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To you, the reader





Abstract

The forcing of the Sun on Earth’s atmosphere manifests itself via solar ra-

diation and energetic particle precipitation (EPP), which variations are most

noticeable in the upper regions of the atmosphere. A key species in the lower

thermosphere, which is influenced by solar forcing, is nitric oxide (NO). An

NO reservoir is present in the lower thermosphere, from which NO-rich air

can be transported downward into the mesosphere and stratosphere, where it

takes part in catalytic ozone destruction cycles. For climate models to correctly

simulate the solar forcing on our climate, the processes of NO production and

destruction, as well as the descent into the lower atmosphere, must be under-

stood and accurately represented.

In this thesis, observations from the Solar Occultation For Ice Experiment

(SOFIE) instrument onboard the Aeronomy of Ice in the Mesosphere (AIM)

satellite are used to investigate temporal characteristics of NO in the meso-

sphere and lower thermosphere. We have developed a diagnostic method to

determine the relative importance of the NO physical drivers throughout the

lower thermosphere. The method shows that, at high latitudes, precipitating

auroral electrons dominantly drive NO variations. Comparisons with NO mea-

surements by the Student Nitric Oxide Experiment (SNOE), made almost a

decade earlier, reveal that the impact of this forcing on NO appears to be in-

variant throughout the 11 year solar cycle.

On shorter timescales, we have shown a clear signature of the reoccurring

27 day geomagnetic impact on NO concentrations during summer and win-

ter, with subsequent descent into the lower mesosphere during winter. The

occurrence of medium energy electrons, which precipitate to mesospheric alti-

tudes, results in a further increase of the descending NO flux. This complicates

the determination of the relative contribution of the EPP direct and indirect ef-

fect on NO, i.e. separating direct NO production from downwards transported

NO, respectively, in NO enhancements at a certain altitude. Using a full-range

energy spectrum from the Polar-orbiting Operational Environmental Satellites

(POES), we have been able to disentangle the direct and indirect EPP effect on

Southern hemispheric NO during a geomagnetic storm in 2010.



Simulations of NO by the Whole Atmosphere Community Climate Model with

Specified Dynamics (SD-WACCM) model reveal that the model predicts a too

high climatological mean, while the short term variability is too low, as com-

pared to SOFIE. However, even though the dynamical transport in both model

and observations agrees very well, the descending NO fluxes are too low in the

model.

In conclusion, the results of this thesis provide a better understanding of NO

variability from an observational standpoint and will enable better model rep-

resentations in the future.



Sammanfattning

Solens påverkan på jordens atmosfär manifesteras via solstrålning och ener-

giska partikelar, vilkas variationer är mest påtagliga i atmosfärens övre delar.

Solstrålning och energetiska partiklar exiterar ämnen i nedre thermosfären vil-

ket bland annat leder till att kväveoxid (NO) bildas. Detta gör att NO-rik luft

kan transporteras nedåt till mesosfären och stratosfären, där den startar kata-

lytiska cykler som bryter ner ozon. För att klimatmodeller korrekt ska kunna

simulera solens inverkan på vårt klimat krävs därför både kunskap om proces-

sen för NO produktion och destruktion samt om nedåttransporten till den lägre

atmosfären.

I denna avhandling används observationer från Solar Occultation For Ice Expe-

riment (SOFIE) instrumentet ombord på Aeronomy of Ice in the Mesosphere

(AIM) satelliten för att undersöka sambanden mellan solens variabilitet och

NO i mesosfären och den nedre termosfären. Vi har utvecklat en diagnostisk

metod för att bestämma den relativa betydelsen av solstrålning och energetiska

partiklar. Metoden visar att norrskens-elektroner är den dominerande orsaken

till NO variationer vid höga breddgrader och kan bestämma vikten i höjdens

funktion. Jämförelser med NO mätningar av Nitric Oxide Experiment (SNOE),

som gjordes nästan ett årtionde tidigare, visar att partiklarnas effekt på NO ver-

kar vara densamma under hela solens 11-åriga cykel.

På kortare tidsskalor har vi visat en tydlig effekt av solens rotation i form

av en återkommande ökning av NO var 27:e dag, samt efterföljande nedåt-

transport till den nedre mesosfären under vintern. Förekomsten av mediume-

nergielektroner, som absorberas på mesosfäriska höjder, resulterar i ytterligare

ökning av det nedåtgående NO flödet. Detta komplicerar bestämningen av det

relativa bidraget från direkt NO production och från NO som producerats hög-

re upp och transporterats ned, vilken är den så kallade indirekta effekten. Trots

detta har vi, med hjälp av ett heltäckande energispektrum från Polar-orbiting

Operational Environmental Satellites (POES), kunnat separera den direkta och

indirekta effekterna under en geomagnetisk storm.

