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Contribution of the First Electronically Excited State of Molecular Nitrogen
to Thermospheric Nitric Oxide

Justin D. Yonker

(ABSTRACT)

The chemical reaction of the first excited electronic state of molecular nitrogen, N2(A
3Σ+

u )
or N2(A), with ground state atomic oxygen, O(3P), is an important contributor to ther-
mospheric nitric oxide (NO). The importance is assessed by including this reaction in a
one-dimensional photochemical model. The method is to scale the photoelectron impact
ionization rate of N2 by a Gaussian centered near 100 km.

Large uncertainties remain in the temperature dependence and branching ratios of many
reactions important to NO production and loss. Similarly large uncertainties are present in
the solar soft x-ray irradiance, known to be the fundamental driver of the low-latitude NO.
To illustrate, it is shown that the equatorial, midday NO density measured by the Student
Nitric Oxide Explorer (SNOE) satellite near the Solar Cycle 23 maximum can be recovered
by the model to within the 20% measurement uncertainties using two rather different but
equally reasonable chemical schemes, each with their own solar soft-xray irradiance param-
eterizations. Including the N2(A) changes the NO production rate by an average of 11%,
but the NO density changes by a much larger 44%. This is explained by tracing the direct,
indirect, and catalytic contributions of N2(A) to NO, finding them to contribute 40%, 33%,
and 27 % respectively.

The contribution of N2(A) relative to the total NO production and loss is assessed by tracing
both back to their origins in the primary photoabsorption and photoelectron impact pro-
cesses. The photoelectron impact ionization of N2 (PEIN2) is shown to be the main driver
of the midday NO production while the photoelectron impact dissociation of N2 (PEDN2) is
the main NO destroyer. The net photoelectron impact excitation rate of N2 (PEEN2), which
is responsible for the N2(A) production, is larger than either PEIN2 or PEDN2 and thus po-
tentially very important. Although the conservative assumptions regarding the level-specific
NO yield from the N2(A)+O reaction results in N2(A) being a somewhat minor contributor,
PEEN2 or N2(A) production is found to be the most efficient producer of NO among the
thermospheric energy deposition processes.



Dedication

For Safia Grace Rawoot and Carroll Kamal Yonker

Of the Terrible Doubt of Appearances

Of the terrible doubt of appearances,
Of the uncertainty after all–that we may be deluded,
That may-be reliance and hope are but speculations after all,
That may-be identity beyond the grave is a beautiful fable only,
May-be the things I perceive–the animals, plants, men, hills, shining and flowing waters,
The skies of day and night–colors, densities, forms–may-be these are (as doubtless they are)
only apparitions, and the real something has yet to be known;

(How often they dart out of themselves as if to confound me and mock me!
How often I think neither I know, nor any man knows, aught of them);
May-be seeming to me what they are (as doubtless they indeed but seem),
as from my present point of view–and might prove (as of course they would),
nought of what they appear, or nought anyhow, from entirely changed points of view;

To me these and the like of these are curiously answer’d by my lovers, my dear friends;
When he whom I love travels with me or sits a long while holding me by the hand,
When the subtle air, the impalpable, the sense that words and reason hold not, surround us
and pervade us,

Then I am charged with untold and untellable wisdom–I am silent–I require nothing further.

I cannot answer the question of appearances, or that of identity beyond the grave;
But I walk or sit indifferent–I am satisfied,
He ahold of my hand has completely satisfied me.

-Walt Whitman, Leaves of Grass, Calamus, 1860.
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Chapter 1

Introduction

1.1 Basic Definitions

As shown in Figure 1.1, aeronomy and geophysics in general can be a messy business. This
figure depicts the chain of events at midday, 110 km above the Earth’s equator on a typical
day near the maximum of Solar Cycle 23 in 1999. This altitude, called HmNO in the lower
thermosphere, the region where the most energetic portion of the solar ionizing irradiance,
the soft x-rays or XUV, are principally absorbed. This is typically the wavelength region
shortward of the prominent ionized Helium (He II) emission line, or λ < 30.4 nm. It is also
the altitude at which the least energetic part of the solar ionizing irradiance is absorbed, in
particular the neutral Hydrogen, Lyman-β emission at 102.6 nm which is the main source of
ionized molecular oxygen, O+

2 , in the lower thermosphere. And it is also approximately the
altitude at which nitric oxide, NO, the subject of this dissertation is maximized.

The photoelectron, e∗, produced from the ionization has enough energy to initiate several
subsequent secondary ionizations of the molecular nitrogen, N2, and molecular and atomic
oxygen species, O2 and O, from which it most likely originated. The molecules can also
be dissociated into their component atoms. In the lower thermosphere these photoelectron
impact ionizations (PEI) or dissociations (PED) or dissociative ionizations (PEDI) of the
major species N2, O2 and O, are the drivers of the chain shown in Figure 1.1. Throughout
this work unless it is indicated (and often even when it is), the species is to be assumed
to be in the ground electronic state. The number of ionized or excited or atomic species
that are produced per second per unit volume will be referred throughout this work as a
species production rate. And the rate at which a species is being ionized or dissociated or
excited will be referred to as the primary energy deposition event rate or more simply as the
event rate (e.g. the rate at which neutral N2 is being lost to ionization from collisions with
photoelectrons is the event rate denoted PEIN2, or the Photoelectron Impact ionization of
N2).

1
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Figure 1.1: Secondary photoelectrons drive the chain from XUV absorption to NO production (fast, red, to excited
and ionized nitrogen) and NO loss (slow, blue, to ground state nitrogen and ionized oxygen) at 110 km at equatorial
noon, F10.7w=155. See Section 3.6, Tables 3.4 and 3.5 for sample calculation and Figure 3.17 for relative weights of the
processes. Loss processes comprising less than 5% of species net lifetime are not shown.
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Although each of the species shown in the nodes of Figure 1.1 is ultimately produced by an
ionization or dissociation event, they need not be the direct result of an event. Often they are
produced from a chemical or charge exchange reaction of another ion with the background
atmosphere. This ion chemistry has a definite direction: the ion that is produced as a result
of the reaction or the charge exchange must be such that the energy that would be released
upon capture of an electron would be less than the energy that would be released were the
original ion to capture an electron of the same energy. It is this principle that determines the
direction of the chain shown in Figure 1.1. Said another way, the ions near the top of this
chain, the first excited state of ionized atomic oxygen, O+(2D), ionized molecular nitrogen,
N+

2 , and ionized ground state atomic nitrogen, N+, require more energy to be produced from
their neutral parent than do those towards the bottom of the chain.

They also generally have much shorter chemical lifetimes than those at the bottom. The
lifetimes are commonly denoted by the index τ which is defined from the loss rate of species
n in the presence of one loss species M

∂[n]

∂t
= −k[M ][n] = −L[n] = − [n]

τ
(1.1)

where k is the rate coefficient (cm3/s) determining the rate at which the species n that
appears inside the nodes in Figure 1.1 reacts with the species M that appears on the arrow
and the square bracket indicates the density (molecules/cm3). The loss frequency, L, (s−1),
represents the fractional number of species, n, that are removed per second. Its inverse gives
the chemical lifetime, τ . A species will in general have multiple loss channels available in
which case the net loss frequency is just given by the sum of the individual loss frequencies

Assuming a constant τ , solution of the above equation then indicates that the lifetime is the
amount of time it would take for the density of species n to decrease by 1/e of its value in
the presence of another, unchanging or reservoir gas, [M ]. The lifetime of the species n to
the species M is the number that appears on the arrows connecting the nodes in Figure 1.1
while the loss species, M , appears above it. Nearly all of the transient species shown in the
nodes of Figure 1.1 have very short, sub-second, lifetimes that are determined by one of the
three reservoir or major species gasses shown at right in Figure 1.2.

1.1.1 Minor Species and the Odd Nitrogen Family

Things really start to get messy with the five minor species which are lost to and produce
each other. These are 1) ionized nitric oxide, NO+, lost only to recombination with thermal
electrons, 2) O+

2 , lost about evenly at midday to NO and thermal electrons, and 3) the
thermal electrons themselves (not shown) which are lost about evenly to NO+ and O+

2 . The
final two are the terminal members of the odd nitrogen family : ground state atomic nitrogen,
N(4S), which at 110 km is lost almost entirely to the final and terminal minor species, NO.

NO is also lost primarily to N(4S). This mutual destruction between the odd nitrogen family
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Figure 1.2: Major and minor thermospheric and ionospheric species and temperature at the
equator at midday, DOY:1999340. The NO peak near 110 km is the central concern of this
work.
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is known as cannibalism. It will be shown to be the central feature of the chemistry of the
odd nitrogen family.

At midday NO is also lost, but much more slowly, to FUV photodissociation primarily
near λ ≈191 nm. This produces N(4S) which then destroys another NO. This conversion
between NO and N(4S) goes the other way at the higher hotter altitudes: N(4S) is lost to
O2, producing NO, which then destroys another N(4S).

The remaining loss for both N(4S) and NO is to O+
2 which, in both cases, produces NO+.

The only loss for NO+ is to dissociative recombination, producing, on average, 0.95 atoms
of N(2D) which is the first excited state of atomic nitrogen ,and 0.05 atoms of N(4S). Things
will be clearest if N(2D) is thought of as transient species rather than a member of the odd
nitrogen family. It is rapidly lost to either reaction with O2, producing NO, or quenching
by N2 or O, producing N(4S). The end result of the production of an NO+ molecule then
is the production of one member of the odd nitrogen family. For every NO that is lost to
O+

2 , and for every N(4S) that is lost to O+
2 , exactly one member of the odd nitrogen family

is produced, though it will have been repartitioned between NO and N(4S) in accord with
the O/O2 ratio. Therefore, when considered as a family, the loss of a member of the odd
nitrogen family to an O+

2 molecule is a perfectly catalytic reaction.

To recap: cannibalism destroys one of each type of odd nitrogen. Conversion destroys two
of one type And catalysis begins with the destruction of either odd nitrogen species but give
exactly one back, though it has been repartitioned among the N(4S) and NO.

It is because of these similarities in the NO and N(4S) chemistries that the odd nitrogen is
considered to be a family. However Earth’s atmosphere is not an odd nitrogen atmosphere.
It is a decidedly NO atmosphere with NO being more like a major species, and N(4S) being
more like a transient species whose density is controlled by NO, than either of them are to
a minor species.

Though it is more complicated than this, the reason for this broken symmetry, if one reason
must be given, is that nearly all of the solar ionizing irradiance, also known as the extreme
ultonization is funnelled through the terminal ion, NO+, to the first, electronically excited,
chemically active, metastable state of atomic nitrogen, N(2D), rather than the much less
reactive, ground state, N(4S).

The goal of this work is to assess how the first electronically excited, metastable state of
molecular nitrogen, N2(A), which is also far more reactive than ground state molecular
nitrogen, N2(X) fits into this wonderful mess.

1.2 Causes and Correlations

Another of the difficulties inherent in geophysics is that with such little control of the system
causal notions are very rarely testable. Correlations between observed quantities can be used
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to infer causal relationships but care must be taken to ensure that the measured quantities
are not in fact causally independent, that there is not some common cause driving the
correlations [Reichenbach, 1956].

Figure 1.3 provides an excellent and relevant example of the point. The solar radio flux
at 2800 MHz or 10.7 cm (F10.7) has been measured daily since 1947 and is known to be
correlated with the number of sunspots on the solar disk. Figure 1.3 shows that it is also
well correlated with the midday equatorial nitric oxide (NO) at 110 km measured by the
Student Nitric Oxide Explorer (SNOE) satellite where the correlation coefficient, r, is given
by

σxx =
∑

i

(xi − x)2 (1.2a)

σyy =
∑

i

(yi − y)2 (1.2b)

σxy =
∑

i

[(xi − x) · (yi − y)] (1.2c)

r =
σxy√

σxx
√
σyy

. (1.2d)

where σxx and σyy are the standard, unnormalized variances of the x and y data sets and
σxy is the covariance between them.

