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Abstract

The objectives of this thesis are to determine the morphology of nitric oxlde at the 

altitude of 150 km and to determine what drives the observed variability. Those 

objectives are accomplished by characterizing satellite observations of nitric oxide at 

that altitude and comparing them with those at 106 km, the altitude of peak density. 

The global distribution of nitric oxide and its response to geomagnetic activity vary 

between the two altitudes. At 150 km, nitric oxide is most abundant at high latitudes in 

the sunlit summer hemisphere, in contrast to nitric oxide at 106 km, which is most 

abundant at high latitudes in the winter hemisphere. The high-latitude component of 

nitric oxide at both altitudes is associated with geomagnetic activity, although the 

primary production mechanisms differ between the two altitudes. At 106 km, high- 

latitude nitric oxide density enhancements are driven by particle precipitation. At 150 

km, nitric oxide at high latitudes is enhanced by increased temperatures arising from 

Joule heating. Enhancements at 150 km occur more rapidly than those at 106 km. At 

both altitudes, the response of nitric oxide to geomagnetic activity exhibits a seasonal 

variation that is attributed to seasonal variations in the production mechanisms.
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Chapter 1 Introduction

1.1 Introduction

Nitric oxide (NO) is an important minor constituent of Earth’s thermosphere, the 

region of the atmosphere above 90 km, where temperature first increases with altitude 

and then becomes isothermal (see Figure 1.1). The NO molecule is the product of 

chemical reactions in which atomic nitrogen (N) in its ground state, N(4S), and excited
2 4state, N( D), react with molecular oxygen (O2). The N( S) reaction is temperature 

dependent and of particular interest to this study. Once produced, NO radiates 

efficiently in the infrared [Mlynczak et al., 2003], thereby cooling the thermosphere. 

Hence, NO plays an important role in the temperature structure of the thermosphere.

The atomic nitrogen atoms necessary for NO production are produced by energetic 

processes that break the strong bond of molecular nitrogen (N2). These include 

energetic processes of solar soft X-ray irradiance [Barth et al., 1988, 1999, 2003] and 

auroral energy deposition in the form of precipitating electrons [Barth, 1992; Barth et 

al., 2003; Rusch and Barth, 1975; Solomon et al., 1999]. Conversely, the energetic 

process of photodissociation by solar ultraviolet irradiance is also responsible for the 

destruction of NO [Barth, 1992; Bailey et al., 2002]. Therefore, the molecule plays an 

important role in the energy balance of the thermosphere. Furthermore, since its 

production and loss depend on energy deposition within the thermosphere, NO can be 

used as an indicator to trace that energy deposition.

1.2 Objectives of Thesis

The objectives of this thesis are to determine: 1) the morphology of NO near 150 km 

and how it differs from that at 106 km; and 2) what drives the observed variability of 

NO near 150 km and what it can tell us about the energetics of the upper atmosphere. 

Those objectives will be met by characterizing and comparing satellite observations of 

NO at the two altitudes and discussing the relevant physical and chemical processes 

responsible for what we will see are two different morphologies.
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Figure 1.1 Atmospheric temperature and density profiles. The temperature and density 

profiles are for day 172 of year 2000 (172/2000). The temperature profiles (left) are 

from NRLMSISE-00 (Naval Research Laboratory Mass Spectrometer and Incoherent 

Scatter Radar-2000 [Picone et al., 2002]) model results for geographic latitudes 60° N 

(solid) and 60° S (dashed), 0° longitude, and 11:00 UT. They demonstrate a 

temperature difference between the summer (solid) and winter (dashed) hemisphere that 

increases with altitude above 130 km. The density profiles (right) of major constituents 

N2, O2, and O are also from NRLMSISE-00 and the minor constituent NO density 

profile is from a photochemical model [Bailey et al., 2002].

The study involves two altitudes because it is expected that their morphologies are 

different. Current understanding demonstrates that the primary mechanism for NO 

production at 106 km, the altitude of peak density, is the reaction of excited-state N with
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O2 [Norton and Barth, 1970; Barth et al., 1973; Barth, 1992], where energy input to 

create the excited-state N is provided by precipitating auroral electrons and energetic 

secondary electrons [Barth et al., 2003; Rusch and Barth, 1975; Solomon et al., 1999] 

and X-ray irradiance [Barth et al., 1988, 1999, 2003]. In contrast, at 150 km the 

reaction of ground-state N with O2  is the primary production mechanism [Barth, 1992], 

with the different but related process of Joule heating associated with auroral conditions 

enhancing the rate of production by increasing the local temperature [Siskind et al., 

1989a,b].

Although the detailed physical and chemical processes involved in NO production 

will be presented in Chapter 2, a very brief preview of current understanding is provided 

here. The 106-km altitude of peak density is the same at all latitudes, despite the fact 

that the primary production mechanisms vary. Low-latitude NO at the peak altitude is 

produced primarily by energy deposition in the form of solar soft X-ray irradiance 

[Barth et al., 1988, 1999, 2003]. Production of NO at high latitudes and peak altitude is 

governed by the energetic processes of auroral electron precipitation and energetic 

secondary electrons [Barth et al., 2003; Rusch and Barth, 1975; Solomon et al., 1999].

At 150 km, in contrast, the strongly temperature-dependent chemical reaction, in 

which ground-state N reacts with O2 , is the primary mechanism responsible for NO 

production. Thus, it follows that an increase in ambient temperature results in an 

increase in NO density at that altitude. Figure 1.1 (left panel) shows NRLMSISE-00 

temperature profiles in each hemisphere at 0° geographic longitude and 60° geographic 

latitude at 1100 UT on 172/2000, a day with minimal geomagnetic activity. On that 

date and at that location, the modeled temperature at 150 km is 88.5 K higher in the 

summer hemisphere (solid line) than in the winter hemisphere (dashed line). The 

presence of geomagnetic activity would enhance those temperatures.

At high latitudes, Joule heating associated with auroral conditions is primarily 

responsible for NO enhancements above 140 km [Siskind et al., 1989b]. Temperature 

increases at mid-latitudes and altitudes above 120 km are attributed to Joule and 

adiabatic compressional heating while model results indicate that, in the absence of
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diffusion, the peak altitude is completely insensitive to heating [Siskind et al., 1989a]. 

A hemispherical asymmetry in Joule heating, with the summer hemisphere exhibiting 

50 percent greater heating than the winter hemisphere, has been determined and 

attributed to the increased conductivity of the summer hemisphere [Foster et al., 1983]. 

It stands to reason that the global NO distribution should reflect the calculated 

asymmetry in heating and that NO at 150 km should exhibit a higher density in the 

summer than winter hemisphere.

1.3 High Altitude Nitric Oxide Studies

A substantial amount of work has gone into the study of NO at or near the 106-km 

altitude of peak density [Barth et al., 1999, 2001, 2002; Barth and Bailey, 2004; 

Cravens and Stewart, 1978; Cravens et al, 1979; Fesen et al, 1990]. Far fewer studies of 

NO at higher altitudes have been conducted. Cravens [1981] reported on the global 

distribution of NO at 200 km, as observed in one two-month period by the Atmosphere 

Explorer D satellite during morning solstice conditions. At that altitude and season, NO 

was found to exhibit a north-south asymmetry, with the greatest abundance occurring in 

the summer hemisphere. In addition, the NO abundance at that altitude was found to 

vary with geomagnetic activity; small-scale variations in NO density corresponded to 

small-scale variations in Kp, an index of planetary geomagnetic activity. However, the 

restricted altitude of the study and lack of seasonal variation are significant limitations.

Other high-altitude studies of NO were also based on observations made over short 

time periods, such as individual geomagnetic storms, or of limited spatial coverage as in 

the case of rocket soundings. As an example, observations of NO at low-to-mid 

latitudes and between 100 and 130 km made by the Solar Mesosphere Explorer (SME) 

satellite during a geomagnetic storm were analyzed and compared with the results of a 

photochemical model [Siskind et al., 1989a]. A larger and more rapid increase in NO in 

response to the storm was observed at altitudes above 120 km, and that increase was 

attributed to increased sensitivity to storm-induced effects of Joule heating at those 

altitudes. At higher latitudes, the response of NO to the same geomagnetic storm was
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primarily due to particle precipitation at the peak altitude, with Joule heating being more 

important above 140 km [Siskind et al., 1989b].

High-altitude NO measurements were obtained by rocket soundings during 1979 and 

1981 [Siskind et al., 2004] and by the Ionospheric Spectroscopy and Atmospheric 

Chemistry (ISAAC) instrument onboard the Advanced Research and Global Observing 

Satellite (ARGOS) during November and December of 1999 [Minschwaner et al., 

2004]. Those measurements were compared with the results of a photochemical model 

in order to explore the consequences of using temperature and neutral constituents from 

the NRLMSISE-00 model as inputs to the photochemical model. The results of those 

studies indicated that the observed NO distribution exhibits latitudinal gradients that 

reflect gradients in temperature and O2 densities, and that low-latitude, lower- 

thermospheric NO densities respond to variations in the solar soft X-ray flux. In 

contrast, at altitudes above 140 km, the O2 and NO abundance were insensitive to 

variations in solar flux. Sounding rocket measurements of NO were also used to 

explore the use of a new rate coefficient in the photochemical model [Siskind and 

Rusch, 1992].

Mlynczak et al. [2003] examined the enhanced 5.3-pm emissions from the vibration- 

rotation bands of NO that occurred during the solar-storm-induced geomagnetic activity 

of April 2002 using the SABER (Sounding of the Atmosphere using Broadband 

Emission Radiometry) experiment onboard the TIMED (Thermosphere-Ionosphere 

Mesosphere Energetics and Dynamics) satellite. The radiation at 5.3-pm was enhanced 

in the 110-170 km altitude range due to the input of storm energy and it was concluded 

that the emission acts as a ‘natural thermostat’ since it then cools the atmosphere by 

radiating heat to space and to the lower atmosphere.

Although past studies have explored important aspects of mid-to-upper 

thermospheric NO (>140 km), a study of the seasonal variation of NO at those altitudes, 

based on a data set spanning several years, is greatly needed. Furthermore, a 

comprehensive study of the response of NO at high altitudes to periods of geomagnetic 

activity occurring in different seasons and years is needed.
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The Student Nitric Oxide Explorer (SNOE) satellite made near-global measurements 

of NO from March of 1998 until December of 2003. The satellite, with its 15 orbits per 

day, scanned the limb of Earth between tangent altitudes from 0 to 200 km on each of 

five spins per minute and measured NO fluorescent emissions in sunlight between 82° S 

and 82° N [Barth et al., 2003]. This study takes advantage of the extensive data set 

obtained by SNOE to tackle the questions raised herein. The altitude for this study, 150 

km, is near the upper altitude limit of the SNOE observations and was chosen in order 

to determine how the morphology of NO at that and surrounding altitudes may differ 

from the morphology of NO at 106 km.

1.4 Thesis Preview

As previously stated, the purpose of this study is to characterize the temporal and 

spatial features of the distribution of NO at 150 km and to compare the distribution at 

that altitude with the distribution of NO at 106 km. In addition, the response of NO to 

geomagnetic activity at 150 km is to be characterized and quantified, and then compared 

with the response at 106 km. This study involves the analysis of NO observations made 

by the SNOE satellite on a near global scale from March 1998 through October 2003.

The theory of thermospheric NO is presented in Chapter 2 and a photochemical NO 

model is described. The theory of NO includes a presentation of the chemical and 

physical processes related to its production and loss in the thermosphere, and focuses on 

the distinction between the primary processes involved at 150 km, the altitude of 

interest for this study, and 106 km, the altitude of peak NO density. Chapter 2 also 

includes a description of the solar and geomagnetic indices employed in this research.

An overview of the SNOE mission presented in Chapter 3 includes a description of 

the satellite, with a focus on the instrumentation responsible for the NO observations, as 

well as a description of the satellite orbit and its relation to the observations. The SNOE 

data products analyzed for this study, resulting from various stages of data reduction, 

are discussed.
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In Chapter 4, the seasonal variation of the global distribution of NO at 150 km is 

characterized, compared with the seasonal variation at 106 km, and discussed. The 

characterization of seasonal variation is accomplished by analyzing data from the entire 

SNOE mission. The general processes responsible for that variation are shown by 

correlating NO densities at different latitudes with indices for solar flux and 

geomagnetic activity as well as modeled temperatures. In addition, a particular feature 

of the latitudinal NO distribution at 150 km, termed ‘equatorward progression’ by the 

author, is presented and analyzed.

The response of NO to periods of heightened geomagnetic activity are characterized 

and discussed in Chapter 5. General features of the NO distribution and the time frame 

of the response are presented in terms of an overview of NO observations for all periods 

of heightened geomagnetic activity that occurred during the SNOE mission. In 

addition, the distribution and response time of NO observations made during several 

high activity periods that occurred in different seasons are presented in more detail.

Finally, Chapter 6 includes a discussion of the results and a presentation of the 

conclusions resulting from this study. In addition, suggestions are made for further 

work on the subject.
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Chapter 2 Theory of Thermospheric Nitric Oxide

2.1 Introduction

This chapter first gives a description of the theory of thermospheric NO and is then 

followed by an introduction to a photochemical model whose predictions will later be 

compared to NO observations from the SNOE satellite. Finally, a quantification of the 

physical processes involved in NO production entails the use of indices for solar flux 

and geomagnetic activity. The indices employed in this research will be introduced.

2.2 Theory of Thermospheric Nitric Oxide

2.2.1 Nitric Oxide

Nitric oxide has been recognized as a potentially important constituent of the upper 

atmosphere for more than a half century. Marcel Nicolet first suggested that the 

molecule was present in the upper atmosphere and that its ionization by the solar 

hydrogen Lyman-a emission was responsible for the D-region of the ionosphere 

[Nicolet, 1945]. Norton and Barth [1970] provide details of NO chemistry, presented in 

terms of the evolution of early NO theory. Barth [1992] notes that NO has the lowest 

ionization potential of the major neutral constituents of the ionosphere so that the 

production of NO will result from almost any deposition of ionizing or dissociating 

energy into the atmosphere. Bailey et al. [2002] remind us that NO is a heteronuclear 

molecule that emits efficiently in the infrared, which makes it an important source of 

radiational cooling in the thermosphere.

Numerous theoretical investigations and experiments, a few of which are mentioned 

here, have been conducted during the past half century and contribute significantly to 

current knowledge about thermospheric NO. Sounding rocket experiments by Barth 

[1964, 1966], Pearce [1969], Meira [1971], Tisone [1973], Tohmatzu and Iwagami 

[1975, 1976], Thomas [1978], and Baker et al. [1977], in which measurements were 

made of sunlight resonantly scattered by NO, showed that NO densities are highly 

variable. The first observations of thermospheric NO by a satellite were made in 1968
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from the Orbiting Geophysical Observatory (OGO-4) and led to the realization that 

densities vary with latitude and, in particular, that there was more NO at high latitudes 

than at low latitudes [Rush and Barth, 1975]. Gerard and Barth [1977], using 

observations from the OGO-4 mission, found that auroral-zone NO was enhanced 

during a magnetic disturbance. The Atmosphere Explorer (AE) satellites made the first 

limb-scanning measurements of NO, but the orbit of AE-C limited coverage to low- and 

mid-latitudes and the short operational lifetime of polar-orbiting AE-D prohibited 

extensive coverage [Barth et al., 1973]. The first measurements of NO from a satellite 

with a sun-synchronous orbit were made with the ultraviolet spectrometer (UVS) on the 

Solar Mesosphere Explorer (SME). Barth [1992] employed SME observations of NO to 

show that the variation at high latitudes is connected with geomagnetic activity and that 

the variation at low latitudes is correlated with solar activity. Furthermore, he explored 

the sensitivities of NO density calculations to uncertainties in branching ratios and 

several chemical reactions with the use of a photochemical model. The SME 

observations were made on only one or two orbits per day, so global measurements of 

the daily distribution of NO were not obtained with that mission.

