature of the auroral region this might explain NO densities in the polar
cap which are similar to those of the auroral region. Plotted temperature evolution
at three different thermospheric pressure levels and different latitudes (see Figure
5.5) reveal that values in the polar cap region never exceed values in the auroral
region significantly. Therefore the temperature theory can be refused.

Further, the role of photolytical NO destruction and transport has to be consid-
ered. The question has to be posed if, in contrast to the auroral region, in the
polar cap a substantially lower local PEP-induced NO production is balanced by
weaker photolytical NO destruction and thus NO densities are similar in both
regions. In that case, high NO densities in the NH polar cap could be explained
by overestimated ionization rates. Figures 5.6 and 5.7 show the daily averaged
PEP-induced ionization rates and NO densities at pressure level 107* hPa for the
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Figure 5.5— Time series of temperature at 80°N (black), 69°N (red), and 39°N (blue) on pres-
sure levels 1.3.107° hPa (about 120 km, top), 1.1-10™* hPa (about 105 km, center), and 1.2.107*
hPa (about 90 km, bottom) for a time period from October 2003 to April 2004.

time range from the 8-19 November 2003. That time period includes one of the
pronounced NO peaks (see Figure 5.4). Ionization rates clearly highlight maxima in
the auroral oval as already indicated by Figure 5.4. Figures 5.6 and 5.7 show that
the polar night region where NO photolysis vanishes, is centered at the geographic
north pole. Its boundary is located at about 79°N on 8 November extending to
about 74°N until the end of the considered time period. A substantial NO increase
starts on 11 November accompanied by increased ionization. Only for the initial
phase the region of highest NO densities approximately coincides with the area of
highest ionization rates explaining high NO densities at auroral latitudes. While
the ionization pattern continuously reflects the auroral oval, with progressing time
NO seems to accumulate within or close to the area where photolytical destruction
of NO vanishes. The fact that the polar cap is mainly covered by that area
can explain the high values of NO densities at polar cap latitudes as shown by
Figure 5.4. Note, that during phases of decreasing PEP-induced ionization NO
densities rapidly decrease within that part of the auroral oval which is affected
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by photolytical NO destruction, while NO density within a wide range of the
polar cap remains elevated. That time lag between the decreases of NO within
the auroral oval and the polar cap can also be seen in the central part of Figure
5.4 where the solid black curve which represents the NO density in the polar cap
drops later than the red solid curve which is associated with the NO density in the
auroral oval. Figures 5.6 and 5.7 indicate that NO photolysis plays an important
role for the horizontal distribution of NO. It still remains the question if high NO
densities within the polar cap result from local NO production or from horizontal
redistribution of NO which is originally created within the auroral oval. Calculated
meridional winds for the same time period are presented in Figure 5.8. They reveal
a strong variability, which indicates strong horizontal mixing. It can be guessed
that in consequence auroral produced NO propagates into the polar cap where it
is accumulated resulting in NO densities which are similarly as high as within the
auroral region. In this case PEP-induced ionization in the polar cap would only
play a secondary role.

However, the comparison between NOEM calculated NO densities and SNOE
observed values shows that NOEM tends to underestimate short-time NO maxima
in winter and therefore it is possible that events of high NO density which are
simulated by HAMMONIA in particular at 80°N during late fall and winter should
be not any unrealistic overestimations.
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Figure 5.6— Daily averaged PEP-induced ionization rates (1st and 3rd row) and NO densi-
ties (2nd and 4th row) for 8th to 13th of November 2003 in the NH. The dashed circle around the

geographic pole marks the boundary of the polar night.
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Figure 5.7— Same as Figure 5.6 but for the following six days (14th to 19th of November).
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Figure 5.8— Daily averaged meridional wind component for 12 days of November 2003 (8th to
19th) in the NH. The dashed circle around the geographic pole marks the boundary of the polar night.

5.2.3 Potential systematic errors

The previous points are focused on the discussion of short-term overestimated NO
densities within the lower thermosphere of the northern polar cap. However, the
comparison between HAMMONIA and NOEM reveals mostly an underestimation
of HAMMONIA-calculated NO densities. As concluded from the evaluation of the
electron densities, too low PEP-induced ionization rates might be responsible for
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underestimated NO densities. In the following, additional potential causes for these
underestimations are discussed also explaining too low NO densities outside of the
auroral zones.

N(?D):N(“S) branching ratio

While a large part of N(gD) which is created by PEP and EUV impact reacts with
O9 in order to produce NO, at ambient temperatures in the lower thermosphere
N(4S) largely destroys NO. Therefore, the NO budget depends crucially on the
ratio of N(?D):N(4S) production. The values of these branching ratios used
in HAMMONIA are listed in Table 5.1. They are obtained from atmospheric
measurements or laboratory studies with large uncertainties (Siskind et al., 1989a).
Since dissociating excitation of Ny plays an important role for the PEP- and
EUV-caused atomic nitrogen production, the corresponding N(ZD) production yield
is often discussed (e.g. Brasseur and Solomon, 2005). N(*D) production yields are
suggested ranging from 50% (Zipf et al., 1980) to 70-80% (Frederick and Rusch,
1977; Rusch and Gerard, 1980). HAMMONIA uses values of 50% for reaction 5.7
and 60% for reaction 5.6. These values are rather in the lower part of the suggested
range and therefore it can not be excluded, that low NO densities are caused by a
too low N(?D) production yield.

The role of temperature

Temperature
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Figure 5.9— Left: Monthly averaged temperature profiles obtained from HAMMONIA simulation
PEA (solid) and from NRLMSISE-00 (dashed) for the same geomagnetic latitudes as in Figures 5.1
and 5.2 for January 2004. Right: Difference HAMMONIA-NRLMSISE-00 of the profiles from the left.
Units are K.

As mentioned above, N(*S) is largely a sink of NO. That is in particular the case
in the lower thermosphere where temperatures are low so that reaction 5.2 does not
contribute significantly to NO production. But in the thermosphere the temper-
ature increases with increasing altitude, as can be seen in Figure 5.9, resulting in
enhanced NO production through reaction 5.2. Figure 5.9 also shows a comparison
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between temperatures calculated by HAMMONIA and the NRLMSISE-00 empirical
model of the atmosphere (Picone et al., 2002). The NRLMSIS database includes
ground-, rocket-, and satellite based measurements. The empirical model takes
into account location, time, geomagnetic activity, and F10.7 solar radio flux as a
solar EUV proxy. The comparison indicates that HAMMONIA underestimates the
temperature above 2:107° hPa. Consequently, NO production by reaction 5.2 is
underestimated and more N(*S) remains which can destroy NO. This might explain
the underestimation of NO densities, at least in higher altitudes, in HAMMONIA.
Siskind et al. (1989a) describe that NO can propagate downward due to diffusion
increasing the NO density in the lower thermosphere. Thus, underestimated NO
production in higher altitudes can also reduce NO densities below. The effect
should be small at auroral latitudes where the main production of NO occurs in
the lower thermosphere and therefore the effect of downward diffusion is less effective.

N(°D) quenching by atomic oxygen

volume mixing ratio
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Figure 5.10— Left: Monthly averaged atomic oxygen volume mixing ratio profiles obtained from
HAMMONIA simulation PEA (solid) and from NRLMSISE-00 (dashed) for the same geomagnetic
latitudes as in Figures 5.1 and 5.2 for January 2004. Right: Ratio HAMMONIA/NRLMSISE-00 of the

profiles from the left panel.
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Figure 5.11— Same as in Figure 5.10 but for N(*S) volume mixing ratio.
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An additional cause of uncertainty of the modeled NO concentration is the strength
of N(?D) quenching by atomic oxygen (see reaction 5.15) (Siskind et al., 1989a.b).
The quenching rate is determined by the reaction rate coefficient and by the O
concentration. While slowing down reaction 5.15 leaves more N(ZD) which can react
with Os producing NO, speed up of N(*D) quenching leads on the one hand to a
decrease of N(?D) which results in a weakening of NO producing reaction 5.1 and on
the other hand to an increase of N(*S) which can rapidly destroy NO by reaction 5.3.
In the literature rate coefficients are given ranging from <1012 ¢m 357! (Frederick
and Rusch, 1977) to >107! em—3s~! (Jusinski et al., 1988). HAMMONIA uses
a relatively small value of 6.9-1071% em™3s~! (Fell et al., 1990) thus it is unlikely
that the rate coefficient causes an overestimation of N(?D) quenching. More likely is
an overestimation of the atomic oxygen concentration which causes too much N(?D)
quenching. Figure 5.10 shows a comparison of O volume mixing ratio altitude profiles
for January 2004 and different geomagnetic latitudes calculated by HAMMONIA and
NRLMSISE-00 empirical model. The comparison with the empirical model indicates
an overestimation of atomic oxygen in HAMMONIA in the SH auroral and polar
regions. For N(4S) the comparison is illustrated in Figure 5.11. It can be seen that
in the lower SH auroral and polar thermosphere where O concentrations are larger
in HAMMONIA than in NRLMSISE-00 also the N(%S) concentrations exceeds the
value from the empirical model. This may be caused by a too strong quenching of

N(?D) that produces N(*S). Additionally, less N(?D) is available to produce NO,
resulting in less NO which can destroy N(S).

5.3 Conclusions

Nitric oxide densities calculated by HAMMONIA are compared with NO densities
obtained from the nitric oxide empirical model for six geomagnetic latitudes within
the lower thermosphere. Qualitatively HAMMONIA reproduces thermospheric NO
very well. In general, NO densities are somewhat too small in HAMMONIA, with
the relative differences enhancing with increasing altitude. It is very likely that
several processes acting alone or together are responsible for that behavior.

A comparison of HAMMONIA modeled and ISR measured electron densities
indicates that HAMMONIA tends to underestimate PEP-induced ionization
rates in the auroral thermosphere resulting in underestimated NO production
in HAMMONIA. In comparison to temperatures calculated by NRLMSISE-00
above pressure level of 2:107° hPa HAMMONIA temperatures are increasingly
underestimated with increasing altitude. That results in reduced NO production
by reaction of N(*S) with molecular nitrogen (reaction 5.2) which is important
at higher altitudes. Downward transport can bring this signal to lower altitudes
resulting in underestimated NO densities.

The comparison of HAMMONIA- and NRLMSISE-00-calculated atomic oxygen in-
dicates an overestimation of atomic oxygen, particularly in the SH auroral and polar

thermosphere. Since this leads to enhanced quenching of N(*D) by atomic oxygen,
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on the one hand less N(D) is available to produce NO and on the other hand more
N(4S) is formed which destroys NO. While for the most time and regions HAM-
MONIA seems to underestimate NO densities in the lower thermosphere of the NH
polar cap HAMMONIA seems to overestimate NO densities occasionally. Since the
empirical model suffers from substantial uncertainties in this region, it is not clear if
HAMMONIA really overestimates NO there. However, a possible reason might be
overestimated PEP ionization rates. It also seems possible that NO is shifting pole-
ward from the auroral region and therefore, it escapes from photolytical destruction.
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Chapter 6

Investigation of Particle Effects
on the Atmosphere

This chapter considers several aspects of the influence of particle precipitation on
the atmosphere. At first, the combined effect of precipitating protons, electrons, and
a-particles on chemical key components and temperature are discussed including
a discussion of the mechanisms responsible for PEP-caused temperature changes.
A substantial aspect of this work is the assessment of the contributions of precipi-
tating electrons and a-particles with respect to the influence of the complete PEP
spectrum. Finally, a downward transport event is considered which represents an
important mechanism of interaction between the upper and the middle atmosphere.
In that context the role of precipitating electrons is also discussed.

6.1 The combined influence of precipitating protons,
electrons, and alpha-particles

The investigation of the combined influence of the complete PEP spectrum
focuses on an altitude range covering the stratosphere, mesosphere, and parts
of the thermosphere, although the underlying model simulations also cover the
troposphere. The period from October 2003 to April 2004 is considered which
includes the pronounced Halloween particle precipitation event as well as smaller
particle precipitation events.