The correlation is even better between F10.7w and NO where

F10.7w =
1

2
[F10.7 + 〈F10.7〉81] (1.3)

and 〈F10.7〉81 is the average of the daily F10.7 for 81 days or roughly three solar rotations,
centered on the day in question. The possibility of a causal relationship between the two
correlated quantities is clearly out of the question as F10.7w depends on the F10.7 flux in
the future.

Since there is no causal relationship, the correlation must be either a statistical anomaly
(which seems unlikely as the data contains a fairly large number of points and the vari-
ances of both quantities are significant) or there is some common cause responsible for both
measurements.

1.3 Student Nitric Oxide Explorer

The Student Nitric Oxide Explorer (SNOE) was a satellite mission designed to find the com-
mon cause of these correlations and was launched just prior to the Solar Cycle 23 maximum
[Solomon et al., 1996]. Daily observations of the terrestrial nitric oxide and the hypothe-
sized cause, the 2-20 nm solar soft x-ray irradiance [Barth et al., 1988; Siskind et al., 1990],
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Figure 1.3: Correlation and linear regression between measured midday equatorial NO (×),
measured F10.7 (green) and F10.7w (yellow) solar indices. NO correlates slightly better with
F10.7w (r=0.78) than F10.7 (r=0.76).

were made from 1998-2003 [Bailey et al., 2000, 2001]. A strong correlation, r = 0.88, was
found between the soft x-rays and the 110 km NO [Barth et al., 1999] and similarly large
correlations between the x-ray flux and F10.7 [Bailey et al., 1999] and F10.7w [Bailey et al.,
2006].

To this point in the story there is still no causal chain that connects the measured soft
x-ray flux with the NO. The data does not provide explanations and explanations are not
necessary for predictive purposes. If mere predicition is desired then, as shown in Figure
1.3, the midday NO can be predicted to within about 30% from the daily F10.7. For an
explanation one must go beyond the data which, in geophysics, usually means building a
model.

Using an earlier version of the NOx1d model (described more fully in Chapter 2) Siskind
et al. [1990] found that large soft x-ray fluxes were required to account for NO measured in a
rocket launch. The explanatory mechanism offered in that work was that the x-rays lead to
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enhanced photoelectron impact ionization of N2. Since N+
2 is predominantly lost to atomic

oxygen via

N+
2 +O → NO+ +N(2D) (1.4a)

NO+ + e→ N(2D) +O (1.4b)

basically 2 N(2D) atoms are formed for each additional N+
2 produced, where N(2D) is the first

electronically excited state of atomic nitrogen. That the reaction of electronically excited
atomic nitrogen, N(2D), with O2 was largely responsible for the NO peak near 110 km
shown in Figure 1.2 was realized shortly after the discovery of the NO layer itself [Barth,
1964; Norton and Barth, 1970]. Along with this came a general recognition of the importance
of excited state chemistry to aeronomy, a tradition continued by this thesis.

Models however are only as good as the basic physical and chemical data on which the rel-
evant science depends. Experimentally determining rate coefficients, branching ratios, and
the temperature dependence of excited state reactions is very difficult and a significant num-
ber of uncertainties remain in the basic physical and chemical parameters governing many
of the most important thermospheric processes. In particular, this holds for the reactions
of N(2D). Roughly half of this work contains a summary of aeronomically relevant physical
and chemical results over the last 10-20 years. In light of the difficulty of making these
measurements, quantum chemical results have increasingly become the yardstick by which
our knowledge of the basic rates of these difficult-to-measure processes is assessed. This is
particularly true regarding the branching ratio and temperature dependence of the N2(A) +
O(3P ) reaction although very little quantum-theoretical muscle has of yet been applied.

1.4 Solar EUV Irradiance and Photoelectron Flux

The extreme ultraviolet (EUV) irradiance is defined as the whole of the solar irradiance that
is energetically able to ionize the major thermospheric species, N2, O2, and O(3P ). Thus it
is everything shortward of the ionization potential of the most easily ionized major species,
O2, at 102.6 nm. Depending on who you ask, the HI Lyman α line at 121.6 nm may also be
considered an EUV feature due to its ability to ionize NO. As shown in Figure 1.4a, the solar
irradiance and the N2, O2, and O(3P) absorption cross sections are generally known (except
for the x-rays) with sub- nanometer resolution. However it is unrealistically expensive to
incorporate such detailed data into a time-dependent atmospheric model and as shown in
Figures 1.4c and 1.4d a much broader binning scheme is generally used [Richards et al., 1994].
This is a general problem of geophysical research in that even when the detailed physical
and chemical data are known, the necessarily limited computational resources must be spent
on broader, more geophysically relevant, calculations like simulating an atmosphere.

This thesis continues this tradition by empirically parameterizing the N2(A) production rates
based on the photoelectron impact ionization rates of N2.
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Figure 1.4: (a) Solar spectral irradiance and atmospheric cross sections. The solar spectra
are taken from the SC21REFW (low activity) and F79050 (high activity) reference spectra
Hinteregger et al. [1981]; the cross sections are from Fennelly and Torr [1992] and Henke
et al. [1993]. Orange: low activity solar irradiance; red: high activity solar irradiance;
black: atomic oxygen cross section; magenta: O2 cross section; blue: N2 cross section.
(b) Deposition of solar EUV energy in the thermosphere as a function of wavelength and
altitude in log10(Wm−4) for low solar activity. (c) HFG [Hinteregger et al., 1981] and EUVAC
[Richards et al., 1994] proxy models in the new low-resolution bin structure for F10.7 =
〈F10.7〉 = 80, and data from the TIMED/SEE instrument [Woods et al., 2005] at moderately
low solar activity on 30 March 2004 (F10.7 = 77, 〈F10.7〉 = 84). Blue: HFG; red: EUVAC;
black: SEE. (d) HFG, EUVAC, and data from TIMED/SEE at moderately high solar activity
on 8 February 2002 (F10.7 = 186, 〈F10.7〉 = 204). Blue: HFG; red: EUVAC; black: SEE.
After Solomon and Qian [2005].
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1.4.1 EUVAC Solar Irradiance

The mentioned correlation between the x-rays/EUV and the radio portion of the solar spec-
trum (F10.7) is useful in this regard and serves as the basis of the EUVAC (Extreme Ul-
traViolet flux model for Aeronomical Calculations) solar spectrum [Richards et al., 1994].
This is the basic input for NOx1d as well as many other atmospheric models. As shown in
Figures 1.4c and 1.4d the EUVAC spectrum breaks the EUV irradiance up into 37 bins of
varying widths and specifies the EUV flux, f , in the ith bin from

fi = fref [1 + Ai(P − 70)] (1.5)

where fref is a standard reference spectrum at solar minimum, Ai is a bin dependent scaling
factor, and P = F10.7w, is the average of the daily and 81 day mean F10.7 discussed
above. Because of this reliance on F10.7w, the core of our best thermospheric models are
fundamentally empirical.

The relation found by SNOE between F10.7 and the 2-20 nm soft x-ray flux is roughly a
factor of two higher than that used by EUVAC [Bailey et al., 2006]. To show the importance
of uncertainties in the soft x-rays, both the standard EUVAC and the standarad EUVAC
spectrum supplemented by the 2-20 nm determination of SNOE are used to drive glow and
the resulting N2(A) production. The difference between the two spectra is largest near 110
km where the x-rays are predominantly absorbed. These two different solar spectra are
denoted the ”SNOE spectrum” and the ”EUVAC spectrum”.

1.4.2 Glow Photoelectron Spectrum

Absorption of an EUV or soft x-ray photon typically produces a fast photoelectron, denoted
e∗. Several ionizing, dissociating, and/or exciting collisions will occur as this fast photoelec-
tron relaxes to a thermal electron, whereupon it is ultimately lost by recombination with an
ion. The secondary electrons that are produced as a result of the ionizing collisions can also
lead to additional ionizations, tertiary electrons, and so on. The point is that near 110 km,
where the solar soft x-rays are absorbed (Figure 1.4b), most of the ionization produced from
the x-ray is the result of a photoelectron impact process.

The photoelectron flux controlling the N2(A) production is determined using the two-stream
glow model [Solomon et al., 1988; Solomon and Abreu, 1989; Bailey et al., 2002], the ”two
streams” referring to the two directions the photoelectrons can travel along Earth’s mag-
netic field lines. In the lower thermosphere the average distances travelled by photoelectrons
are typically much shorter than the NOx1d altitude grid size of 2 km. Thus a steady
state calculation of the photoelectron flux is justifiable and the photoelectron flux at any
particular energy is determined by the local production and loss [Solomon, 2006] . Produc-
tion is due to either direct photoionization, secondary photoelectron impact ionization (e.g.
N2+e*→N+

2 +2e), or cascade from inelastic collisions of higher energy photoelectrons. Loss
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is determined by the total, density-weighted, inelastic cross section for collisions with each
of the background species.

Uncertainties in the electron impact cross sections and soft x-ray fluxes lead to significant
uncertainty in the low energy photoelectron spectrum (E<20 eV). The effect of these uncer-
tainties on the modelled N2(A) production rate is explored at the end of Chapter 2.

1.5 General Statement of Problem

Recent laboratory evidence [Guerra et al., 2001; Ono and Oda, 2002; Rousseau et al., 2005;
Ionikh et al., 2006; Gatilova et al., 2007; Kutasi et al., 2007; Pintassilgo et al., 2009; Loureiro
et al., 2011] has indicated the existence of an NO channel from the reaction of the first elec-
tronically excited state of molecular nitrogen, N2(A

3Σ+
u ), with ground state atomic oxygen,

O(3P ):

N2(A
3Σ+

u , v) +O(3P )→ NO(X2Π) +N(2D) (1.6a)

→ N2(X
1Σ+

g ) +O(1S) (1.6b)

The reaction is sensitive to the vibrational level, v, of the N2(A, v) reactant which, because
of the low pressures in the lower thermosphere, reacts with O(3P ) much more quickly than
it is thermalized by the dominant species, N2. First-principles modelling of the level-specific
N2(A, v) production rates is computationally expensive and a more rapid method is desired.

The core of the solution to this problem is shown in Figure 1.5. Using the computationally
intensive, first principles model described in Chapter 2, the summed N2(A, v < 6) production
rates are calculated at equatorial noon for each day in 1999 and shown to correlate very well
(r > 0.94) at all altitudes with the calculated photoelectron impact ionization rates of N2,
(PEIN2). As the dominant contributor to thermospheric NO production (see Figure 3.17),
PEIN2 is necessarily present in any chemistry-based upper atmospheric model. The NO
production from reaction 1.6 can then be easily implemented into photochemical models by
scaling PEIN2.

Chapter 3 introduces the N2(A) chemistry into the NOx1d photochemical model by means
of which the contribution of the N2(A) state to NO production in the lower thermosphere
is evaluated. Some of the most important parameters governing the physical and chemical
processes shown in Figure 1.1 are poorly known; the product yield of NO from the reaction
of N2(A) is no exception. A conservative assumption based on the limited laboratory work
is made regarding the NO yield. It is then shown that the midday equatorial NO measured
by SNOE for an entire year near the Solar Cycle 23 maximum can be recovered to within
the 20% measurement errors at all altitudes. A nod to the messiness of geophysics is given
by demonstrating that the NO data can be recovered with two distinct versions of NOx1d,
each with their own significantly different solar x-ray inputs and N(2D) rate coefficients.
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Figure 1.5: Correlation coefficients (r), slopes (m), and intercepts (b) of the summed
N2(A, v ≤ 6) production rates, P(A,0-6), with the total photoelectron impact ionization
rate of N2, PEIN2, at equatorial noon for each day of year for 1999 at four different alti-
tudes.
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This agreement betweeen model and data forms the basis for evaluating the claim in the
title of this work. First the absolute contribution of N2(A) to thermospheric NO is assessed
by examining the three distinct ways (direct, indirect, and catalytic) that the N2(A) state
influences the NO production. The relative contribution of N2(A) to NO is then determined
by tracing the NO production and loss back to the photoabsorption and photoelectron impact
events that are the drivers of the neutral and ion chemistry shown in Figure 1.1. The basic
justification of the method enabling these relative determinations is that the timescales
for the physical and chemical processes shown in Figure 1.1 are so much faster than the
fundamental geophysical timescale, the length of the day.