The first global measurements of NO using the limb-scanning technique were made 

with the UVS on the SNOE satellite [Barth et al., 2003]. Solomon et al. [1999], using 

SNOE observations of NO, confirmed that in the 100 to 160 km altitude range, NO 

density is elevated in the polar thermosphere and showed that its variability is strongly 

correlated with auroral activity, with a lag time of approximately one day. Baker et al.

[2001] and S^tre et al. [2004, 2006] explored the relationship between precipitating 

auroral zone electrons and lower thermospheric NO densities. SNOE observations of 

NO, along with a photochemical model, were used by Barth et al. [2004] to infer a 

seasonal variation of the precipitating auroral electron flux, with a clear-cut minimum 

occurring near the summer solstice in both hemispheres. Bailey et al. [2002] described 

a photochemical model of NO abundance and Barth and Bailey [2004] compared results 

of that model with SNOE observations and found a high correlation between low- 

latitude NO densities and solar soft X-ray irradiance.
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The altitude profile of SNOE-derived NO density in Figure 2.1 gives an example of a 

vertical NO distribution for mid-latitudes during low geomagnetic conditions. Note that 

the density at 150 km is approximately 10 percent of the peak density at 106 km. A plot 

of the NO mass mixing ratio in Figure 2.2 indicates that the abundance of NO relative to 

the sum of the major neutral constituents of the thermosphere increases with altitude. It 

does so because NO has a larger scale height than the major constituents; i.e., the 

density of NO decreases less rapidly with altitude than does the sum of the densities of 

the major constituents (recall Chapter 1, Figure 1.1). A consequence of the vertical 

distribution of the mass mixing ratio is that NO exhibits vertical diffusion from altitudes 

where its mass mixing ratio is larger to lower altitudes where it is smaller; i.e., from 150 

km to lower altitudes.

2.2.2 Chemistry

Given an existing population of N, two different chemical reactions are primarily 

responsible for NO production at 106 km and 150 km. One is dominant at the lower 

altitude, while the other is of greater importance at the higher altitude. At 106 km, 

excited-state N reacts with O2 to produce NO and O via the reaction

At higher altitudes, a reaction between ground-state N and O2 yields NO and O via

Reaction 2.1 is much faster than reaction 2.2 for temperatures near 300 K and is the 

dominant source of NO in the mesosphere and lower thermosphere [Siskind et al., 

2004]. Reaction 2.2 is strongly temperature dependent and plays an important role in 

NO production at 150 km. Various rate coefficients for reaction 2.2 have been proposed 

over the years. Nicolet [1965] gave it a value of 2x10-12(T)1/2e(-3000/T) (cm3s-1) , where T 

is the temperature. Clark and Wayne [1970] determined the temperature-dependent rate 

coefficient to be 4.4x10-12e(-3220/T) (cm3s-1) and DeMore et al. [1990] later revised the 

estimate to 1.5x10-11e(-3600/T) (cm3s-1). According to the latter, the 89 K temperature

N(2D) + O2 ^  NO + O. (2.1)

N(4S) + O2 ^  NO + O. (2.2)
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Figure 2.1 Altitude profile of SNOE-observed NO. The profile is for 266/2000 at 45° 

geographic latitude and solar zenith angle 47.6°. This profile represents daily (or 

longitudinally) averaged SNOE data.

difference between 852 K and 763 K will result in a 60 percent larger value for the rate 

coefficient at the higher temperature. This larger value was determined using 

NRLMSISE-00 for 150 km altitude, 60° geographic latitude, 0° geographic longitude, 

and 1100 UT on 172/2000 in the summer and winter hemispheres, respectively (recall 

Figure 1.1). Siskind et al. [2004] remind us that for temperatures exceeding 1000 K, 

reaction 2.2 accounts for approximately 80 percent of total NO production.

Ground-state N is also involved in a reaction that serves as the principal loss 

mechanism for NO:

NO + N(4S) ^  N2  + O. (2.3)
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Figure 2.2 The mass mixing ratio of NO. Altitude profile of the mass mixing ratio of 

minor constituent NO to the major neutral constituents O, O2, and N2. Densities are for 

266/2000 at 45° geographic latitude and 0° longitude at 11:00 UT. The NO density was 

created with a photochemical model and densities of the major neutral constituents were 

obtained using the NRLMSISE-00 model.

Other significant loss mechanisms for NO, in order of decreasing importance, involve

its reaction with O2+,

NO + O2+ ^  NO+ + O2 , (2.4)

which is particularly important near 106 km, and daytime photodissociation of the 

molecule by solar ultraviolet irradiance:

NO + hu ^  N(4S) + O. (2.5)
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Reactions 2.1, 2.2, and 2.3 indicate that both the production and loss of NO depend 

on the relative amounts of ground- and excited-state N. The two primary mechanisms 

for production of excited-state N in the lower thermosphere, which also yield ground- 

state N, are dissociative recombination of NO+,

NO+ + e ^  N(2D, 4S) + O, (2.6)

which has branching ratio f(N( D)) = 0.75 [Kley et al., 1977], and dissociative 

recombination of N2+,

N2 + + e ^  2N(2D, 4S), (2.7)

2
with branching ratio f(N( D)) = 0.54 [Swaminathan et al., 1998]. One of the largest 

sources of ground-state N is the quenching of excited-state N by O:

N(2D) + O ^  N(4S) + O. (2.8)

Another important method to produce N atoms requires breaking the strong bond of N2. 

Collisions with energetic electrons of approximately 10 eV are required to break the N2 

bond via the reaction

N2 + e ^  2N(2D, 4S) + e* (2.9)

which has branching ratio f(N( D)) = 0.6 [Zipf and McLaughlin, 1978]. The source of 

the energetic electrons varies with latitude, with precipitating auroral electrons and 

secondary energetic electrons responsible at high latitudes and photoelectrons produced 

in photoionization processes primarily responsible at low latitudes.

Excited-state N is also produced in a two-step process where N2 is first ionized via

_i_

N2 + e ^  N2+ + e (2.10)

and the ionized N2 then reacts with O to yield excited-state N,

N2 + + O ^  NO+ + N(2D). (2.11)
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2.2.3 Production and Loss Mechanisms

In addition to the fact that the primary chemical reactions responsible for NO 

production at 150 and 106 km vary, the mechanisms driving those reactions vary as 

well. The excited-state N reaction (reaction 2.1) dominates at 106 km. The primary 

mechanisms producing the excited-state N at that altitude are the interactions of N2 with 

precipitating auroral electrons at high latitudes and photoelectrons produced through 

photoionization by solar soft X-ray irradiance at low latitudes.

Barth et al. [2004] used SNOE observations of NO at 110 km and the photochemical 

model described later in this chapter to infer the flux of precipitating auroral electrons 

and found a seasonal variation in which the electron flux is less in the summer polar 

region than it is in the winter polar region. The seasonal variation of electron flux, 

which is also discussed by Newell et al. [2001], as well as the longer lifetime of NO in 

the high-latitude winter (due to reduced photodissociation that results from reduced 

solar illumination) lead to the expectation that NO at 106 km will be more abundant at 

high latitudes in the winter than in the summer hemisphere. Seasonally asymmetric NO 

distributions consistent with that expectation have been reported by Baker et al. [2001].

Solar soft X-rays, the solar irradiance below 30 nm, deposit most of their energy into 

the lower thermosphere, thereby photoionizing the neutral constituents of the 

atmosphere and producing photoelectrons, which also interact with the neutrals and lead 

to excitation, dissociation and further ionization [e.g., Bailey et al., 2000]. Siskind et al. 

[1990] showed that with a large soft X-ray flux in the 1.8-5.0 nm range, the contribution 

to the N2 ionization rate from photoelectron impact increases with decreasing altitude 

from 200 km down to 105 km. The enhanced N2 ionization, which peaks at 105 km, 

produces more N( D) and, thus, more NO. Subsequent calculations including an 

extension of the known solar spectrum down to 1.1 nm eliminated the need for such 

large solar flux values in the 1.8-5.0 nm range [Siskind et al., 1995]. At altitudes above 

140 km, the abundance of O2 and NO were found to vary weakly with solar activity 

[Siskind et al., 2004]. The altitude dependence of the photoelectron impact contribution 

to the N2 ionization rate and the lack of dependence of high altitude O2  abundance on
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solar activity indicates that solar soft X-rays should play an important role in NO 

production at 106 km, but less so at 150 km. The relationship between solar irradiance 

and solar zenith angle indicates that solar soft X-ray irradiance should play a more 

important role in peak altitude NO production at low rather than high latitudes.

Solar irradiance, which contributes to production of excited-state N at the peak 

altitude, is also involved in the production of ground-state N and O2 +, which, in turn, 

destroy NO at all altitudes. Furthermore, NO is directly destroyed by solar ultraviolet 

irradiance. As a consequence of the dual role of solar irradiance in both the production 

and loss of NO, sunlit portions of the atmosphere will exhibit either a net gain or net 

loss of NO (i.e., shift in equilibrium) in response to variability of the solar spectrum, in 

particular the X-ray flux. It also varies with the changing solar zenith angle at a given 

location.

Figure 2.3 provides a quantitative representation of the production and loss of NO at 

150 km due to photoelectron ionization and dissociation. The figure includes the 

modeled NO number density (solid line), number density of NO produced as a result of 

photoelectron ionization processes (dashed line), and the NO dissociation rate (dotted 

line) for the three-day period beginning on 264/2000 at 0° and 45° geographic longitude 

and latitude, respectively. Geomagnetic activity was low during the time period of the 

model run and the dates span the Northern Hemisphere autumnal equinox. The figure 

illustrates the diurnal variation of NO due to solar-driven production and loss processes.

Finally, losses due to vertical diffusion and horizontal transport, along with the 

chemical lifetime of the NO molecule on which they depend, vary with altitude. At 106 

km, the chemical lifetime is approximately a day, while at 150 km it is several hours 

[Richards, 2004]. Net vertical diffusion is downward, functioning as a sink at 150 km 

and a source at 106 km. At 106 km, the longer chemical lifetime of the NO molecule 

might allow for the horizontal transport from high-to-mid latitudes [Barth and Bailey, 

2004], while at 150 km, NO transported from high latitudes is rapidly destroyed in the 

solar illuminated thermosphere by local chemical processes [Richards, 2004].
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Figure 2.3 Modeled NO density, production, and loss. Shown are the NO density 

solid), number density of NO produced as a result of photoelectron ionization processes 

(dashed), and the NO dissociation rate (dotted) for the three-day period beginning on 

264/2000 at 150 km altitude, 0° geographic longitude, and 45° geographic latitude.

2.2.4 The Role of Heating as an Enhancement to Production

While solar soft X-ray irradiance deposits energy to the low-latitude thermosphere 

near 106 km, solar extreme ultraviolet (EUV) irradiance, which preferentially deposits 

energy in the solar-illuminated summer hemisphere, has a peak heating efficiency near 

150 km [Torr et al., 1980]. Furthermore, energy introduced into the magnetosphere by 

the solar wind is dissipated into the high-latitude atmosphere by the processes of 

particle precipitation and Joule heating, which serve to increase the electrical 

conductivity and enhance heating of the ionosphere and thermosphere [Wilson et al., 

2006]. Precipitating electrons lose their kinetic energy through elastic and inelastic 

collisions with atmospheric constituents [Singh and Gerard, 1982]. The neutral 

atmosphere is then heated by: (1) direct dissociation of atmospheric molecules, the 

fragments of which carry excess kinetic energy, (2) exothermic chemical reactions, and

2500
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(3) cooling of thermal electrons. The heating rates of those processes peak between 100 

and 120 km [Singh and Gerard, 1982; Banks, 1977], which is lower than the peak 

altitude of energy liberated by Joule heating at approximately 130 km [Banks, 1977]. 

Estimates of the global thermospheric heating due to particle precipitation, which varies 

with local time and geomagnetic activity, are typically lower than estimates for Joule 

heating [Killeen, 1987 (and references therein)]. Joule heating, in contrast to particle 

heating, is the result of the friction caused by differential motion of neutrals and ions 

and electrons. The ion and electron motion is driven by the large electric fields that are 

perpendicular to magnetic field lines and present at high latitudes [Killeen, 1987]. 

Hayes et al. [1973] determined that the heating rate due to a 50-mV/m perpendicular 

electric field exhibited a broad peak between approximately 120 and 140 km.

At 150 km, the strongly temperature-dependent reaction of ground-state N with O2 

(reaction 2.2) dominates NO production. Thus, processes resulting in an increase in 

temperature at that altitude will enhance NO production. The role of Joule heating as a 

mechanism responsible for driving temperature increases at high altitudes and latitudes 

has long been recognized and studied [for example: Cole, 1971; Hayes et al., 1973; Ahn 

et al., 1983; Foster et al., 1983]. Joule heating is strongly dependent on magnetic 

activity and local time [Ahn et al., 1983; Baumjohann and Kamide, 1984], with a rapid 

global thermospheric response occurring within several hours [Wilson et al., 2006]. 

Joule heating rates can be significantly influenced by neutral winds and directional 

changes in the electric field [Thayer, 1998]. The results of a study by Foster et al. 

[1983] are of particular interest to this research. Joule heating rates were calculated and 

it was found that although there is no apparent difference in Joule heating between 

hemispheres for similar seasons, the Joule heat input was 50 percent greater during the 

summer than during winter. The asymmetric result was attributed to greater levels of 

solar-produced conductivity in the summer hemisphere. It stands to reason that 

seasonal variations in the global NO distribution will reflect the seasonal variation in 

temperature and heating rates and that NO at 150 km will be more abundant in the
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summer hemisphere, where heating due to solar EUV irradiance and temperature 

enhancements due to Joule heating are the greatest.

Low-latitude effects of Joule heating have also been described. Siskind et al. 

[1989a] determined that Joule heating at auroral latitudes can lead to increased 

temperatures at sub-auroral latitudes. That study demonstrated temperature 

enhancements that increase with altitude and extend to the equator. The high-latitude 

temperature enhancements were attributed to local deposition of energy and those near 

the equator were attributed to adiabatic compressional heating of descending air masses.

2.3 The NOx 1-D Photochemical Model

The NOx 1-D photochemical model of NO abundance was utilized for this work. 

The model, which incorporates several other models and has a rich history of 

development, calculates NO density profiles as a function of time, geographic or 

geomagnetic latitude and longitude, and solar and geophysical conditions. The current 

model, which is summarized herein and described in detail by Bailey et al. [2002], is 

one dimensional in space. Vertical transport of NO and N is accounted for but 

horizontal transport is not. Earlier versions of the model were described by Cleary 

[1986], Siskind et al. [1989a,b, 1990, 1995], Eparvier [1991], and Barth [1992].

Numerical modeling of photoelectron fluxes for calculating emission rates has a long 

history of development and various numerical techniques have been employed over the 

past three decades [Dalgarno et al., 1963, 1969; Green and Barth, 1967; Stewart, 1970; 

Cicerone and Bowhill, 1971; Nagy and Banks, 1970; Stamnes, 1981a,b; Strickland et 

al., 1976; Oran and Strickland, 1978; Strickland and Meier, 1982]. Models using 

numerical techniques in the current era (where faster computers allow for computation 

of photoelectron spectra and excitation rates without using a local approximation) have 

been described by Solomon et al. [1988], Richards and Torr [1990], Link [1992], and 

references therein. The current photochemical model incorporates a treatment of 

energetic electron transport at each time step and, in order to do so, utilizes the ‘glow’
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model [Solomon et al., 1988; Solomon and Abreu, 1989], which calculates energetic 

electron fluxes and uses them to derive profiles for several atmospheric observables.

In the ‘glow’ model, a time-dependent energetic electron flux calculation is carried 

out that includes transport, neutral and ion photochemistry, and vertical diffusion 

[Bailey et al., 2002]. The energetic flux calculation involves a two-stream formalism in 

which calculations are made in the upward and downward direction along a single path 

under the assumption that the angular dependence of the problem can be simplified by 

doing so. Electrons travel along Earth’s magnetic field with a spiral motion and the 

pitch angle, or angle of the electron travel relative to the magnetic field, is accounted for 

in the model by using a pitch angle of 60°.