It must be mentioned that a series of previous model studies have discussed
the influence of the Halloween event or other particle precipitation events on
atmospheric parameters (e.g. Siskind et al., 1989a; Verronen et al., 2002; Jackman
et al., 2005; Rohen et al., 2005; Semeniuk et al., 2005; Wissing et al., 2010). While
these model studies take only discrete parts of the PEP spectrum into account
or consider particle precipitation only in discrete altitude and latitude regions,
respectively, the present work considers precipitation of nearly the complete
energetic particle spectrum into the entire atmosphere up to an altitude of about
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250 km. This allows, on the one hand, an improved representation of the actual
particle precipitation and, on the other hand, simulation of potential interactions
of PEP effects between different atmospheric layers and regions. Therefore, the
examination of the influence of the complete particle spectrum on chemical species
and temperature not only serves as reference for the assessment of the contribution
of individual particle classes. It also provides the possibility to investigate PEP
effects which could not be reflected by conventional modeling approaches. This
involves a consideration of energetics focusing on effects not displayed by previous
model studies. In order to show the influence of the entire particle spectrum
on chemical composition, temperature and related quantities values calculated
from model experiment involving precipitating protons, electrons, and a-particles
(experiment PEA) are compared with values from the experiment without any
particle forcing (experiment REF). Note that usually ensemble mean values are
considered in the following. Also in this chapter the terms of the atmospheric
layers are used. In all figures the altitude is represented by the corresponding
pressure level. Therefore, it is again referred to Figure 1.1 which gives an overview
of atmospheric layers and their associated pressure and altitude levels.

6.1.1 NO., and HO,,

The time evolution of the NO, number density under the influence of the complete
precipitating particle spectrum is shown in the left panels of Figures 6.1 and
6.2. It is presented for geomagnetic latitudes of 83°, 69°, and 39° north and
south representing the polar caps, auroral regions, and mid-latitudes, respectively.
Therefor, the model output is interpolated from geographic coordinates to the
geomagnetic coordinate system whose north pole is assumed to be at 79.7°N
geographic latitude and 71.7°W geographic longitude. This position corresponds
to the location of the geomagnetic pole in late 2003 as identified by the National
Geophysical Data Center of NOAA (www.ngdc.noaa.gov). Note that appreciable
short-term displacements of the geomagnetic poles during geomagnetic storms are
not taken into account for the interpolation to geomagnetic coordinates.

For all the regions considered in Figures 6.1 and 6.2 the atmosphere exhibits a re-
markable NO,. layer in the altitude region of the mesopause and lower thermosphere
with the highest NO, densities in winter. Above and in the mesopause region the
NO, number densities are quite similar to the NO number densities presented in
Figures 5.1 and 5.2. As mentioned in section 5.1 in that altitude region NO, is
mainly represented by NO produced by the influence of hard solar irradiance and
by PEDPs.

Another layer of large NO, number densities can be found in the stratosphere (the
dotted line marks the stratopause). But it has to be mentioned that, even though
the number density of NO, in the stratosphere substantially exceeds thermospheric
values, in consequence of increasing absolute density with increasing pressure, the
mixing ratio is by several orders of magnitudes smaller in the stratosphere. A
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Figure 6.1— Ensemble mean of NO, number density from simulation PEA (left) and relative
differences between ensemble means of simulation PEA and simulation REF (right) for the time pericd
of October 2003-April 2004 at northern hemispheric geomagnetic latitudes of 83° (top), 69° (center),
and 39° (bottom). Units are molecules per m® and percent, respectively. Shaded areas on the right
indicate statistical significance larger than 95%. Dotted lines on the left indicate the stratopause.

strong NO,. increase which is associated with the Halloween event occurs at the
end of October covering an altitude range from the upper stratosphere up to the
lower thermosphere. The NO, increase is most substantial in the NH auroral and
polar region and relatively weak equatorward of the auroral region. Another NO,
increase can be found in the NH polar and auroral mesosphere in late December
and early January accompanied by a remarkable displacement of the stratopause
up to higher altitudes. Here, the time evolution indicates a descent of NO, which
stems from the mesopause and lower thermosphere. Such a severe downward
transport event is an impressive example of an interaction between different
atmospheric layers and was not reflected by conventional modeling approaches.
Although it is thought that the downward transport event itself is not driven by
particle precipitation, PEP-induced NO, production in the upper atmosphere is
necessary that downward transport events lead to significant increases of NO,, in the
middle atmosphere. This indicates that a realistic modeling of upper atmospheric
chemistry, in particular NO, production by PEPs in the lower thermosphere, is
important for an accurate description of middle atmospheric chemistry. A detailed
discussion of this downward transport event is given in section 6.3.

In order to demonstrate the effective influence of PEPs on NO,, relative changes
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Figure 6.2— The same as Figure 6.1 but for the southern hemisphere.

between simulation PEA and simulation REF are presented by the right panels of
Figures 6.1 and 6.2. The strongest PEP-induced NO, enhancements occur in the
mesosphere and upper stratosphere in both hemispheres during the Halloween event
in late October and during the following days. In the auroral and polar regions
these enhancements significantly exceed 1000%. Significant PEP effects are also
shown for nearly the entire remaining altitude and time range at polar and auroral
latitudes. Here, PEPs obviously contribute substantially to the NO, production or
even dominate the NO, production.

Note the dominating influence of PEPs on the NO, content in the lower thermo-
sphere and upper mesosphere in winter. Here, PEPs lead to NO,, enhancements of
more than 200% resulting in considerable NO,, densities. In the summer hemisphere
the strongest relative PEP effects occur in the mesosphere, where PEPs cause
increases of up to 1000%. However, the resulting absolute NO,-content is relatively
small. Outside of the major precipitation regions a substantial influence of PEPs on
NO, is mostly constrained to lower mesospheric heights. Here, the NO,, increases
usually amount to 20-200% and more than 1000% during the Halloween event.
However, significant PEP-induced NO,; decreases occur temporarily in October,
March, and April in the thermosphere at mid-latitudes. This behavior contradicts
the findings of previous studies (e.g. Siskind et al., 1989a; Dobbin et al., 2006)
showing substantial increases of NO concentrations in the middle latitude lower
thermosphere in consequence of auroral particle precipitation. In the middle
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atmosphere PEP-induced NO, changes in HAMMONIA show qualitatively good
agreements with that of previous studies of Jackman et al. (2005); Krivolutsky et al.
(2005); Jackman et al. (2008, 2009), although a comparison with the results of
Jackman et al. (2005, 2009) indicates that on a time scale of longer than a few weeks
the PEP-induced NO, increase is significantly stronger in HAMMONIA. That
seems plausible since only HAMMONIA considers a series of electron dominated
PEP events which follow the proton dominated Halloween event which is considered
by all model studies. Even though uncertainties concerning the modeled NO,
concentrations exist (as shown in chapter 5) the present study shows for the first
time the combined NO, response to an extreme solar energetic particle precipitation
event and subsequent solar and magnetospheric particle precipitation in such a
comprehensive altitude range.

It must be mentioned that the influence of the Halloween storms on NO, is
recently examined by a comprehensive comparison study between observational
data and simulations by a couple of models (Funke et al., 2011). That study, which
also involves HAMMONIA, is focused on short-term PEP effects in the middle
atmosphere. All involved models use the same ionization rates of precipitating
protons and electrons. These rates are identical to those used in the present
work. But in contrast to this work the inter-comparison study does not consider
precipitating a-particles. The main difference between the inter-comparison study
and the present work is that the former explicitly excludes consideration of any
effects of particle precipitation into the upper atmosphere. The inter-comparison
study is useful to improve the knowledge of short-term effects of a severe PEP event
on chemical processes in the middle atmosphere. But it is not convenient to describe
the actual influence of PEPs on the atmosphere involving interactions between the
upper and middle atmosphere. Nevertheless, within the inter-comparison study,
which is discussed more in detail in section 6.1.3, the HAMMONIA modeled NO,,
response to the Halloween event agrees well with the majority of model results and
observations.

In contrast to the inter-comparison study, which considers effects of the Halloween
storms on the middle atmosphere, a model study of Dobbin et al. (2006) discusses
the time evolution of NO during a few days of the Halloween storm period focusing
on thermospheric heights and auroral particle precipitation. The results of that
study indicate, in consistence with the HAMMONIA simulation, a substantial
increase of NO during the Halloween storm period in the lower thermosphere. In
contrast to the HAMMONIA simulation, model results of Dobbin et al. (2006)
indicate that the region of the highest NO densities in the southern hemisphere
is considerably shifted to near-equatorial latitudes where NO densities exceed by
far those at any region of the northern hemisphere. Observations of NO densities
in the lower thermosphere, as shown by Barth et al. (2003), do not confirm the
behavior which is described by Dobbin et al. (2006).

Similar as for the previous consideration of NO,., Figures 6.3 and 6.4 show the time
evolution of the HO,, number density calculated in experiment PEA and the relative
differences between simulations PEA and REF. Continuously high HO, densities
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Figure 6.3— Ensemble mean of HO,, number density from simulation PEA (left) and relative dif-
ferences between ensemble means of simulation PEA and REF (right) for the time period of October
2003-April 2004 at northern hemispheric geomagnetic |atitudes of 83° (top), 69° (center), and 39°
(bottom). Units are molecules per m* and percent, respectively. Shaded areas on the right indicate
statistical significance larger than 95%.

can be found in the upper mesosphere above about 1072 hPa with the highest
values in the summer hemisphere. In addition, a local HO, maximum can be found
in summer in the vicinity of the stratopause. The higher HO, concentrations in
summer are thought to result from a stronger photolysis of HoO (Solomon et al.,
1983). Remarkable enhancements of HO, in the NH mesosphere and stratosphere
in late October and early November show the influence of the Halloween storms.
In contrast to NO,, substantial PEP-induced HO, enhancements are mostly
short-term and constrained to the days of the strongest particle activity. During the
particle storms in late October and early November, PEPs lead to short-term HO,
increases of 200-1000% in the lower mesosphere and stratosphere of the NI polar
and auroral regions. In all other regions during the Halloween storms PEP effects
are significantly weaker. A supposedly significant longer-term PEP-effect in the NH
polar mesosphere and stratosphere can be found in December and January. But it
should be noted that in this region and time the absolute HO, concentrations are
by orders of magnitude smaller than anywhere else in the considered altitude and
time range. Therefore, the effective PEP influence should not be over-interpreted.
Probably, a series of very weak PEP events are responsible for the PEP-induced
HO, enhancements in the middle atmosphere in winter. In the summer hemisphere
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Figure 6.4— Same as figure 6.3 but for the southern hemisphere.

where HO, is mainly produced by photolysis of HoO the relative PEP effect on
HO, is rather weak.

6.1.2 Ozone

The previous section highlights PEP-induced changes of NO, and HO,. The present
section focuses on the influence of PEPs on ozone. Ozone is affected by PEPs since

components of NO, and HO, are involved in ozone destroying catalytic cycles which
are given by the following reactions:

NO+ 03 — NOy+ 05 (6.1)
H+4+03—0H+ 0, (6.3
OH4+ 0 — H+ 04 (6.4)

OH + 03 — HOy + O4 (6.5
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Figure 6.5— Ensemble mean of ozone volume mixing ratio from simulation PEA (left) and rel-
ative differences between ensemble means of simulation PEA and REF (right) for the time period of
October 2003-April 2004 at northern hemisphere geomagnetic latitudes of 83° (top), 69° (center),
and 39° (bottom). Units are ppmv and percent, respectively. Shaded areas on the right indicate
statistical significance larger than 95%.

These cycles result in a PEP-induced ozone depletion which is indicated in Figures
6.5 and 6.6 at particular geomagnetic latitudes of both hemispheres. A strong
PEP-induced ozone depletion occurs in the mesosphere during the time period of
the Halloween storms. Here the ozone reduction is stronger in the winter hemisphere
where nearly all ozone is destroyed at certain altitudes. These inter-hemispheric
differences are in good agreement with observations (Ldpez-Puertas et al., 2005)
and theoretical studies (Solomon et al., 1983; Rohen et al., 2005). These studies
pointed out that PEP-induced destruction of odd oxygen (O, O3) is more effective
during night-time when HO, production by H2O photolysis is weak. However, it
should be noted that this mechanism rivals with the effect of reduced intensity of
the ozone destroying cycles in absence of solar radiation that is shown by model
simulations of Krivolutsky et al. (2006). Figures 6.5 and 6.6 also show that in the
mesosphere the original ozone concentration recovers soon after the PEP events
due to the relatively short life time of HO,. As can be seen by a comparison with
Figures 4.1-4.3 the ozone decline and recovery within the mesosphere reflects the
distinctive pattern of the ionization events during the major Halloween storm and
two smaller events appearing a few days before and after the major event. The
relatively strongest PEP-induced ozone decrease can be found in winter at pressure
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Figure 6.6— Same as figure 6.5 but for the southern hemisphere.

level of about 1072 hPa. However, in that altitude range the absolute ozone volume
mixing ratio is relatively small. A long-term ozone depletion can be found in the
lower mesosphere and upper stratosphere after the Halloween event. Here, the
decrease, which lasts for several months, amounts to 10-30% at high northern
latitudes and less than 10% at middle latitudes and in the southern hemisphere. A
comparison with the PEP-induced enhancements of NO, and HO,. indicates that
short-term ozone decrease in the mesosphere is mainly a result of PEP-induced
HO, enhancements, while long-term effects are caused by particle induced NO,
increase which has a longer life time than HO, in the considered altitude region.