1.6 Why NO?

In contrast to N2, O2, and O, NO has a permanent dipole moment and efficiently relaxes
radiatively through pure vibrational (∆v = 1) transitions. The resulting emission at 5.3
µm is responsible for cooling the thermosphere in response to solar and geomagnetic storms
[Mlynczak et al., 2003]. As the species with the lowest ionization potential, singly ionized NO,
or NO+, is the terminal ion between about 100 and 150 km (Figure 1.2). It thus controls
the electron density in the ionospheric E-region through which so much of our electronic
communications propagate. Thermospheric NO produced from auroral precipitation in the
long polar winter can descend into the mesosphere where it catalytically destroys O3 [Crutzen,
1979; Randall et al., 2009]. And as is shown in this thesis NO also controls the densities of
the other minor species to which it is chemically coupled as well as being a catalytic destroyer
of O+

2 .

More generally, questions regarding the production and loss mechanisms by which the ther-
mosphere maintains the large NO density are important to the neutral temperature and
ionospheric composition of the upper atmosphere as well as the global radiative balance.



Chapter 2

Production of N2(A) in the Lower
Thermosphere

The metastable N2(A
3Σ+

u ) state (hereafter denoted N2(A) or simply A when the context
is clear) is the first electronically excited state of N2. It has an excitation potential of
6.31 eV above the ground N2(X

1Σ+
g ) state (Figure 2.1). The Vegard-Kaplan (VK, A-X)

transition between these states follows electric-dipole selection rules but is spin-forbidden
(∆S = 1) leading to a radiative lifetime of 2-3 seconds depending on the N2(A) vibrational
level, denoted N2(A,v). This long radiative lifetime enables N2(A) to participate in chemical
reactions with the reservoir N2, O2, and O(3P) background gasses even in the low pressure
environment of the thermosphere.

Several laboratory investigations [Guerra et al., 2001; Ono and Oda, 2002; Rousseau et al.,
2005; Ionikh et al., 2006; Gatilova et al., 2007; Kutasi et al., 2007; Pintassilgo et al., 2009;
Loureiro et al., 2011] have used the reaction of N2(A) with atomic oxygen, reaction 1.6, to
explain the NO present in the post-discharge region of a laboratory N2/O2 plasma. Although
the division of the products between channels 1.6a and 1.6b is known to be sensitive to the
N2(A) vibrational level [Thomas and Kaufman, 1996] each of the mentioned groups have
adopted a level-independent yield of 0.25 for channel 1.6a. The same level-independent yield
has been used recently by thermospheric NO modellers, claiming an increase of the modelled
low latitude NO by a factor of 2-3 [Campbell et al., 2007; Campbell and Brunger, 2009].
This suggests that the N2(A) state is one of the major sources of NO production in the
lower thermosphere. To accurately assess this claim a computationally efficient method of
determining the N2(A,v) production rates is required. As is shown in the following chapter,
photochemical models are easily modified to account for the NO and N(2D) produced from
the N2(A)+O reaction if the N2(A) production rates are present.

The goal of this chapter is to demonstrate that the level-specific N2(A,v) production rates
can be efficiently implemented into existing models. The NO nad N(2D) production from
the reaction of N2(A) with O(3P ) can then be calculated by assuming the N2(A) is in

14



Justin D. Yonker Chapter 2. N2(A) Production 15

photochemical equilibrium (PCE, see Appendix F). This result is used in the following
chapter to to include the N2(A,v) production rates in the NOx1d photochemical model
[Bailey et al., 2002; Barth and Bailey, 2004] and evaluates the effect on the modelled NO.

The basic outline of this chapter is the following. First the steady-state model for calcu-
lating the N2(A,v) production rates is described. The status of the parameters that go
into the model (Appendix C) are then thoroughly reviewed. Validation of the N2(A) model
is obtained by comparison with N2(A-X), Vegard-Kaplan (VK) radiances measured by the
Ionospheric Spectroscopy and Atmospheric Chemistry (ISAAC) experiment in late 1999
[Minschwaner et al., 2004]. The N2(A,v) production rates and N2 photoelectron ionization
rate are then calculated at noon for every day of the entire year. The relation between them
is shown to be a Gaussian to within an average of 3.7% between 100-200 km. The Discussion
focusses on the status of this scaling in light of the uncertainties in the input solar spectrum
and recent electron impact excitation cross sections.

Three appendices are relevant to this chapter. Appendix A describes the fits to a new set
of electron impact excitation cross sections. Appendix B traces the sources of the N2(A,v)
production due to the various cascade processes and compares results obtained using these
different cross sections. Appendix C contains all of the physical and chemical parameters of
which the model is comprised.

2.1 Modelling the N2 Triplet Manifold Cascade

2.1.1 Radiative and Collisional Cascade in the Triplet Manifold

As a spin-forbidden transition the production of N2(A) from N2(X) proceeds only by electron
impact, not photoabsorption. While direct electron impact contributes to the A(v>7) levels
the dominant production mechanism of the N2(A) state is not direct excitation but radiative
cascade from the B3Πg-A

3Σ+
u , First Positive Group (1PG) transition [Broadfoot and Hunten,

1964]. Production of the B state occurs primarily by electron impact excitation but also has
large contributions from radiative cascade via the Second Positive (C3Πu-B

3Πg, 2PG), Wu-
Benesch (W3∆u-B

3Πg, W-B) and the Infrared Afterglow (B
′ 3Σ−

u -B
3πg, IRA) transitions. All

of these optically allowed transitions occur on sub-microsecond timescales and are effectively
instantaneous in comparison with the long-lived A state. Thus all excitation to the non-
dissociative triplet manifold is rapidly channeled to the A state, which is best thought of as
the ground state of the N2 triplet manifold. A detailed determination of the importance of
each of these transitions to the B(v) and A(v) production is addressed in Appendix B.

Figure 2.1 shows the lower levels of the B state to be energetically accessible by the A(v> 7)
levels. The A(v>7) levels are collisional and radiative contributors to the B state production
rate. The B state rapidly decay back to the A state via the 1PG transition so that the net
effect of the loss of A(v>7) to B is to increase the population of the A (v≤7)levels at the
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Figure 2.1: N2 potential energy surfaces relevant to this work. Total N+
2 production rate is

the sum of ionization to N+
2 (X,A,B) states and minor N+

2 (C,D,F) states (not shown). Total
N2(A) production rate is the sum of excitation to N2(A,B,C) and N2(W, B

′

, and E) triplet
states (not shown).
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expense of the A(v>7) levels.

Above about 150 km the pathway is predominantly radiative via the Reverse First Positive
Group, A-B, R1PG. The same A→B transition occurs at lower altitudes but proceeds via
collision with N2(X), in what is called the intersystem collisional transfer process, ICT,
Benesch [1983],Morrill and Benesch [1996]. As pressure is increased further, collisions with
ground state N2 increasingly dominate the loss and even the A(v<7) levels can cascade to
lower levels through the intramolecular vibrational redistribution, or IVR, process. Because
of the sensitivity of the net NO yield to the vibrational distribution of the A state, the
importance of all three of these cascade processes is addressed in Section 2.2.6.

Thus the N2(A,v) production rates and densities are coupled to those of the other levels
in the triplet manifold. Determination of the N2(A) production rates and densities then
requires diagonalizing a matrix of dimensionality equal to the total number of triplet levels.
The present model considers 95 levels, so that performing this calculation at each time step
and altitude of a thermospheric model is impractical; instead it is shown that each of the
N2(A,v) production rates can be obtained to within 5% by scaling the photoelectron impact
ionization of N2 (PEIN2) by a Gaussian centered near 100 km (Section 2.5).

2.1.2 Effective N2(A) Cross Section

If the photoelectron spectrum is available then the fastest, simplest way to determine the net
N2(A) production is to convolve the photoelectron flux with the density-weighted, laboratory-
determined, effective A state cross-section [Daniell and Strickland, 1986]. This gives the
effective N2(A) production rate

Peff(A) =

∫

[N2]σeff (A,E)φ(E)dE (2.1)

where E is the photoelectron energy and σeff is the sum of the cross sections to the
A,B,W,B′,C and E states that comprise the non-dissociative triplet manifold

σeff (A) =
∑

i=A,B,B′,W,C,E

σ(i). (2.2)

The accuracy of this method is shown in Figure 2.2, where the effective N2(A) production
from eqn 2.1 is seen to be about 10% less on average than that found by summing the level-
specific N2(A,v) production rates calculated from the first principles model, eqn 2.9 to be
described in the following section.

The 10% overestimation of the first principles model is because in summing over all A state
vibrational levels, some double counting inevitably occurs. Due to the cascade, production
to the (A,v>6) levels will typically count twice in the net N2(A) production. These are
produced primarily by direct electron impact but because of the cascade they can decay by
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Figure 2.2: Comparison of the net N2(A) production determined from eqn 2.1 (blue) which
is fast compared with the more computationally-intensive, summed, level-specific production
from eqn 2.9 (black solid) but provides no information on the A state vibrational distribution.

radiative (R1PG) or collisional transfer (ICT) to the B state, which then rapidly radiates
to the A(v< 7) levels which leads to another N2(A) production. In this sense the effective
cross-section and eqn 2.1 are better indicators of the total rate of triplet production.
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The effective cross section is also useful in that it enables the illustration of the photoelectron
energies contributing to the cascade. This is shown in Figure 2.3. The equatorial, EUVAC-
driven, glow photoelectron spectrum at noon for 1999340 is shown in the upper left of Figure
2.3. The main differences between the 110 and 150 km spectra are the hardening of the E>100
eV tail at 110 km due to the absorption of the soft x-rays and the prominence in the 150 km
spectrum of the He II, 30.4 nm footprint near 25 eV. Very little of the 30.4 nm line reaches
110 km. By 110 km the magnitude of 25 eV photoelectrons is roughly 4 times smaller. In
contrast, due to the increasing x-ray absorption, the flux of 100 eV photoelectrons has only
been reduced by about half.

The upper right of Figure 2.3 shows the present uncertainties in the effective N2(A) cross
section. The black line uses the parameterization of Broadfoot et al. [1997] based on the
Trajmar et al. [1983] renormalization of the Cartwright et al. [1977] measurements, which will
be referred to as T83B97 in the following. The generally lower, more recent determination
of Johnson et al. [2005] for the A,B,B′,W states and Malone et al. [2009b] for the C state is
shown in red and will be denoted J05M09. Also shown is the effective N+

2 cross section which
is the sum of the glow values for ionization to the N+

2 X,A,B,C and F states [Jackman et al.,
1977]. In agreement with the Bethe approximation [Inokuti, 1971] the optically-forbidden,
bound-bound, σeff (A) rises sharply above the ≈ 6 eV threshold and goes rapidly to zero by
100 eV. In contrast, the bound-free, optically-allowed σeff (N

+
2 ) is much broader and peaks

near 100 eV.