Solar soft X-ray and EUV irradiance will ionize N2 , O, O2 , and NO, creating 

energetic primary photoelectrons which, in turn, cause further ionization or excitation 

by impact with other atoms or molecules resulting in secondary photoelectrons [Bailey 

et al., 2002]. In ‘glow’, the solar irradiance incident upon the atmosphere at some solar 

zenith angle is considered, a neutral atmosphere varying with altitude is assumed, and a 

slant path through the atmosphere is followed. Electrons are scattered forwards or 

backwards along that path in elastic collisions or they can be involved in inelastic 

collisions resulting in ionization, dissociation, or excitation. ‘Glow’ incorporates a large 

body of electron impact cross section data in order to calculate the elastic and inelastic 

collision rates [Solomon et al., 1988]. An additional source of energy input to the 

atmosphere is the deposition of energetic auroral electrons. Photoelectrons and auroral 

electrons are simultaneously handled by the model. ‘Glow’ requires input of a model 

atmosphere and ionosphere. The model atmosphere is obtained from the NRLMSISE- 

00 model [Picone et al., 2002], which generates profiles for the neutral species and 

temperature. The International Reference Ionosphere [Belitza, 1986] provides initial 

electron and ion densities and temperatures.

Once the energetic electron fluxes have been calculated in the ‘glow’ model, they, 

along with NRLMSISE-00 neutral constituent density and temperature profiles, are used 

to determine the production and loss of relevant atmospheric constituents and calculate
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NO densities according to the physics of vertical diffusion and chemistry, as introduced 

in Section 2.2.2 of this chapter. A more complete list of the chemical reactions, 

branching ratios, and rate coefficients included in the photochemical model is tabulated 

by Barth [1992] and subsequent updates are presented in Appendix A of Bailey et al.

[2002].

The NOx 1-D model begins with the initial conditions of all major species obtained 

from the NRLMSISE-00 model, the ionization and dissociation rates obtained from the 

‘glow’ model, and profiles of all the minor species set to values of zero. The number 

density, ns, of atmospheric species s is determined by solving the one-dimensional mass 

continuity equation neglecting horizontal transport:

dn 5 0
= Ps -  L n  , (2.12)

Ot Oz

3 1where Ps is the production rate of species s, in units (cm-3s-1), Ls is the loss rate of
1 2 1 species s, (s- ), and Os is the vertical flux of species s (cm- s- ). The vertical flux of

species s is given by,

O  = -D ,
^ Ons ^  ns OT ns ^
v Oz T  Oz H  s j

-  K
( On n OT n „

Oz T  Oz H
(2.13)

where D s is the molecular diffusion coefficient, K  is the Eddy diffusion coefficient, T  is 

the temperature, H s is the scale height of species s and H  is the mean atmospheric scale 

height. Differentiating equation 2.13 and substituting it into equation 2.12 yields,

= A  ^  + b , + Cn, + E ,,  (2.14)
Ot s O z Oz s s

where A s, Bs, Cs, D s, and E s are collected terms in D, K, P, L, T, and H. Equation 2.14 is 

a second-order ordinary differential equation that is discretized and then solved for NO 

and N(4S) with the Crank-Nicholson algorithm described by Von Rosenberg [1969]. 

The boundary conditions imposed for the solutions of NO and N(4S) are that there is no 

upward flux of those species at the maximum altitude (200 km), while at the minimum

V
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altitude (70 km) it is assumed that NO is at a minimum and N(4S) is in photochemical 

equilibrium. Solving for N2+, N+, O2+, O+, O+(2D), NO+, and N(2D) is more 

straightforward. Those constituents are in chemical equilibrium since the chemical 

processes occur more quickly than diffusive processes and, therefore, the last term in 

equation 2.12 can be ignored.

The steady-state solution, for which none of the geophysical conditions or energetic 

inputs are allowed to vary during the calculation, is obtained by solving equations 2.13 

and 2.14, updating the values for the minor species, and repeating the process until 

convergence occurs. The profiles obtained via the steady-state calculation are then used 

as initial conditions for a time-dependent calculation, which takes into account varying 

geophysical conditions and energetic inputs. For this calculation, the ‘glow’ energetic 

electron transport calculation is made at each time step and the variation of the solar 

zenith angle during the day is accounted for. Thus, the neutral atmosphere and 

photoionization and photoelectron fluxes are allowed to vary. Convergence, the point at 

which diurnal variability is repeated from one day to the next, occurs after a period of 

five days.

2.4 Description of Geomagnetic and Solar Indices

As established in the previous sections, the physical processes responsible for the 

global NO distribution vary with latitude and altitude as well as solar and geomagnetic 

activity. In order to demonstrate how those processes correspond to the observed NO 

distribution, indices of solar flux and geomagnetic activity will be employed.

The solar extreme ultraviolet (EUV) and soft X-ray irradiance play important roles in 

the production and loss of NO, particularly at low latitudes. Measurements of the 10.7

cm solar radio flux (F10.7) have been available on a daily basis since 1947, and have 

been shown to correlate well with both the EUV flux [Forbes and Straka, 1973] and the 

soft X-ray irradiance [Bailey et al., 2000]. Thus, F10.7 has been employed here as a 

proxy indicator of the EUV flux and soft X-ray irradiance.
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Geomagnetic activity is an important factor in NO production, particularly at high 

latitudes. The AE, Ap, and Kp geomagnetic indices will be employed as indicators of 

geomagnetic activity. Those indices are based on ground-based magnetometer 

measurements of the horizontal, or H, component of Earth’s magnetic field. The AE 

index is a measure of the auroral electrojet current based on the range of the H 

disturbance for selected auroral-zone observatories. The AE data used in this research 

are of one-hour resolution and the unit of the index is nanotesla (nT). The high 

resolution of these data, and the fact that they are obtained from auroral-zone 

observatories, makes it particularly useful in the analysis of orbital (approximately 1.5 

hr) resolution SNOE data for determination of the response time of NO to geomagnetic 

activity. The official Kp index is the average of selected K indices (range of H 

components) of global sub-auroral zone observatories located between 44° and 60° 

north or south geomagnetic latitude. Kp is a unitless index with a quasi-logarithmic 

scale. The Kp data are of three-hour resolution. The A index is the equivalent 

amplitude index of K values (converted to nT) and is readily available at three-hour 

resolution. The Ap index (in units of 2 nT) that was used in this research is the average 

of 8 three-hourly ap values. The daily resolution Ap index is useful in the analysis of 

longitudinally averaged or daily resolution SNOE data. Data for the three geomagnetic 

indices were obtained online at SPIDR (Space Physics Interactive Data Resource), a 

service of the National Geophysical Data Center (http://spidr.ngdc.noaa.gov).

http://spidr.ngdc.noaa.gov
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Chapter 3 The SNOE Satellite Mission

3.1 The SNOE Orbit

The Student Nitric Oxide Explorer (SNOE) satellite was launched on February 26, 

1998 into a nearly circular, sun-synchronous orbit with a 97.7° inclination that allowed 

for NO observations between 82° S and 82° N on each of 15 orbits per day [Barth et al.,

2003]. Near-global measurements of NO were made from March 1998 until October 

2003. In March 1998, the mean altitude of the orbit was 556 km and the mean local 

solar time of equatorial crossing on the dayside was 10:11 LST. Five years later, in 

March 2003, the orbit had evolved such that the mean altitude and the mean local solar 

time of the dayside equatorial crossing were 398 km and 13:32 LST, respectively.

The satellite was spin stabilized at a rate of five rotations per minute with the spin 

axis perpendicular to the orbital plane, so that the dayside limb of the Earth was scanned 

in each rotation (see Figure 3.1). Measurements of the NO fluorescent emission were 

made on the dayside of each orbit within tangent altitudes of 50 -  200 km.

3.2 Instrumentation

Science instrumentation onboard the SNOE satellite was designed to observe 

fluorescent emissions of sunlit NO and to investigate the sources of energy that produce 

NO. An ultraviolet spectrometer (UVS) measured altitude profiles of the NO 

fluorescent emission on the limb and was the instrument responsible for the NO 

observations on which this work is based. Other instrumentation onboard the satellite 

included a five-channel solar X-ray photometer (SXP), designed to measure the solar 

irradiance at soft X-ray wavelengths, and an auroral photometer (AP), designed to 

measure far ultraviolet auroral emissions in the nadir [Bailey et al., 1996].

The UVS was of the Ebert-Fastie design, with instrument parameters as listed in 

Table 3.1. In general, a spectrometer is an optical instrument designed to measure 

intensity as a function of wavelength, where each measurement at a particular 

wavelength is confined to a narrow wavelength range in the electromagnetic spectrum.
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N

Figure 3.1 General features of the SNOE orbit. Diagram from Solomon et al. [1998].

The Ebert-Fastie design represents a particular mounting arrangement of a concave 

mirror and a fixed plane diffraction grating (see Figure 3.2). Light enters the entrance 

slit of the spectrometer assembly and is reflected from the concave mirror to a 

diffraction grating, which separates the light into its spectral components. The spectrum 

is reflected back onto the concave mirror and the desired spectral components reflected 

so that they are incident on a detector. The UVS utilized photomultiplier tubes (PMTs) 

for detection.

The UVS instrument included a telescope, two PMTs with fused silica windows and 

CsTe photocathodes, and pulse counting electronics (see Figure 3.3). The telescope was 

a single-element, off-axis paraboliod with focal ratio f/5  and a focal length of 250 mm. 

The UVS was designed to measure the (1,0) 215-nm and (0,1) 237-nm gamma bands of 

the fluorescent emissions of NO in sunlight. The UVS was positioned so that the spatial 

dimensions of its entrance slit mapped to the limb of Earth at a tangent distance of 2500 

km with the field of view 3.5 km in altitude and 33 km transverse to the orbit plane; i.e., 

parallel to the horizon. The satellite rotational motion allowed five limb scans per
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Table 3.1 Instrument parameters (values obtained from Merkel et al. [2001]).

Feature Parameter

Telescope

Mirror system Single mirror, off-axis paraboloid

Off-axis angle 15°

Focal length 250 mm

Focal ratio f/5

Effective collection area 20.7 cm2

Material Fused silica

Coating Aluminum, MgF overcoat

Field of view 0.071° x 0.75°

Spectrometer

Mounting Ebert-Fastie

Focal length 125 mm

Focal ratio f/5 (zero order)

Wavelength coverage Channel 1: 215.0 nm

Channel 2: 236.5 nm

Grating Frequency: 3600 g mm-1 (plane)

Blaze: 25°36’

Wavelength bandpass Channel 1: 3.8 nm

Channel 2: 3.7 nm

Wavelength dispersion 1.8 nm mm-1

Entrance slit 0.31 mm x 3.2 mm

Exit slit 2 mm x 4 mm

Grating angle 22.7° (to slit plane)

Exit slit separation 10.8 nm
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Figure 3.2 Schematic of the optical arrangement of the Ebert-Fastie UVS. A general 

schematic of the optical arrangement of the Ebert-Fastie UVS onboard SNOE. This 

diagram depicts one ray, from the center of the field of view of the telescope, incident 

on the entrance slit of the spectrometer.

Electronics

Telescope

Figure 3.3 SNOE UVS instrumentation. The Ebert-Fastie ultraviolet spectrometer is 

located in the area labeled monochromator. Diagram from Bailey et al. [1996].
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minute for tangent altitudes 200 km to 0 km with a fundamental altitude resolution of

3.5 km determined by the slit size [Bailey et al., 1996; Barth et al., 2003].

Calibration of the UVS was conducted on the ground and variations in the calibration 

were checked in-flight. Preflight calibration involved determining the sensitivity of the 

UVS at 215 and 237 nm by measuring the radiation from a deuterium lamp illuminating 

a BaSO4 scattering screen [Eparvier and Barth, 1992]. Calibration of the deuterium 

lamp was conducted at the Synchrotron Ultraviolet Radiation Facility of the National 

Institute of Standards and Technology. In-flight, the calibration was checked by 

measuring the Rayleigh scattering of solar ultraviolet radiation by the atmosphere in 

each rotation of the satellite and comparing that observation with the irradiance 

calculated using an atmospheric Rayleigh scattering model [Merkel et al., 2001]. 

Rayleigh scattering of solar radiation is the primary contributor to atmospheric radiance 

below approximately 75 km. The in-flight calibration data were used to determine long

term changes in the sensitivity of the PMTs.

3.3 UV S Data Product

The SNOE satellite made near-global measurements of NO from March 1998 until 

October 2003. Data obtained during the mission is currently available at 

http://lasp.colorado.edu/snoedata/. The database is nearly complete for the period 

beginning on 11 March 1998 and ending on 31 October 2003. Exceptions include brief 

periods near day 300/2000 and near day 350/2001 when there were temporary losses of 

attitude control. In addition, during the period of time from approximately day 

266/2000 through day 79/2002, low-latitude coverage between 45° S and 15° N was 

incomplete. During that period, a planned mode of operation designed to observe polar 

mesospheric clouds prohibited some equatorial observations.

Determination of both the UVS viewing direction and the tangent altitude of 

observations are described by Merkel et al. [2001]. Limb observations for each UVS 

channel were interpolated onto a uniform altitude grid with altitude increments of 3.33 

km between 0 and 200 km and the in-flight check of the calibration was applied. These

http://lasp.colorado.edu/snoedata/
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data, denoted as Level 1 in the SNOE UVS database, are the atmospheric radiance along 

the slant direction with the altitude, latitude, and longitude recorded at the tangential 

height. The ‘slant’ direction refers to the line of sight of the telescope through the 

atmosphere that is a function of its viewing geometry.

The observed atmospheric radiance for each channel was compared with the results 

of an atmospheric Rayleigh scattering model, which was normalized to the observed 

atmospheric radiance at 73 km, an altitude where the contribution from Rayleigh 

scattering dominates over the negligible radiance due to NO. The contribution of 

Rayleigh scattering was then removed from the observed signal by subtracting the 

normalized Rayleigh model values for greater altitudes.

The integral of the volume emission rates at each point along the path of the line of 

sight of the instrument makes up the column emission rate of the airglow, I;

4 n I = |  g[NO(x)] dx. (3.1)
S

The emission rate g-factor, g (photons sec-1 molecule-1), is composed of molecular 

constants, the oscillator strength of the absorption band (which is a dimensionless 

quantity to express the strength of the transition of the NO molecule from one quantum 

state to another), along with the branching ratio of the emission band, and the intensity 

of the solar flux. NO(x) is the density of NO molecules at each point along the path of 

integration; i.e., the line of sight of the instrument from the satellite, denoted S in the 

integral, through the atmosphere, with the altitude being the specified tangent height 

[Barth et al., 1973]. The slant column emission rate of a particular band of NO is 

related to the slant column density of NO by the appropriate g-factor [Barth and Bailey,

2004]. Emission rate g-factors and the slant column emission rates of fluorescent 

scattering of nitric oxide in the (1,0) band at 215 nm and in the (1,0) band at 237 nm 

were used to calculate the Level 2 integrated slant column densities of NO for the two 

UVS channels. The integrated slant column density is the density of NO molecules in 

the column of atmosphere along the line of sight of the instrument.
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Barth et al. [2003] describe how the Level 2 slant column densities were used to 

calculate the Level 3 volume densities of NO by using an onionskin inversion algorithm 

[McCoy, 1983], in which the atmosphere between 70 and 170 km was divided into 30 

concentric shells, each 3.3 km thick. By assuming that the volume emission rate is 

uniform in each shell and taking into account the geometry of the instrument look angle 

and path length of the instrument line of sight through each shell, a matrix inversion was 

used to determine the volume density as a function of altitude, geographic and 

geomagnetic latitude and longitude, and time for each of the 15 orbits in a day. The 

altitude range of the Level 3 data product was then truncated to 97-170 km in order to 

minimize contamination of the NO emission from other airglow emissions and from 

polar mesospheric clouds. Barth et al. [2003] noted that the data above 130 km may 

contain a contribution from the Vegard-Kaplan (0-3) band of N2 [Eparvier and Barth, 

1992], but Yonker [2005] determined that it had a negligible effect.