Vi har vidare jämfört våra resultat med modellsimuleringar för att få en bild

av hur väl NO produktion och transport är representerade i modeller. Generellt



visar modellen ‘Whole Atmosphere Community Climate Model with Specifi-

ed Dynamics’ (SD-WACCM) ett för högt klimatologiskt medelvärde, medan

effekten av korta variationer är för låg jämfört med SOFIE. Trotts att den dyna-

miska transporten i både modell och observationer stämmer mycket bra över-

ens, är de nedåtgående NO-flödena för låga i modellen.

Sammanfattningsvis ger resultaten av denna avhandling en bättre förståelse

för NO variabilitet samt hur väl denna variabilitet är representerad i modeller.



Samenvatting

De invloed van de zon op onze aardatmosfeer manisfesteert zichzelf via stral-

ing en energetische deeltjes, en is groter in de hogere delen van de atmosfeer.

Deze straling en energetische deeltjes exciteren de chemische elementen aan-

wezig in de lagere thermosfeer en vormen onder andere stikstof oxide (NO).

Een reservoir van NO is aanwezig in de lagere thermosfeer, van waaruit NO-

rijke lucht wordt getransporteerd naar de mesosfeer en stratosfeer. Eenmaal in

de stratosfeer neemt NO als katalysator deel aan vernietigingscycli van ozon.

Indien klimaatmodellen de invloed van de zon op ons klimaat correct willen

modelleren, dienen de processen die NO vormen en vernietigen, evenals de af-

daling van NO tot de lagere atmosfeer, beter begrepen en correct gemodelleerd

te worden.

In deze doctoraatsthesis worden observaties van de Solar Occultation For Ice

Experiment (SOFIE) aan boord van de Aeronomy of Ice in the Mesosphere

(AIM) satelliet gebruikt om de karakteristieke eigenschappen van NO te on-

derzoeken in de mesosfeer en lagere thermosfeer. We hebben een methode

ontwikkeld om de relatieve belangrijkheid te bepalen van de fysische mech-

anismen die NO variaties veroorzaken in de lagere thermosfeer. De methode

toont aan dat de neerslag van elektronen tijdens het noorderlicht de dominante

oorzaak zijn van NO veranderingen op hoge breedtegraden en kan het belang

daarvan in functie van altitude bepalen. Gecombineerde NO observaties van

SOFIE en SNOE geven ons een overzicht van een volledige 11-jarige zon-

necyclus. Hoewel de neerslag van elektronen varieert gedurende de 11-jarige

zonnecyclus blijkt de impact van dit mechanisme op NO invariant te zijn.

Op kortere tijdschaal hebben we een duidelijke signatuur van de geomagnetis-

che impact op NO concentraties aangetoond, die elke 27 dagen terugkeert

gedurende zomer en winter, met een daaropvolgende afdaling van NO in de

lagere mesosfeer tijdens de winter. De aanwezigheid van medium energetis-

che elektronen die mesosferische hoogtes bereiken, veroorzaakt een verdere

verhoging van de afdalende NO flux. Dit bemoeilijkt het bepalen van de re-

latieve contributie van het directe en indirecte effect van energetische deeltjes

op NO, wat betekent dat het moeilijk is om de directe productie van NO te

onderscheiden van verhoogde NO concentraties door transport. Door gebruik



te maken van een volledig energetisch spectrum van elektronen, gemeten door

de Polar-orbiting Operational Environmental Satellites (POES), zijn we in staat

om dit directe en indirecte effect te onderscheiden tijdens een geomagnetische

storm in 2010 in de zuidelijke hemisfeer.

Verder hebben we onze resultaten vergeleken met simulaties van een klimaat-

model om een beeld te krijgen hoe goed NO productie en transport worden

gemodelleerd. Het Whole Atmosphere Community Climate Model with Spec-

ified Dynamics (SD-WACCM) model simuleert een te hoog klimatologisch

gemiddelde terwijl de variabiliteit op kortere tijdschaal te klein is, in vergeli-

jking met SOFIE. Ook al is het transport in zowel model- als satellietdata zeer

gelijkaardig, de NO flux die afdaalt heeft een te lage concentratie.

Samenvattend, de resultaten van deze thesis geven een beter begrip van vari-

abiliteit in NO vanuit een observationeel standpunt en staan toe een betere

representatie te bekomen in klimaatmodellen in de toekomst.
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1. Introduction

1.1 Solar forcing in climate models

Climate models are used to investigate how Earth’s climate system will change

under certain external forcings. They have become progressively more com-

plex, both regarding the processes they represent, and that their simulated up-

per limits have been extended towards higher parts of the atmosphere. In the

5th assessment report of the International Panel on Climate Change (IPCC),

15 out of the 54 climate models resolve the atmosphere above the stratopause

[Flato et al., 2013].