An effect similar to the Reverse First Positive, A-B transition described above, can be seen in
Figure 2.1. Cascade within the N+

2 manifold will redistribute the N2 vibrational distribution
due, for example, to the Reverse Meinel (RM) process

N+
2 (X, v′ > 5)→ N+

2 (A, v
′′) + hv(RM) (2.3)

N+
2 (A, v

′′)→ N+
2 (X, v < 5)hv(Meinel). (2.4)

The effective cross section, σeff (N
+
2 ) is the sum of the N2 X,A,B,C,D and F state cross

sections. This is how glow calculates PEIN2. In contrast to the N2(A,v>7) levels however,
the N+

2 (X) vibrational distribution is less important as the Franck-Condon Factors for pro-
ducing N+

2 (X,v
′ >5) from N2(X,v=0) are vanishingly small [Gilmore et al., 1992] and are not

expected to be populated significantly as shown by Fox and Dalgarno [1985]. However, as
discussed briefly in Section 3.1.1, a non-LTE N+

2 vibrational distribution could be important
to our understanding of thermospheric NO.



Justin D. Yonker Chapter 2. N2(A) Production 20

Figure 2.3: Top left: The 110 km photoelectron spectrum has a harder tail than 150 km
due to the x-ray absorption. Top right: Ionization and forbidden excitation are produced by
different regions of the pe spectrum due to the different shapes of their cross sections. This
is shown in bottom left and bottom right, where 110 km ionization is seen to be dominated
by the high energy photoelectrons.
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Table 2.1: Percentage contribution of each N2(A) vibrational level to the net dayglow N2(A,v)
production(average from 100-200km). DS86=Daniell and Strickland [1986]

Present
v DS86 B97 J05M09
0 22 23.5 19.7
1 16 20.5 17.1
2 - 14.7 12.7
3 - 10.1 9.2
4 - 6.9 7.0
5 - 5.0 5.6
6 - 3.7 4.8
7 - 3.0 4.3
8 - 2.4 3.8
9 - 2.0 3.3
10 - 1.7 2.8
11 - 1.4 2.3
12 - 1.2 1.8

Because of the differences in the shapes of the cross sections the two processes of N2 excitation
and N2 ionization do not compete as photoelectron losses since they are driven by different
regions of the photoelectron spectrum. This can be seen n the bottom two figures of Figure
2.3. While the N2(A) production is very similar at the two altitudes, PEIN2 is not with the
solar soft x-ray photoelectrons near 100 eV dominating the 110 km production and the He II
30.4 nm photoelectrons most important at 150 km. This difference is the reason the scaling
function, gv(z), described in Section 2.5 is a function of altitude.

While the effective cross-sections show clearly what photoelectron energies are responsible
for the net N2(A) and N+

2 (X) production, its principle drawback is that it cannot address
how the production is distributed among the vibrational levels of these states which, due
to the low pressures, is non-LTE. As described in the Introduction, the level distribution
is important because the NO yield for reaction 1.6 varies significantly with the A state
vibrational level.

2.1.3 Photochemical Equilibrium of N2 Triplet Manifold

The N2(A) state and the entire radiatively and collisionally coupled N2 triplet manifold
have been previously modelled [Cartwright, 1978; Morrill and Benesch, 1996; Hill et al.,
2000]. These studies typically rely on the photochemical equilibrium (PCE) or steady state
assumption as first formulated in this context by Cartwright et al. [1971]. The modelling
success met by these authors can be taken as an a posteriori validation of the method;
however it will be useful for what follows to briefly examine the a priori conditions under
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which a species can be assumed to be in PCE.

As shown in Appendix F, when a species production rate varies with the cosine of the
solar zenith angle (i.e. sinusoidally with time from sunrise) while its chemical lifetime is
approximately constant, then the error invoked by using the PCE approximation to calculate
a species midday density at noon is given by

E = 1−
1 + τ2c

τ2p

1 + τc
τp

(2.5)

where τc is the net chemical lifetime and τp is the timescale for changes in the production
rate (approximately equal to 12/π hours at the equator). Thus PCE holds when τc << τp.
Because the solar EUV flux follows the cosine of the solar zenith angle, so too does the
photoelectron production rate, which is the driver for the N2 triplet production rates. Thus
the N2 triplets fit the production criterion an example of which is shown in Figure 2.4 for
the A(1) level.

Above 150 km each of the triplet lifetimes are determined by the inverse of the constant
molecular radiative transition probabilties and range from 10−7s for N2(C) to ≈ 2s for N2(A)
[Heavner et al., 2010] so that the lifetime criteria is also satisfied. Below 150 km the lifetimes
of nearly all of the triplets above N2(A) remain dominated by their sub-second, constant
radiative lifetimes. The N2(A) lifetime gets shorter as reaction with O(3P) becomes the
dominant loss. This is reflected in the diurnal variability of the O(3P) density shown in
Figure 2.4. Using NRLMSIS [Picone et al., 2002], the O(3P) density, and thus the N2(A)
lifetime below about 150 km, varies by about 20% throughout the course of the day. A
similar degree of variability is present in the lifetime of the metastable W(0) level, loss of
which is determined by ICT to N2.

The shortness of the chemical lifetime also sets a timescale for the importance of transport
processes. With a maximum lifetime of two seconds, for N2(A) transport to be relevant,
vertical wind speeds near 1 km/s would be required to redistribute the excitation in the
present model, which has a 2 km altitude resolution and ranges from 40-250 km. Thus the
advective and diffusive terms can reasonably be ignored.

The steady state assumption holds for the triplets because their lifetimes are so much shorter
than the timescale for changes in their production rate, in which case the continuity equation
reduces to the photochemical equilbirum (PCE) condition

P = xL⇒ x = Pτc (2.6)

where x is the species density, P the net production rate, and the net chemical lifetime,
τc, is the inverse of the net loss frequency, L. For a species whose lifetime is short enough
(or alternatively, the production timescale is long enough) for it to be described by PCE
the steady state density is given by the product of the production rate times the chemical
lifetime. See Appendix F for a more complete treatment.
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Figure 2.4: Time dependence of N2(A) density is dominated by its production rate. Top:
Actual N2(A) production (solid) and a sin(t/τp) fit (dashed). Bottom: Net A(1) loss fre-
quency, L = τ−1

c , varies by between 10-20% from its diurnal average, 〈L〉, because of diurnal
variability of loss to atomic oxygen, Lo.
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2.1.4 Master Equation for Level-Specific Modelling

In addition to direct electron impact from the ground state N2, the A(v) production is
determined by radiative cascade from the B(v

′

) levels

Pnet(A, v) = Pdirect(A, v) + Pcascade(A, v) (2.7)

where
Pcascade(A, v) =

∑

v′

[B, v′] ∗ AB,A
v′,v (2.8)

where AB,A
v′,v is the radiative transitive probability between the B(v

′

) and A(v) levels. Square

brackets are used to indicate the B(v
′

) densities which then must be determined to calculate
the net A(v) production rate. But since roughly half of the B state production is determined
by radiative cascade via the W, B′, and C states (See Appendix B , these densities must
also be determined. The following section describes the set of coupled equations that need
solved to determine these densities and thus the N2(A,v) production rates

To compute the A(v) densities, PCE is assumed for all 95 levels of the triplet manifold (22
levels for A,B,B′,W; 5 for C; 2 for E). The D state and the resutling contribution to the B
state production from the fourth positive D-B emission has been ignored as its contribution
is vanishingly small [Filippelli et al., 1984]. Excitation to the triplets above E, particularly
F and G, have comparatively small cross sections and are assumed to fully predissociate
[Khakoo et al., 2008; Lewis et al., 2008]. Full dissociation of the C(v > 4) levels due to
mixing with C′ is assumed. No account is taken of the stable C(v=5,J=0) level or of the
J-dependence of the predissociation widths for any of the levels [Lewis et al., 2005b].

The resulting set of equations that must be solved was originally written down by Cartwright
et al. [1971] and has been written out in detail in several papers since [Cartwright, 1978; Hill
et al., 2000; Jain and Bhardwaj, 2011]. It is most simply written in matrix form as:

P direct = L[x] (2.9)

where P direct and [x] are 95 element vectors containing the production of each level due to
electron impact alone (e.g. no cascade) and the unknown triplet densities respectively. The
95x95 square matrix L contains the net loss frequencies on the diagonal

Lii =
∑

j

Arad
ij +

∑

M

kM
i,j [M ] +Adis

i (2.10)

where Arad
ij is the radiative transition probability (s−1) for transitions from the ith level

to some level j which is also in the triplet manifold (except for the A-X, VK transition).
The product of the reaction rate, kM

i,j , with the reservoir [M ]=O, N2, and/or O2 densities
represents the net collisional loss of the ith level through collisions with M . This also results
in some level, j, which is in the triplet manifold only for the collisions with N2 (ICT and
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IVR). The dissociative transition probability, Adis
i , is included only for the B(12≤v≤17)

levels [Shakhatov and Lebedev, 2008].

The off-diagonal terms
Lji = −Arad

ij − kN2
ij [N2] (2.11)

represent the cascade production of a lower energy level, j, from a higher level, i, due to
radiative and collisional coupling mediated by N2 (ICT). The negative signs are because the
product, Ljixi , represents the cascade production of the jth level from the ith. This must be
added to P direct(j), which is the direct production of the jth level. The two terms on the RHS
of eqn 2.11 then reflect how two levels can be coupled by more than one process (e.g. A(8),
which can produce the B(0) by radiating or by ICT). Since the radiative cascade proceeds
from higher energy levels to lower, L is not symmetric and contains several zeroes for elements
representing production of a level from one lower in energy. Generally if Lji 6= 0 then Lij = 0,
the exception being when the ICT rate, kN2

ij 6= 0, wherein the energy differences between
levels can be small enough that the thermal motion of the species j is taken as sufficient to
populate the higher energy levels [Morrill and Benesch, 1996].

The matrix L is then assembled from existing tabulations of N2 molecular properties, reaction
rates, and the NRLMSIS N2, O2, and O densities and neutral temperature. The geophysically
determined terms in eqn 2.9 are the direct production rates for each level, P direct(Y, v). These
are due to the EUV-driven, photoelectron fluxes and must be determined before the densities
can be calculated. At each altitude the direct production rate for each triplet state (Y) and
level (v) is calculated by integrating the PE flux, φ, with the product of the N2 density,
electronic excitation cross-section σ, and Franck-Condon Factors (FCFs), q(Y, v), between
the N2(Y,v

′

) and the N2(X,v
′′

=0) ground state:

Pdirect(Y, v) = [N2]

∫

σY (E)φ(E)q(Y, v)dE. (2.12)

The non-LTE nature of the ground state N2(X, v) vibrational distribution has been ignored,
assuming it to be entirely in the v=0 level.

Discretizing eqn 2.12 to the glow photoelectron energy bins it is found that

Pdirect(Y, v) = [N2]
∑

i

σ(Ei)φ(Ei)q(Y, v, Ei)∆Ei (2.13)

where ∆Ei and Ei are the width and mean energy of the ith photoelectron energy bin,
respectively. As shown in Figure 2.3, the widths are a constant ∆Ei=.5 eV up to E = 10
eV, above which they begin to grow exponentially as shown at the bottom right in Figure
2.3.

An additional complication arises for the q(Y, v) which in the discretization have become
an explicit function of the energy, E, and bin number, i. While the sum of the FCFs
over the upper state is by definition unity and dimensionless, when the FCFs represent the
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probablity of a given process additional constraints such as energy conservation must be
considered. Photoelectrons in a bin near a level’s threshold excitation potential will only
be able to excite these and lower energy vibrational levels because the photoelectron bins
are of comparable size with the energy differences between consecutive N2 levels. Failure to
account for this by using the standard, energy-independent FCFs then results in violation
of energy conservation.