Finally, Level 4 data represents a daily average of the volume density for each 

altitude and geographic or geomagnetic latitude for the 15 orbits and, thus, has no 

longitudinal resolution. The SNOE observations presented in the following chapters are 

from data Levels 3 and 4.
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Chapter 4 Global Distribution of Nitric Oxide at 150 km

4.1 Introduction

The morphology of NO at 150 km and how it differs from that at 106 km is 

presented and discussed in this chapter. In addition, the observed variability of NO at 

150 km is discussed in terms of the energetics of the upper atmosphere.

At 106 km, the reaction of excited-state N, N( D), with O2 (reaction 2.1) is the 

primary production mechanism [Norton and Barth, 1970; Barth et al., 1973; Barth, 

1992]. Precipitating auroral electrons and energetic secondary electrons provide energy 

input for production at high latitudes [Barth et al., 2003; Rusch and Barth, 1975; 

Solomon et al., 1999] and solar soft X-ray irradiance provide the primary energy input 

at low latitudes [Barth et al., 1988, 1999, 2003]. Thus, it is expected that the NO 

distribution at 106 km will have a high-latitude component associated with geomagnetic 

activity as well as a low-latitude component associated with solar flux. In addition, the 

altitude dependence of the photoelectron impact contribution to the N2  ionization rate, 

in which the N2 ionization rate from photoelectron impact increases with decreasing 

altitude from 200 km down to 105 km [Siskind et al., 1990], indicates that solar soft X- 

rays should play an important role in NO production at 106 km, but less so at 150 km. 

Finally, it is expected that the results of this study will confirm those of Baker et al. 

[2001], in which SNOE observations of NO were analyzed and it was found that high- 

latitude NO at 106 km was more abundant in the winter hemisphere than in the summer 

hemisphere.

At 150 km, the strongly temperature dependent reaction of ground-state N, N(4S), 

with O2 (reaction 2.2) is the primary production mechanism [Barth, 1992], with the 

process of Joule heating associated with auroral conditions the primary heat source for 

enhancing the rate of production [Siskind et al., 1989a,b]. It stands to reason that the 

global NO distribution will reflect the hemispherical asymmetry in Joule heating 

determined by Foster et al. [1983], in which the Joule heat input was 50 percent greater
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during the summer than during winter, and that NO will exhibit higher densities in the 

summer than winter hemisphere.

4.2 Seasonal Variation at 106 km and 150 km

Figures 4.1 and 4.2 show the Level 4, daily averaged SNOE-observed volume 

densities of NO at altitudes of 106 km and 150 km, respectively, during the 2 ^  year 

period beginning on 79/1998. The figures were generated with software written by 

Kenneth Mankoff, SNOE data analysis software developer, in IDL (Interactive Data 

Language). The NO densities are plotted in false color as a function of geographic 

latitude and time. Data gaps (in time) of two days or less are filled in using linear 

interpolation. Note that the numerical values on the color bars of those two figures 

differ and that the NO densities at 106 km are generally an order of magnitude greater 

than those at 150 km. The absence of sunlight at high latitudes in the winter hemisphere 

is responsible for the black triangular features in the figures centered about DOY 172 

(Northern Hemisphere summer solstice) and DOY 355 (Northern Hemisphere winter 

solstice) in the Southern and Northern Hemispheres, respectively. They serve as 

excellent reference points to determine the season.

The highest NO densities at 106 km occur at high latitudes in the autumn-winter 

hemisphere and are generally distributed symmetrically in time and latitude about the 

winter solstice (see Figure 4.1). The highest NO densities at 150 km occur in the 

spring-summer hemisphere, extend equatorward to middle latitudes, and do not have a 

symmetric distribution in time and latitude about the summer solstice (see Figure 4.2). 

The low-latitude extent of the NO distribution is greater during post-solstice summer 

than during pre-solstice spring and is described in more detail later in this chapter.

The qualitative observation, based on Figures 4.1 and 4.2, that NO densities at 106 

km and 150 km are largest in the winter and summer hemispheres, respectively, is 

represented quantitatively in Figure 4.3. For each day of the 2 ^  year period and both 

altitudes, the SNOE-observed NO densities between 45° and 70° geographic latitude in 

each hemisphere were summed and the ratio of Northern Hemisphere to Southern
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Figure 4.1 The SNOE-observed NO volume density at 106 km. Densities are plotted as 

a function of time and geographic latitude for the 2 1/2 year period beginning on 

79/1998.

Hemisphere densities was calculated. The ratios at 106 km (diamonds) and 150 km 

(asterisks) are plotted as a function of time and the seasonal variation of NO densities at 

the two altitudes is clearly demonstrated. The ratios of the NO densities at 106 km are 

generally less than one during the Northern Hemisphere spring-summer (centered on 

DOY 172) and greater than one during the Northern Hemisphere autumn-winter 

(centered on DOY 355) and, thus, demonstrate that NO at that altitude is primarily 

distributed in the autumn-winter hemisphere at the latitudes considered.

The observed seasonal variation at 106 km is expected. The primary production
• 2reaction at that altitude and high latitudes is the reaction of N( D) with O2 (reaction 2.1). 

The N(2D) results from collisions of energetic precipitating auroral electrons with N2 

(reaction 2.6). The distribution of NO at 106 km, which is primarily in the winter
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Figure 4.2 The SNOE-observed NO volume density at 150 km. Densities are plotted as 

a function of time and geographic latitude for the 2 1/2 year period beginning on 

79/1998.

hemisphere and has been described by Baker et al. [2001], can be explained by the 

variability of auroral electron precipitation reported by Newell et al. [2001]. In studies 

reviewed in that paper, the flux of precipitating auroral electrons was determined to be 

less in the summer polar region than in the winter polar region.

In contrast, the ratios of the NO densities at 150 km demonstrate that NO at that 

altitude is primarily distributed in the summer hemisphere. Those ratios (see Figure 

4.3) are generally largest during the Northern Hemisphere spring-summer (centered on 

DOY 172) and fall below one during the Northern Hemisphere autumn-winter (centered 

on DOY 355). The observation that NO at 150 km is primarily distributed in the spring- 

summer hemisphere can be explained by heating of the sunlit hemisphere by solar EUV 

irradiance in conjunction with the seasonal variation of Joule heating input described by
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Figure 4.3 Ratios of Northern to Southern Hemisphere NO. The ratios are of Northern 

to Southern hemisphere SNOE-observed NO densities between 45° and 70° geographic 

latitude at 106 km (diamonds) and 150 km (asterisks) for each day of the 2 ^  year 

period beginning on 079/1998.

Foster et al. [1983], in which the summer hemisphere was found to exhibit 50 percent 

greater heating than the winter hemisphere. The observed extension of summer 

hemisphere NO to low latitudes (see Figure 4.2) is also attributed to heating. Siskind et 

al. [1989a] determined that Joule heating at auroral latitudes can lead to increased 

temperatures at sub-auroral latitudes. That study demonstrated temperature 

enhancements that increase with altitude and extend to the equator. The high-latitude 

temperature enhancements were attributed to local deposition of energy and those near 

the equator were attributed to adiabatic compressional heating of descending air masses



35

resulting from a “dynamic response of the thermosphere to high-latitude heating.” The 

strongly temperature dependent reaction, in which N(4S) reacts with O2 (reaction 2.2), is 

the primary reaction responsible for NO production at 150 km. Thus, increased 

temperature at that altitude will enhance NO production.

4.3 Nitric Oxide Distribution in Terms of Geomagnetic and Solar Indices

The solar and geomagnetic mechanisms responsible for NO production and loss vary 

with latitude, altitude, and season, as will be demonstrated by correlating NO densities 

to indices of geomagnetic activity and solar flux. Daily Ap and F10.7 values were 

obtained for each day during the SNOE mission between DOY 236 and DOY 296; 

Northern Hemisphere autumnal equinox plus and minus 30 days, as well as between 

DOY 142 and DOY 202; Northern Hemisphere summer solstice plus and minus 30 

days. For each day in those time periods, correlation coefficients of SNOE-observed NO 

density as a function of both Ap and F10.7 were calculated for -65° to 65° geomagnetic 

latitude in 5° latitude increments using the IDL ‘CORRELATE’ function. 

CORRELATE computes the linear Pearson correlation coefficient between two vectors. 

The calculations were made at both altitudes.

Taylor [1997] explains that a qualitative measure of the significance of a correlation 

coefficient can be obtained by calculating the probability that N measurements of two 

uncorrelated variables would yield a correlation coefficient above a certain value. 

Probabilities for correlation coefficients based on various values of N are listed in 

Taylor [1997] Appendix C, Table C. A correlation is called significant if the probability 

is less than five percent and highly significant if the probability is less than one percent. 

The maximum number of measurements, N, listed in the table is 100. For that value of 

N, a correlation larger than r = 0.2, which yields a probability of 4.6 percent, is 

significant and one larger than approximately r = 0.26 (1% probability) is highly 

significant. For a given correlation coefficient (other than r = 0), the probability 

decreases for larger values of N.
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Examples of data used in the calculation of correlation coefficients for SNOE- 

observed NO densities and Ap at low (0°) and high (60°) geomagnetic latitudes are 

shown in Figures 4.4 and 4.5, respectively, and represent N = 269 and N = 310 

measurements. In the figures, NO densities obtained at 150 km during the equinox 

period given above are plotted as a function of Ap values obtained for the same time 

period. The correlation coefficient for the NO densities obtained at 0° geomagnetic 

latitude (see Figure 4.4) is r = 0.00 and, thus, indicates that there is no significant linear 

relationship between Ap and SNOE-observed NO density at that latitude and 150 km 

altitude. In contrast, the correlation coefficient for NO densities obtained at 60° 

geomagnetic latitude is r = 0.66, indicating that a highly significant linear relationship 

exists between Ap and SNOE-observed NO density at that latitude and 150 km altitude.

In Figure 4.6, the calculated correlation coefficients for the equinox dates are plotted 

as a function of geomagnetic latitude. The correlation coefficients of Ap with NO 

density (black) at 106 km and 150 km (dashed and solid lines, respectively) are near 

zero at the equator and increase with latitude to 60° north and south, indicating that the 

geomagnetic component of the global NO distribution is primarily a mid-to-high 

latitude phenomena. The correlation coefficients of Ap with NO at both altitudes are 

generally symmetric in geomagnetic latitude about the equator. The symmetric 

latitudinal distribution of these correlation coefficients is expected since they result 

from data obtained near equinox, when solar illumination of the hemispheres was 

similar. It should be noted that although the high latitude Ap-NO correlation coefficient 

values are similar for the two altitudes, the specific processes driving the NO 

enhancements differ between the two altitudes, with particle precipitation playing a 

major role at 106 km and Joule heating being important at 150 km, and both being of 

greater magnitude for greater values of Ap.

The distribution of correlation coefficients of F10.7 with NO density (red) in Figure

4.6 differs between 106 km (dashed line) and 150 km (solid line). At 106 km, the 

correlation coefficients are highest near the equator and decrease poleward. This 

indicates, as expected, that the global NO distribution at 106 km has a low-latitude
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Figure 4.4 NO densities at 0° latitude as a function of Ap. SNOE-observed NO 

densities at 150 km altitude and 0° geomagnetic latitude are plotted as a function of Ap. 

The NO densities were obtained during the Northern Hemisphere autumnal equinox ± 

30 days. The correlation coefficient for these data is r = 0.00.

component for which NO density enhancements are driven by increased solar flux, 

particularly the solar soft X-ray irradiance. Recall that the figure is based on equinox 

conditions and that the SNOE orbit was such that it made low-latitude observations near 

noon local solar time, so that the solar zenith angle at the location of observation was 

lowest at the equator and increased with latitude. Production due to solar soft X-ray 

irradiance is largest near the equator, and the resulting NO was observed there by 

SNOE.
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Figure 4.5 NO densities at 60° latitude as a function of Ap. SNOE-observed NO 

densities at 150 km altitude and 60° geomagnetic latitude are plotted as a function of 

Ap. The NO densities were obtained during the Northern Hemisphere autumnal 

equinox ± 30 days. The correlation coefficient for these data is r = 0.66.

The distribution of correlation coefficients of F10.7 with NO density (red) at 106 km 

(dashed line) and 150 km (solid line) during Northern Hemisphere summer solstice 

conditions is shown in Figure 4.7. In this case, the distribution of correlation 

coefficients at 106 km is skewed with respect to the equator. The largest correlation 

coefficients are distributed in the disproportionally sunlit Northern (summer) 

Hemisphere. Again, the observed distribution is expected, since low-latitude NO 

density enhancements at 106 km are driven by increased solar flux, particularly the solar 

soft X-ray irradiance. The correlation coefficients of F10.7 with NO at 150 km are 

small for all latitudes during equinox (Figure 4.6) and solstice (Figure 4.7) periods. The
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Figure 4.6 Equinox correlation coefficients for NO, Ap, and F10.7. Correlation 

coefficients of SNOE-observed NO density with Ap (black) and F10.7 (red). The 

correlation coefficients are plotted as a function of geomagnetic latitude and are based 

on data obtained during the Northern Hemisphere autumnal equinox ± 30 days. The 

solid and dashed lines indicate NO at 150 km and 106 km, respectively.

differences in the correlation coefficients between 106 km and 150 km can be attributed 

to the altitude dependence of the photoelectron impact contribution to the N2 ionization 

rate. The N2 ionization rate from photoelectron impact increases with decreasing 

altitude from 200 km down to 105 km [Siskind et al., 1990]. The observation that the 

high-altitude O2 abundance varies weakly with solar activity [Siskind et al., 2004] also 

helps explain the small correlations at 150 km.

Also included in Figure 4.7 are correlation coefficients of Ap with NO density for 

the Northern Hemisphere summer solstice dates as a function of geomagnetic latitude.
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Figure 4.7 Solstice correlation coefficients for NO, Ap, and F10.7. Correlation 

coefficients of SNOE-observed NO density with Ap (black) and F10.7 (red). The 

correlation coefficients are plotted as a function of geomagnetic latitude and are based 

on data obtained during the Northern Hemisphere summer solstice ± 30 days. The solid 

and dashed lines indicate NO at 150 km and 106 km, respectively.

The correlation coefficients of Ap with NO density (black) at 106 km and 150 km 

(dashed and solid lines, respectively) are lower near the equator and increase with 

latitude, again, indicating that the geomagnetic component of the global NO distribution 

is primarily a mid-to-high latitude phenomena. The latitudinal distribution of the 

correlation coefficients at the two altitudes varies, and the difference between them is 

difficult to interpret.



41

4.4 Nitric Oxide Distribution in Terms of NRLMSISE-00 Temperature

The relationship between NO density and temperature at 150 km was explored by 

correlating Level 4 SNOE-observed NO densities with temperatures obtained from the 

NRLMSISE-00 model. Values for equinox and solstice periods between 79/1998 and 

78/2000 were used to calculate correlation coefficients at latitudes between 65° N and 

65° S geomagnetic in 5° increments using the IDL ‘CORRELATE’ function. The 

calculation was later restricted to specific seasons and years after it was determined that 

the values of the correlation coefficients were being reduced by temperature differences 

between the two years. That effect is demonstrated in Figure 4.8, in which NO densities 

at 50° geomagnetic latitude obtained during the Northern Hemisphere summer solstice 

(DOY 172±30 days) periods of 1998 (asterisks) and 1999 (diamonds) are plotted as a 

function of temperature. The two clusters of data points, corresponding to data values 

for the two different years, cause a reduction in the calculated value of the correlation 

coefficient.