6.1.3 HAMMONIA in a inter-comparison between models and ob-
servational data

The previous sections discuss the influence of the complete PEP spectrum on NO,,
HO, and ozone. These chemical species are not arbitrarily chosen. As described in
section 6.1.4 ozone plays an important role for the energy budget in a wide range of
the atmosphere. Section 6.1.2 emphasizes the importance of NO, and HO, for the
ozone budget. It must be mentioned that PEPs significantly affect a series of other
species which indirectly influence the ozone budget. For example, a series of chemi-
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cal processes can produce the NO,, reservoir species N2Os, HNOg3, and CIONO> and
thereby deactivate NO,. Otherwise, PEP influence can activate chlorine species,
which in turn can participate in ozone destruction.

A comprehensive study of the influence of the Halloween PEP event on diverse chem-
ical species which are relevant for the ozone budget is given by Funke et al. (2011).
That study compares MIPAS observations with results of 10 general circulation and
chemical transport models (GCMs, CTMs) including HAMMONIA. The compari-
son focuses on short-term effects of the Halloween particle precipitation event on the
middle atmosphere at northern middle and high latitudes. This analysis is carried
out in the framework of the HEPPA model versus data inter-comparison initiative
which has brought together scientists involved in atmospheric modeling and scien-
tists involved in generation and analysis of observational data. This activity was
originated during the first HEPPA (High-Energy Particle Precipitation in the At-
mosphere) workshop in May 2008 in Helsinki. For the inter-comparison study all the
involved models use the ionization rates provided by AIMOS involving precipitating
protons and electrons.

The intention of the comparison is an evaluation of the overall ability of atmospheric
models to reproduce observed atmospheric changes due to a particle precipitation
event. The analysis focuses on local effects of particle precipitation into the middle
atmosphere and explicitly excludes regions of significant downwelling. Consequently,
descending NO,, from the upper atmosphere and its effects on other chemical species
is not included in the study.

The analysis of the ozone response to the particle precipitation event shows quantita-
tively and spatially good agreements between HAMMONIA simulation and MIPAS
observation. The modeled PEP-induced ozone losses agree on average within 5%
with the observations. It is also shown that PEP-induced NO, changes are well
reproduced by HAMMONIA. Although, HO, components are not explicitly consid-
ered in the comparison study the agreements of the modeled short-term PEP-induced
ozone response with observations indicates that the parameterization of the PEP-
induced HO, production (Solomon et al., 1981) which is used in HAMMONIA in
combination with the PEP-induced ionization rates works well.

The comparison also considers dynamical aspects. It indicates that horizontal mixing
of air between polar and middle latitudes in winter is overestimated in HAMMONIA
simulations. This must be taken into account, particularly, when longer-term PEP
effects are considered.

6.1.4 Temperature

Section 6.1.2 was concerned with the influence of PEPs on ozone. Although,
ozone is a minor chemical component in the entire atmosphere it is of particular
importance for the energy balance over wide altitude ranges. The reason is that
ozone is an important absorber of solar radiation at several short wave spectral
bands (Hartley, 1880; Chappuis, 1882; Huggins and Huggins, 1890). Besides the
effect of ozone, PEPs can affect a series of other processes which are relevant for
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Figure 6.7— Differences of ensemble mean temperatures between simulation PEA and REF for
the time period of October 2003-April 2004 at geomagnetic latitudes of 83° (top), 69° (center), and
39° (bottom) in the northern hemisphere (left) and in the southern hemisphere (right). Shaded areas
indicate statistical significance larger than 95%.

temperature. The spectrum of those processes comprises the effects of heating by
exothermic chemical reactions, heating by dissipation due to interactions between
neutral and charged species, radiative cooling by nitric oxide which is produced
by PEP impact, and temperature advection and related adiabatic processes in
consequence of PEP-caused changes of the circulation pattern. In the following the
resulting temperature changes are studied.

Figure 6.7 shows the temperature effects of the complete precipitating particle
spectrumn for the same range of time, altitude, and geomagnetic latitudes as
considered in the previous sections for chemical components. The differences
between temperatures of simulation PEA and REF show a pronounced variability.
Particularly below the thermosphere the sign of temperature effects varies strongly.
Here, the most signals are associated with noise. Statistically significant PEP-
induced temperature effects are indicated by the small shaded areas. They can be
found, on the one hand, in October and November in the lower mesosphere and
stratosphere at southern high latitudes. It can be guessed that these temperature
changes result, at least partly, from the ozone effect, which is discussed in the
next section. On the other hand, significant short-term temperature effects appear
in December and January in the mesosphere and stratosphere at northern high
latitudes. They seem to be associated with a sudden stratospheric warming event
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dicating the PEP effect on heating by absorption of solar radiation with wave lengths greater than
Lyman-a. Shaded areas indicate statistical significance larger than 95%.

that is discussed in section 6.2.1. Further significant temperature effects can be
found in the thermosphere where PEPs induce temperature increases of more
than 20 K and in certain regions decreases of more than 20 K. These effects are
considered in the section after the next.

Temperature response to ozone depletion

Temperature effects of PEP-induced ozone depletion have been pointed out by
previous studies (e.g. Zadorozhny et al., 1994; Krivolutsky et al., 2006; Jackman
et al., 2007; Becker and von Savigny, 2010). Simulations of the Halloween event
by Jackman et al. (2007) indicate a maximum temperature decrease of 2.6 K
in the mesosphere for the 30 October 2003 at 90°S. Figure 6.7 shows a similar
PEP-induced temperature decrease in that altitude region of the SH polar cap for
the respective time period in late October and early November 2003. At this time
period the simulated temperature decrease coincides with the PEP-induced ozone
depletion shown by Figure 6.6. In order to verify the hypothesis that a PEP-induced
ozone depletion is responsible for the temperature decrease Figure 6.8 shows the
PEP-induced temperature effect by heating of absorption of short wave radiation
in the southern polar region. Here, radiation of wavelengths greater than Lyman-a
is considered. A significant reduction of heating by about 2 K per day in the lower
mesosphere during the period of the Halloween storms can be seen. Assuming
that ozone is a primary absorber in the considered spectral range in that altitude
region, and recognizing the similar pattern of ozone depletion and reductions of
short wave heating, it indicates that the temperature decrease is caused by the
PEP-induced ozone destruction. Figure 6.7 also indicates significant PEP-induced
temperature effects in the southern polar middle atmosphere during the weeks
before the Halloween storms. Here, the altitude structure of the temperature effects
is very different to that corresponding to the Halloween event. In the mesosphere,
the temperature response is positive. A comparison with Figure 6.6 shows that
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these temperature changes also correspond to a PEP-induced ozone reduction.
Since particle precipitation in that altitude region is weak during the weeks before
the Halloween event it is not clear which PEP-induced processes are responsible
for the relatively low ozone concentrations. It seems likely that the reduced ozone
concentration results from enhanced PEP activity during the preceding winter
season, which was simulated but is not shown. A reduction of short wave heating
is also apparent in the stratosphere and lower mesosphere during almost the full
month of October. But the signal is substantially weaker than that of the Halloween
event and therefore, it explains only in part the corresponding temperature effect
showing similar temperature changes as those of the Halloween event.

A remarkable warming can be found in the first half of October directly above the
region which is assumed to be cooled by PEP-induced ozone depletions. In late
October and early November a warming occurs in the upper mesosphere above
the pronounced cooling, even though this warming seems to be lesser significant.
As indicated by Figure 6.8, these temperature increases are not caused by local
PEP-induced changes of the short wave radiative heating. Jackman et al. (2007);
Krivolutsky et al. (2006), and Becker and von Savigny (2010) suggest that such
temperature increases above the cooling region result from dynamical effects.

As shown in section 6.1.2, the ozone depletion due to particle precipitation in the
northern hemisphere is even stronger than in the southern hemisphere. Figure 6.7
does not show any significant temperature effects associated with the Halloween
event in the NH middle atmosphere, because solar illumination in the NH polar
region is weak or absent during late October and the following months. Therefore,
temperature changes due to ozone depletion and the corresponding decrease of
absorption of ultraviolet radiation are marginal.

The short wave heating rates (Figure 6.8) reveal significant changes in the thermo-
sphere caused by PEPs. Although in that altitude region short wave solar radiation
is the primary energy source, direct radiative heating is thought to provide only
a secondary heating source. The main part of photon energy is used to break
molecular bonds and hence it is converted to chemically potential energy. The
latter is released as thermal energy when dissociation products recombine. The
importance of that and other heating and cooling mechanisms in the thermosphere
is shown in the following section.

Inter-hemispheric comparison of temperature effects in the thermosphere

The study of temperature effects in the thermosphere considers the time average
over November 2003. Therefor, Figure 6.9 shows the effect of particle forcing on
temperature as zonal average in geomagnetic coordinates. As indicated by Figure
6.7 a significant temperature increase caused by particle precipitation can be
found nearly in the entire thermosphere. This temperature effect strengthens with
increasing altitude. Values of more than 20 K are shown for pressure level of about
10~% hPa at high latitudes. Figure 6.9 also confirms the impression of Figure 6.7
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Figure 6.9— Zonal average of the difference between temperatures simulated by PEA and REF
averaged over November 2003. Shaded areas indicate statistical significance larger than 95%.

that particle precipitation causes a remarkable temperature decrease in the SH lower
polar thermosphere. Causes of this effect are discussed in the following section,
while the present section is concerned with an inter-hemispheric comparison of the
influence of PEPs on a series of processes affecting the temperatures within the
thermosphere. Note that Figure 6.9 shows that nearly in the entire thermosphere
PEP-induced temperature effects are of high statistical significance.

Figure 6.10 shows temperature tendencies due to diverse upper atmospheric
processes and the influence of PEPs on these quantities for the northern and
southern polar upper mesosphere and lower thermosphere. The dominant heating
sources in a wide altitude range of the SH polar thermosphere are heating by
exothermal chemical reactions (in the following denoted as chemical heating) and
Joule heating. In the NH polar thermosphere the heating effect of these mechanisms
is also important but substantially smaller than in the SH. The reason for these
inter-hemispheric differences is that during the considered time period photolysis
is stronger in the sunlit SH atmosphere than in the dark NH polar region. As can
be seen in Tables A.16 and A.17, a large part of chemical heating is accomplished
by reactions of photolysis products, e.g. O, O(*D), N(?D), and ions. A weaker
production of these photolysis products results in less effective chemical heating in
the NH polar thermosphere. Stronger Joule heating in the SH can also be explained
by higher ion/electron densities in consequence of stronger photo-ionization in the
southern polar region which is sunlit during the considered time period (November).
A comparison of electron densities between north and south polar region is given in
the left panel of Figure 6.11. It should be mentioned that the magnitude of Joule
heating is not only determined by the ion/electron density. Since Joule heating
is a result of differences of plasma motion relative to the neutral wind, different
neutral wind features can also cause inter-hemispheric differences of Joule heating.
However, as can be seen in differences of temperature tendencies (see lower panels
of Figure 6.10) the PEP effect on Joule heating is much stronger in the NH. This
seems surprising since a comparison of PEP-induced ionization rates, which is
presented in the right panel of Figure 6.11, indicates that particle precipitation
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at 76° is similar in both hemispheres. In comparison with the NH only slightly
higher ionization rates appear in the SH. The stronger PEP-induced Joule heating
effect in the NH can be explained by the stronger PEP-induced increase of the
electron density, which is shown in the central panel of Figure 6.11. Since the
PEP-induced ionization rates are comparable in both hemispheres recombination
must proceed more rapidly in the summer hemisphere. In contrast to Joule heating
the PEP-induced increase of chemical heating is similar in both hemispheres.
Assuming that the chemical life time of the involved species is relatively short, this
is clear because the chemical potential energy which is converted to thermal energy
is originally supplied by the initial PEP impact.