As models reach higher in the atmosphere, the influence of the Sun and in

particular the solar variability becomes larger. This increases the need to im-

plement solar forcings of importance for atmospheric processes. The solar

forcing used in all climate models is the total solar irradiance (TSI), which

equals 1361.0±0.5 W/m2 and shows little variation (≈ 0.1%) over the 11 year

solar cycle [Kopp, 2016]. However, for several chemical processes in the up-

per atmosphere, not only the TSI but also shorter wavelengths in the spectral

solar irradiance (SSI) are of significance. Variability of wavelengths in the ul-

traviolet (UV), for example, reaches up to 10% over the 11 year solar cycle

[Lean, 1997] and significantly impacts stratospheric ozone concentrations and

radiative heating in the middle atmosphere [Haigh et al., 2010]. Also absorp-

tion of solar soft X-rays and extreme UV (EUV) in the lower thermosphere are

of importance for the chemistry.

Apart from radiation, the Sun also emits particles, mostly in the form of elec-

trons, protons and alpha particles (see Chapter 2). These particles travel through

interplanetary space via the solar wind, which can interact with the Earth mag-

netosphere. During geomagnetically perturbed periods, these particles can ac-

celerate and cause energetic particle precipitation (EPP) in the polar regions,

and thereby influence the upper atmospheric chemistry. To have a correct rep-

resentation of solar effects in climate models, both forcing mechanisms there-

fore ought to be included.
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1.2 NO in the atmosphere

In the lower thermosphere, a reservoir of NO is present around an altitude of

100 - 110 km. At these altitudes, NO has a lifetime of under one day in sunlit

conditions but can survive for several days or weeks during polar winter [Min-

schwaner and Siskind, 1993]. The NO chemistry is explained in more detail in

Chapter 3, though in principle variations in NO are mainly driven by EPP in

the polar regions, while solar irradiance causes variations in equatorial regions.

The effects of EPP on NO concentrations are described in Chapter 4. NO is

part of the odd nitrogen group (NOx = NO + NO2) and is able to catalytically

destroy ozone, mostly below 1 hPa, i.e. 50 km.

The importance of NO in the lower thermosphere is twofold. On the one hand,

it acts as a natural thermostat and efficiently cools the thermosphere via in-

frared emission at the 5.3μm wavelength after periods of geomagnetic activity

[Mlynczak et al., 2003]. On the other hand, it is a trace species in the up-

per atmosphere with a long dynamical lifetime during winter. NO is therefore

subject to atmospheric transport and, as the general circulation during winter is

downward, enables a coupling of the mesosphere - lower thermosphere (MLT)

region towards the lower mesosphere and stratosphere. As NO descends into

the lower atmosphere, it catalytically destroys ozone and thereby indirectly

alters the heat budget. Temperature variations cause different dynamics and

gravity wave propagation in the atmosphere, which eventually can result in

observable surface temperature perturbations [Seppälä et al., 2013].

Figure 1.1 shows, in a schematic way, the processes of solar forcing on the

upper and middle winter atmosphere. EPP directly produces NOx and HOx

(H, OH, HO2) species over a range of altitudes (shown as red bars). HOx

rapidly destroys mesospheric O3 [Andersson et al., 2014], while NOx can be

transported to lower altitudes (shown as yellow bar) inside the polar vortex. At

lower altitudes, NOx becomes part of the reactive nitrogen (NOy) group (see

more in Chapter 4), which catalytically destroys stratospheric O3. Equatorial

O3 levels are affected by shortwave radiation, which causes radiative heating.

Temperature variations induced by altered O3 concentrations affect the merid-

ional temperature gradient and impact the position and strength of the winter

polar zonal winds. The propagation of gravity waves from the surface to higher

altitudes is affected by changes in wind speed and causes a feedback mecha-

nism to the local polar surface, though the exact coupling mechanism is still

under scientific debate.
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2. Solar forcing

The external sources that influence NO concentrations are solar irradiance and

particle precipitation, as described in the previous chapter. Both can be rep-

resented by proxies for solar activity or geomagnetic activity, respectively.

However, several proxies are available and each has its own characteristics.

In this chapter, the source of solar forcing and the proxies relevant for the NO

chemistry will be discussed. More information on the solar atmosphere, helio-

sphere and space weather impact on Earth can be found in Schrijver and Siscoe

[2012].