To reduce the effect of the temperature differences demonstrated in Figure 4.8, 

SNOE-observed NO densities and NRLMSISE-00 temperatures obtained for the period 

of time 30 days either side of the 1998 Northern Hemisphere autumnal equinox were 

used to calculate correlation coefficients. The results are shown as a function of 

geomagnetic latitude in Figure 4.9. The correlation coefficients are based on N = 56 

measurements. According to Taylor [1997], for that number of measurements, a 

correlation coefficient above approximately r = 0.36 indicates a highly significant 

correlation. With the exception of the values at geomagnetic latitudes -5° and -10°, the 

correlation coefficients are highly significant, and generally become stronger with 

increasing latitude. The latitudinal variation of the correlation coefficients is attributed 

to the latitude dependence of the heating mechanisms described in Chapter 2, Section 

2.2.4. Joule heating, which is enhanced by the increased conductivity of the sunlit 

thermosphere, is expected to have an effect on both hemispheres near equinox. High- 

latitude temperature enhancements are attributed directly to Joule heating, which also 

drives adiabatic compressional heating at low latitudes [Siskind et al., 1989a].
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Figure 4.8 NO densities as a function of NRLMSISE-00 temperatures. SNOE- 

observed NO densities at 150 km altitude and 50° geomagnetic latitude as a function of 

NRLMSIS-00 temperatures. The densities and temperatures are from the period of time 

30 days either side of the Northern Hemisphere summer solstice during 1988 (asterisks) 

and 1999 (triangles).

4.5 Equatorward Progression of Summer Hemisphere Nitric Oxide

A particular characteristic of the global distribution of NO at 150 km, termed 

‘equatorward progression’ by the author, involves a latitudinal gradient in the spring- 

summer hemisphere NO density for which the low-latitude extent of the NO increases 

from pre-solstice spring through post-solstice summer. The feature is apparent in the 

two years of SNOE-observed NO densities displayed in Figure 4.10. It should be noted 

that Figure 4.10 represents two years of the two and a half-year time period shown in 

Figures 4.1, 4.2, and 4.3. The reduced time period examined in this section was chosen
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Figure 4.9 Correlation coefficients of NO densities and temperatures. Correlation 

coefficients of SNOE-observed NO densities and NRLMSISE-00 temperatures at 150 

km are plotted as a function of geomagnetic latitude. NO densities and modeled 

temperatures from the period of time 30 days either side of the Northern Hemisphere 

autumnal equinox of 1998 were used in the calculations.

to reduce computation time for model runs. The light blue color, corresponding to a
7 3density of approximately 1.9x10 mol/cm , progresses from mid-latitudes towards the 

equator during the Northern Hemisphere spring-summer seasons of 1998 and 1999 as 

well as the Southern Hemisphere spring-summer season of 1999-2000, but is less 

pronounced in the Southern Hemisphere during 1998-1999 (see Figure 4.10). The Ap 

index for the two-year period is included to show that the equatorward progression 

feature (light blue) appears to be independent of geomagnetic activity, although the high 

density NO features (yellow) correspond to high Ap levels.
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Figure 4.10 Two years of SNOE-observed NO at 150 km.

In order to understand this particular feature of the seasonal NO distribution, the 

NOx 1-D photochemical model described in Chapter 2 was run for the same two-year 

period for geographic latitudes 60° south to 60° north in 5° increments. In addition to 

replicating the high-density features corresponding to periods of high geomagnetic 

activity, the results of the model run also exhibit the equatorward progression of the NO 

density gradient from pre-solstice spring through post-solstice summer apparent in the 

SNOE data (see Figure 4.11). Thus, it seems reasonable to expect that an explanation 

for the observed distribution can be obtained by examining the model parameters.

A variety of parameters in the photochemical model were investigated in an attempt 

to explain the observed equatorward progression. The NRLMSISE-00 model was run 

for each day and latitude in order to generate the profiles for temperature and the neutral
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Figure 4.11 Two years of modeled NO at 150 km.

species used as input to the photochemical model. Input parameters for NRLMSISE-00 

include the date (year and day), time (UT), latitude, and longitude, as well as values for 

Ap, F10.7, and F10.7A (the 81-day average of F10.7 values, centered on date). 

Running the model for a single longitude, all latitudes, and a two-year period required 

several days of computation time. For that reason, a single longitude of 0° was selected 

for the model run. The NRLMSISE-00 generated temperature input to the 

photochemical model was found to exhibit a distribution similar to the modeled and 

observed NO, in which a particular temperature extends to lower latitudes during post

solstice summer than during pre-solstice spring (see Figure 4.12). The equatorward 

progression of temperature is most evident in the Northern Hemisphere during the 

spring-summer of 1998. Like the observed and modeled NO densities, the
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Figure 4.12 Two years of NRLMSISE-00 modeled temperature at 150 km.

NRLMSISE-00 temperature exhibits distinct spikes of increased temperature that 

extend to lower latitudes during periods of high geomagnetic activity.

The SNOE-observed and modeled NO as well as the NRLMSISE-00 temperature 

from the Northern Hemisphere spring-summer seasons of 1998 and 1999 were analyzed 

in order to quantify the equatorward progression. SNOE-observed low- to mid-density 

NO exhibits the equatorward progression more so than high-density NO, so the density
7  3of 1.9x10 mol/cm was selected for the analysis. The photochemical model, which 

does an excellent job of reproducing the SNOE-observed NO density both in structure 

and magnitude at 106 km, generally underestimates the magnitude of the NO density at 

150 km and low-to-mid latitudes. Since the modeled NO densities were lower, a
• 7  3density of 1.3x10 mol/cm was selected for the analysis so that the profile of the 

SNOE-observed and modeled NO would be at similar latitudes. The NRLMSISE-00
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temperatures selected for analysis were also chosen so that the latitudinal extent of the 

selected temperature would be similar to the latitudinal extent of the SNOE-observed 

and modeled NO density. Hence, temperatures of 704 K and 744 K were selected for 

1998 and 1999, respectively. The daily variations of NO density and modeled 

temperature that occur in response to variable levels of geomagnetic activity were 

minimized by smoothing the SNOE-observed and modeled NO, as well as the 

NRLMSISE-00 temperature, with a 14-day running average.

For the Northern Hemisphere spring-summer season of 1998, SNOE-observed and
7 7 3modeled NO densities of 1.9x10 and 1.3x10 mol/cm , respectively, and the 

NRLMSISE-00 temperature of 704 K were analyzed for the 91-day period centered on 

DOY 172, the Northern Hemisphere summer solstice. The low-latitude extents of those 

particular densities and temperature were determined for each day. Those data are 

plotted as a function of time and geographic latitude in Figure 4.13. The solstice is 

indicated by the vertical, dashed line. The three quantities share similar features, even 

for small-scale variations. However, the SNOE-observed NO (black) is much more 

variable than the modeled NO (blue) and temperature (red) and the range of latitudinal 

motion is greater in the observed quantity. The latitudinal distributions of the three 

quantities are not symmetric with respect to the solstice, DOY 172 (vertical, dashed 

line), since the quantities are distributed closer to the equator during post-solstice 

summer than they are during pre-solstice spring. In addition, there is an oscillation in 

the values of the three quantities, with relative maxima occurring near DOY 140, 170, 

and 200. This feature is explored in the following section (Section 4.6).

The primary reaction (reaction 2.2) involved in production of NO at 150 km is 

strongly temperature dependent and the significant correlation between temperature and 

NO at that altitude and has been established (recall Figure 4.9). It follows that the 

observed equatorward progression of NO densities and modeled temperature will 

exhibit similar features as has been shown in Figure 4.13. Furthermore, it can be 

expected that an attempt to quantify the equatorward progression of those quantities will 

yield similar results.
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Figure 4.13 Northern Hemisphere equatorward progression during 1998. Latitudinal
n  3

extent of SNOE-observed NO density of 1.9x10 mol/cm (black), modeled NO density 

of 1.3x107 mol/cm3 (blue), and NRLMSISE-00 modeled temperature of 704 K (red) 

during the 1998 Northern Hemisphere summer solstice (vertical, dashed line) ± 45 days. 

The three quantities shown are smoothed with a 14-day running average.

Least-squares fits [Taylor, 1997] were calculated for the progression of the NO 

densities and temperatures to lower latitudes and the results of those fits are included in 

Figure 4.13 (solid lines) and the slopes of those fit lines are summarized in Table 4.1. 

The slope of the fit line is a numerical quantity that indicates the equatorward 

progression in terms of degrees of latitude per day. The uncertainty in the slope of the 

fit line, calculated according to Taylor [1997], is a function of the variability of the 

individual NO density and temperature values, and is, therefore, influenced by the 

highly variable nature o f the observed NO values.
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Table 4.1 Least-squares fit results for equatorward progression analysis. Results of 

least-squares fit analysis of SNOE-observed and modeled NO and NRLMSISE-00 

generated temperature from Figures 4.8 and 4.9.

Date Parameter Value
Slope of fit line 

(° latitude/day)

172/1998 ± 45days SNOE NO density 1.9x107 mol/cm3 -0.25 ± 0.13

Modeled NO density 1.3x107 mol/cm3 -0.15 ± 0.01

NRLMSISE-00 temperature 704 K -0.17 ± 0.01

172/1999 ± 40days SNOE NO density 1.9x107 mol/cm3 -0.40 ± 0.26

Modeled NO density 1.3x107 mol/cm3 -0.22 ± 0.01

NRLMSISE-00 temperature 744 K -0.25 ± 0.02

7 3The SNOE-observed NO density of 1.9x10 mol/cm exhibits an equatorward 

progression of -0.25°±0.13° of latitude per day during the 91-day period. The modeled
7 3NO density of 1.3x10 mol/cm exhibits an equatorward progression of -0.15°±0.01° of 

latitude per day and the NRLMSISE-00 temperature of 704 K exhibits an equatorward 

progression of -0.17°±0.01° of latitude per day. In spite of the large uncertainty in the 

value for the slope of the equatorward progression of the observed NO, differences 

between the slopes of the fit lines are less than one standard deviation, so the values of 

the three quantities are in acceptable agreement. Again, the large uncertainty results 

from the highly variable nature of the observed NO densities, while the small 

uncertainty in the slopes of the modeled quantities reflects a relatively small degree of 

variability; the models do not reproduce the full extent of the small-scale variability. 

Since the NRLMSISE-00 temperature is used to calculate the modeled NO density, 

these results indicate that the modeled temperatures are most likely less variable than 

the actual temperatures of the thermosphere.

For the Northern Hemisphere spring-summer season of 1999, the SNOE-observed
7 7 3and modeled NO densities of 1.9x10 and 1.3x10 mol/cm , respectively, and the 

NRLMSISE-00 temperature of 744 K were analyzed for the 81-day period centered on 

DOY 172, the Northern Hemisphere summer solstice. Those NO densities and
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temperatures are plotted as a function of time and latitude in Figure 4.14. Again, the 

three quantities exhibit similar profiles, with a general distribution that progresses more 

southward with time, although the SNOE-observed NO is much more variable than the 

modeled NO and temperature. Least-squares fits were calculated and are included in 

Figure 4.14 (solid lines). The slopes of those fits are also included in Table 4.1. As in 

the previous example, there is an oscillation in the values o f the three quantities, with 

relative maxima occurring near DOY 140, 170, and 200. This feature is explored in the 

following section (Section 4.6).
7 3The SNOE-observed NO density of 1.9x10 mol/cm exhibits an equatorward 

progression of -0.40°±0.26° of latitude per day during the 81-day period. The modeled
7 3NO density of 1.3x10 mol/cm exhibits an equatorward progression of -0.22°±0.01° of 

latitude per day and the NRLMSISE-00 temperature of 744 K exhibits an equatorward 

progression of -0.25°±0.02° of latitude per day. As was the case in the analysis of the 

equatorward progression during the 1998 Northern Hemisphere spring-summer, the 

slope values for the fit lines based on the three quantities during 1999, with their 

calculated uncertainties, are in acceptable agreement at the one-sigma level of 

uncertainty.

4.6 Oscillation in the Latitudinal Gradient o f NO Densities

An oscillation in the latitudinal extent o f the SNOE-observed and modeled NO 

densities and the NRLMSISE-00 temperatures occurs (recall Figures 4.13 and 4.14). 

The oscillation, which can be partially obscured by small-scale variations resulting from 

geomagnetic activity, is apparent in the figures, which represent the data smoothed with 

a 14-day running average. The oscillation period of approximately 30 days suggests 

that variation in the solar flux corresponding to the solar rotation, with a period of 27
7 3days, is responsible. The SNOE-observed NO densities of 1.9x10 mol/cm (solid 

lines), along with daily values of F10.7 (dotted lines), are presented in Figures 4.15 and 

4.16 for 1998 and 1999, respectively. Although the F10.7-cm radio flux does not act
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Figure 4.14 Northern Hemisphere equatorward progression during 1999. Latitudinal
n  3

extent of SNOE-observed NO density of 1.9x10 mol/cm (black), modeled NO density 

of 1.3 mol/cm3 (blue), and NRLMSISE-00 modeled temperature of 744 K (red) during 

the period of the 1999 Northern Hemisphere summer solstice (vertical, dashed line) ± 

40 days.

directly on the thermosphere, it is a good proxy indicator of the solar UV and EUV 

fluxes, which do have a direct effect [Killeen, 1987]. The relative maxima in the 

latitudinal distribution of NO densities near days 140, 170, and 200 roughly correspond 

to relative minima in the F10.7 values and, likewise, relative minima in the NO 

densities roughly correspond to relative maxima in the F10.7 values; ie., the 

equatorward extent of that particular NO density appears to be associated with 

increasing solar flux. This behavior is attributed to variations of the solar EUV flux
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Figure 4.15 Oscillation in the SNOE-observed NO density gradient during 1998.
7 3Latitudinal extent of SNOE-observed NO density of 1.9x10 mol/cm (solid line) and 

daily values of the F10.7-cm radio flux (dotted line) during the period of the 1998 

Northern Hemisphere summer solstice ± 45 days.

corresponding to the 27-day solar rotation. Increases in solar EUV energy deposition 

result in increased ionization and, therefore, larger ionospheric electron and ion 

densities. These increased ionospheric densities should enhance the geoeffectiveness of 

Joule heating and enhance NO production. While not definitive, the observed anti

correlation between latitudinal extent of NO and solar irradiance (as indicated by F10.7) 

suggests that Joule heating is a key driver of summertime NO variability at mid 

latitudes.
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Figure 4.16 Oscillation in the SNOE-observed NO density gradient during 1999.
7 3Latitudinal extent of SNOE-observed NO density of 1.9x10 mol/cm (solid line) and 

daily values of the F10.7-cm radio flux (dotted line) during the period of the 1999 

Northern Hemisphere summer solstice ± 40 days.

4.7 Chapter Summary

The global distribution of NO at 150 km differs significantly in magnitude and 

season of maximum abundance from the distribution at 106 km, the altitude of peak 

density. Maximum NO densities at 150 km are generally an order of magnitude lower 

than those at 106 km. At the peak altitude, the highest concentrations of NO generally 

occur at high latitudes in the winter hemisphere, while at 150 km the highest 

concentrations occur at mid-to-high latitudes in the summer hemisphere. These results 

are consistent with seasonal variations of particle precipitation [Newell et al., 2001] and 

Joule heating [Foster et al., 1983].
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Barth et al. [2004] used SNOE observations of NO at 110 km and the photochemical 

model to infer the flux of precipitating auroral electrons. The results indicated a 

seasonal variation exists in which the electron flux is less in the sunlit summer polar 

region than it is in the winter polar region. The seasonal asymmetry of precipitating 

auroral electrons was discussed by Newell et al. [2001] (and references therein) and the 

related suppression of intense aurora in sunlit conditions was attributed to higher 

ionospheric conductivities in the summer hemisphere driven by solar EUV ionization 

and the precipitating auroral electrons themselves. Furthermore, it was suggested that 

strong electric fields in auroral acceleration regions were inversely related to the 

background conductivity, thereby retarding electron precipitation. The dependence of 

electron precipitation on conductivities that are driven, primarily, by solar EUV 

ionization, along with the loss of NO in the sunlit hemisphere due to photodissociation 

of the molecule by solar ultraviolet irradiance, indicates that NO at the peak altitude will 

be more abundant in the winter hemisphere. The results of this work are consistent with 

that expectation.