To ensure that only energetically accessible levels are produced in the excitation process,
normalized, energy-dependent FCFs, q(v, Ei), are used in eqn 2.13. Dropping the state
index, Y , these are determined by first calculating the bin-weighted FCF, qw(v, Ei), from

qw(v, Ei) =







0 for Eth(v) > Ei +∆Ei

q(v)Ei+∆Ei−Eth(v)
∆Ei

for Ei < Eth(v) < Ei +∆Ei

q(v) for Eth(v) > Ei +∆E

(2.14)

where Eth(v) is the threshold energy of the vth vibrational level measured relative to the
zero-point, ground state N2(X, v

′′

= 0, J = 0) energy. The q(v, Ei) appearing in eqn 2.13 are
then found by normalizing to each bin

q(v, Ei) =
qw(v, Ei)

∑

v

qw(v, Ei)
. (2.15)

to ensure that the sum over all levels is unity in each photoelectron energy bin. The effect of
using the energy dependent FCFs in eqn 2.13 is to slightly increase (decrease) the production
of the lower (higher) vibrational levels of each state from between 5-10% depending on the
endpoints of the photoelectron bins. More specifically, for the standard glow bin scheme, the
B(0) and A(1) production rates increase by 10% and 6% respectively. Note that using the
energy dependent FCFs of eqn 2.15 rather than the standard FCF is merely a computational
means of ensuring that only energetically accessible levels are populated by photoelectron
impact. The true vibrational distribution of at state excited by electron impact is still
poorly understood. Level-specific measurements of Malone et al. [2009a] found the N2 C
state excitation cross sections to show significant deviation at low energies (10-20 eV) from
those expected from the standard q(C, v) [Johnson et al., 2010].

To obtain the densities, eqn. 2.9 is solved by the IDL algorithm laludc which first converts
L to a lower triangular matrix and then iteratively determines the densities. This row-by-
row diagonalization is computationally expensive. Determination of the B state densities
is the bottleneck as it has the largest number of off-diagonal elements due to its radiative
and collisional coupling to various levels of the A,W, and B

′

states. As done in Morrill and
Benesch [1996] and Campbell et al. [2007], in Yonker [2005] the modelled triplet populations
were benchmarked using the direct excitation rates and molecular constants described in
Cartwright [1978] and found to recover the steady state densities of Morrill and Benesch
[1996] to within 3%. The remainder of the calculations described in this work use the
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molecular parameters shown in Table C.1 as well as NRLMSIS densities and temperatures
[Picone et al., 2002] and the glow photoelectron spectrum driven by EUVAC or EUVAC
supplemented by the 2-20 nm measured SNOE x-rays [Bailey et al., 2006].

2.2 Uncertainties in Model Parameters

Table C.1 lists the parameters used in the N2(A) model. Reservoir densities, cross sections,
reaction rates, and transition probalities will be discussed in turn.

2.2.1 Background Atmosphere

Use of NRLMSIS [Picone et al., 2002] for the temperature and N2, O2, and O densities instead
of MSIS90 [Hedin, 1991] results in a decrease of about 5% in the modelled production rates.

2.2.2 Solar EUV and X-ray Spectrum

The ultimate source of N+
2 , N2(A),and, ultimately, the NO in the lower thermosphere is the

deposition of the EUV and XUV ionizing solar irradiance [Barth et al., 1988; Siskind et al.,
1990, 1995]. Daily measurements of the 2-20 nm flux were made by SNOE during the peak
of solar cycle 23 from 1998-2003 and shown to correlate well with the daily F10.7 but slightly
better with F10.7w [Bailey et al., 1999]. This result is supported by Dudok de Wit et al.
[2009], who finds F10.7 to be the ”least bad” EUV proxy. This correlation between the most
and least energetic components of the solar spectrum is the basis of the EUVAC method
of obtaining a daily EUV irradiance by scaling an Atmospheric Explorer solar minimum
reference spectrum by a bin-dependent function of F10.7w [Richards et al., 1994]. However,
the relation found by SNOE between F1.07 and the 2-20nm flux is nearly a factor of two
higher than that used by EUVAC [Bailey et al., 2006], a conflict that unfortunately was
not resolved by the Solar EUV Experiment, (SEE). With the 5 minute cadence and 1 nm
resolution of the Solar Dynamics Observatory, the potential exists to finally resolve this
discrepancy. Yet the best that can be said about the measurements of the XUV flux for
1999, the period of this study, is that it is known to within a factor of two.

In the following both the EUVAC and the SNOE (2-20nm) scaled EUVAC spectrum (referred
to as simply as the EUVAC and SNOE spectra) are used to drive glow.
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2.2.3 Electron Impact Excitation Cross Sections

Until the last decade the standard set of inelastic N2 electron impact cross sections in use by
the aeronomy community were the measurements of Cartwright et al. [1977], as renormalized
to a new Lyman alpha standard by Trajmar et al. [1983]. Broadfoot et al. [1997] offered an
analytic representation of these using the method of Green and Stolarski [1972]. Based on
the somewhat larger measurements of Campbell et al. [2001], Itikawa [2006] recommends 35%
uncertainty to the A,B,C, and W states. This recommendation does not however include the
much lower measurements of J05M09. Recent opinion seems to be converging to adopting
the J05M09 cross sections [Young et al., 2010; Ajello et al., 2010]. A fuller discussion of the
impact of these considerably lower cross sections is postponed to the Discussion.

Before moving on, one final point is made regarding the consistency of using the T83 N2

excitation cross sections, their incorporation into the standard version of glow, and the
consistent use of the B97 parameterization. The same set of excitation cross sections that
are used to calculate the photoelectron spectrum must be used to calculate excitation rates
since these are what determine the low energy pe spectrum. Yet the B97 N2 triplet excitation
cross sections are higher than those present in glow by, on average, about 10% above 15 eV.
The method of Hill et al. [2000], which computes the N2(A) production rate by convolving
the glow pe spectrum with the B97 cross sections is therefore inconsistent and results in a
10% overestimation of the N2(A) production rates.

2.2.4 Transition Probabilities

As Figure 2.2 shows, The accuracy of eqn 2.1 as reflected in Figure 2.2 reveals that uncertain-
ties in the absolute transition probabilities have little bearing on the net N2(A) production.
Rather, their role is to determine the vibrational distribution among the A(v) levels. Most
important are those of the B-A, 1PG transition. Writing the PCE condition for the B(v)

[N2(B, v)] =
P (B, v)

L(B, v)
(2.16)

the cascade contribution from a specific level of the B state to the N2(A,v) production can
then be rewritten

Pcascade(A, v) = η(v′, v)P (B, v′) (2.17)

where the prime (′) has been added to distinguish the upper level B(v′) from the A(v) and

η(v′, v) =
AB,A

v′,v

L(B, v′)
≈

AB,A
v′,v

∑

v′′ AB,A
v′,v

. (2.18)

This holds firstly because the radiative transition probabilities for the optically allowed
1PG transition are by far the dominant contributor to the net B(v) loss (except for the
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sparsely populated B(v>11) levels where dissociation is faster Shakhatov and Lebedev [2008]).
Although many of the B levels are energetically able to radiate to the A,W, and B′ states,
for any specific B(v) level loss via the 1PG transition is always at least 20 times larger than
the reverse Wu-Benesch (B→W); loss to B′ through the reverse IRA (B→B′) is negligible
[Thümmel et al., 1995]. The net loss, L(B, v), can then be expressed as the sum of the
individual 1PG transition probabilities to within 5%.

What eqns 2.17 and 2.18 then show is that uncertainties in the A(v) production due to un-
certainties in the 1PG cascade will depend only on the relative 1PG transition probabilities
as given by the quantity η in eqn 2.18. In this work tje 1PG transition probabilities have
been taken from the experimental work of Piper et al. [1989]. While the net probabilities
differ from those of Gilmore et al. [1992] by between 5-10%, the relative determinations for
each level differ by an average of only about 2%.

Radiative cascade to the B(v) comes from the C,B′,W, and A(v> 7) states. For the C(v),
both theoretical [Gilmore et al., 1992] and experimental [Shemansky et al., 1995] C-B, 2PG
transition probabilities agree to within a few percent while those of Laux and Kruger [1992]
are about 10% lower for C(0) and 10% higher for C(v> 1). As shown in Table B.1 and B.2
the 2PG contributes a maximum of 28% to the A(0) production, and the error in the A(v)
vibrational distribution due to cascade from the C state is no more than 3%.

The W-B (Wu-Benesch) system transition probabilities of Gilmore et al differ by at least 50%
from those of Covey et al. [1973]. As the Covey et al. work assumed a constant transition
moment-a result shown to be incorrect in the theoretical work of Werner et al. [1984] and
Thümmel et al. [1995]-the Covey et al. values are not further considered. However both
the Werner et al. and Thummel et al. transition moments are in excellent agreement,
differing by about 5% near the r-centroid of the dominant W(6)-B(2) transition [Bhardwaj
and Jain, 2012]. The square of the transition moment then produces a 10% uncertainty in the
transition probability. Cascade from the W-B contributes a maximum of about 20% to the
A(v) production (Table B.2) so that a 2% error in the A(v) distribution due to uncertainty
in the W-B transition probability is estimated.

The B′-B infrared afterglow (IRA) emission is a significant contributor to higher B(v) levels,
particularly the dissociative B(v≥12) levels [Roux et al., 1983; Shakhatov and Lebedev, 2008].
Due to the comparatively small B′ excitation cross section, cascade via the IRA is a very
minor contributor (about 5% for A(4), Table B.2). Assuming a similar 10% error in the
B′ transition probabilities then the uncertainty in the A(v) production from the IRA is less
than one percent.

Lastly the R1PG, A(v>7) → B(v
′′

) transition probabilities are considered. Error is diffi-
cult to estimate since, as of this writing, experimental identification of the existence of the
transition remains unknown [Broadfoot et al., 1997]. The only recent determination of the
R1PG transition probalities is due to Gilmore et al. Since the same electronic states are
involved, the transition moment for the 1PG is the same as that for the R1PG, though they
occur at different r-centroids. Using the 1PG transition probabilities of Piper et al. [1989]
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for the 1PG, but those of Gilmore et al. for the R1PG, introduces a slight inconsistency in
our model. This is potentially important in that the R1PG transtions occur at and below
r-centroids near 1 Å, which is the region where the extrapolated Piper transition moment
begins to diverge from that used by Gilmore et al. However as the strongest R1PG tran-
sitions, (i.e. A(8)-B(0), A(11)-B(1), and A(12)-B(2), Bhardwaj and Jain [2012]), all occur
close to an r-centroid of 1 Å, the same 10% error found for the 1PG absolute transition
probabilities is assumed. Since the R1PG contributes a maximum of 19% to the A(0) level
(Table B.2), a net error of 2% is estimated due to uncertainties in the R1PG transition
probabilities.

Since they are a loss. the A-X, Vegard-Kaplan transition probabilities do not actually con-
tribute to the N2(A) production rate. However through their contribution to the net A(v>7)
loss they indirectly reduce the secondary production via R1PG from N2(A,v> 7). Their sum,
the net VK radiative lifetime, is important for determining the A(v≤ 6) density where above
about 180 km, altitudes at which the A(v>7) lifetimes are increasingly determined by the
R1PG, the VK is the dominant A(v≤7) loss Below this altitude, loss to O(3P) controls
the N2(A) lifetimes and densities so that the importance of uncertainties in the VK transi-
tion probabilites are not reflected in the N2(A) distribution, but in their effect on the VK
radiances, which are used in the following section to validate the model.