In the thermosphere at 76°N dynamical heating is an important heat source. Here,
horizontal and vertical temperature advection and related adiabatic temperature
changes are taken into account. The temperature tendency due to dynamical
processes is calculated under the assumption that it balances the integral tem-
perature tendency of all other processes. This assumption can be applied since
the temperature tendency corresponding to the absolute temperature change over
November 2003 is by orders of magnitude smaller than the temperature tendency
of dynamical processes.

Heating by absorption of solar UV and EUV radiation plays a secondary role in the
polar summer thermosphere, while its effect is negligible in polar winter and hence
no influence of PEPs on short wave radiative heating (UV and EUV heating) can
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be seen here. In the summer thermosphere, PEPs cause a slight increase of UV
heating. As already mentioned, the contribution of direct solar heating is relatively
small. That seems contrary to the results of a HAMMONIA study of Schmidt
et al. (2006) which indicates that solar heating is the main heating source in the
middle and upper atmosphere. The reason for this difference is that in the study of
Schmidt et al. (2006) the combined temperature effect of direct solar heating and
chemical heating is presented, while both effects are separately considered in the
present study. Note that chemical heating results from breaking of molecular bonds,
jonization, and excitation of diverse atmospheric components by solar photons.
Consequently, a large part of incoming solar energy is converted into chemically
potential energy which can be released as thermal energy far away from the place of
the initial photon impact. The corresponding heating effect is denoted as chemical
heating, even though the energy is originally provided by solar photons.

An additional minor warming source is direct heating by transfer of kinetic energy
from PEPs to atmospheric atoms and molecules through collisions. This mechanism
is denoted as particle heating and explained in section 3.2.2.

The warming is mostly balanced by nitric oxide cooling and molecular diffusion.
As shown in section 6.1.1 the NO concentration is strongly influenced by particle
precipitation whereby the NO increase in the thermosphere is more effective in
winter than in summer. This results in a PEP-induced increase of NO cooling which
is substantially stronger in the winter thermosphere. At 76°S dynamical cooling is
an important cooling mechanism, which is strengthened by PEP influence. This is
discussed in the next paragraph. In the lower thermosphere, long wave emission
by NO and other chemical components is an important mechanism balancing the
warming effects. It seems usually less affected by PEPs.
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The cooling effect of PEPs in the polar lower thermosphere in summer

As shown in the previous section, in most regions of the thermosphere the integral
effect of PEPs is that of a warming. But, as indicated by Figure 6.9, in the lower
polar summer thermosphere a region can be found where the atmosphere is cooled
by particle influence. Similarly, model simulations by Krivolutsky et al. (2006) indi-
cate a temperature decrease in the lower polar summer thermosphere during a solar
proton event. The mechanisms responsible for this temperature effect are, however,
not discussed by Krivolutsky et al. (2006). In the following an attempt for an expla-
nation of this temperature effect is made.

As indicated by Figure 6.10, dynamical processes contribute considerably to that
cooling. In order to study the causes heating rates are considered again but in ge-
ographic coordinates. The geographic coordinate system seems more convenient to
analyze dynamical processes since it allows an easier interpretation of the momen-
tum equations which are usually formulated in geographical coordinates.

Figure 6.12 presents the heating or cooling tendencies of diverse processes and the
influence of PEPs on these processes. In contrast to Figure 6.10, which considers
quantities at geomagnetic latitudes of 76°N and 76°S, geographic latitudes of 83°N
and 83°S are considered here. The curves of the individual processes show similar
behavior as at geomagnetic latitudes of 76°N and 76°S, respectively. Additionally,
Figure 6.12 shows the individual contributions of the dynamical component. Here,
the temperature tendency of dynamical processes and their components are deter-
mined using a formulation of the Transformed Eulerian Mean (TEM) analysis given
by Andrews et al. (1987). It indicates that PEP-induced upwelling, represented by
the vertical component of the residual circulation w*, is responsible for the prominent
temperature decrease in the SH polar lower thermosphere. It must be mentioned
that the TEM formulation is applied under the assumption of quasi-geostrophy. It
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Figure 6.13— Comparison of dynamically induced temperature tendencies in simulation PEA
at geographic latitudes of 83°N (left) and 83°S (right). Solid lines are associated with temperature
tendency determined by TEM analysis and dotted lines are associated with the dynamical tempera-
ture tendency derived under the assumption of balance with temperature tendencies from all other
processes. A time mean over November 2003 is considered.

can be expected that this assumption is almost satisfied in a wide range of the atmo-
sphere, but it is thought that it is increasingly not satisfied with increasing altitude
in the thermosphere where neutral winds are significantly influenced by dissipative
processes. In order to assess the TEM results which are presented in Figure 6.12
the dynamically induced temperature tendency is also derived under the assumption
that it balances the sum of all other heating and cooling terms. Figure 6.13 shows
a comparison of the dynamically induced temperature tendencies which are on the
one hand derived from TEM analysis and on the other hand derived from the as-
sumption of temperature tendency balance. As mentioned in the previous section,
this assumption is approximately satisfied. The comparison in Figure 6.13 shows
that over wide altitude ranges the total TEM analyzed dynamical temperature effect
reflects well the directly modeled effect. Only in the SH thermosphere substantial
differences appear, but the qualitative behavior of the dynamically induced temper-
ature effect seems to be well reflected by the TEM analysis.

In order to show that ion drag might be, at least partly, responsible for wind changes
resulting in PEP-caused dynamical cooling in the lower polar summer thermosphere,
the momentum budget and the so-called “downward control” principle are consid-
ered. The latter is formulated by Haynes et al. (1991). It means that in the extra-
tropics the mean vertical velocity

W (z0) = 0 [T
O T S Gocosday L.

at any given height (zp) and consequently the vertical transport is governed by

p(2)F(2)dz] (6.7)

dissipative forcing F above that height. Here, p is the air density, f is the Coriolis
parameter, and ¢ is the latitude. In the thermosphere dissipative forcing involves ion
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Figure 6.14— The upper panels show the November 2003 monthly zonal mean of the zonal
component of the wind tendency due to ion drag from simulation PEA (left) and REF (right). The
lower left panel shows the difference between simulation PEA and REF of quantities presented in the
upper panels. The lower right panel shows the difference of the meridional wind.

drag. The horizontal wind tendencies are described by the corresponding momentum
equations:

du du ou du —10p .

v dv  Ov dv  —1dp
o "o oy TVa T oy
where u, v, w are the zonal, meridional, and vertical wind, and G represents the
gravitational force. It can be seen that, under the assumption of an equilibrium, a
force (e.g. ion drag force) on the zonal wind in combination with the Coriolis force
results in a change of the meridional wind. Taking the downward control principle

—fu+Gy+Fy, (6'9)

into account, at high southern latitudes an ion drag force acting in eastward
direction would lead to an upward motion at polar latitudes below the altitude level
where the ion drag is acting. Figure 6.14 shows the PEP-caused influence of ion drag
on the zonal wind component and the resulting change of the meridional wind in the
middle and high latitude SH thermosphere. A remarkable PEP-induced increase of
the eastward ion drag force can be seen above about 107° hPa in middle and polar
southern latitudes. Below that altitude, decreasing eastward or increasing westward
ion drag, respectively, is shown. It is also shown that an equatorward tendency
of motion results from PEP influence above 10~° hPa. This can be explained by
the PEP-induced effect on ion drag and explains an upward motion leading to the
found PEP-induced temperature decrease in the lower southern polar thermosphere.
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6.2 Contribution of individual particle components

The previous section is concerned with the combined influence of all particle classes
on chemical composition and energetics. It is the first study which considers such
a comprehensive spectrum of PEPs. A further interesting aspect is concerned
with the contributions of individual particle classes. Until today, this aspect
is less investigated. The purpose of this section and a main goal of this work
is an assessment of the contribution of individual particle classes. At first, the
influence of precipitating electrons or a-particles, respectively, is considered in
relation to simulations excluding these particle components. Afterwards, the in-
fluence of separate particle species on the total amount of NO, and HO,, is examined.

6.2.1 Contributions of electrons and alpha-particles related to the
influence of other PEP components
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Figure 6.15— Relative differences between NO, number densities from simulation PEA and
simulation PA, indicating errors in simulations which exclude the influence of precipitating electrons.
A time period of October 2003-April 2004 and geomagnetic latitudes of 83° (top), 69° (center), and
397 (bottom) for the northern hemisphere (left) and southern hemisphere (right) are considered. Units
are percent. Shaded areas indicate statistical significance larger than 95%.
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Figure 6.16— Relative differences between NO,. number densities from simulation PEA and
simulation PE, indicating errors in simulations which exclude the influence of precipitating a-particles.
A time period of October to December 2003 and geomagnetic latitudes of 83° (top), 69° (center),
and 39° (bottom) for the northern hemisphere (left) and southern hemisphere (right) are considered.
Units are percent. Shaded areas indicate statistical significance larger than 95%.

NO, and HO,.

In order to study the NO; change due to electron precipitation, the relative
difference between simulations PEA (including the full particle spectrum) and
PA (including protons and a-particles) is determined (Figure 6.15). Electrons
significantly influence NO, in a wide altitude range of the auroral and polar regions.
Values often exceed 100%, indicating that electrons dominate the NO, production.
Obviously, the relative contribution of electrons is small in the stratosphere and
lower mesosphere during the Halloween event in late October and early November.
Here, electrons play only a secondary role. The contribution of a-particles (see
Figure 6.16) is weak and less significant, in general. Even though considerable
precipitation of a-particles occurs during the Halloween event (see Figure 4.3),
their effect on NO, is lower than 20% and strongly limited in duration and
space. The reason for the weak influence of a-particles is that their precipitation
coincides in time and space with the large proton precipitation event. Note that the
calculated values indicate errors in model simulations which exclude the influence
of precipitating electrons or a-particles, respectively.

As shown in Figure 6.17, the influence of precipitating electrons on HO, is weak



76 6 Investigation of Particle Effects on the Atmosphere

in the most regions. This is caused by the fact that PEPs primarily form HO,
in the middle atmosphere, while electron precipitation mainly occurs above this
altitude range. However, a substantial influence of electrons on the HO, density
can be found in the lower mesosphere and upper stratosphere of the northern polar
cap region. Noteworthy are electron-induced HO,, increases during two pronounced
particle events surrounding the proton-dominated major event of the Halloween
storms. Here, precipitating electrons are responsible for prominent PEP-induced
enhancements of the HO, concentration. In the subsequent time period the
relatively large electron activity leads to relatively strong HO, enhancements, but
the absolute effect is rather small as revealed by comparison with Figure 6.3. In the
summer polar stratopause region HO,, is mainly produced by the influence of solar
radiation. Here, the absolute HO, concentrations are significantly higher than in
the winter polar region, but as shown by Figure 6.4 the relative PEP influence on
HO,. is small. Hence, the relative electron influence is also small.

Only marginal effects of a-particles on HO, are indicated by Figure 6.18, even
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Figure 6.17— Relative differences between HO, number densities from simulation PEA and
simulation PA, indicating errors in simulations which exclude the influence of precipitating electrons.
A time period of October 2003-April 2004 and geomagnetic latitudes of 83° (top), 69° (center), and
39° (bottom) for the northern hemisphere (left) and southern hemisphere (right) are considered. Units
are percent. Shaded areas indicate statistical significance larger than 95%.

though, a statistically significant HO, increase during the major Halloween event is
caused by a-particles. But the relative contribution is lower than 10%. A stronger
a-particle-induced HO,, increase is indicated in November and December in a small
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Figure 6.18— Relative differences between HO,. number densities from simulation PEA and
simulation PE, indicating errors in simulations which exclude the influence of precipitating a-particles.
A time period of October to December 2003 and geomagnetic latitudes of 83° (top), 69° (center),
and 39° (bottom) for the northern hemisphere (left) and southern hemisphere (right) are considered.
Units are percent. Shaded areas indicate statistical significance larger than 95%.

altitude range within the northern polar stratosphere. However, the absolute ef-
fect is weak since HO, concentrations are low in the stratosphere during that season.
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Figure 6.19— Relative differences between ozone volume mixing ratios from simulation PEA and
simulation PA, indicating errors in simulations which exclude the influence of precipitating electrons.
A time period of October 2003-April 2004 and geomagnetic latitudes of 83° (top), 69° (center), and
39° (bottom) for the northern hemisphere (left) and southern hemisphere (right) are considered. Units
are percent. Shaded areas indicate statistical significance larger than 95%.