In regards to the distribution of SNOE-observed NO at 150 km, the primary NO 

production reaction is strongly temperature dependent. Foster et al. [1983] determined 

that the Joule heat input was 50 percent greater during the summer than during winter. 

The latitudinally asymmetric heating was attributed to greater levels of solar-produced 

conductivity in the summer hemisphere. The SNOE-observed and modeled NO as well 

as the NRLMSISE-00 generated temperature exhibit a seasonal variation at 150 km, for 

which higher NO densities and temperatures occur in the summer hemisphere than they 

do in the winter hemisphere. In addition, the summer hemisphere NO densities and 

modeled temperature extend to low latitudes. The observed extension of NO to low 

latitudes is attributed to enhanced production due to increased temperatures at those 

latitudes. Increased temperatures there result from solar EUV heating and adiabatic 

compressional heating driven by Joule heating at higher latitudes [Siskind et al., 1989a].

Correlations between NRLMSISE-00 temperatures and SNOE-observed NO at mid- 

to-high latitudes were determined to be significant and strong. The similarities between
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SNOE-observed NO and modeled temperature in Figures 4.10 and 4.12, respectively, 

and the significant correlations between NRLMSISE-00 temperatures and NO are 

expected, given the dominance of the temperature-dependent N(4S) reaction at 150 km. 

These results indicate that NO might behave like a thermometer, with warmer summer 

hemisphere temperatures being reflected in higher summer hemisphere NO densities. 

Similarly, Mlynczak et al. [2003] refer to the infrared emission from NO as a ‘natural 

thermostat’, by which NO-enhancing heat that results from magnetic storm energy input 

to the upper atmosphere is subsequently radiated by NO, thereby cooling the 

thermosphere and lowering the amount of energy available for heating. Therefore, NO 

plays a very important role in the temperature structure of the thermosphere, particularly 

near 150 km.

At both altitudes there is an observed density gradient, in which the NO densities 

decrease with decreasing latitude towards the equator. At 106 km, the observed 

latitudinal density gradient is generally symmetric about the winter solstice. At 150 km, 

however, the observed latitudinal density gradient is generally not symmetric about the 

summer solstice, with the low-latitude extent of a particular density being greater early 

in the post-solstice summer than during pre-solstice spring. That is, the advance is not 

symmetric about DOY 172. A least-squares fit to the southern-most extent of the
7 3SNOE-observed NO density of 1.9x10 mol/cm during the 91-day period centered on 

the Northern Hemisphere summer solstice yields a line with a slope of -0.25°± 0.13° 

latitude/day. The same analysis for the 81-day period during the Northern Hemisphere 

spring-summer of 1999 yielded a slope of -0.40°±0.26° latitude/day. The equatorward 

progression of the latitudinal NO density gradient is reproduced by the photochemical 

model, but with smaller amplitude. The NRLMSISE-00 temperature, which is an input 

to the photochemical model, exhibits a similar distribution. The shared features of the 

latitudinal distribution of SNOE-observed NO and NRLMSIS-00 temperature at 150 km 

are attributed to the temperature dependence of the N(4S) reaction. An explanation for 

the asymmetric equatorward progression of thermospheric temperature gradients, 

however, is lacking, and represents an area for future study.
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Finally, an oscillation is observed in the summertime equatorward progression of the 

SNOE-observed and modeled NO densities as well as the NRLMSISE-00 temperatures. 

The feature roughly tracks an oscillation in the F10.7-cm radio flux, a proxy indicator of 

solar UV and EUV flux, resulting from the 27-day solar rotation. The oscillation in NO 

densities is attributed to enhanced conductivity at higher levels of solar activity 

enhancing the effects of Joule heating and therefore enhancing the equatorward 

progression of NO.
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Chapter 5 Response of Nitric Oxide to Geomagnetic Activity

5.1 Introduction

Energy associated with geomagnetic activity is deposited in Earth’s upper 

atmosphere, leading to enhanced NO production. In this chapter, the seasonal response 

of NO at 150 km to this energy deposition is compared with the response at 106 km. 

The seasonal variation is determined by analyzing SNOE observations of NO during 

periods of heightened geomagnetic activity that occurred during the mission at or near 

solstice and equinox. At 106 km, it is expected that NO enhancements driven by 

geomagnetic activity will be largest in the winter hemisphere. Past studies have 

reported a hemispherical asymmetry in NO densities at 106 km [Baker et al., 2001; 

Barth et al., 2002] and have attributed that asymmetry to seasonal variation of auroral 

electron precipitation [Newell et al., 2001]. At 150 km, the temperature-dependent 

reaction of N(4S) and O2  dominates production, and it is expected that the response of 

NO will be largest in the summer hemisphere. That expectation follows from the result 

of a study by Foster et al. [1983], in which the Joule heat input, which is also associated 

with geomagnetic activity, was determined to be 50 percent greater in the summer than 

in the winter.

NO observations made with SNOE during periods of time when the three-day 

average of the Ap index was at or above 20 and the time of year was either 10 days 

either side of equinox or 30 days either side of solstice are selected for study. The 

difference in sampling time periods for equinox and solstice is selected so that a similar 

number of high activity periods are generated for each season and is justified by the fact 

that the length of daylight changes rapidly either side of equinox but more slowly either 

side of solstice. High activity periods during which SNOE data are available and 

complete in time and latitude are used for the study. This approach yields 26 individual 

time periods for study, of which 12 are at or near equinox and 14 are at or near solstice. 

Four of the solstice periods are Northern Hemisphere winter and 10 are Northern 

Hemisphere summer.
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5.2 The Response of NO to Three Periods of Geomagnetic Activity

A qualitative description of enhancements to NO that occurred during three periods 

of heightened geomagnetic activity is presented here. One of the time periods is near 

equinox, and the other two are near the Northern Hemisphere summer solstice and the 

Northern Hemisphere winter solstice.

The first of these periods of heightened geomagnetic activity occurred near 

268/1998, a date near equinox. In Figure 5.1 the Ap value (top) is plotted along with 

daily averaged SNOE-observed NO densities at 150 km (middle) and 106 km (bottom) 

for the 8-day period beginning on 265/1998. The Ap value increases gradually from 

DOY 265 until DOY 267, peaks at a maximum value of 117 on DOY 268, decreases 

abruptly on DOY 269, and continues to decrease during DOY 270 and DOY 271. 

There is an enhancement in NO associated to the increase in Ap, and the enhancement 

occurs in both hemispheres and at the two altitudes. In contrast, the latitudinal 

distribution and time of the response differs at the two altitudes. At 106 km the 

enhancement is poleward of 45° and the NO is most abundant on DOY 269 (see Figure 

5.1, bottom). At 150 km the enhancement extends nearly to 0° in the Northern 

Hemisphere and 30° in the Southern Hemisphere and is most abundant on DOY 268, 

the same day as the highest Ap value (see Figure 5.1, middle).

The second period of heightened geomagnetic activity occurred near 145/2000. 

Solstice occurs on DOY 172, so this is a Northern Hemisphere summer solstice event. 

Figure 5.2 presents the Ap values (top) and daily averaged SNOE-observed NO 

densities for the 6-day period beginning on 144/2000 at 150 km (middle) and 106 km 

(bottom), respectively. The maximum Ap value of 93 occurs on DOY 145, decreases 

abruptly on DOY 146 and continues to decrease during DOY 147 and DOY 148. The 

NO exhibits a response to the geomagnetic activity, but the enhancement does not occur 

in the Northern and Southern Hemisphere with similar magnitude at each of the two 

altitudes and, again, the time frame of the response differs as well. At 106 km the 

largest enhancement is poleward of 45° and occurs in the Southern (winter) Hemisphere 

(see Figure 5.2, bottom). The NO enhancement persists on DOY 146 through DOY
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Figure 5.1 NO densities and Ap near 265/1998. Daily Ap value (top) as a function of 

time and SNOE-observed NO density at 150 km (middle) and 106 km (bottom) as a 

function of time and geomagnetic latitude for the 8-day period beginning on 265/1998. 

The time period is near the Northern Hemisphere autumnal equinox.
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Figure 5.2 NO densities and Ap near 144/2000. Daily Ap value (top) as a function of 

time and SNOE-observed NO density at 150 km (middle) and 106 km (bottom) as a 

function of time and geomagnetic latitude for the 6-day period beginning on 144/2000. 

The time period is near the Northern Hemisphere summer solstice.
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148, which are the three days following the day of maximum Ap. At 150 km the largest 

enhancement occurs poleward of 30° in the Northern (summer) Hemisphere and the NO 

is most abundant on DOY 145, the same day as the maximum Ap value (see Figure 5.2, 

middle).

The third period of heightened geomagnetic activity occurred near 365/1999. 

Solstice occurs on day 355, so this is a Northern Hemisphere winter solstice event. In 

Figure 5.3 the Ap values (top) are presented along with daily averaged SNOE-observed 

NO densities for the 10-day period beginning on 364/1999 at 150 km (middle) and 106 

km (bottom), respectively. The Ap is a maximum of 36 on 365/1999, decreases on 

001/2000 through 003/2000, and then gradually increases to reach another relative 

maximum value of 19 on 005/2000 and 006/2000. There are separate enhancements in 

NO associated with the relative maxima in Ap. Again, the latitudinal distribution and 

time frame of the response differ between the two altitudes.

At 106 km the largest enhancement is poleward of 45° and occurs in the Northern 

(winter) Hemisphere (see Figure 5.3, bottom). Furthermore, the NO enhancement 

occurs during the days following the day of the largest Ap value, and persists, during 

001/2000 through 004/2000.

At 150 km the largest amount of NO is distributed in the Southern (summer) 

Hemisphere (see Figure 5.3, middle). Furthermore, the summer hemisphere 

enhancement at 150 km extends to low latitudes and is composed of two distinct 

enhancements that begin on the same days as the two periods of elevated Ap values. It 

is interesting to note that although the second Ap event on 005/2000 and 006/2000 is 

weaker than the elevated Ap values on 365/1999 and 001/2000, the NO enhancement at 

150 km is more widely distributed in latitude. During the second two-day event, the 

enhanced NO extends to the equator, while during the first event the enhancement was 

primarily poleward of -30° latitude.
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Figure 5.3 NO densities and Ap near 364/1999. Daily Ap value (top) as a function of 

time and SNOE-observed NO density at 150 km (middle) and 106 km (bottom) as a 

function of time and geomagnetic latitude for the 10-day period beginning on 364/1999. 

The time period is near the Northern Hemisphere winter solstice.
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5.3 General Characteristics of the Response of NO to Geomagnetic Activity

General characteristics of the enhanced NO densities resulting from periods of 

increased geomagnetic activity are determined by investigating all such periods that 

occurred during the SNOE mission at or near each solstice and equinox. For each of the 

26 high activity periods identified, the hemisphere of largest NO density, corresponding 

to a peak value of Ap is determined. In addition, the time that elapsed between an 

increase in AE and an increase in NO density, is determined. The AE index is selected 

for the response time analysis since high resolution (in time) values are desired and 

values of that index are available at one-hour resolution.

5.3.1 Hemisphere of Maximum NO Density

An analysis of Level 4 SNOE-observed NO densities at the two altitudes was 

performed for the 26 events in order to determine the hemisphere of maximum density. 

The hemisphere of maximum density was determined by calculating the sum of NO 

densities that occurred in the nine latitude bins between 45° and 85° geomagnetic 

latitude in each hemisphere during the day of maximum Ap and in the two following 

days. The hemisphere with the largest summed densities in the latitude range during 

one of the three days was determined to be the hemisphere of maximum density. A 

time period including the two days following the day of peak Ap was used to account 

for the observation that NO enhancements, particularly at 106 km, often persist for 

several days (recall Figures 5.1 - 5.3).

In Figure 5.4, an example of the regions selected for determination of the hemisphere 

of maximum density (black rectangular boxes) is shown for the high activity period 

with a maximum Ap value of 164 on 197/2000. For this example, at 150 km altitude, 

the maximum sum of NO densities between 45° and 85° geomagnetic latitude in each 

hemisphere occurs on day 198. The maximum summed NO densites in the Northern
8 3 8 3and Southern Hemispheres are 6.0x10 mol/cm and 4.2x10 mol/cm , respectively, with 

the largest enhancement occurring in the Northern Hemisphere.
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Figure 5.4 Latitude range selected for study. An example of the regions used to 

calculate the hemisphere with the largest sum of NO densities between 45° and 85° 

geomagnetic latitude in response to geomagnetic activity.

The data used to determine the hemispheres of maximum NO density in response to 

geomagnetic activity for all observations are given in Table 5.1. Of the 12 equinox 

periods, four of the ten (40%) summed densities that differed between hemispheres at 

106 km are largest in the Northern Hemisphere and five of the eleven (45%) summed 

densities that differed between the hemispheres at 150 km are largest in the Northern 

Hemisphere. The observation that during activity near equinox the largest response at 

both altitudes occurs with similar frequency in the Northern and Southern Hemispheres 

is not surprising. Solar illumination of the hemispheres is equal at equinox. It is the 

conductivity of the lower ionosphere, which results from solar illumination, that
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Table 5.1 NO density in response to geomagnetic activity. The sum of NO densities in 

the 45° to 85° range of geomagnetic latitude during the day of high Ap or one of the two 

following days. The maximum value at each altitude is highlighted in yellow.

Date Max Ap Summed NO Densities (mol/cm3)*
106 km 150 km

North South North South
Equinox
268/1998 117 3.0 x109 3.4 x109 3.9 x108 4.6 x108
275/1998 32 2.2 x109 2.0 x109 2.7 x108 3.3 x108
256/1999 46 2.4 x109 2.6 x109 3.1 x108 3.3 x108
265/1999 50 1.6 x109 1.6 x109 3. x108 3.7 x108
270/1999 43 2.7 x109 2.0 x109 2.6 x108 2.8 x108
262/2000 70 2.2 x109 2.5 x109 4.2 x108 4.4 x108
079/2001 74 2.1 x109 2.1 x109 3.8 x108 3.7 x108
090/2001 192 2.3 x109 2.9 x109 4.1 x108 3.0 x108
276/2001 69 3.3 x109 2.9 x109 8.1 x108 6.0 x108
083/2002 45 1.6 x109 1.8 x109 3.6 x108 3.6 x108
076/2003 42 3.4 x109 2.6 x109 3.7 x108 3.0 x108
090/2003 43 2.8 x109 3.1 x109 5.3 x108 4.0 x108
N. Summer Solstice
179/1999 26 1.6 x109 1.9 x109 3.6 x108 1.7 x108
1S4o5ls/t2ic0e0 0 93 1.9 x109 2.7 x109 4.0 x108 2.1 x108
167/2000 23 1.4 x109 1.6 x109 2.9 x108 6.7 x107
178/2000 40 1.8 x109 2.3 x109 3.7 x108 2.3 x108
197/2000 164 2.8 x109 3.2 x109 6.0 x108 4.2 x108
143/2002 78 1.5 x109 1.5 x109 4.0 x108 2.0 x108
149/2003 109 2.6 x109 2.8 x109 6.8 x108 4.2 x108
169/2003 60 3.0 x109 2.3 x109 8.2 x108 3.4 x108
179/2003 42 2.4 x109 1.6 x109 8.1 x108 2.0 x108
192/2003 52 2.6 x109 2.0 x109 9.8 x108 5.4 x108
N. Winter Solstice
338/1999 30 1.6 x109 1.5 x109 2.2 x108 3.2 x108
365/1999 36 1.6 x109 1.5 x109 2.9 x108 3.5 x108
353/2002 25 1.9 x109 1.8 x109 1.3 x108 4.0 x108
361/2002 37 2.5 x109 1.9 x109 2.0 x108 3.8 x108

*Equal number of samples summed at geomagnetic latitudes 45° - 85°.
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influences particle precipitation [Newell et al., 2001] and Joule heating [Foster et al., 

1983], the primary high-latitude production drivers at 106 km and 150 km, respectively. 