For now it is noted that the Gilmore et al. VK transition probabilities, based on the She-
mansky [1969] transition moment, are not recommended for use. The difference between
them and those of Piper [1993a] is typically within a factor of 2 and smaller than that for
most of the strongest transitions; however many of the weaker transitions differ by factors
of twenty [e.g. (0,0), (1,0), (3,2), (5,3), (6,3)]. For nearly all of the A-X transitions, the
theoretical transition moment of Minaev [1995] supports Piper over that of Shemansky, as
does the A(0) radiative lifetime determination of Olsen et al. [1994].

In summary, a combined error of 10% in the vibrational distribution of the A(v) production
rates and densities is estimated due to the transition probabilities involved in the cascade.

2.2.5 Chemical Reactions of N2(A)

In contrast to the transition probabilities, the reaction rates are much less well known. The
reactants are typically metastable, the temperature dependences have rarely been measured,
and the loss rates of the reactants have been monitored far more often than the product
branching ratios. Throughout the thermosphere the net N2(A) lifetime is determined pri-
marily by reaction with O(3P). Broadfoot and Hunten [1964] showed that radiative cascade
is the main production mechanism of the strongest VK emissions Loss to O2 also increases
with v but is about an order of magnitude smaller and contributes only below about 100 km.
Herron [1999] estimates room temperature uncertainties of 30% and 20% to the reactions
with O(3P) and O2, respectively [Piper et al., 1981; Thomas and Kaufman, 1985; Dilecce and
DeBenedictis, 1999] An explanation for the correlation of these rates with v is desirable.
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Because the NO/O ratio is roughly 10−4 throughout the thermosphere, chemical loss of N2(A)
to NO is ignored in the N2(A) loss rate even though the rate coefficients for the NO(A) + N2

reaction are comparable to the total rate for removal by O(3P) [Piper et al., 1986a; Dilecce
and DeBenedictis, 1999]. That the relative contribution to the fluorescent NO(A) state is
also negligible is less clear. This is discussed further in Section 3.4.1.

The largest uncertainty in the N2(A) lifetime is in the temperature dependence for the reac-
tion with O(3P). All of the existing laboratory work appears to have been done at room tem-
perature, and no temperature dependence is recommended by Herron [1999]. Recent authors
have successfully modelled the thermospheric VK emission using a (T/300)1/2 temperature
dependence [Hill et al., 2000; Upadhayaya and Singh, 2002]. However without demonstration
that the production rate is accurately modelled, this method is suspect. Uncertainties in the
solar x-ray and photoelectron spectrum, as well as the excitation cross sections and O(3P)
are still too large to warrant an accurate determination of the net chemical lifetime based
on radiances alone. Additionally, the Piper et al. [1981] and Piper [1982] rate coefficients
for atomic oxygen quenching themselves need reassessed in light of the lengthening of the
N2(A) lifetime [Piper, 1993a].

As noted in the previous section, optically-allowed radiative transitions dominate the loss
for the C, B′, B, and W(v> 0) states. What little is known of the chemical reactivities for
these levels suggest that the chemical lifetime is on the order of that for the well-measured
A state. For completeness, loss to N2, O2, and O(3P) is included for all states in the model
and the same reaction rates as those of the A state are where none are available. Except
for W(0) it matters little above 110 km, as the net radiative transition probabilities of all
of the cascading states are far larger than the chemical loss frequencies shown in Figure 2.8.
Reaction of them is important only deep in the mesosphere and below [Heavner et al., 2010].

2.2.6 Cascade among N2(A,v): IVR, ICT, and R1PG

Cascade from the high A(v≥7) levels to the low A(v<7) levels via IVR, ICT, and R1PG
are potentially important as they redistribute the A state vibrational distribution. This
is relevant because the NO yield of reaction 1.6a depends on the N2(A,v) level. This is
quantified in Figure 2.5 and the effect of including the ICT, IVR and R1PG processes using
the rates from Table C.1 is shown. Each is ”turned on”, one at a time (colored lines), and
then all simultaneously (black line), and the resulting change in the densities calculated from
eqn 2.7 are shown. Note that when ICT is ”turned on” it is done so for all states and levels,
not only the A(v).
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Figure 2.5: Percentage change in selected A(v), B(v), and W(v) densities when the collisional
(ICT and IVR) and radiative (R1PG) cascade processes are included in the N2 triplet model.
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With all three cascade processes on, the densities of the A(v<7) levels typically increase by a
net 10-20% while the A(v>6) levels, with their generally smaller production rates, decrease
by more than 20%. Because the R1PG transition probability grows with increasing A(v), the
effectiveness of R1PG at reducing the A(v>7) densities increases with v. For the A(v> 6)
levels, the shift from the radiative (A→B, R1PG) to collisionally dominated (A→B, ICT)
relaxation mechanism is seen to occur near 110 km. IVR is only effective below about 100
km and is typically much smaller than ICT. Since it is a direct transfer between A levels,
and so much smaller than ICT, IVR has no effect on the B or W levels shown in the bottom
row of Figure 2.5.

The primary levels populated by both the R1PG and ICT from A(v) are the B(0-2), and
their densities correspondingly increase by 10-20%. Due to the short 1PG radiative lifetime,
neither ICT from B→W or B→A are important at thermospheric pressures and turning
on ICT is a net gain for all B(v). However, the W(0) level is seen to decrease by a factor
of about 2 when ICT is turned on. This is because ICT to B(0) is its only significant
depletion mechanism: the transition probability for the near resonant (12 cm−1) W(0)-B(0)
radiative transition goes to zero due to its ∆E3 dependence while the doubly forbidden
W(3∆u)-X(

1Σ+
g ) (i.e. ∆Λ = 2,∆S = 1) transition ensures that its probability must also be

vanishingly small [Minaev, 1995].

Intrasystem collisional transfer of excitation (ICT)

The general process of collisional transfer of excited states has been reviewed by Dagdigian
[1997]. Loss of the triplets to N2 via ICT is treated according to Morrill and Benesch [1996].
Quenching of C is not included as only in stratosphere and below are the N2 densities large
enough to compete with the 2PG [Heavner et al., 2010]. Collison frequencies at the altitude
of peak VK emission (150 km) are low enough that collisional loss plays no role for any of
the triplets above A (Figures B.1 and B.2). At lower altitudes it is important only for the
metastable A(v≥8) and W(0) levels. Theoretical determination of the ICT rates [Kirillov,
2008, 2010] appear to be somewhat lower than those of Morrill et al., although the Kirillov
product vibrational levels are not specified

Rates for chemical loss of the B and C states to O2 have been measured [Bak et al., 2011]
and although they are an order of magnitude larger than those for the A state [Thomas and
Kaufman, 1985], the 1PG and 2PG transitions still dominate the net loss in the thermosphere.
The Kirilov rates for ICT between the W, A, and B states due to collisions with O and O2

are a potentially useful addition to modellers and are processes not included by Morrill and
Benesch [1996]. Kirilov′s inclusion of the dipole forbidden A-W and A-B′ collisional transfers
contrasts with the suggestion of Morrill and Benesch [1996]. Finally, while intersystem, spin-
forbidden collisional transfer between the singlet N2(a

′) and N2(B) states mediated by N2

has been shown to be extremely unlikely [Umemoto et al., 2003], the rates with O2 mediating
should be somewhat larger due to its triplet ground state.
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As shown in Table B.2, at 110 km ICT contributes about 13% to A(0). This increases to
35% at 80 km. Though IVR does not contribute more than a few percent of any A(v) above
100 km, it accounts for 20% of the A(4) production at 80 km.

2.2.7 Branching Ratios for N2(A)+O(3P) Reaction

The uncertainties in branching ratio for the NO product of reaction 1.6 do not influence
the net N2(A,v) rate coefficient for this reaction, which is known reasonably well (20%) at
room temperature [Piper et al., 1981; Thomas, 1986; Dilecce and DeBenedictis, 1999; Herron,
1999]. They are criticial, of course, to the effect of N2(A) on NO but they have no direct
bearing on the determination of the N2(A,v) densities, production rates, and radiances which
is one of goals of this chapter. However the context of this section seems to be a good place
to discuss them.

As shown by several authors [Swider, 1976; Piper, 1982; Thomas and Kaufman, 1985], there
are five exothermic, electronically distinct, product channels for reaction 1.6: two reactive
channels leading to NO +N(4S,2D), and three inelastic channels leading to N2(X)+O(3P,1D,1 S).
Ignoring vibrational and rotational excitation of all products, the 0.5 eV energy defect for
the NO + N(2D) channel is more than four times smaller than the other product channels
[Piper et al., 1981], although it is useful to recall that the main product of a reaction is
not always given by the one that minimizes energy defect (e.g. the N(2D) +O2 reaction in
Section 3.2).

Considerations from N2O potential energy surfaces

Insight into the branching ratios can be found by examining the N2O potential energy sur-
faces (PES) on which the reaction takes place. As shown long ago [Chutjian and Segal, 1972],
as the NN-O distance is reduced, there are repulsive and attractive NNO states formed. For
example, although the NO + N(4S) channel is energetically accessible from the N2(A)+O(3P)
reactants, to reach it adiabatically requires between 2-3 eV in initial translational or vibra-
tional energy or else multiple, nonadiabatic curve crossings.

The large reaction rate for the O(1S) channel found by Piper et al. [1981] occurs in spite of
the lack of adiabatic paths to formation of the O(1S) product. As shown by Chutjian and
Segal, in the linear configuration (C2v symmetry), the most likely path to the O(1S) product
is a early, symmetry-forbidden, curve-crossing between the N2O

1Σ+ and 1Σ−states. These
are the A and D states in Figure 9 of Hopper [1984]. In the more general CS symmetry the
most likely path to O(1S) formation appears to be the spin-forbidden crossing between the
23A′ and 41A′ states (mislabeled as 41A′ in Hopper [1984], Figure 10).

The NO +N(2D) product channel, in contrast, can occur adiabatically in C2v via the A1Σ−

state which lies about 5.5 eV above the N2O(X) ground state. Hopper indicates an early
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barrier to reaching this transition state which supports both the measurements of Thomas
and Kaufman [1996], who find the NO yield to increase with N2(A) vibrational excitation, as
well as the 0.17 eV barrier suggested by Smirnov et al. [2002]. Although this barrier would
rule out the A(0) level at thermospheric temperatures, it leaves open the possibility that
A(v=1,2) are also sources of the NO channel.

In the more general Cs geometry (Hopper, Figure 9), the NO +N(2D) product adiabatically
correlates on the b(23A′) surface, which is the higher-energy Renner-Teller member of the C2v

degenerate, b(3∆) state that lies about 6 eV above N2O(X). At θ(NNO)=130 degrees, b(3∆)
is a fraction of an eV higher in energy than the N2(A)+O reactants, again suggesting that
vibrational energy in the N2(A) would increase the efficiency of the NO product. Also, the
energy of the b(23A′) state grows as θ(NNO) is decreased from 180 degrees to 130 degrees
(Hopper, Figure 6) , so that the NO+N(2D) channel is energetically accessible for even the
vibrationless N2(A,0)+O(3P) reactants. This agrees with the measurements of Piper [1982]
and de Souza et al. [1985] who find at least 25% of the products from the N2(A,0)+O(3P)
to be unaccounted for.

Laboratory determinations of branching ratio

There are three laboratory determinations of the branching ratio. The standard experiment
is due to Piper [1982] who found that 75% of the quenching of the v=0 level leads to
O(1S), with the N2 presumably left in the v

′

= 7 level due to its large Franck-Condon
overlap and small energy defect (black plus signs in Figure 2.6). Addtionally Desouza et al
found an average O(1S) yield of 80% for the combined v<3 levels. However, both analyses
assumed the shorter N2(A) radiative lifetime of Shemansky [1969]. Later work [Piper, 1993a]
found the N2(A) radiative lifetime to be about 40% longer. This was a key quantity in the
interpretation of the laboratory data and led Piper [1993a] to recommend a reduction of 20%
in the N2(A,0)+O(1S) branching ratio. Thus a much larger value of approximately 40% of
the N2(A,0) product channel remains unaccounted for.