2.1 Our Sun

The Sun is a G-type main sequence star and formed approximately 4.6 billion

years ago. Nuclear fusion in the solar core drives the energy output and a

magnetic dynamo is responsible for the solar magnetic field. In Figure 2.1 the

different layers that are present in the solar interior and atmosphere are shown

together with frequently occurring features on the Sun, such as sunspots or

coronal holes.

Figure 2.1: Features and layers of the solar interior and atmosphere. Credit:

NASA/Goddard
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The photosphere, with an approximate temperature 5780 K, is the visible

surface of the Sun and is the region where sunspots form. The chromosphere

is the layer above the photosphere where temperature rises up to 20,000 K and

is characterised by some of the strongest absorption and emission lines in the

solar spectrum. The transition region is found above the chromosphere, where

temperatures quickly rise up to 1 million K, though research is ongoing for the

exact mechanism. The corona is the outermost layer of the solar atmosphere

and transits into the solar wind, which is a stream of charged particles that con-

sists mostly of electrons, protons and alpha particles. The solar wind carries

the inter-planetary magnetic field and comprises the heliosphere. For more in-

formation, see Güdel [2007] and references therein.

Coronal mass ejections (CME) and coronal holes (CH) are the two main mech-

anisms by which particles are released from the Sun into space. CMEs are

eruptive events that occur infrequently while CHs are structures with an open

magnetic field line configuration than can persist for several solar rotations,

i.e. that are reoccurring every 27 days as observed from Earth. If the emitted

particles are Earth bound, either within a CME or via the solar wind, interac-

tion with Earth’s magnetosphere can lead to precipitation into the atmosphere,

which causes geomagnetic disturbances. More information can be found in

Schwenn [2006] and references therein.

2.2 Geomagnetic activity proxies

During geomagnetic active periods, electrons and protons precipitate into the

atmosphere and cause excited and ionised states of the background chemical

elements in the upper atmosphere. Upon relaxation, these elements can re-

lease visible radiation, thereby creating aurora (see cover photo) near the polar

regions. Visible identification of geomagnetic perturbations is not possible

during summer or in the presence of clouds, so proxies are used instead. These

proxies can be satellite measurements of for example solar wind speed, solar

wind density or magnetic field strength or direction. The most often used prox-

ies, however, are derived on ground-based magnetometers, as they can operate

under all weather circumstances and have been in use before the beginning of

the space age. A magnetometer is an instrument that measures the direction,

strength or relative change of the Earth magnetic field at a particular location.

Multiple magnetometers at different geographic locations are used to create a

geomagnetic proxy. Two of the most common used geomagnetic indices will

now be discussed.
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Figure 2.2: Geographic distribution of magnetometer stations that comprise the

Auroral Electrojet index (left) and the Kp (right) index. Courtesy to the Interna-

tional Service of Geomagnetic Indices.

Auroral Electrojet

The Auroral Electrojet (AE) index is a measure of global electrojet activity in

the auroral zone and was introduced by Davis and Sugiura [1966]. An electro-

jet is an electric current in Earth’s atmospheric E-region, which is the region

between approximately 90 and 160 km altitude where ionisation occurs via

solar soft X-rays and far ultraviolet radiation. It is derived from variations

in the horizontal component of Earth’s magnetic field and is measured by 12

observational stations in the high latitudes (> 60◦ geomagnetic latitude), see

Figure 2.2. The observed data are normalised by subtracting a mean value of

the internationally selected 5 quietest days during one month. The resulting

deviations from all stations are superimposed in a 24 hour time period. The

AU and AL indices are respectively defined by the upper and lower boundary

of the superposed data. The AU and AL indices represent the strongest current

intensity of the eastward and westward auroral electrojets. The AE index, de-

fined as AU minus AL, is a measure of the overall activity of the electrojets,

while the AO index, defined as the mean of AU and AL, provides an equivalent

zonal current [Menvielle et al., 2011].

The AE index is accepted to represent a measure of electrojet activity and

is used as a proxy for particle precipitation at polar latitudes. However, cer-

tain caveats need to be taken into account. The stations are not equidistantly

distributed in geomagnetic coordinates, so that diurnal variations in the index’

value will arise and substorm occurrence rate and intensity might be underes-

timated. When not all stations are operational, electrojet enhancements can be

19



missed. A major disadvantage is the absence of a Southern hemispheric AE

index, though efforts in creating Antarctic stations are being undertaken.

K index

The K indices are a measure of geomagnetic activity at subauroral latitudes

and are provided every 3 hours. It is a number code that quantifies distur-

bances from the horizontal component of Earth’s magnetic field on an integer

scale ranging from 0 to 9, but is not linearly related to the geomagnetic activ-

ity. For each station, observations are standardised using a conversion table

into Ks indices, in such a way that the historical occurrence rate of certain K

levels is similar across all observatories [Menvielle et al., 2011].