Furthermore, at equinox, loss due to photodissociation at both altitudes and enhanced 

production due Joule heating at 150 km should be nearly symmetric with respect to 

hemisphere.

During solstice periods of heightened geomagnetic activity, the highest summed NO 

density at 106 km occurs in the winter hemisphere during 77 percent of the periods 

studied. Of the Northern Hemisphere summer solstice high activity periods, the largest 

summed NO density following that activity is located in the Southern (winter) 

Hemisphere in six out of nine of the periods. All four of the highest summed densities 

that occur during the Northern Hemisphere winter solstice periods are largest in the 

Northern (winter) Hemisphere. The observation that solstice period NO enhancements 

at 106 km occur in the winter hemisphere most frequently is expected, and can be 

attributed to the seasonal variation of particle precipitation [Newell et al., 2001] in 

conjunction with the lack of loss due to photodissociation during the long nights of 

high-latitude winter.

At 150 km, all ten of the enhancements that occur during the Northern Hemisphere 

summer solstice period exhibit the highest summed NO density in the Northern 

(summer) Hemisphere and all four of the enhancements that occur during the Northern 

Hemisphere winter solstice period exhibit the highest summed NO density in the 

Southern (summer) Hemisphere. The observation that 100 percent of the 150 km, 

solstice period enhancements are largest in the summer hemisphere is indicative of 

higher initial temperature, larger temperature increases, or both, in the summer than 

winter hemisphere. Solar EUV irradiance increases temperatures in the sunlit 

thermosphere. In addition, summer hemisphere temperature enhancements in response 

to geomagnetic activity can be attributed to the seasonal variation of Joule heating rates 

determined by Foster et al. [1983]. In that study, the Joule heat input was determined to 

be 50 percent greater during the summer than during the winter, and was attributed to 

the enhanced Pedersen conductivity of the summer hemisphere ionosphere produced by
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solar illumination. The Pedersen conductivity maximizes at approximately 120-125 km 

for most typical auroral electron density profiles and Richmond [1979] states that the 

height distributions of Joule heating and Pedersen conductivity are closely tied.

An analysis of the data presented in Table 5.1 was conducted in order to quantify the 

seasonal variation of NO density enhancements that occur at the two altitudes. Two 

quantities were calculated for each season and altitude, and the results are presented in 

Figure 5.5, with results for 106 km in red (upper axis) and those for 150 km in black 

(lower axis). First, the mean values and standard deviations of the means, SDM, of 

summed Northern Hemisphere summed NO densities associated with the high-activity 

periods were calculated and are listed in Table 5.2. In addition, a unitless measure of 

the fractional difference between the summed density of NO in the hemispheres was 

obtained for each period of activity by dividing the difference between the summed NO 

density in the hemispheres by the summed NO density in the Northern Hemisphere. If 

the value of that quantity is positive there is more NO in the Northern Hemisphere and 

if it is negative there is more NO in the Southern Hemisphere. Results of that 

calculation are listed in Table 5.3. The contents of Table 5.2 and Table 5.3 are 

presented in Figure 5.5, where the x-axis values (mean and SDM) are taken from Table

5.2 and the y-axis values are taken from Table 5.3. Black dots and lines denote the 

means and SDMs for 150 km and red dots and lines denote the means and SDMs for 

106 km.

Table 5.2 Seasonal variation of Northern Hemisphere NO densities.

Northern Hemisphere Summed NO Density 

(mean ± SDM)

Season 106 km (109 mol/cm3) 150 km (108 mol/cm3)

Equinox 2.5 ± 0.2 4.0 ± 0.4

N. Summer Solstice 2.2 ±0.2 5.7 ± 0.8

N. Winter Solstice 1.9 ± 0.2 2.1 ± 0.3
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Table 5.3 The fractional difference of summed NO densities between hemispheres. NH 

and SH refer to summed Northern and Southern Hemisphere densities, respectively.

(NH-SH)/NH 

(mean ± SDM)

Season 106 km 150 km

Equinox 0.00 ± 0.04 0.02 ± 0.05

N. Summer Solstice -0.04 ±0.08 0.51 ± 0.05

N. Winter Solstice 0.10 ± 0.05 -0.89 ± 0.40

First, the seasonal variation between altitudes is discussed. The difference in the 

summed Northern Hemisphere NO densities at the two altitudes (Figure 5.5, horizontal 

direction) is not discussed since NO is produced by different processes at each altitude 

and therefore those densities differ by approximately an order of magnitude. However, 

the measure of the fractional difference between the hemispheres is a useful quantity for 

studying the differing behavior at the two altitudes. The red and black solid crosses 

(representing the fractional differences for the Northern Hemisphere winter solstice 

periods) do not overlap in the vertical direction. The value at 106 km (0.10±0.05) is 

greater (and positive) than at 150 km (-0.9±0.4), indicating that there is relatively more 

NO in the Northern (winter) Hemisphere at 106 km and more in the Southern (summer) 

Hemisphere at 150 km. Likewise, the red and black dashed crosses (representing the 

fractional differences for the Northern Hemisphere summer solstice periods) do not 

overlap in the vertical direction. During that season, there is also more NO in the 

Northern (summer) Hemisphere relative to the Southern (winter) Hemisphere at 150 km 

than at 106 km.

At 106 km (red), the solid (Northern Hemisphere winter) and dashed (Northern 

Hemisphere summer) crosses do not overlap in the vertical direction (see Figure 5.5). 

Thus, the fractional difference between hemispheres varies between the two solstice 

seasons at that altitude, with a larger value of the fractional difference occurring during 

the Northern Hemisphere winter than during the Northern Hemisphere summer. This
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Figure 5.5 Seasonal variation of the response of NO to geomagnetic activity. The

means (dots) and SDMs of the summed NO densities between 45° and 85° geomagnetic 

latitude in the Northern Hemisphere (horizontal lines and x-axis) and the fractional 

difference between summed NO densities in the Northern Hemisphere and Southern 

Hemisphere (vertical lines and y-axis). Data at 106 km and 150 km are represented in 

red and black, respectively, and seasons are indicated in the legend.

result is attributed to the seasonal variation of particle precipitation discussed by Barth 

et al. [2004] and Newell et al. [2001] in conjunction with the lack of loss due to 

photodissociation during the long nights of high-latitude winter, which lead to 

expectation that a seasonal effect would be determined in this analysis.

At 150 km, the three black crosses representing equinox (dotted) and Northern 

Hemisphere winter (solid) and summer (dashed) are well separated in the horizontal 

direction (Northern Hemisphere summed density) and in the vertical direction
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(fractional difference between hemispheres). For both quantities the value of equinox 

(dotted) is intermediate between the two solstice values. Since the values for the 

fractional difference quantity are positive for the Northern Hemisphere summer solstice 

(0.51±0.05) and negative for the Northern Hemisphere winter solstice (-0.9±0.4), it is 

apparent that enhanced NO densities that occur in response to geomagnetic activity near 

solstice are relatively larger in the summer hemisphere than in the winter hemisphere. 

The summed density of NO occurring in the Northern Hemisphere (horizontal direction) 

is significantly greater and more variable during Northern Hemisphere summer solstice 

periods then during Northern Hemisphere winter solstice periods. Again, the quantity 

representing the 150 km mean NO density during equinox periods of high activity 

(dotted black cross) is intermediate to those representing the two solstice periods. In 

summary, at 150 km there is a systematic and large seasonal variation in densities in the 

two hemispheres, with relative maximum occurring in the summer hemisphere.

5.3.2 Response Time of NO Enhancement

The figures in Section 5.2 show the response of NO to three periods of enhanced 

geomagnetic activity (see Figures 5.1—5.3) where NO responds more rapidly at 150 km 

than at 106 km. Those figures were generated using Level 4, or daily averaged, SNOE- 

observed NO densities. To determine response times for all high activity periods more 

precisely, Level 3, orbital-resolution SNOE data, smoothed with a six-hour running 

average, and one-hour resolution values of the AE index, smoothed with a three-hour 

running average, are utilized. The sum of SNOE-observed NO densities in the nine 

latitude bins between 45° and 85° geomagnetic latitude in each hemisphere are used to 

determine the response times. The triggering magnetic activity is an identifiable 

maximum in AE and the time at which it first exceeded 1.5 standard deviations above 

the mean value for the five-day period surrounding the AE maximum. The time at 

which the smoothed NO density was first at or above one standard deviation above the 

mean density for the five-day period as well as a subsequent peak in NO density, are
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also identified. The differences between the AE time and those times are defined as the 

initial and peak response times.

Figures 5.6 and 5.7 show the response times between an AE value 1.5 standard 

deviations above the mean (black, vertical, dashed line) and a subsequent value of the 

summed NO density between 45° and 85° latitude that is at or above one standard 

deviation above the mean (red, vertical, dotted line) at 106 km and 150 km, 

respectively, for the five-day period beginning on 263/1999. The red, dashed, vertical 

line in each figure indicates the time of a peak NO density. The horizontal black lines 

indicate the mean (dashed) and mean plus 1.5 standard deviations (dot-dashed) of the 

AE for the time period in the figure and the horizontal red lines indicate similar values 

for the NO density (but with one standard deviation). For this example, the initial 

response time is 0.4 days at 106 km and 0.3 days at 150 km. The peak response time for 

both altitudes is 0.6 days.

The response times for this example and the other 25 high activity periods are listed 

in Table 5.4. An analysis of the data presented in Table 5.4 was conducted in order to 

quantify the difference in the response times between 106 and 150 km and to determine 

if there is seasonal variation in the initial and peak response times. For the initial and 

peak response times, two quantities were calculated for each season and altitude. First, 

the mean values and standard deviations of the mean (SDM) of Northern Hemisphere 

initial and peak response times for the different seasons were calculated and are listed in 

Tables 5.5 and 5.6, respectively. In addition, the ratio of Northern Hemisphere to 

Southern Hemisphere response times was calculated for each season and altitude. Table

5.7 lists the mean values and SDMs of the ratio of response times between the 

hemispheres. The content of Tables 5.5 and Table 5.7 (initial response times) are 

presented in Figure 5.8, where the x-axis values (mean and standard SDM) are taken 

from Table 5.5 and the y-axis values are taken from Table 5.7. Black dots and lines 

denote the means and SDMs for 150 km and red dots and lines denote the means and 

SDMs for 106 km. Similarly, the content of Tables 5.6 and Table 5.7 (peak response 

times) are presented in Figure 5.9.
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Figure 5.6 An example of the NO response time at 106 km. AE (black) and summed 

SNOE-observed NO density at 106 km and between 45° and 85° N geomagnetic 

latitudes (red) during the five-day period beginning on 263/1999. The black, dashed, 

vertical line indicates the time at which the AE was 1.5 standard deviations above the 

mean for the five-day period. The red, vertical, dotted and dashed lines indicate the 

initial and peak response times, respectively.

The individual initial and peak response times at both altitudes vary greatly from one 

period of geomagnetic activity to the next, with the net result being the rather large 

SDMs listed in Tables 5.5, 5.6 and 5.7 and represented by the horizontal and vertical 

lines in Figures 5.8 and 5.9. The crosses in each figure display significant overlap in the 

vertical direction, indicating that the mean ratio of Northern to Southern Hemisphere 

response times does not vary significantly between the two altitudes or between seasons 

at the one-sigma level of uncertainty. However, several of the black (150 km) and red
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Figure 5.7 An example of the NO response time at 150 km. AE and summed SNOE- 

observed NO density at 150 km and between 45° and 85° N geomagnetic latitudes 

during the five-day period beginning on 263/1999. The black, dashed, vertical line 

indicates the time at which the AE was 1.5 standard deviations above the mean for the 

five-day period. The red, vertical, dotted and dashed lines indicate the initial and peak 

response times, respectively.

(106 km) crosses in the two figures do not overlap in the horizontal direction. For 

example, the initial response times during Northern Hemisphere winter solstice listed in 

Table 5.5 and presented in Figure 5.8 are 0.8±0.1 days at 106 km and 0.3±0.2 days at 

150 km.
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Table 5.4 Response times of NO to geomagnetic activity. Time elapsed between an 

increase in AE and the time of an initial and peak response in the sum of SNOE-

observed NO densities between 45° and 85° geomagnetic latitude in each hemisphere.

AE Date Initial Response Time Peak Response Time
106 km 150 km 106 km 150 km

South North South North South North South North
Equinox
267/1998 1.3 1.0 0.6 0.4 1.6 1.1 1.0 0.7
275/1998 0.5 0.4 0.4 0.6 0.6 0.6 0.7 0.9
255/1999 1.4 0.9 0.3 0.7 1.5 1.9 1.4 0.8
265/1999 0.4 0.4 0.2 0.3 1.4 0.6 0.4 0.6
270/1999 0.6 1.3 0.5 0.9 1.6 1.5 0.6 0.9
261/2000 1.2 1.4 0.2 0.3 1.4 1.5 0.4 0.7
078/2001 1.5 1.2 0.7 0.6 1.8 1.6 1.7 0.9
090/2001 1.2 1.3 0.3 0.4 1.3 1.4 0.4 0.5
275/2001 0.6 0.2 0.7 0.9 0.7 1.3 0.9 1.4
083/2002 1.0 0.5 0.1 0.4 1.1 0.6 1.1 0.6
075/2003 0.7 1.7 0.7 0.9 1.8 1.7 1.8 1.0
090/2003 0.7 0.5 0.6 0.7 1.7 1.3 0.7 0.9
N. Summer Solstice
179/1999 0.0 0.3 0.0 0.1 0.9 1.3 0.0 0.3
146/2000 0.9 0.2 0.0 0.4 1.1 1.3 0.2 0.4
160/2000 0.0 0.4 0.7 0.4 0.9 1.3 0.9 0.9
178/2000 0.6 0.8 0.4 0.6 1.7 1.2 0.7 0.8
197/2000 0.5 1.1 0.1 0.6 0.6 1.8 0.1 0.8
143/2002 0.6 0.8 0.4 0.2 0.8 0.9 0.6 0.5
149/2003 0.5 0.0 0.4 0.5 0.7 0.1 0.6 1.2
167/2003 0.6 1.0 0.6 1.0 1.6 1.2 0.7 1.1
178/2003 0.9 1.3 0.0 0.4 1.9 1.4 1.0 0.5
192/2003 1.0 1.3 0.9 0.4 1.9 1.5 1.1 1.3
N. Winter Solstice
338/1999 0.6 1.0 0.7 0.0 1.7 1.2 0.8 0.1
001/2000 0.6 1.0 0.6 0.1 0.6 1.1 0.8 1.3
354/2002 0.3 0.7 0.4 0.7 0.5 0.9 0.5 0.8
360/2002 1.2 0.4 0.9 0.4 1.8 1.4 1.9 1.4
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Table 5.5 Statistical results of initial response time analysis.

Initial Response Time (day)
106 km 150 km

Season South North South North
Equinox
N. Summer Solstice 
N. Winter Solstice

0.9±0.1 0.9±0.1 
0.6±0.1 0.7±0.1 
0.7±0.2 0.8±0.1

0.5±0.1
0.4±0.1
0.7±0.1

0.6±0.1
0.5±0.1
0.3±0.2

Table 5.6 Statistical results of peak response time analysi;s.

Peak Response Time (day)
106 km 150 km

Season South North South North
Equinox
N. Summer Solstice 
N. Winter Solstice

1.4±0.1 1.3±0.1 
1.2±0.2 1.2±0.1 
1.2±0.3 1.2±0.1

0.9±0.1
0.6±0.1
1.0±0.3

0.8±0.1
0.8±0.1
0.9±0.3

Table 5.7 The ratio of Northern to Southern Hemisphere response times.