The electron-induced NO, and HO, increase leads to a change of the ozone
concentration. The change relative to the concentration in simulation PA is shown
in Figure 6.19. While at middle latitudes the influence of electrons on ozone is
marginal, at auroral and polar latitudes precipitation of electrons causes substantial
changes of the ozone content. In both hemispheres significant electron-induced short
term ozone depletions occur during the Halloween event and two additional events
occurring a few days before and past the major event. In the lower mesosphere
electrons are responsible for short-term ozone depletions accounting 10 to 30%
and in the NH temporarily more than 50%. During the following months in the
southern stratosphere electrons cause a statistically significant ozone depletion but
its contribution is lower than 5%. In the northern polar stratosphere the relative
contribution of electrons on long-term ozone depletion is substantially stronger. The
influence of a-particles on ozone is usually marginal (see Figure 6.20), although an
exception can be found in the SH polar stratosphere in October. Here, a-particles
provide a significant contribution to PEP-induced ozone reduction. This ozone
reduction is not accompanied by a significant a-particle-induced NO, or HO,
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Figure 6.20— Relative differences between ozone volume mixing ratios from simulation PEA
and simulation PE, indicating errors in simulations which exclude the influence of precipitating a-
particles. A time period of October to December 2003 and geomagnetic latitudes of 83° (top), 69°
(center), and 39° (bottom) for the northern hemisphere (left) and southern hemisphere (right) are
considered. Units are percent. Shaded areas indicate statistical significance larger than 95%.

increase. Probably, the reduced ozone concentration might be caused by a-particle
precipitation during the preceding winter season.

Temperature

In order to study temperature effects which are caused by precipitating electrons,
temperature differences between simulation PEA and simulation PA are determined
(see Figure 6.21). As indicated by a comparison with Figure 6.7 in the thermosphere
the temperature effect of precipitating electrons is similar to that of the complete
PEP inventory. This similarity between the effects of electrons and the complete
PEP spectrum in the thermosphere is expected since electrons are thought to
be usually the dominating PEP species at these altitudes. But electrons cause
significant temperature changes in the middle atmosphere as well. On the one
hand, temperature effects can be found at high latitudes of the SH in October and
November 2003. Here, electrons contribute significantly to the temperature changes
due to PEP-induced ozone reduction discussed in section 6.1.4. In late October and
November 2003 in the lower mesosphere and upper stratosphere electrons cause a
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Figure 6.21— Differences between temperatures from simulation PEA and simulation PA, in-
dicating the influence of precipitating electrons. The time period of October 2003 to April 2004 and
geographic latitudes of 83° (top), 69° (center), and 39° (bottom) for the northern hemisphere (left)
and southern hemisphere (right) are considered. Units are Kelvin. Shaded areas indicate statistical
significance larger than 95%.

temperature decrease of more than 1 K. On the other hand, significant temperature
effects caused by electrons are found in the NH polar middle atmosphere starting
in December.

In order to examine the temperature effects in the northern polar region, the
time evolution of the temperature of all ensemble members of simulations PEA
and PA at 83°N and four pressure levels representing stratospheric, mesospheric,
and thermospheric altitudes are considered (see Figure 6.22). Additionally, Figure
6.22 shows the time evolution of temperatures of simulation REF. Considering the
middle atmosphere, noticeable features are the rapid temperature increase in the
stratosphere and a decrease in the mesosphere, suddenly occurring in December.
These features are more or less reflected by each ensemble member of all simulations.
The temperature increase at 10 hPa indicates a sudden stratospheric warming
(SSW) event. Such an event is characterized by a downward displacement of the
stratopause. For further details on SSW events see Charlton and Polvani (2007)
and references therein. While, before this abrupt temperature change the spread
of the ensemble members is relatively small, afterwards a wide spread between the
individual ensemble members can be found accompanied by remarkable variability
in temperature. Nevertheless, directly after the initial temperature increase in
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Figure 6.22— Time evolution of modeled temperatures for all ensemble members of simula-
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from November 2003 to February 2004.

the stratosphere and drop in the mesosphere all simulations show a temperature
decrease in the stratosphere and an increase in the mesosphere. An interesting
feature is that, in contrast to the thermosphere, in the middle atmosphere the
curves representing simulations PEA and REF show similar behavior, while the
ensemble members of simulation PA tends to distinguish from the former. This can
be seen in the mesosphere in the middle of December where the temperature drop
in simulation PA is significantly weaker and slower than in the other simulations.
Simultaneously, the temperature increase at 10 hPa in simulation PA appears with
a time lag of several days in comparison with the other simulations. This behavior
of the simulation excluding electron precipitation seems surprising. Assuming, as
done in previous studies, that the precipitation of electrons and their effects on
the middle atmosphere are small one would expect temperatures of simulation PA
to be similar to temperatures of simulation PEA. Assuming that the influence
of precipitating protons and a-particles is weak some weeks after the solar PEP
event, the temperature evolution should be similar in simulation PA and REF.
Surprisingly, Figure 6.22 indicates similar behavior of temperatures in simulations
PEA and REF, while the temperature in simulation PA tends, at least temporarily,
to differ significantly from temperatures in other simulations. The causes of such a
behavior are unclear but it indicates that non-linearities appear when individual
particle components act together. It shows impressively the importance of con-
sidering precipitating electrons in addition to protons and a-particles in regard
to middle atmospheric processes. It must be noted that each simulation consists
of only five ensemble members. Thus, although the curves in Figure 6.22 show
a clear trend, uncertainties remain concerning the statistical relevance of the results.
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6.2.2 Contribution of single PEP species relative to total amounts
of NO, and HO,

In section 6.2.1 the influence of precipitating electrons and a-particles relative to
the influence of other particle components is discussed. In the present section the
study is focused on the question of the contribution of single particle components
on the total amount of NO, and HO,. The individual contributions of single
PEP components to the total number density of NO, at different geomagnetic
latitudes is shown by Figures 6.23 to 6.28. Note that the contributions of
electrons and a-particles are determined as follows: percentage contribution of
electrons=100-(PEA-PA) /PEA, percentage contribution of a-particles=100-(PEA-
PE)/PEA. Since no simulation exists which only considers precipitating electrons
and a-particles, the contribution of protons is calculated as follows: contribution of
protons=100-([PEA-REF|/PEA-([PEA-PA|4+[PEA-PLE|)/PEA).

At first, the contribution of precipitating electrons to the NO, concentration is
considered. Particularly in the mesosphere of auroral and polar latitudes this
particle species contributes substantially to the NO, concentration (see Figures
6.23, 6.24, 6.25, and 6.26). Here, the contribution of electrons often exceeds 50%. At
times values of up to 90% can be found. Noteworthy is the substantial contribution
of 40 to 70% in the mesosphere at mid-latitudes (see Figures 6.27 and 6.28) where
usually particle precipitation is relatively weak. In the winter thermosphere at
polar and auroral latitudes precipitating electrons dominate the influence on NO,,
while in the mid-latitude thermosphere and in the entire thermosphere in summer
the contribution of electrons exceeds values of 50% ounly occasionally. In the
stratosphere the contribution of precipitating electrons on NO,. is mostly lower
than 20% with the exception of the upper stratosphere during the weeks after
the Halloween storms when the contribution of electrons is greater than 20% at
places. While the contribution of precipitating protons on NO, concentration is
usually below 20%, during a few weeks after the Halloween event their contribution
temporarily exceeds 50% in the upper stratosphere and 90% in the mesosphere.
Moreover, it seems that electron precipitation leads to a substantial NO, decrease in
the auroral and polar NH stratosphere in December 2003, while protons counteract
the electron effect. The mechanism which causes this effect is not understood but it
indicates non-linearities in the combined influence of several particle components.
In general, the contribution of o-particles is lower than 10%. Only during the
Halloween event it is elevated up to 20% in some regions.

The consideration of the single contributions of PEP species on NO, shows
impressively the importance of precipitating electrons. In contrast to the proton
contribution, which dominates only during a few weeks after the Halloween particle
event in a relatively small latitude and altitude range, the influence of precipitating
electrons considerably contributes to NO, concentration over wide ranges of
altitude, latitude, and time.
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The individual contributions of single PEP components to the total number den-
sity of HO, are presented by Figures 6.29 to 6.34. As mentioned in section 6.1.1 the
HO, production in the sunlit atmosphere is controlled by solar irradiance. There-
fore, the contributions of individual particle classes remarkably distinguish from
those of NO,. In the sunlit atmosphere the PEP contributions to HO,, concentra-
tion are generally small. Only during the prominent particle precipitation event a
short-term contribution of protons amounts up to 40% of the total HO, number
density in the mesosphere at high latitudes. Particle contribution on HO, is also
small at middle latitudes in the northern hemisphere. In the stratopause region at
NH polar latitudes the HO, concentration is strongly controlled by precipitating
electrons. Significant contributions of protons are confined to a few events in late
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October and early November 2003 and to the stratosphere in the following weeks.
Statistical significances of the results can be taken from relative difference plots in
section 6.2.1. It must be mentioned that the contributions of individual particle
species are derived from differences between simulations considering combinations
of different particle components. Previous examinations in this work indicate that
between the effects of individual particle components non-linearities appear. That
might limit the significance of the results presented in this section.
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Figure 6.33— The same as in Figure 6.29 but at geomagnetic latitudes of 39°N.
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Figure 6.34— The same as in Figure 6.29 but at geomagnetic latitudes of 39°S.

6.3 Downward transport of NO,

In section 6.1.1 a remarkable NO, increase in the northern auroral and particularly
in the polar mesosphere in December and January was shown (see Figure 6.1). It
is also indicated that PEPs are responsible for that NO, increase, which is accom-
panied by a remarkably displaced stratopause level in the polar cap. However, a
comparison with Figures 4.1 to 4.3 indicates that this NO, increase is not accom-
panied by enhanced PEP-induced ionization rates. Causes of this NO, increase are
discussed in the present section. In order to study the mechanisms responsible for
the strange NO,. increase, only one ensemble member of simulations PEA is consid-
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Figure 6.35— NO, volume mixing ratio (solid) and ionization rates (dashed) at geomagnetic

latitudes of 83°N (black curves) and 69°N (red curves) taken from a single ensemble member of
simulation PEA. Values are presented for the following five pressure levels of the lower thermosphere
and mesosphere: 1.3-107° hPa, 1.1-107* hPa, 1.2.107% hPa, 1.0-1072 hPa, and 1.2-10~! hPa.

ered. This is done since the NO, increase is assumed to be caused by dynamical
effects which might be blurred if the mean of five ensemble members is considered.
Figure 6.35 shows the NO, volume mixing ratio and PEP-induced ionization rate
for the corresponding time period at northern polar and auroral latitudes and for
given altitudes of the thermosphere and mesosphere. Three pronounced NO, peaks
within the thermosphere in the time period from October to December 2003 are
revealed. They are already examined in section 5.1. At 1.3-107° hPa high NO,
values are accompanied by strong ionization events. The corresponding dates are
marked by vertical lines. While the ionization rate maxima, occur nearly simultane-
ously at all thermospheric altitudes, peaks of the NO, time series indicate a time
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Figure 6.36— Pressure versus time cross section of the temperature (left) and NO. volume
mixing ratio (right) for a four months time period including a SSW event. Values are taken from a
single ensemble member of simulation PEA.
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lag which increases with decreasing altitude. At 1.2:107% hPa the time lag amounts
already to several days. At 1072 hPa, located within the mesosphere, ionization
rates as well as NO, mixing ratio show a basically different behavior than in the
thermosphere. Instead of the three ionization rate events of the thermosphere only
one extreme event can be found in the mesosphere, the main Halloween event. As
revealed by detailed examination of the ionization rates (see section 4.2), in the
mesosphere ionization during that event is dominated by protons. Here the strong
NO, increase occurs instantly after the ionization peak. At 1072 hPa an additional
NO, maximum occurs without a corresponding increase of PEP-induced ionization.
With a time lag of several days the NO, maximum can be seen at 1.2:10! hPa,
though it has a less sharp peak. The absence of a corresponding ionization event
and the remarkable time lag which increases with decreasing altitude indicate that
a significant amount of NO, is transported downward. During this time period a
considerable anomaly of the stratopause occurs (see Figure 6.1). Figure 6.36 shows
the temperature evolution at 83°N for the early winter season. It can clearly be seen
that the height of the stratopause, defined as the first temperature maximum above
the troposphere, substantially decreases in December followed by a displacement to
substantially higher altitudes. Subsequently, the stratopause propagates downward
arriving at the original altitude level after several days. The initial descent of the
stratopause is associated with a substantial temperature drop in the mesosphere.
This temperature anomaly is related to a simulated SSW event. As shown by recent
observations, strong NO,. descent inside of the polar vortex can occur in conjunc-
tion with a SSW event resulting in a substantial increase of the mesospheric and
upper stratospheric NO, concentration (e.g. Randall et al., 2009). The time evolu-
tion of the NO, volume mixing ratio exhibits an NO, increase in the mesosphere
(see Figure 6.36). As revealed by observations, a strong temperature anomaly was
observed in the mesosphere and stratosphere in the NH winter 2003/2004 accompa-
nied by remarkable NO, descent (e.g. Randall et al., 2006, 2009; Reddmann et al.,
2010). MIPAS observations show a sudden stratospheric warming in late December
2003 followed by a two month period of extremely low mesospheric temperatures
(Reddmann et al., 2010). While the SSW event is well reflected in the simulation,
observations show a much slower recovery of the stratopause.