The planetary Kp index is based on 13 stations in the mid latitudes and is with

11 out of 13 stations placed in Europe and North America heavily weighted

towards these regions, see Figure 2.2. No stations are present in Eastern Eu-

rope or Asia, while only 2 stations are located in the Southern hemisphere.

The name ‘planetary’ is therefore somewhat pretentious. Each Kp value is the

average of the standardised Ks indices and follows the same quasi-logarithmic

scale as the K index.

In order to calculate averages of geomagnetic activity, one needs an index that

is linearly related to that activity. The ap index was therefore introduced a

few years after the Kp index and follows a one to one conversion table from

a quasi-logarithmic to a linear scale. The ap index is expressed in ‘ap’ units,

where one unit corresponds to approximately 2 nT. The well known Ap index

is then the daily average of ap indices.

2.3 Solar radiation proxies

Shortwave radiation is an important forcing in the lower thermosphere. Prop-

erties of the solar spectrum to be considered for NO processes are the far ul-

traviolet (FUV, 122-200 nm), Lyman-alpha radiation (121.6 nm), the extreme

ultraviolet (EUV, 10-120 nm) and solar soft X rays (0.2-10 nm). The ground

state and excited state nitrogen atoms, needed in the primary NO production

reactions, are created by ionisation and dissociation of N2 via solar soft X-rays

and EUV, as well as subsequent photoelectrons [Gérard et al., 1995]. Direct

NO loss, via radiation, occurs by solar FUV photodissociation at wavelengths

shorter than 190.8 nm [Barth, 1995]. A proxy for shortwave radiation that re-

lates to solar soft X rays as well as EUV and FUV is therefore preferable.
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Absorption of photons with different energies occurs at different altitudes in

Earth’s atmosphere: EUV absorption is typically associated with altitudes

in the thermosphere/ionosphere, FUV with the stratosphere/mesosphere/lower

thermosphere, and mid ultraviolet radiation (200-300 nm) with tropospheric

and stratospheric altitudes. We focus on the lower thermosphere region, where

FUV absorption is the most important. However, absorption of EUV and solar

soft X-rays higher in the thermosphere creates energetic photoelectrons (see

Chapter 3), which subsequently dissociate/ionise N2, O2 and O in the lower

thermosphere.

The electromagnetic radiation we are interested in originates from different

regions in the solar atmosphere. Radiation at wavelengths shorter than 120 nm

is dominated by emission lines from the chromosphere, transition region and

corona [Schmidtke, 1981]. Radiation between 120 nm and 200 nm originates

primarily from continuum emission in the lower chromosphere and upper pho-

tosphere [Lean, 1997]. Radiation at wavelengths longer than 200 nm stems

primarily from continuum radiation from the whole photosphere. In general,

shorter wavelength radiation originates from higher regions in the solar atmo-

sphere and shows higher variability, which is reflected in more solar variability

in the upper altitudes of Earth’s atmosphere.

Sunspot number

The sunspot number is the longest record of solar activity and covers 4 cen-

turies of ground based observations. Sunspots form in the photosphere and

appear as darker regions due to a reduced temperature. Their formation is

linked with the solar magnetic field and follows the 11 year solar cycle.

F10.7 radio flux index

The most often used proxy for shortwave radiation is the solar radio flux at 10.7

cm wavelength. The radio emissions are mostly produced in the transition

region and the corona, at higher altitudes in the solar atmosphere than UV

radiation at all but the shortest wavelengths [Lean, 1997]. The F10.7 radio

flux can be measured from the ground in all types of weather and is one of

the longest running records of solar activity. It correlates well with sunspot

numbers and several UV irradiance records.

Lyman-alpha index

The Lyman-alpha line is a spectral line of hydrogen and is produced at a wide

range of altitudes throughout the chromosphere. The irradiance corresponds to
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a wavelength of 121.6 nm and is placed between the EUV and FUV. Lyman-

alpha radiation cannot be observed from the ground, as it is absorbed in the

Earth atmosphere, and needs to be measured by satellites.

Because of its long record, the F10.7 index is often used as a proxy for short-

wave irradiance, i.e. FUV, EUV and soft X-rays. However, several studies

have indicated that the Lyman-alpha index is a better proxy for FUV [Barth

et al., 1990, Nusinov and Katyushina, 1994] . Furthermore, the relation be-

tween solar EUV and ground based indices is not simply linear [Hinteregger,

1981].