The third experiment of Thomas and Kaufman [1996] is the only one to directly measure
the NO yield which is more fully described in Thomas [1986]. The N2(A) was produced by
energy transfer with a Xe metastable by the following sequence: N2(X)+Xe∗ →N2(B, v<11)
+ Xe, followed by N2(B)→ N2(A) + hν(1PG) [Sadeghi and Setser, 1981]. Because the Xe∗

energy lies below the N2 dissociation limit, no atomic nitrogen was produced in the N2(A)
production, thus removing a potentially important contributor to the NO product. Atomic
oxygen was generated via a microwave discharge of an O2/Ar/He mixture and monitored
using the O+NO radiative recombination emission signal. The N2(A) concentration was
monitored using LIF of the 1PG from the (v=3) level and the NO product was measured by
LIF on the NO, A-X, γ(0,0) band.

The product NO signal was observed to increase as the net N2 concentration was decreased,
presumably due to IVR shifting the N2(A) vibrational distribution to lower v. To check
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this, CH4 was added to the reduced N2 flow, and the NO signal again decreased. Methane
is an inefficient electronic quencher of N2(A) but a good vibrational quencher; like IVR,
adding methane then shifts the N2(A) vibrational distribution to lower v [Golde et al., 1989].
After correcting the observed NO for other N2(A) removal processes (e.g. deactivation at
the reactor wall and reaction with undissociated O2) it was reasoned that 5.7% of the entire
N2(A,v<7) distribution leads to NO +N(2D,4S). Assuming that 10% of the N2(A) vibrational
distribution was in v=3-6, it was concluded that 57% of N2(A,v=3-6) is an upper limit to
the NO + N(2D,4S) yield. In the much lower pressure environment of the thermosphere a
much larger value of 25% of the N2(A) is found in the 3<v<6 levels as shown in Table 2.1.

The product nitrogen atom was not identified by Thomas and Kaufman, but the large energy
defect makes N(4S) unlikely, as is also suggested by prevalence of the N(2D)+NO channel in
a wide body of literature (see the Introduction to this chapter). Additionally Thomas and
Kaufman could not definitively rule out the presence of the four-center N2(A) +O∗

2 reaction
as the source of NO, where O2* is an electronically metastable oxygen molecule, perhaps
O2(a

1∆g).

A final argument for an odd nitrogen yield from reaction 1.6

A large NO branching ratio is also suggested by the work of Kirillov and Aladjev [1998]
who used a simple model weighting the A(v

′

) − X(v
′′

) Franck-Condon factors (FCF) and
energy defects to estimate the product-specific rate coefficients for the three non-reactive,
i=O(1S ,1D, 3P) channels. As this process is a simple transfer of energy, no chemical bonds
are broken. The hypothesis of Kirillov is that the rates for the O(1S) channel as a function
of N2(A) vibrational level, kO1S(A, v

′), can be predicted from the known kO1S(A, 0) rate by
using the following equation

kO1S(A, v
′) = kO1S(A, 0)

∑

v′

q(v′, v′′)
√

E(A, v′)− E(X, v′′)−E(O(1S))
∑

v′

q(0, v′′)
√

E(A, 0)− E(X, v′′)− E(O1S))

(2.19)

where q(v
′

, v
′′

) is the FCF, the quantity under the radical is the net energy defect. An
identical expression is assumed to hold for O(1D) and O(3P). Following Piper et al. [1981],
a net rate for the loss of N2A(0) of 2.8×10−11cm3/s is assumed. Rather than the 0.75
measured by Piper [1982], a branching ratio of 0.6 has been assumed for the O(1S) yield
of N2(A,0)+O(3P) in accord with the later recommendation of [Piper, 1993a] in so that
ko1s(A, 0)=0.6×2.8×10−11=1.68×10−11cm3/s. The remaining 0.4 is assumed to go into
O(1D) and ko1d(A, 0)=0.4*2.8×10−11=1.12×10−11cm3/s . Since the energy defect is small
only for large N2(v

′′

), where the FCFs are also small, the O(3P) channel is assumed zero.

Figure 2.6 shows the numerator of eqn 2.19. For A(0), the large FCF and small energy defect
for N2(A,0)+O(3P)→N2(X,7)+O(1S) channel offers an explanation for the large branching
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ratio of O(1S) production found by Piper et al. [1981]. However, as shown as an inset Table
in Figure 2.6, the total rate coefficients for A(v> 0) predicted by eqn 2.19 underestimate
the measured ones by an average of 35%. This is in rough agreement with the NO yield of
57% found by Thomas and Kaufman [1996] for A(3-6), and suggests that the NO channels
should also be large for the A(1,2) levels.

2.3 Model Results: N2(A) Production, Loss, and Den-

sity

Results of using eqn 2.9 to determine the dayglow N2(A,v) densities at noon are shown in
Figure 2.7. Two main features are to be seen. First, although it is the A(6) level that
is most populated by direct excitation (i.e. has the largest FCF), the A(0) level has the
largest population due to the 1PG radiative cascade. A general decrease in the densities
with increasing v is seen, except for A(4) which deviates from this trend due to its somewhat
lower loss rate to O(3P) [Dilecce and DeBenedictis, 1999]. Second, the densities are large near
150 km, yet small near 110 km, suggesting naively that N2(A) should be more important to
the NO chemistry at 150 km. As shown in Chapter 3, the exact opposite is true.
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Figure 2.6: Rate coefficients for N2(A,v) + O reactions predicted from Franck-Condon Fac-
tors and energy defects (eqn. 2.19). The known large O(1S) product yield for the reaction
of O(3P) with N2(A,v=0) (+) is to be expected from eqn 2.19 due to the large N2A(v

′

=0)-
X(v

′′

=7) FCF and small energy defect. As shown in the inset Table, the known increase of
the net rate for the removal of N2(A,v

′

) by O(3P ) with vibrational excitation [Dilecce and
DeBenedictis, 1999] is not predicted from eqn 2.19 if no odd nitrogen channels are assumed.
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Figure 2.7: Steady state N2(A,v) densities from eqn 2.9 for noon, 1999340, F107=139,
F107a=172. Net density increases with the higher solar activity (F107=194, F107a=172)
of 1999351 (dotted). Relative contributions, which decrease with v, remain the same. Uses
unmodified EUVAC spectrum and B97 cross sections.
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Figure 2.8: For v< 6, N2(A,v) production rates (solid) is controlled by 1PG production (red
solid) and their net loss (dashed) is controlled by O(3P) (dk blue dashed) between 100-150
km. For higher vibrational levels, the production is increasingly driven by direct X→A
excitation (blue solid) and loss to ICT (brown dashed) and R1PG (red dashed) becomes
comparable . Small densities at 110 km shown in Figure 2.7 result from large loss frequencies
to O(3P), not small production rates.
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Both of these features are explained by Figure 2.8 which shows how the production rates
(solid) and loss frequencies (dashed) vary as a function of A(v) and altitude at noon. The
densities in Figure 2.7 can be obtained from Figure 2.8 by dividing the net production
(black solid) by the net loss (black dashed). Production from the 1PG (red) is virtually the
only production source for A(v<4). Direct electron impact (dk blue) becomes increasingly
important for A(v≥ 7) and by A(10) the situation is reversed, with the direct contribution
being the only significant source. For all levels, production due to the E-A, Herman-Kaplan,
radiative transition (HK, green) and IVR (lt blue) are both very small, less than 1% above
100 km. Also note that, in marked contrast with the densities, the A(v) production rates are
nearly equal at 110 and 150 km. Thus the reason the N+

2 and N2(A) densities are so small
near 110 km is not because of a small production rate, but because of their short chemical
lifetimes.

Figure 2.8 also shows the loss frequencies (dashed). For A(v<8), the net loss frequencies are
roughly equal and dominated by loss to O(3P ) (dark blue) from ≈100-160km. Loss to the
constant net VK transition probability (green) is larger above this. For A(v>7), the loss
frequencies rapidly increase (lifetimes decrease) with vibrational level due to the growing
R1PG transition probability (light red) which is the main loss above 160 km for A(v > 9)
Below 100 km the production rates are small, but O2 (yellow) becomes the main loss for
A(v<7). For A(v≥7), loss to O2 is about equal to IVR (light blue), although ICT (dark red)
is typically larger than both and dominates the loss of these levels below 110 km.

2.4 Model Validation: Comparison with ISAAC Vegard-

Kaplan Spectra

Assuming the transition probability for the VK (1,4) transition is accurate, then the modelled
column densities are constrained by the radiances observed by ISAAC. However the volumen
emission rates and thus the N2(A) densities are not uniquely determined by the column
emission. To validate the modelled N2(A) densities, VK(1,4) radiances at several tangent
heights are calculated at the equator for a day with medium-low solar activity (DOY:1999340,
F10.7=138), local time 2 pm, at the equator. In comparison with the strong VK (0,6) and
(1,7) emissions, the comparatively weak (1,4) band is useful in that there is very little
blending with other spectral features. Modelled spectra include a small contribution of
between 20-30 R due to the blue-degraded Herman-Kaplan, E(0)-A(3) emission whose head
is near 2392 Å. Other possible contaminating features are ignored, in particular the O+

2

Second Negative (2NG) emissions, which are expected to be much weaker than the VK if
their only driver is electron impact excitation [James et al., 1988]. However, it is noted that
the transfer of charge and excitation from O+(2P) to ground state O2 fast and has enough
energy to produce the O+

2 2NG. which could be the source of the recurring bump in the
radiances near 2383 Å.
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Following Hill et al. [2000], the modelled N2(A) rotational distribution has been assumed
thermalized at all altitudes, with account taken of the 2:1 ortho/para degeneracies, and
Hönl-London factors for the VK transition taken from Kovacs [1969]. Molecular constants
for term values of the A and X levels are from Laher and Gilmore [1991], along with the
VK(1,4) transition probability from Piper [1993a]. The individual rotational lines have been
convolved with a 3.3 Åslit function to approximate the ISAAC resolution.
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Figure 2.9: Modelled VK(1,4) emission is within the 20% intensity uncertainties of ISAAC
(black) at all tangent altitudes when using either the SNOE irradiances with temperature
dependent or the smaller EUVAC irradiances with the temperature independent ko, where
ko is the product-independent, measure total rate for the removal of N2(A) by O(3P)
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In Figure 2.9 the modelled radiances are compared with those observed by the ISAAC
instrument on board ARGOS [Minschwaner et al., 2004]. The observations consist of an
average of several spectra taken at 1400 Local Solar Time (LST) between ±10 degrees of
the equator at tangent altitudes ranging from 115 to 185 km. Uncertainties in the possible
tangent altitudes are ± 4 km. For the intensities, the impacts of stray light and detector
nonlinearity are not important above 120 km and the uncertainties are determined by count
noise and the calibration error. The noise term is small (<5%); to further minimize it
spectra from longitudes near the South Atlantic Anomaly have been omitted in the average.
The responsivity calibration error ranges from 10-15% between 120-180 km. Reasonable
estimates of the absolute intensity uncertainties are around 13% near 120 km, increase to
18% near 160 km, and are at least 20% at 200 km.

Figure 2.9 shows the measured ISAAC radiance near 238 nm (solid black) along with the
modelled VK(1,4) emission at six tangent heights. To address the uncertainties due to the
solar irradiance and the temperature dependence of the reaction with O(3P), four differ-
ent model calculations are shown; two each using the SNOE (blue) and the EUVAC (red)
irradiances to drive GLOW and two using the temperature independent (solid) and depen-
dent (dashed). Both the solar irradiance and the temperature dependence are seen to effect
both of the modelled radiances by about 25%. Agreement is within the measurement errors
when using the EUVAC-driven glow pe spectrum with the temperature-independent, ko. To
recover the data using the larger N2(A) production rates resulting from the SNOE-driven
glow, a shorter chemical lifetime is needed which is why the (T/300)1/2 scaling of ko results
in better agreement.