Even though HAMMONIA simulations indicate a significant NO, enhancement due
to downward transport in the northern polar mesosphere, in comparison with mea-
surements the resulting NO, concentration is significantly underestimated in HAM-
MONIA. A possible reason is the rapid recovery of the middle atmosphere towards
normal conditions associated with a weakening of the polar vortex in early January.
This might reduce the effectivity of the modeled downward transport of NO,. As
pointed out by Siskind et al. (2007) an unusually warm and disturbed lower strato-
sphere, as can be found during an SSW, filters out gravity waves that normally break
at the stratopause or above it. Consequently, the mesosphere cools down and the
polar vortex strengthens. HAMMONIA uses a gravity wave drag parameterization
of Hines (1997a,b). Possibly, this parameterization does not correctly reflect the
effects of the SSW and therefore cause the immediate recovery of the stratopause.
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Additionally, underestimated NO, downward transport might be a result of overes-
timated horizontal redistribution due to numerical diffusion or overestimated plane-
tary wave activity in the model. Horizontal mixing can bring NO_-rich air from the
polar night to sunlit latitudes where NO,. is photolytically destroyed. The HEPPA
study of Funke et al. (2011), which is described in section 6.1.3, indicates an over-
estimation of horizontal mixing in HAMMONIA. These results are also confirmed
by studies of Possner (2011) which investigate horizontal transport in ECHAMS6
(a model which uses similar dynamical core like HAMMONIA) using different hor-
izontal resolutions. This study indicates that horizontal transport is increasingly
overestimated with decreasing horizontal resolution of the model.

Although it is thought that HAMMONIA underestimates the strength of NO, de-
scent, simulations show a significant increase of NO, in the middle atmosphere in
consequence of downward transport of NO, from the upper atmosphere. At least
in the mesosphere, the resulting NO, concentration substantially exceeds that re-
maining from the Halloween event. The findings of section 6.2 show that the NO,
concentration in the upper atmosphere, at least in winter, is controlled by the in-
fluence of precipitating electrons which primarily originate from the magnetosphere.
This arises the importance of inclusion of magnetospheric electron precipitation in
studies of mid- and long-term effects of PEP-events on chemical composition of the
middle atmosphere.
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Chapter 7

Summary, Conclusions, and
Outlook

7.1 Summary and Conclusions

Simulations with the general circulation and chemistry model HAMMONIA have
been accomplished in order to study the effects of the extreme solar particle
precipitation events in late October and early November 2003 and subsequent
particle precipitation on the atmosphere. The model treats radiation, neutral and
ion chemistry, energetics, and dynamics interactively for an altitude range from
the surface up to the thermosphere (about 250 km). Ionization rates provided by
AIMOS (Wissing and Kallenrode, 2009) are used to describe precipitation of solar
and magnetospheric protons, electrons, and a-particles into the entire atmosphere.
A possible influence of energetic particle precipitation on the terrestrial climate
is indicated by previous studies (e.g. Rozanov et al., 2005; Seppald et al., 2009)
suggesting that the magnitude of the influence of precipitating energetic charged
particles can potentially exceed the effects from variability in solar UV fluxes. With
the background of an assessment of possible climate effects of energetic particle
precipitation the present work is concerned with the following question:

e What is the influence of an extreme solar particle precipitation event and
subsequent solar and magnetospheric particle precipitation on NO,. (odd nitrogen),
HO, (odd hydrogen), ozone, and temperature?

The importance of NO, and HO,, results from a couple of reasons. These chemical
components are known to be strongly affected by particle precipitation. They
include highly reactive chemical species which are able to destroy ozone in catalytic
reaction cycles. Ozone itself is an important absorber of UV radiation (Hartley,
1880; Chappuis, 1882; Huggins and Huggins, 1890) and therefore, it plays an
important role for the energy budget in a wide atmospheric range. NO, also
directly affects the energy budget in the upper atmosphere through radiative
cooling.

Along with the clarification of the general question, the following interesting aspects
are discussed:
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e What are the individual contributions of precipitating electrons, protons, and
a-particles? It can help to reveal possible errors of previous studies considering the
effects of particle precipitation events excluding substantial parts of the particle
spectrum.

e Which role plays the NO, production by precipitating magnetospheric particles,
in particular electrons, and downward transport for the NO, concentration in the
middle atmosphere?

e Which mechanisms are responsible for PEP-induced temperature changes.

e Moreover, the explicit consideration of the temporal and spatial pattern of
nearly the complete spectrum of precipitating particles and the consideration of ion
chemistry allows a detailed assessment of possible error sources of the representation
of NO, in the model.

Causes for uncertainties of the representation of NO, in the lower thermosphere
in HAMMONIA are studied. Assuming that in the lower thermosphere NO, is
mainly represented by NO, the study starts with a comparison of NO densities
predicted by HAMMONIA and calculated by the NO empirical model (NOEM)
(Marsh et al., 2004). The comparison shows qualitatively good agreements between
HAMMONIA and NOEM, even though NO densities in NOEM tend to be higher
than those in HAMMONIA by a factor of up to two. At least partially, this
underestimation of the NO densities in HAMMONIA can be explained by the
underestimated PEP-induced ionization rates. Underestimations of ionization
rates in the auroral regions are indicated by a comparison of predicted electron
densities with ISR measurements. Significantly underestimated temperatures in
the thermosphere above a pressure level of about 2:107° hPa in HAMMONIA are
indicated by a comparison with temperatures calculated by the empirical model
NRLMSISE-00 (Picone et al., 2002). Since the strongly temperature dependent
production of NO by the reaction of N(*S) with molecular oxygen weakens in the
case of reduced temperatures, underestimated temperatures might be a further
cause for an underestimation of NO densities in HAMMONIA. The comparison
with NRLMSISE-00 indicates significantly overestimated concentrations of atomic
oxygen in the southern hemispheric lower thermosphere. Consequently, more
N(?D) can be quenched by atomic oxygen resulting in a weaker NO production
by the reaction of N(?D) with molecular oxygen. Moreover, the comparison with
NOEM indicates possible short-term overestimations of NO in the thermosphere
of the northern hemispheric polar cap in HAMMONIA. Only in part, this can be
explained by overestimated ionization rates which are found for short periods in
this region. Consideration of the predicted meridional wind component indicates
that overestimated horizontal transport in HAMMONIA can result in intrusion of
NO-rich air from the auroral region into the polar cap regions where photolytical
destruction vanishes and hence the NO density is significantly enhanced.

After the discussion of uncertainties in the representation of NO, in HAMMONIA
the combined effect of the complete particle spectrum on NO,, HO., ozone, and
temperature is studied. Therefore, differences between a simulation including the
complete particle spectrum and a simulation without particle forcing are considered.
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The examination of contributions of individual particle species considers differences
between the simulation including the entire particle spectrum and simulations
excluding single particle components.

It is shown that the combined effect of precipitating protons, electrons, and
a-particles leads to significant enhancements of NO, in the auroral and polar ther-
mosphere, mesosphere and the upper stratosphere. During the pronounced event
and the following weeks particle precipitation is responsible for NO, enhancements
of more than 1000% in the mesosphere and upper stratosphere. Substantial seasonal
differences exist for the remaining time. In winter PEP-induced NO, increases of
more than 200% in the thermosphere and upper mesosphere lead to considerable
NO,. densities, while the PEP influence in the thermosphere in summer is relatively
weak. NO, increases of up to 1000% are predicted in the mesosphere during the
entire summer. However, the absolute NO, densities are relatively low here. At
mid-latitudes PEP-induced NO,, enhancements of 20 to 200% appear but they are
mostly confined to the mesosphere.

The consideration of contributions of individual particle species shows, that NO,, in
the auroral and polar thermosphere in winter is mainly produced by precipitating
electrons. Here, in relation to the simulation which excludes electrons, these
particles often lead to NO,, enhancements of more than 100%. It is also shown that
the influence of precipitating electrons is responsible for 50-80% of the NO, density
in the polar and auroral thermosphere and mesosphere in winter. In summer,
significant influence of precipitating electrons is confined to the mesosphere, albeit
the resulting NO, densities are relatively low.

In general, a-particles are responsible for less than 10% of the NO, density.
In the polar and auroral lower mesosphere and upper stratosphere during the
pronounced particle events in late October and early November 2003, the altitude
and time range where the strongest particle-induced NO, increase is found, the
influence of precipitating protons is responsible for 50 to 90% of the NO, amount.
During the following weeks, the influence of protons gradually decreases. In the
mesosphere, already after one month, the effect of electrons exceeds the proton
effect significantly.

Model simulations show remarkable downward transport of NO, from the upper
to the middle atmosphere at high latitudes in a short period in winter. This
downward transport causes a significant increase of the NO, concentration in
the mesosphere. Since descending NQO, primarily originates from the effect of
precipitating electrons, downward transport leads to an increased indirect influence
of electrons in the middle atmosphere. A comparison with observations (Randall
et al., 2006; Reddmann et al., 2010) indicates that duration and strength of
the downward transport event are underestimated in HAMMONIA simulations.
Nevertheless, it is impressively shown that consideration of precipitating electrons
(primarily of magnetospheric origin) into the thermosphere can be important for
the determination of NO, concentration in the middle atmosphere.

The combined effect of the complete PEP spectrum also leads to HO,, increases
of up to 1000% in the northern polar middle atmosphere in late October and
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early Novermber 2003. These increases are short-term and associated with particle
precipitation events arriving the middle atmosphere. Additional HO, increases
occur in the lower mesosphere and upper stratosphere in the following months. In
the sunlit region PEP effects on HO, are weak.

While protons cause nearly the complete PEP-induced HO,, increase during two
severe PEP events in late October and early November, electrons are responsible for
HO, increases in the northern polar mesosphere and stratosphere during additional
PEP events. In general, the effect of a-particles on HO, is marginal.

The study also shows significant ozone depletions due to the influence of PEPs.
Ozone depletions of more than 50% are found in the polar and auroral mesosphere
during the Halloween storms. A long-term PEP-induced ozone depletion is shown
in the stratosphere, where the ozone concentration decreases up to 30% at high
latitudes in winter and up to 10% at high latitudes in summer. Contributions
of precipitating electrons are found for short- and long-term ozone depletions,
although, for long-term depletions the electron contribution is relatively small.
Note, that the downward transport of NO,, which is produced primarily by
the influence of precipitating electrons, is thought to be underestimated in the
simulations. Therefore, it can be guessed that ozone reduction by electron-induced
NO, is underestimated and thus, the electron effect on ozone is temporarily
underestimated. The relative contribution of a-particles to ozone depletion is
mostly marginal.

Furthermore, the present work shows PEP-induced temperature effects. In the
summer hemisphere at high latitudes a remarkable temperature decrease can be
found in parts of the stratosphere and mesosphere soon after the Halloween event.
This temperature decrease is caused by a PEP-induced ozone destruction and an
associated reduced heating by absorption of solar irradiance. The temperature
decrease is similarly as shown in a previous study (Jackman et al., 2007).

In the high latitude middle atmosphere in winter significant temperature differences
are found between simulations with and without electron precipitation. The re-
sponsible mechanisms are not examined, but it indicates non-linear effects resulting
from interactions between the effects of different PEP species.