Variations in UV irradiance are not identical to F10.7 variations, since the for-

mer is associated with the evolution of plage regions (i.e. bright regions in the

chromosphere that occur near sunspots) while the latter is associated with both

plage regions and strong magnetic fields above sunspots. The periodicity of

UV irradiance with 13 or 27 days is most present in photospheric emissions

but small to negligible in hot coronal EUV fluxes [Donnelly et al., 1986]. The

cross-correlation between Lyman-alpha and several emission lines in the FUV

is better than the relation with F10.7 [Lean, 1987]. Also the correlation of the

28.4 nm wavelength in the hard EUV is better with Lyman-alpha than with the

F10.7 index [Lean, 1987]. This indicates that Lyman-alpha radiation is a more

suitable proxy for FUV and EUV irradiance.

Several other publications indicate that the F10.7 index is not sufficient in re-

producing the EUV spectrum and investigate how improvements can be made,

using a combined proxy of the daily F10.7 index with its 81 day average [Gi-

razian and Withers, 2015], using solar radio fluxes at other wavelengths [Du-

dok de Wit and Bruinsma, 2017] or using an artificial neural network technique

to create a new solar flux index [Maruyama, 2011].

Based on the above discussion, we have opted to use the AE index as proxy for

geomagnetic activity and the Lyman-alpha index as proxy for solar shortwave

radiation [Hendrickx et al., 2015, 2017].

22



3. NO chemistry

The NO chemistry is a complex scheme of coupled reactions and is mainly

determined via external forcing from solar irradiance and energetic particle

precipitation during geomagnetic active periods. Both mechanisms ionise and

dissociate the chemical background species (O2, N2, O) in the lower thermo-

sphere and provide the necessary elements for NO chemistry to take place.

This chapter gives a description of the key reactions for NO production and

destruction (see Barth [1995] for more information).

In the lower thermosphere, the principle source of NO is the reaction between

excited nitrogen and molecular oxygen

N(2D)+O2 → NO+O, (R1)

while the dominant loss mechanism is the reaction with ground state nitrogen

N(4S)+NO → N2 +O. (R3)

At high altitudes (> 115 km) the reaction of molecular oxygen with ground

state nitrogen is a second source of NO

N(4S)+O2 → NO+O, (R2)

although reaction R1 remains the dominant production process up to 150 km

at auroral latitudes and up to 140 km at equatorial latitudes.

A second loss mechanism is the charge transfer from ionised molecular oxygen

NO+O+
2 → NO++O2, (R4)

which peaks at an altitude between 100 and 110 km. The photodissociation of

NO by solar far UV radiation at 190.8 nm

NO+hν → N(4S)+O, (R5)

is the third destruction process and peaks at similar altitudes, but is almost an

order of magnitude smaller than reaction R4.
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The NO concentration is very sensitive to the branching ratio of nitrogen into

the excited or ground state in reactions 3.3 and 3.4. A change of branching

ratio, in values reported in the literature, from 0.5 [Zipf and McLaughlin, 1978]

to 0.6 [Marsh et al., 2007] results in an 80% NO increase [Barth, 1992].

The following reaction with atomic oxygen deactivates excited nitrogen and

creates ground state nitrogen

N(2D)+O → N(4S)+O. (3.5)

Large uncertainties in the reaction rates of some of the above described re-

actions still exist today as it is difficult to obtain precise laboratory measure-

ments under conditions representative for thermospheric temperatures. Yonker

[2013] provides an overview of reaction rates that have been updated either

theoretically or experimentally.
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4. EPP effect on NO

Energetic particles precipitate into the Earth’s atmosphere during periods of

enhanced geomagnetic activity in an oval shaped region centred around the

geomagnetic poles, which is called the auroral oval. The mean position of the

oval is within 60◦ and 80◦ magnetic latitudes, and during intense periods of

geomagnetic activity it expands and displays aurora to lower latitudes. EPP is

responsible for ionisation and dissociation of the major chemical constituents,

which leads to NO production and destruction processes, as described in Chap-

ter 3. The effects of geomagnetic activity are however better described in a

magnetic coordinate system, rather than geographic coordinates, and a discus-

sion on geomagnetic coordinates will be given first. The effects of EPP on NO

will be described thereafter.

4.1 Coordinate system

There is an offset between the geographic and geomagnetic poles and since

charged particles follow the magnetic field line configuration of Earth’s mag-

netic field, their contribution is easier described in a geomagnetic coordinate

system. One can choose a tilted dipole model, where the Earth magnetic field

can be considered a theoretical bar magnet and geographical coordinates are

tilted towards the geomagnetic pole. However, since the geomagnetic field of

the Earth changes with time and the magnetic poles change position, a sim-

ple tilt of the geographic coordinate system is only a first approximation. A

more sophisticated approach is used in the International Geomagnetic Refer-

ence Field (IGRF) [Thébault et al., 2015], which comprises a series of math-

ematical models and describes the continuous temporal changes of the geo-

magnetic field. The IGRF describes the magnetic field in epochs of 5 years

and updates its predictions for future configurations. In this thesis, geomag-

netic coordinates are calculated using the DavitPy software package, which is

developed at the University of Bergen, Norway, and which uses version 11 of

IGRF for creating altitude adjusted corrected geomagnetic coordinates.