North - South (day)
Initial Response Peak Response

Season 106 km 150 km 106 km 150 km
Equinox
N. Summer Solstice 
N. Winter Solstice

1.1±0.2 1.6±0.3 
1.2±0.3 1.7±0.7 
1.5±0.4 0.6±0.4

1.0±0.1
1.1±0.2
1.3±0.3

1.1±0.1
2.0±0.8
1.0±0.4

In addition, the Northern Hemisphere peak response times during equinox (Table 5.6 

and Figure 5.9) are 1.3±0.1 days and 0.8±0.1 days at 106 km and 150 km, respectively. 

This indicates that the difference between the Northern Hemisphere response times 

varies significantly between the two altitudes during several seasons at this level of 

uncertainty.

A systematic difference between the Northern Hemisphere response times at the two 

altitudes is apparent in the figures. In Figure 5.8 the black dots, which represent the 

mean initial response times at 150 km, are distributed to the left of the red dots, which 

represent mean initial response times at 106 km. The mean peak response times 

represented in Figure 5.9 have a similar distribution. Thus, there is a suggestion but not
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Figure 5.8 Seasonal variation in initial response times. The means (dots) and SDMs of 

initial response times in the Northern Hemisphere (horizontal lines and x-axis) and the 

means (dots) and SDMs of the ratios of Northern to Southern Hemisphere initial 

response times (vertical lines and y-axis). Data at 106 km and 150 km are represented 

in red and black, respectively, and seasons are indicated in the legend.

conclusive evidence that a systematic difference in response times exists between the 

two altitudes, with the 150 km response occurring more rapidly. In order to determine 

if a difference exists, the two quantities (mean Northern Hemisphere response time and 

the ratio of Northern to Southern Hemisphere response times) are calculated for all 

periods at the two altitudes, independent of season. The results of those calculations are 

listed in Table 5.8 and are presented in Figure 5.10. The means (dots) and sample 

SDMs (solid vertical lines) for the initial response times at 106 km (red) and 150 km 

(black) are 0.8±0.1 days and 0.5±0.1 days, respectively. The values for the peak times
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Figure 5.9 Seasonal variation in peak response times. The means (dots) and sample 

SDMs of peak response times in the Northern Hemisphere (horizontal lines and x-axis) 

and the means (dots) and SDMs of the ratios of Northern to Southern Hemisphere peak 

response times (vertical lines and y-axis). Data at 106 km and 150 km are represented 

in red and black, respectively, and seasons are indicated in the legend.

are 1.2±0.1 days (106 km) and 0.8±0.1 days (150 km). In both cases the response times 

at the two altitudes are significantly different at the one-sigma level of uncertainty. 

Thus, in general, the initial and peak response times are of shorter duration at 150 km 

than at 106 km. The means (dots) and SDMs (vertical lines) of the ratios of Northern 

Hemisphere to Southern Hemisphere response times at 106 km (red) and 150 km 

(black), which are not very useful quantities unless a comparison is being made between 

seasons, are not different at the one-sigma level of uncertainty.
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Figure 5.10 Response times at 106 km and 150 km, independent of season. Means 

(dots) and SDMs (horizontal lines and x-axis) of Northern Hemisphere response times 

and mean (dots) and SDMs (vertical lines and y-axis) of the ratios of Northern 

Hemisphere response times to Southern Hemisphere response times.

Table 5.8 Summary statistics of response times for all periods. Response times are for 

the Northern Hemisphere and the ratios are of Northern to Southern Hemisphere

response times.

106 km 150 km
Initial Response Time (days) 0.8±0.1 0.5±0.1
Peak Response Time (days) 1.2±0.1 0.8±0.1
Initial Response Ratio 1.2±0.1 1.5±0.3
Peak Response Ratio 1.1±0.1 1.4±0.3
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The mean peak response times at 106 km (see Tables 5.6 and 5.8) are consistent with 

results of Barth et al. [2003], in which high latitude NO enhancements at that altitude 

were found to exhibit a one-day lag behind increases in electron energy flux. When 

considering the daily averaged NO density in the region of 45° to 70° magnetic latitude 

and 100 to 160 km altitude, Solomon et al. [1999] found that NO densities correlated 

best with the DSMP midnight boundary, NOAA hemispheric power, Polar Cap index, 

and the daily sum of three-hour Kp index when a one-day lag time for the NO densities 

was used. The results of this study indicate that the initial response at 150 km occurs 

within a day of an increase in the AE (see Tables 5.5 and 5.8).

The variability of the response time of NO to geomagnetic activity, reflected in the 

rather large SDMs associated with mean response times, is likely to have been 

influenced by the nature of the SNOE observations and longitudinal asymmetries that 

have been observed in NO densities. The SNOE orbit is such that a particular longitude 

is observed once per day. Cravens and Stewart [1978] analyzed NO measurements at 

105 km obtained via the nitric oxide experiment onboard the Atmosphere Explorer C 

satellite, and reported a longitudinal asymmetry in high-latitude NO densities, in which 

minimum densities were found near 45° E geomagnetic longitude and maxima occurred 

near 135° W geomagnetic longitude. Barth et al. [2002], using a photochemical model 

in conjunction with SNOE observations of NO, determined that longitudinal 

asymmetries in high-latitude NO densities are a result of magnetospheric control of 

energy input into the thermosphere. Auroral electron precipitation, found to occur most 

strongly between 1800 and 2400 hours magnetic local time (MLT), depends on local 

magnetic field strength which is influenced by the offset, tilted dipole nature of Earth’s 

magnetic field. As a result, there is a larger energy input into the western than eastern 

geomagnetic hemisphere of the northern high-latitude thermosphere, resulting in greater 

heating, ionization, and auroral luminosity in the west than in the east [Barth et al., 

2002]. A potential consequence of the longitudinal asymmetry of the NO distribution is 

that response times based on SNOE observations may be delayed due to differences
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between the time of production at a particular longitude and the time that SNOE 

observed NO when that longitude had rotated to the SNOE orbit plane in the dayside.

It has been established that Joule heating is strongly dependent on magnetic activity 

[Ahn et al., 1983; Baumjohann and Kamide, 1984]. Wilson et al. [2006] studied the 

response of the thermosphere to Joule heating and particle precipitation and found a 

rapid global thermospheric response to an increase in energy input occurring within 

three to six hours, with the effect of Joule heating clearly dominating in the larger 

geomagnetic events. Thus, if the temperature increase is sufficient, a heating-induced 

enhancement of NO at 150 km should also occur within several hours of geomagnetic 

activity. The mean initial response time of SNOE-observed NO at 150 km (for both 

hemispheres and all seasons) is 0.5±0.1 days (12.0±2.4 hours). The time frame of this 

result for NO enhancement at 150 km is longer than the three- to six-hour time frame of 

the thermospheric response determined by Wilson et al. [2006].

The rapid thermospheric response to Joule heating is expected to result in a rapid 

enhancement of NO at 150 km. The mixing ratio of NO, which increases with 

increasing altitude above 106 km, results in downward vertical diffusion from 150 km 

to the peak altitude. This mechanism, which is a loss at 150 km, enhances the density of 

NO at 106 km in a time-delayed manner [Siskind et al., 1989a]. Also, recall that SNOE 

observed the fluorescent emission of NO in sunlight. For solstice periods, the large 

winter hemisphere enhancements observed at 106 km are the result of an accumulation 

of NO produced via precipitating auroral electrons in the long, polar night, during which 

there is no loss due to solar irradiance via photodissociation. Those night-side 

accumulations rotated with Earth until they were observed by SNOE at mid-day local 

solar time, with the net result being a lag between the times of production and 

observation.
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6.1 Summary

The global distribution of NO at 150 km differs significantly from the distribution at 

106 km, the altitude of peak density. Maximum NO densities at 150 km are generally 

an order of magnitude lower than those at 106 km. Despite its lower magnitude, NO at 

150 km is very important due to the cooling effect it has on the thermosphere near that 

altitude. At peak altitude, the highest concentrations of NO generally occur at high 

latitudes in the winter hemisphere, while at 150 km the highest concentrations occur at 

mid-to-high latitudes in the summer hemisphere. At 150 km, the ratio of summed NO 

densities between 45° and 70° degrees geographic latitude in the Northern hemisphere 

to summed NO densities in the same latitude range in the Southern Hemisphere exhibits 

a strong seasonal variation that differs between the two altitudes. A weaker seasonal 

variation is apparent at 106 km. The observation that the distribution differs between 

the two altitudes is expected, since the mechanisms for production are different as well. 

The difference in behavior between the altitudes is attributed to the different drivers of 

variability at the two altitudes; particle precipitation at the peak altitude and Joule 

heating at 150 km. At both altitudes there is an observed density gradient, in which the 

NO density decreases with latitude towards the equator. At 106 km, the observed 

latitudinal density gradient is generally symmetric about the winter solstice. At 150 km, 

it is not symmetric about the summer solstice, with the low-latitude penetration of the
7 31.9x10 mol/cm density being greater in the early post-solstice summer than during 

pre-solstice spring. This equatorward progression of the NO density gradient is 

reproduced by the photochemical model. The NRLMSISE-00 temperature, which is an 

input to the photochemical model, exhibits a similar distribution.

A periodic variation in the equatorward progression of the SNOE-observed and 

modeled NO densities as well as the NRLMSISE-00 temperatures appears to 

correspond to a periodic variation in the F10.7-cm radio flux resulting from the 27-day 

solar rotation. Relative maxima in the F10.7 variation correlate with equatorward

Chapter 6 Conclusions
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penetrations of NO densities and NRLMSISE-00 temperatures to lower latitudes. The 

F10.7-cm radio flux is a proxy indicator of solar UV and EUV flux, the latter of which 

contributes to solar EUV ionization, which in turn leads to enhanced conductivities and, 

therefore, enhancements in the effect of Joule heating.

Energy associated with geomagnetic activity is input to Earth’s upper atmosphere 

and enhances NO production, but the response at 150 km differs from the response at 

106 km. Near equinox, the largest response at both altitudes occurs with similar 

frequency in the Northern and Southern Hemispheres. This result is expected, since 

solar illumination of the hemispheres, which influences particle precipitation [Newell et 

al., 2001] and Joule heating [Foster et al., 1983], is equal at equinox.

During solstice periods of heightened geomagnetic activity, the highest NO densities 

at 106 km occur in the winter hemisphere in 77 percent of the periods studied. A 

statistical analysis of the fractional difference between of Northern and Southern 

Hemisphere density enhancements yielded a significant difference between the seasons 

at that altitude, with the fractional difference at 106 km being slightly larger during the 

Northern Hemisphere winter solstice than during the Northern Hemisphere summer 

solstice. That result is expected, since the seasonal variation of particle precipitation 

[Newell et al., 2001], in which particle precipitation is suppressed in the sunlit summer 

hemisphere by the high conductivity resulting from solar illumination, leads to the 

expectation that density enhancements will be largest in the winter hemisphere. In 

addition, the lack of loss due to photodissociation, which allows for accumulation of 

NO at high-latitudes during the long winter night, is expected to result in larger density 

enhancements being observed there.

At 150 km, all of the enhancements that occur during solstice periods of enhanced 

geomagnetic activity exhibit the highest density in the summer hemisphere. Production 

at that altitude is dependent on temperature, and the observation that the largest 

enhancements occur in the summer hemisphere is attributed to the seasonal variation of 

Joule heating rates determined by Foster et al. [1983]. In that study, the Joule heat input 

was determined to be 50 percent greater during the summer than during the winter, and
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was attributed to the enhanced Pedersen conductivity of the summer hemisphere 

ionosphere produced by solar EUV illumination. A quantitative analysis of the 

response of NO at 150 km to periods of geomagnetic activity produced statistically 

significant results that show a strong seasonal variation. At 150 km, the mean value of 

the summed NO densities between 45° and 85° geomagnetic latitudes in the Northern 

Hemisphere is largest during Northern Hemisphere summer, smallest during Northern 

Hemisphere winter, and has an intermediate value during equinox. In addition, the 

fractional difference between summed NO densities in the Northern and Southern 

hemispheres obtained during periods of geomagnetic activity exhibits seasonal 

variation.

An attempt was made to determine quantitatively if the response times of NO to 

geomagnetic activity differed between 106 km and 150 km and between seasons. 

Although the response times do not differ significantly between seasons at a particular 

altitude, the response times were found to differ significantly between altitudes during 

several seasons. Furthermore, a systematic difference in the mean response times exists 

between the two altitudes, with the mean response for all seasons at 150 km occurring 

earlier than those at 106 km. An investigation into that difference, in which the periods 

were analyzed independent of season, yielded mean values and SDMs of 0.8±0.1 days 

and 0.5±0.1 for the initial response at 106 and 150 km, respectively. A similar 

calculation for the peak response time resulted in values of 1.2±0.1 days (106 km) and 

0.8±0.1 (150 km) days. Thus, the initial and peak response times differ significantly 

between the two altitudes, with a more rapid response occurring at 150 km.

The mean initial response time of SNOE-observed NO at 150 km in both 

hemispheres and during all seasons is determined to be 0.5±0.1 days (12±2 hours). This 

result does not overlap the three- to six-hour time frame of the thermospheric response 

determined by Wilson et al. [2006]. The mean peak response times determined for 106 

km are consistent with results of Barth et al. [2003] in which high-latitude NO 

enhancements at that altitude were found to exhibit a one-day lag behind increases in 

electron energy flux. Solomon et al. [1999] also found that averaged NO densities in
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the region of 45° to 70° magnetic latitude and 100 km to 160 km altitude correlated best 

with the DSMP midnight boundary, NOAA hemispheric power, Polar Cap index, and 

the daily sum of three-hour Kp index when a one-day lag time for the NO densities was 

used. At 150 km, although the mean peak response times determined in this study are 

near one day, the mean initial response of NO to geomagnetic activity at that altitude 

occurs within a day during all seasons and in both hemispheres.

In summary, at the two altitudes addressed in this study, we see that NO has two 

different morphologies. At 106 km, the observed variability in NO is primarily driven 

by the energetic process of particle precipitation. At 150 km, in contrast, variability in 

NO is driven by Joule heating which, in turn, depends on levels of geomagnetic activity 

as well as conductivities, which are influenced by the solar EUV irradiance.

6.2 Suggestions for Future Research

This work provides a general characterization of the morphology of NO at 150 km. 

Future studies should continue to explore the relationship between temperature and NO 

at 150 km. The NRLMSISE-00 temperatures, which are used as input to the 

photochemical model utilized in this work, are much less variable than observed NO 

densities, suggesting that work is needed to improve temperatures in the model. Joule 

heating was invoked as the primary driver for variability in the production of NO at 150 

km via the temperature dependent chemical reaction between ground-state N and O2 , 

but a more detailed study of Joule heating and its relationship with NO production is in 

order.

The investigation of the equatorward progression of spring-summer NO density and 

NRLMSISE-00 temperature gradients uncovered similarities in the profiles of those 

gradients and the F10.7 radio flux. The oscillations discovered correspond to the 27- 

day solar rotation and provide incentive for future research on the relationship between 

solar variation and NO at 150 km.

The photochemical model used in this research does an excellent job of reproducing 

the distribution and magnitude of observed NO densities at 106 km. At 150 km,
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however, the model tends to overestimate NO densities at high altitudes and 

underestimate them at low latitudes. Many models of physical processes have room for 

improvement, and the photochemical model used in this work is no exception.

Finally, the SABER (Sounding of the Atmosphere using Broadband Emission 

Radiometry) instrument onboard the TIMED (Thermosphere Ionosphere Mesosphere 

Energetics and Dynamics) satellite has observed the 5.3-pm radiance from NO since 

January 2002 and overlaps with approximately two years of the SNOE mission. The 

two missions provide more than a decade of NO observations, with SNOE observing 

NO abundance and SABER observing radiative cooling from NO. The datasets, used in 

conjunction, provide a rich source of data for a long-term study, nearly spanning a full 

solar-cycle.
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