The study also focuses on PEP-induced temperature effects in the thermosphere. A
consideration of PEP-effects provides useful information about mechanisms affecting
energetics and dynamics of the thermosphere which is an altitude region where
energetics and dynamics are less understood until today. Remarkable temperature
effects in the thermosphere are revealed for periods of high particle precipitation
activity. It is shown that PEP-induced strengthening of chemical heating and Joule
heating is responsible for a simulated temperature increase of more than 20 K at
high latitudes. An exception is found in the lower polar summer thermosphere
where the simulation shows a PEP-induced temperature decrease of up to 10 K in
time average. This temperature decrease is thought to be caused by changes of the
winds due to ion drag resulting from interactions between neutral gas and plasma.

The results of this work point out the importance of precipitating electrons
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which are thought to be primarily provided by magnetospheric particle precipita-
tion. It is shown that the effects of electron precipitation significantly increases
or exceed mid- and long-term effects of a severe proton dominated solar particle
precipitation event. It is concluded that precipitation of magnetospheric particles
or electrons, respectively, must be taken into account in studies which consider
mid- and long-term or climate effects of strong particle precipitation events.

7.2 Outlook

Although the results of this work show impressively the considerable influence of
particle precipitation on the atmosphere and, in particular, the importance of pre-
cipitating electrons, many challenges remain. Uncertainties remain regarding NO,,
which is transported from upper atmospheric levels downward to the middle atmo-
sphere. Therefore, also uncertainties exist in regard to processes resulting from the
influence of descending NO,. as ozone depletion and consequent temperature effects.
Since it is guessed that improvements of the representation of NO, downward trans-
port in the model are achieved in the case of higher spatial model resolution, for the
future it is suggested to carry out model simulations with higher spatial resolution.
Then the results should be compared with the current results in order to study the
effect of different model resolutions on NO, downward transport. In the case of
an improvement, future HAMMONIA studies concerning the PEP impact on the
atmosphere should use higher spatial resolution.

Temperature effects in the middle atmosphere due to electron precipitation are
shown by the study but the responsible mechanisms are not understood. Before
causes of these effects are studied, the significance of the effect has to be confirmed.
Therefore, it is suggested that model simulations should be repeated for at least five
additional ensemble members per experiment.

For an assessment of possible climate effects of energetic charged particle precipita-
tion, being the background of this work, long-term effects of particle precipitation
events should be studied in a next step. Such a study should be based on simula-
tions over several decades considering precipitation of the full particle spectrum and
simulations without particle forcing.
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Appendix A

Chemical Reactions

Table A.1— Reactions involving PEPs included in the model

reaction ref.
o] + pf = OF +e” r
04 + pt = 07 +e T
Oy + pt = OT +0 +e” r
No + p* — N te r
N + p* — NT+05-NED)+05-N+e” r
No + p* — 08-N+12.N(2D) v
taken from: r) Roble and Ridley (1987); v) Verronen (2006)

Table A.2— EUV photolysis and UV ionization reactions included in the model
reaction ref.
(9] + hvppy — OT + e s
O + hvppy — OT 4 e s
Os + hvgpy — 02+ + e s
OQ + hVEUV — O(ID) + Q 5, l
05 + hvpuy — O 4+ 0O +e~ s
No 4+  hvgppv — N2Jr + e s
NQ -+ hVEUV — N+ + O5N +05N(2D)+€_ 5
Na + hvppy — 08-N+ 1.2-N(®D) s
NO + hvgy — NOT 4+ e™ m

taken from: s) Selomon and Qian (2005); m) Minschwaner and Siskind (1993)
1) branching ratio taken from:
Atomic and Molecular Database http://amop.space.swri.edu
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Table A.3— Photolysis reactions included in the model

[0} + hv — O+ O0O(D)
(02} + hy — 2.0

O3 + hv — O(lD) + Oq
O3 + hy — O+ 0O

N2 O + hv — O(lD) + No
NO + hy — N+ O

NOs + hy — NO +O
NoOs + hryr — NOg + NO;3
NyO5 + hvy — NO 4+ O+ NO;
HNO;3 + hry — NO; + OH
NO; + hr — NOy +0
NOg + hy — NO + O
HO;NO; + hv — OH + NOj
HOQNOQ + hvy — N02 + HOQ
CH;O0H + h — CHO+ H+OH
CH>0 + hv — CO+2-0H
CH>0 + hy — CO 4+ Hs
H>O + hw — OHA+ H
H,O + hv — Hs +O(D)
H>O + hv — 2-H+O0
Hs09 + hvyr — 2.-0H

Cly + hvy — 2.CI

oClo + hry — O+ ClO
Cly09 + hvy — 2.CI

HOCI + hr — OH 4+ Cl
HCI + hvy — H4+Cl
CIONOy + hvy — Cl+ NO;g
CIONOy + hr — ClO + NOq
BrCl + hvy — Br+ Cl
BrO + hvy — Br+0
HOBr + hvy — Br+ OH
BrONOs + hvy — Br + NO;3
BrONO; + hry — BrO + NO;
CH3Cl + hvy — Cl+ CH304
CCly + hvy — 4.CI
CH3CCly + hvy — 3.C1

CFClg + hvy — 3.CI
CFy,Clg + hr — 2.C1
CFC113 + hvy — 3.ClI
HCFC22 + hvy — C(Cl

CH3Br + hvy — Br+ CH309
CF;Br + hvy — Br
CF,ClBr + hv — Br+ Cl
COq + hy — CO 4+ 0O
CH4 + hvy — H + CHgOQ
CHy + hry — 144.-Hs +0.18-CH,O + 0.18-0 + 0.66 - OH

+ 0.44-C0O2 + 0.38-CO + 0.05 - HoO

reactions adopted from HAMMONIA-1 (Schmidt et al., 2006)
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Table A.4— Odd oxygen reactions included in the model

reaction rate ref.

O+ 02+ M — O3 + M 6103, (300/7)4

O + O3 — 2-09 + 8. 10712 ¢=2000/T

O+0+M — 0s+ M 4.23.10728 .72

O + H» — OH+ H 7-107H . 73180/
O(*D) + N, — O+ N, 2.15- 1071 . 110/T

O('D) + Oy — 0+ 0y 3.3.107 1. &5/T

O('D) + H,0 — 2.0H 1.63- 10710 . &80/T

O(*D) + N>0O — 2-NO 6.7-10711. ¢20/T

O(*D) + N>0O — Ny + O 4.7- 1071 £20/T

O(lD) + 05 — 2.0, 1.20- 10710

O('D) + CFCI3 — 3.0 1.70- 10~ 10

O(lD) + CF2C12 — 2.0l 1.20- 10710

O('D) + CFC113 — 3.0 1.50- 10~ 10

O(!D) + HCFC22 — Cl 7.20-10711

O(lD) + CH, — CH30: + OH 1.125- 10710

O('D) + CH, — CHyO + H+HO, 3.0-1071!

O(lD) + CH, — CIH0 + H> 7.5-10712

O('D) + H» — H+ OH 1.1-10710

O(!D) + HCI — Cl+o0H0 1.005 - 10710

reactions adopted from HAMMONIA-1 (Schmidt et al., 2006)
rate coefficients updated to Sander et al. (2006)

O(*D) + No + M — N2O + M 3.5-10737 . (300/T)%¢ w
oDy + 0 — 0+0 8. 10712 s
O(lD) + 05 — 05420 1.20- 10710 s
O('D) + HCI — CIO+H 3.6- 101 5
O(!D) + HCI — HCI+ O 1.35- 1071 s

newly implemented in HAMMONIA-2, taken from:
v) Verronen (2006); s) Sander et al. (2006)
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Table A.5— Odd Nitrogen reactions included in the model

reaction rate ref.

N(ED) + 02 + — NO+ O 2.95- 10712

N(®D)+ 0 — N+O 6.9-10713

N + 0 — NO+ O 1.5-10"11. —3600/T

N + NO — Ny + O 2.1-1011. gl00/T

NO +0+M — NOz + M troe: ko = 9.0- 1072 . (300/7)'°
k; = 3.0e — 11

NO + HO» — NO; +0H 3.5-10712. 250/T

NO + Oy — NO; + O, 3.10712. g 1500/T

NO; + O — NO + O, 5.1-10712. 210/T

NO; + O+ M — NO; +M troe: ko = 2.5- 1071 . (300/7)'®
k; =2.2-107 . (300/T)°7

NOg + O4 — NO3 + O 1.2 10713 . —2450/T

NO; + NO3+M — NoOs +M troe: ko = 2-1072 . (300/T)**
k; = 1.4-10712.(300/T)"7

NoOs + M — NOs + NO3 + M (prev. reaction) -3.333 - 10%6 .
e—10991/T

NO; + OH +M — HNOs;+ M troe: kg = 1.8-107% - (300/T)*°
k; = 2.8¢ — 11

HNOs + OH — NOs3 + H;0 qur? +2.4-107 14 . £460/T
aurl = 6.5 1034 . 1335/T L gm
aur2 = aurl/(1+auxl-(2.7-10717.
62199/7*)71

NO; + NO — 2.-NOs 1.5-10711. £170/T

NOg + O — NOy + Oy 1-10711

NOs + OH — HO; + NO; 2.2.10~11

NOg + HO, — OH 4+ NOy + O4 35.10°12

NOy + HOa + M — HO3NOs + M troe: ko = 2.0-107% . (300/7)34
k; =2.9e — 12 - (300/T)%!

HO3;NOy + OH  — Hy0 + NOy + 0y 1.3-10712.¢380/T

HONOy + M — HOy + NOs +M kgr - 6710900/'}“/2.1 -10—27

reactions adopted from HAMMONIA-1 (Schmidt et al., 2006)
rate coefficients updated to Sander et al. (2006)

rate coeflicients for troe-reaction are given as
E— — ke 0 gl+Qoglko-am/k;))*) "

1+ (ko-am)/kq

: am: air density (number per em~?)

N(2D) + O,
N(2D) + NO
NOy + N
NOy + H
NO3 + NO;3
N + OH

Ll

NO + O(ID)
No + O
NoO + O

OH + NO

NOs + NOs + Oo
NO+ H

2.95.10"12
7-1071

58. 10712 . eQQO/T

4 - 10710 . 67340/'1”
8.5 - 10—13 A 8_2450/T
5.3-10~11

= = = W

newly implemented in HAMMONIA-2, taken {from:
v) Verronen (2006); s) Sander et al. (2006)




A Chemical Reactions 103

Table A.6— Methane, CO, CH>O and derivatives reactions included in the model

reaction rate

CH, +0H — CH305 + H50 2.45 - 10=12 . = 1775/T
CH305 + NO — CH30 + NOy + HOy 2.8-10712. 300/T
CH305 + HO4 — CH300H + O 4.1-10718. T50/T
CH;00H + OH  — CH305 + H50 3.8-10712. 200/
CH>0 + NO3 — CO + HOs + HNO3;  6.0-10713.¢=2058/T
CH-,O + OH — CO + HO + H 9.0-10"12

CH,0 + O — HOy + OH + CO 3.4-10"11. g—1600/T
CO + OH — COy + H L5107 (146-10" " ky-m-T)
reactions adopted from HAMMONIA-1 (Schmidt et al., 2006)

rate coefficients updated to Sander et al. (2006)

CO+0+M — COs+ M 6.6 - 10733 . —1103/T

newly implemented in HAMMONTIA-2, taken from Roble (1995)
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Table A.7— Odd hydrogen reactions included in the model

reaction rate

H+ 03+ M — HOs + M troe: 4.4 1077 . (300/7)"3
k; = 4.7-107t . (300/T)°2

H + 04 — OH + Oy 1.40- 10710, g—470.0/T

o+ HO, — 2.0H 7.2.1071

H + HO, — Ho + Os 6.9-1012

o+ HO, — H.O+ O 1.6-10"12

OH + O — H + 09 2.2.10711. 120/T

OH + Oy — HO9 + Oy 1.7-10712 . = 940/T

OH + HO» — 0 + O 4.8-10711 . £250/T

OH + OH — H,O + 0O 1.8-10"12

OH+OH+M — HO0.+ M troe: ko = 6.9-1073% . (300/T)+°
ki =26-10"1

OH + H, — H,O+ H 2.8-10712 . ¢~ 1800/T

OH + Hy0, — Hy0 + HO 2.9. 10712 ¢~ 160/7

HO5 + O — OH + Oy 3.0 10711 200/

HOs + O — OH +2-04 1.0- 10714 . g=490/T

HO3 + HOs —  HyO05 + Oy (2.3-10712 . &59/T 4 quzl) - aua?
auzrl = 1.7. 10733 . gm . 1000/T
aur2 = 1+1.4-10*21-am-H20-62200/T