Corrected geomagnetic coordinates [Gustafsson et al., 1992] are defined as

follows: a geomagnetic field line from any geographical location on the Earth’s
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radiation belt electrons typically ranges between 30 keV and several MeV.

They are therefore sometimes denoted medium energy electrons or MEE. Be-

cause of their higher energy, these electrons can penetrate to mesospheric alti-

tudes and directly contribute to NO enhancements.

Solar protons originate from coronal mass ejections and have energies up to

several hundreds MeV, enabling them to reach lower mesospheric and strato-

spheric altitudes. When the proton flux crosses a certain threshold, the period

is called a solar proton event (SPE). The occurrence of SPEs follows the 11

year solar cycle and peaks during solar maximum years. Their effect on NO is

large, with NO increases of sometimes over 100%, but their relatively low oc-

currence frequency makes them less important for global total ozone variations

[Jackman and McPeters, 2004].

4.3 Indirect EPP effect

In the lower mesosphere and stratosphere, NO is part of the total reactive nitro-

gen (NOy) group, which comprises NO, NO2, HNO3, HNO4, 2N2O5, BrONO2

and ClONO2 [Sinnhuber et al., 2012]. Enhancements in the NOy concentra-

tions in the polar regions can be observed at altitudes where EPP does not

occur. These increases are dynamically induced and this phenomenon is often

referred to as the indirect effect of EPP [Randall et al., 2007]. The EPP indi-

rect effect is only present during winter, when the absence of sunlight leads to

a long NO lifetime and NO is subject to atmospheric dynamics. The general

pole-to-pole circulation is downward in the winter polar vortex MLT region.

This provides a pathway for EPP-produced NO in the lower thermosphere and

upper mesosphere to be transported into the lower mesosphere and stratosphere

[Funke et al., 2005, Randall et al., 2009, Siskind et al., 2000].

In the NH, the occurrence of sudden stratospheric warmings and the subse-

quent reformation of the polar vortex in the upper mesosphere add an addi-

tional downward motion of air. Several studies have shown this NO descent

in observations [Pérot et al., 2014] and simulations, though discrepancies with

models still remain [Funke et al., 2017, Orsolini et al., 2017].

It is difficult to disentangle the direct and indirect effect. Both because uncer-

tainties in the occurrence rate of MEE and the altitude at which they directly

effect NO concentrations remain [Smith-Johnsen et al., 2017], but also because

MEE can alter NO concentrations while those concentrations are transported

downward. It is still not entirely sure which is the dominant effect, the direct

or the indirect EPP effect, and by how much.
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5. NO data

In this Chapter each NO dataset that is used in the papers will be described.

First the observations and then the model simulations.

5.1 Satellite observations

5.1.1 AIM/SOFIE

The Aeronomy of Ice in the Mesosphere (AIM) satellite is a polar, sun syn-

chronous orbiter and carries 3 instruments to study polar mesospheric clouds

and the environment in which they form [Russell et al., 2009]. The Solar Oc-

cultation For Ice Experiment (SOFIE) instrument uses the solar occultation

technique to perform scans of the atmosphere and observes temperature, ex-

tinction of polar mesospheric clouds, aerosols and several trace species includ-

ing water vapour (H2O), ozone (O3), methane (CH4), carbon dioxide (CO2)

and NO [Gordley et al., 2009]. AIM was launched in May 2007 and contin-

ues observations today, performing 15 atmospheric profile limb scans per day.

Since AIM is in a retrograde orbit, satellite sunrise measurements are taken

in the Northern Hemisphere (NH) which correspond to local sunset times. In

the Southern Hemisphere (SH) local sunrise measurements are taken during

satellite sunset. The latitudinal coverage of SOFIE is shown in Figure 5.1 and

varies between 60◦ and 85◦ North and South from 2007 until 2013. From

2013 onwards, orbital drift causes the observations to be taken at more equa-

torial latitudes. In the future, local sunrise measurements will be performed in

the NH.