Hy05+ O — OH + HO» 1.4-10712 . g=2000/T

reactions adopted from HAMMONIA-1 (Schmidt et al., 2006)
rate coefficients updated to Sander et al. (2006)

rate coeflicients for troe-reaction are given as

k= Tkoka]m)_k - 0,61+ (og(ko-am/k))*) ™ g air density (number per cm=3)
H+H+M — Hy+ M 5.7-10732. (300/T)%¢

newly implemented in HAMMONTA-2, taken from Roble (1995)
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Table A.8— Odd chlorine reactions included in the model

reaction rate

Cl+ Oy — ClO + Oq 23.10- L. —200/T

Cl + Hs — HCI+ H 3.05.10~11. o—2270/T

Cl + H205 — HCl+ HO, 1.1.10-11 . o—980/T

Cl + HOq — HCl+ O 1.8-1071L . £170/T

Cl+ HO, — OH + ClO 4.1.10-11 . g—450/T

Cl + CH»0 — HCl + HO»+CO 81.10711.=30/T

Cl+CH,y — CH30; + HCl 9.6 10712 o= 1360/T

CclO + O — Cl+ O 3.0.10~ 1. g70/T

ClO 4+ OH — Cl+ HOq 74.10"12. g270/T

ClO + OH — HCl+ O, 6.0 10713 . £230/T

ClO + HO» — 0y + HOCI 2.7-10712. £220/T

ClO + NO — NO; + CI 6.4-10712. £290/T

ClO + NOs+M — CIONOs + M troe: ko = 1.8-1073% - (300/7)34
k; =1.5.10-11-(300/7)"?

cClo 4+ ClO  2.01 4+ Oy 30.10-11.,—2450/T

ClO + ClO — Cly + Og 1.0.10~12. g—1590/T

Clo + ClO — Cl+ 0Clo 3.5.10~13 . ¢—1370/T

ClO+CIO+M — ClbOy + M troe: ko = 1.6 - 10732 . (300/7)*>
k; =2.0-10-12- (300/7)**

CloOs+ M — 2.ClO+ M prev. reaction / 1.3 10727 . 8744/ T

HCl 4+ OH — L0 + Cl 2.6.10-12. g—350/T

HCl + O — (Cl+ OH 1.0.10~ 11 . g—3300/T

ooclt + o — ClO +OH 1.7.10-13

HOC! 4+ Cl — HCl+ ClOo 2.5.10"12. g—130/T

HOCl + OH —  H0 + ClO 3.0. 10712, ¢=300/T

CIONOy+ O — ClO + NOg 2.9.10 12.800/T

CIONOg+ OH  — HOCI + NO; 1.2.10-12. o—330/T

CIONOs+ Cl — Cly + NO4 6.5.10-12. £135/T

reactions adopted from HAMMONTIA-1 (Schmidt et al., 2006)
rate coefficients updated to Sander et al. (2006)
rate coefficients for troe-reaction are given as

k= Tkoka]mJ_k 0.6+ 0eg(ko-am /D)) ™" am: ajr density (number per em—3)
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Table A.9— Odd bromine reactions included in the model

reaction rate

Br + O3 — BrO + 09 1.7 - 10711 . o—800/T

Br + HO» — HBr + 04 1510711 . g—600/T

Br + CH>0 — HBr + HO2+CO 1.7-10711 . g—800/T

BrO + O — Br+ 0 1.9-107 1. £230/T

BrO + OH — Br+ HO, 751011

BrO + HO, — HOBr + Oy 3.4-10712. P40/T

BrO + NO — Br+ NOs 8.8.10712. 260/T

BrO + NOo+ M — BrONO; + M troe: ko = 5.2- 10731 (300/7")%2
k; =6.9-10—12- (300/T)%*

BrO + ClO —  Br + 0ClO 9.5.10713 . ¢550/T

BroO + ClO —  Br + Cl+0, 2.3.10712. 260/T

BroO + ClO — BrCl + Oy 4.1-10713 . 290/T

BrO + BrO — 2.Br +4 0, 1.5-10712. ¢230/T

HBr + OH — 2.Br + H,O 1.1-10-1

reactions adopted from HAMMONIA-1 (Schmidt et al., 2006)
rate coefficients updated to Sander et al. (2006)
rate coeflicients for troe-reaction are given as

k= Wkoka’m)—k -0.6(1“'“09“"‘0'“m/ki))2)71; am: air density (number per crn™?)
Table A.10— Halogens reactions with C'1 or O included in the model
reaction Tate
CH3Cl + Cl — HO;+CO +2-HCl 3.2-107 L. ¢ 1Z0/T
CH3Cl + OH — Cl+ HO + HO, 2.4.10712. o—1250/T
CHsCCls + OH  — 3.Cl + HyO 1.6.10-12 . ¢—1520/T
HCFC22 + 0H — Cl+ H04+CF0 4.0-10712 . = 1400/T
CHsBr + 0l — Br+ HyO+HO; 2.35. 10712 . ¢~1300/T

reactions adopted from HAMMONIA-1 (Schmidt et al., 2006)
rate coeflicients updated to Sander et al. (2006)

Table A.11— Sulfate aerosol reactions included in the model

reaction

NQO5 — 2. HN03
CIONO9 — HOCl + HNO;3
BrONO- — HOBr + HNOg
CIONOy + HCI — Cla 4+ HNO;3
HOC! + HCI — Cls + H20
HOBr + HCI —  BrCl + H>O

reactions adopted from HAMMONIA-1 (Schmidt et al., 2006)
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Table A.12— Nitric acid di-hydrate reactions included in the model

reaction

N205 — 2. HNO3
CIONQs — HOCl + HNO3
CIONOy + HCI — Clg + HNO3
HOCI + HCI — Clg + H20
BrONQOs — HOBr + HNOj

reactions adopted from HAMMONIA-1 (Schmidt et al., 2006)

Table A.13— Ice aerosol reactions included in the model
reaction
NoOx, — 2. HNO3
CIONOq — HOCI + HNO;
CIONOs + HC1 — Clo + HNO;
HOCI + HCI — Cly + HO
BrONOy + — HOBr + HNO;
HOBr -+ HCI —  BrCl + HO

reactions adopted from HAMMONIA-1 (Schmidt et al., 2006)

Table A.14— lon/electron recombination reactions included in the model

reaction rate ref.

Ot +e — O 3.24 . 10~ 2. (300/T)"-%¢ k

Of +e — 085-0('D) + 1.15.0 T, < 1200K :2.70- 1077 - (300/T.)*T r
T. > 1200K : 1.60- 1077 - (300/T.)%-%3

Nt te = N 4.0 -10712. (300/7)"-58 k

Ny +e”  — L1-N(2D)+09-N  18.1077-(300/T.)%3 v

NO* +e~ — 085-N(3D) +0.15-N 4.2-1077-(300/T.)%%5 v

taken from: k) Kazil (2002); r) Roble and Ridley (1987); v) Verronen (2006)
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Table A.15— lon neutral reactions and rate coefficients included in the model

reaction rate ref.
OF + 0y — 03 +0 1.9- 1011 (300/7)"%* k
07 + N, — NOT + N 1.2-10712. (300/T)%™ k
NI + 0 — OFf + N, 5.1-107% - (300/T)%® k
Nf +0 — NO* + N(®D) 1.4-10719. (300/T)44 k
Nf +0 — OF + N, 1.0- 107 (300/T)023 k
05 + NO — NOt 4+ O, 44-10710 k
Oy + N — NO* + O 1.2-10710 k
Oy + N — NO* 4 NO 2.0-10718 v
Nt + O — OF +0.35-N4+0.65- N(2D)  2.0-10°10 v
Nt + 0, — NOt +0 2.32-10710 k
Nt +0 — OY + N 1.0-10712 r
Nt + 0 — Ot + NO 3.0-107H v
e~ + N(ED) — N4+e 3.6-1071Y. (300/T.)~%% f

taken from: f) Frederick and Rusch (1977), k) Kazil (2002),
r) Roble (1995), v) Verronen (2006),

Table A.16— Exothermic chemical reactions and exothermicities adopted from HAMMONIA-1

reaction exothermicity
O+0,+M—03+M 101.3 kJ/mol
O+4+03 —2 04 391.7 kJ /mol
O+0+M —0,+M 493.0 kJ/mol
H+0:+M — HO;+ M 193.0 kJ /mol
O+03— OH + 0 322.2 kJ/mol
O+0H —0O,+H 69.5 kJ/mol

O+ HO3 — OH + Oy 230.6 kJ/mol
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Table A.17— exothermic chemical reactions and exothermicities newly implemented in
HAMMONIA-2

reaction exothermicity

Oo('D)+0 —~0+0

O('D)+ 02 — O + 02
)+ 03 — O3+ 04
)+N2—>O+NQ
)+ HO — 2-0OH
)
)

N+NO—=Ny+O
N+0Oy—NO+O
N+0OH —-NO+ H

NO+03 — NO3 + O
NO+HOy - NOy +OH
NOs+0 — NO + Oy
H4+0+M — HOs+ M

H+4+ 03 —=0H4 0y

H+H+M—Hy+ M
H+HO; - OH+0H
H+HOQ—>HQ+OQ
H+HOQ—>HQO+O
OH +03 — HO3 + O
OH +O0OH — H,0+4+ 0
OH +HO; — H0 + 05
OH+ Hs — H O+ H
OH + Ho0Oy — HO + HO»
HO; +03 — OH +2-05
HOQ+HOQ—>HQOQ+OQ
CO+0OH —-COy+H
CO+0+4+ M —COs+ M

Ot +0, - 0f +0

Of + Ny — NOt + N
O + N — NO* 4+ 0
OF + NO — NOT + 05

Nt+0 -0t N

Nt 4+ 02— 0F +0.35-N +0.65-N(2D)
Nt +0y - NOt+0

N 40— NOT +N(’D)

Ny + 02 — OF + Ny

NO" +e —0.15-N+0.85-N(?D)+ O
O +e —1.15-04+085-0('D)

Ny +e” —11-N+09-N(2D)
N(D)+e™ — N +e

+Hy — H+OH
(*D)+ 0 —=N+0O

(*D)4+ 03 — NO+ O
N(*D)+NO — Ny + O

189.1 kJ/mol
189.1 kJ/mol
189.1 kJ/mol
189.1 kJ/mol
118.7 kJ /mol
181.4 kJ/mol
229.6 kJ/mol
362.8 kJ /mol
543.2 kJ /mol
313.6 kJ/mol
135.1 kJ/mol
202.6 kJ/mol
200.7 kJ /mol
33.8 kJ/mol

191.0 kJ/mol
104.2 kJ /mol
203.6 kJ/mol
322.2 kJ /mol
436.1 kJ/mol
155.3 kJ /mol
232.5 kJ/mol
225.8 kJ /mol
167.0 kJ /mol
70.4 kJ/mol

295.2 kJ /mol
62.7 kJ/mol

130.3 kJ /mol
118.7 kJ /mol
165.0 kJ /mol
103.2 kJ /mol
531.6 kJ/mol
150.1 kJ/mol
105.0 kJ /mol
406.2 kJ /mol
271.4 kJ/mol
95.6 kJ/mol

90.7 kJ/mol

646.3 kJ/mol
67.5 kJ/mol

339.6 kJ/mol
82.4 kJ/mol

509.0 kJ/mol
354.8 kJ /mol
229.6 kJ/mol
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Appendix B

Acronyms

AIMOS Atmospheric lonization Module Osnabriick

CMEs Coronal Mass Ejections

EUV Extreme Ultraviolet

GOMOS Global Ozone Monitoring by Occultation of Stars
HAMMONIA Hamburg Model of the Neutral and lonized Atmosphere
IMF Interplanetary Magnetic Field

ISR Incoherent Scatter Radar

MEPs Magnetospheric Energetic Particles

MIPAS Michelson Interferometer for Passive Atmospheric Sounding
MLT Mesosphere (and) Lower Thermosphere

NH Northern Hemisphere

NOAA National Oceanic and Atmospheric Administration

NOEM Nitric Oxide Empirical Model

PEPs Precipitating Energetic Particles

POES Polar-orbiting Operational Environmental Satellite

SH Southern Hemisphere

SEPs Solar Energetic Particles

SSW Sudden Stratospheric Warming

SZA Solar Zenith Angle
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TEM Transformed Eulerian Mean
UV Ultraviolet
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