The approach to obtain measurements with the solar occultation technique

is to ratio the signal from the NO observing channel, while viewing the Sun

through the atmospheric limb, to the signal from above the atmosphere. In

the satellite sunset mode, the solar reference is first obtained from a tangent

altitude of about 300 km and 60 seconds later, when measurements start, from

a tangent altitude of 180 km to the Earth’s surface. In the satellite sunrise

mode however, the scan sweeps from the surface upwards. This induces a

problem because the cooled instruments receive a thermal shock when sun-

light first reaches the detectors and an empirical correction needs to be applied
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5.2.1 WACCM

The Whole Atmosphere Community Climate Model (WACCM) is the atmo-

spheric component of the NCAR Community Earth System Model [Marsh

et al., 2013]. WACCM is a general circulation model with interactive chem-

istry that includes neutral and several ion species. The model has a horizontal

resolution of 1.9◦ latitude by 2.5◦ longitude, 88 pressure levels from the ground

to ≈ 5.9×10−6 hPa (about 140 km) and is generally run with a timestep of 30

minutes. WACCM can output data during the simulation at the nearest latitude,

longitude and UT of satellite locations, thereby enabling a near one-to-one

comparison between observations and simulation. In Paper IV, this approach

has been used to output WACCM data as close as possible in time and place to

SOFIE geolocations.

Solar radiation and energetic particles are input to the model and vary with

solar activity. Solar spectral irradiances are taken from the Naval Research

Laboratory (NRLSSI v1.2) empirical model and vary daily. The parametrised

aurora uses the daily planetary Kp geomagnetic index to calculate the hemi-

spheric power, which is the estimated power that energetic particles deposit in

the auroral regions [Roble and Ridley, 1987]. From this hemispheric power

an energy flux is calculated, as well as the energy deposition as function of

altitude. The auroral electrons are assumed to have a Maxwellian energy dis-

tribution with a fixed characteristic energy of 2 keV, which corresponds with

an energy peak typically at 110 km altitude [Roble and Ridley, 1987].

5.2.2 NOEM

The Nitric Oxide Empirical Model (NOEM) is a model based on empirical or-

thogonal function analysis and is trained on SNOE observations [Marsh et al.,

2004]. It uses the planetary Kp index, the day of year and the solar F10.7 radio

flux as input to calculate NO concentrations between 97.5 and 150 km altitude

on a geomagnetic coordinate grid. It is widely used in the atmospheric sci-

ence community, for instance, to provide upper boundary NO concentrations

for WACCM [Marsh et al., 2007], a priori NO estimates in satellite retrieval

algorithms [Bender et al., 2017], and NO densities throughout the lower ther-

mosphere.
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6. Summary of papers

In PAPER I we have investigated the response of NO in the MLT region to ge-

omagnetic forcing and studied the general descent, as opposed to case studies

related to SSWs, from the lower thermosphere into the mesosphere. A clear

27 day periodicity of NO production by EPP has been demonstrated, with sub-

sequent descent during winter. After the EPP onset, rapid downward transport

has been found during the first 10 days, which then continued with a slower

descent the next couple of weeks. The occurrence of SSWs in the Northern

hemisphere facilitate the descent to lower altitudes. We also analysed the rela-

tionship between NO and the AE and Ap geomagnetic indices (Chapter 2) and

concluded that the AE index is a more suitable proxy for EPP-produced NO.

In PAPER III, the conclusions of PAPER I are used to disentangle the EPP

direct and indirect effect on NO (Chapter 4). A full-range energy spectrum is

developed using POES electron flux observations to obtain energy deposition

rates between 60 and 120 km altitude, which allows attribution of the EPP di-

rect effect on NO in this altitude region. NO enhancements, related to the EPP

indirect effect, are traced to altitudes where MEE cause direct NO production.

In PAPER II, a method is developed to determine the relative importance of

solar radiation and EPP on NO (Chapter 3). This method allows comparison

of NO observations between different satellites and has been applied to SOFIE

and SNOE data (Chapter 5), which are separated nearly a decade in time. NO

number densities can be largely (between 70% and 90%) explained using a

seasonal climatology, while solar radiation and EPP result in NO variations

from that climatology in a consistent way in SOFIE and SNOE.

PAPER IV uses the methods described in PAPER I and II to investigate the

ability of SD-WACCM (Chapter 5) to simulate Southern hemispheric NO in

the MLT region and compares the outcome to SOFIE. Despite that the gen-

eral features of the simulated NO climatology are found to agree well with the

observations, a too high long term mean and too low short term variability is

shown. The descent rate from the lower thermosphere (about 2.2 km/day in

the 80 - 110 km altitude region) is well captured by the model, although the

descending NO is too low in concentration. Given the importance of MEE for
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NO production (as shown in PAPER III), and the fact that MEE is not included

in the model, this low NO concentration is to be expected.
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