The basic problem is that although the retrieved N2(A,1) densities are uniquely determined
by the radiances the N2(A,1) production and loss are not.

Recall that these all of these calculations used the T83B97 excitation cross sections. In the
Discussion section of this chapter it is shown that the A(1) density decreases by about 25%
when using the J05M09 cross sections. If, as seems likely, the J05M09 cross sections are
more accurate, then, unless some other source of N2(A) production has not been accounted
for, this would tend to support the larger SNOE x-ray irradiances over those calculated by
EUVAC. The reason is that the options for recovering the ISAAC data using a combination
of the EUVAC spectrum and the J05M09 cross sections are limited as each individually
lowers the A(1) densities by about 25% from the SNOE-driven spectrum and T83B97 cross
sections respectively. Uncertainties in ko would then tend to decrease the modelled radiance,
since the EUVAC model uses the smallest room temperature determination of ko (3.4x10

−11

cm3/s, Piper et al. [1981]), which is about 20% smaller than the rate reported by Thomas
and Kaufman [1985]. While the radiance could be increased to within the data uncertain-
ties by adopting the VK(1,4) transition probability of Gilmore, which is about 25% larger
than Piper, the excellent comparison between the Minaev [1995] and Piper [1993a] argues
against this. In contrast the 25% decrease resulting from the combination of the J05M09
cross sections with the SNOE driven A(1) production rates could be accounted for by using
the temperature independent ko. Unfortunately the ability of the model to reproduce the
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measured VK(1,4) radiance is only weak confirmation of the density below the altitudes of
peak emission. The vast majority of the emission comes from at and above the A(1) density
peak near 150 km, below which the observations show little variation with tangent height.
While the otherwise good fit obtained between model and data affords a degree of confidence
in the N2(A) model, the only conclusive claim that can be made is that the N2(A, v = 1)
level indeed seems to be well-modelled above 150 km. However because it is the N2(A)
densities near 110 km that are most important to the NO density, the results of Figure 2.9
unfortunately have only indirect relevancy to the accuracy of the NO modelling to be shown
in the following Chapter. Confirmation of the modelled N2(A) production rates at altitudes
below the N2(A) peak must rely on some other method. In the absence of such a method,
we tentatively proceed.

2.5 Scaling to N+
2 Production

As shown in the accompanying paper, production of N+
2 from photoelectron impact (PEIN2)

is the most significant conributor to the NO production rate between about 100 and 150
km. Since PEIN2 must then inevitably be present in chemistry-based models of the lower
thermosphere, it provides a convenient and physically relevant quantity in terms of which
the otherwise computationally expensive, level-specific, N2(A) production rate (P(A,v)) can
be expressed. In this section the relationship between these quantities is shown to be a
Gaussian, with demonstration restricted to the v=1,3,6 levels.

Although there are no direct causal links between P(A,1) and PEIN2, they are strongly
correlated with each other, as shown in the left column of Figure 2.10. Similar correlations
are expected to exist in the production rates of all minor and transient species due to the
common cause of the varying solar EUV irradiance and photelectron spectrum. PEIN2 is
about twice that of the P(A,1) production at 150 km but a factor of 5 larger at 110 km.
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The right column of Figure 2.10 shows both P(A,1) calculated from eqn 2.9 and the glow
PEIN2 as a function of altitude using both the SNOE and EUVAC irradiances at noon on
Dec 6, 1999 (DOY:1999340). The production rates calculated using the SNOE x-rays are
about 25% larger than EUVAC at 150 km but a factor of two larger at 110 km where the
x-rays are deposited. In spite of this, the ionization to excitation ratio, PEIN2/P (A, v), is
nearly independent of the solar spectrum used. For each vibrational level this function can
be represented by the four parameter scaling function

gv(z) = a+ b exp[−(z − c)2/(2d2)] (2.20)

which is a Gaussian centered near z=100 km, with v-specific constants a, b, c and d. Using
the mpfit package of Markwardt [2009], this function is minimized to fit the PEIN2/P(A,1)
ratio between 100-200 km and shown in blue. That the ionization to excitation ratio is
practically independent of the solar spectrum is demonstrated by the nearly identical scaling
functions depicted in Figure 2.10. Overplotted in green in Figure 2.10 is the scaled N2(A,1)
production

P (A, 1)|s =
PEIN2

g1
. (2.21)

which differs from P(A,1) calculated from eqn 2.9, shown in black, by a maximum of a few
percent.

The same procedure is then done for each N2(A) level at noon for each day of 1999 using both
the SNOE- and EUVAC-driven glow PEIN2: P(A,v) is calculated from eqn 2.9 , then the
scaled production P(A,v)|s, is fit to P(A,v), by minimizing eqn 2.20. THis provides the four
best fit parameters, a, b, c, d for each level and day. The yearly average of each parameter
(e.g. < a >) is presented in Table C.2. Parameters for the fits to the summed v=0-7, v=3-6,
and v=0-21 are also presented, as they will prove useful in the following paper.

Figure 2.11 shows the noon N2(A,v=1,3,6) production rates calculated from eqn 2.9 in the
left column, the scaled N2(A,v=1,3,6) rates calculated by dividing the noon PEIN2 by the
scaling function of eqn 2.20 using the yearly averaged parameters from Table C.2 in the
middle column, and the resulting error in ther right column for all of 1999. The average
error over the entire year is 3% at 110 km, 8% at 150 km, and 5% averaged over the entire
year and altitude from 100-200 km. Errors of similar magnitude are found when using the
SNOE-driven glow. Thus the level specific N2(A) production rates can be obtained by a
simple scaling of PEIN2 to within an average of 5%.
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Figure 2.10: PEIN2 is an altitude dependent, and solar activity independent, multiple of
P(A,1) throughout the year (left column). Although the rates vary by almost a factor of two
between the EUVAC and SNOE x-rays, the altitude dependent scaling function, g, relating
P(A,1) and PEIN2 (blue) remains nearly constant (right column).
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2.5.1 Scaling Relation for Pressure Based Models

Due to the simplicity in solving the equations of motion, global circulation models such
as TIMEGCM and WACCM treat the vertical dimension in pressure rather than altitude
coordinates. As the dominant atmospheric component, the total pressure is determined
mostly by the N2 density. The mass and number mixing ratio of N2 are therefore common
features in these models and afford a means of translating between pressure and altitude.

Figure 2.12 shows the equatorial N2 number mixing ratio (MRN2) from NRLMSIS overplot-
ted with the yearly mean at both 110 and 150 km at noon for 1999. A small seasonal trend
is seen with slightly smaller MRN2 near the equinoxes, when the sun is directly overhead,
and larger MRN2 around the solstices. The coefficient of variability, CV , defined as the
standard deviation over the mean, is less than a couple percent throughout the 100-200 km
altitude range. Since the CV is small, the mean MRN2 can accurately be expressed as a
linear function of altitude between 100-200 km using the relation

z = 297.773− 249.207xMRN2 (2.22)

as shown in the bottom plot of Figure 2.12. In analogy with eqn 2.20, the pressure scaling
function, gv(z(MRN2)), is then obtained in terms of MRN2 by substituting eqn 2.22 for z
in eqn 2.20.
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Figure 2.11: Comparison of first principles calculation (eqn 2.9) of the N2(A,v) produc-
tion rates (left column) with the N2(A,v) production rates calculated by scaling the N+

2

photelectron impact production rate (middle column) for 1999 at equatorial noon using the
EUVAC-driven glow photoelectron spectrum. Right column shows the error. Rows are for
v=1,3,6.
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Figure 2.12: NRLMSIS noon equatorial N2 number mixing ratio (MRN2) is approximately
linear with altitude between 100-200 km.

2.6 Discussion

Depending on the soft x-ray flux used, the magnitude of the ionization and excitation rates
was seen to vary by about a factor of two at 110 km. While these uncertainties in the
solar x-ray spectrum are of paramount importance, they have only a very small role in
determining the accuracy of the scaling parameters which, as shown in Figure 2.10 and Table
C.2, typically differ by less than 10%. The relation between the ionization and excitation
rates is thus roughly independent of the uncertainties in the solar spectrum. The final topic
to be discussed in this paper is the accuracy of the scaling parameters in light of the recent
reduction in the N2 excitation cross sections.

As shown in Figure A.1 in Appendix A, the most recent laboratory determinations of the N2

triplet (A,B,W,B′,C) integral excitation cross sections [Johnson et al. [2005]; Malone et al.



Justin D. Yonker Chapter 2. N2(A) Production 51

[2009b], referred to collectively as J05M09] are generally lower in magnitude and have more
complex shapes than those used by the aeronomy community for much of the past thirty
years [Cartwright et al., 1977; Trajmar et al., 1983; Broadfoot et al., 1997]. Similarly, Figure
A.2 shows the summed J05M09 singlet excitation cross sections

σeff (a) =
∑

i=a′,a,w

σ(i) (2.23)

to be smaller at all energies but converge to those of T83 above about 30 eV. The most
important exception to the generally smaller cross section found by J05 is the factor of 2
increase in the J05 cross section of the A state due to a resonance near 10 eV.

Recent results appear to favor the J05M09 determinations. The presence of the resonance
has been anticipated, though at a slightly higher energy (12 eV), in the theoretical work of
Gillan et al. [1996] and Tashiro and Morokuma [2007]. Similarly Sommerfeld and Ceder-
baum [1998] conclude that the long lived resonance measured by Gnaser [1997] is due to the
N−

2 (
4Πu), [core]

42σ2
g(1πu)

3(1π∗

g)
2, the parent state of which is the N2(A) whose configuration

is [core]42σ2
g(1πu)

3(1π∗

g)
1. The theoretical results of Tashiro and Morokuma [2007] also gen-

erally support J05 for the A, W, B′, and singlet cross sections, though the B state agrees
better with T83. The comprehensive study of Young et al. [2010] and the review of Ajello
et al. [2010] both support the lower σ(a) of J05, as does the limited study of Kato et al.
[2010] which also supports the lower σ(C) of M09.

The importance of the low-lying singlets is that they account for between 10-20% of the total
electron energy loss at the energies (10-20 eV) responsible for most of the triplet excitation
(Figures 2.3 and 2.15). Although the singlet and triplet cross sections are independent
physical quantities, since they are competing processes for the photoelectron loss, their
excitation rates in the atmosphere are not. The magnitude of the singlet cross sections play
a significant part in determining the low energy photoelectron flux and, in turn, the triplet
excitation rate (and vice versa). To assess the effect of these lower cross sections on the
triplet production rate, the photoelectron spectrum must first be recalculated since reducing
the cross sections will then increase the photoelectron flux at energies where N2 excitation
is the dominant loss.

The top plot in Figure 2.13 shows the original glow photoelectron spectrum (black) along
with that calculated using the fits to the J05M09 cross sections (red) described in Appendix
A. The ratio of the two is shown in the inset in (blue). The 10-15 eV flux increases by an
average of about 50% and is nearly a factor of two larger at 12.5 eV.

The same statements apply to the middle figure which shows the e-folding distance, also
known as the range function,

R(E) =

(

∑

n=N2,O2,O

nσn(E)

)

(2.24)
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Figure 2.13: Top: Standard glow pe flux at 110 km (black) is increased by an average of
about 40% (blue inset) between 10-20 eV when the J05M09 energy loss/excitation cross
sections are used (red). Middle: This is due almost solely to the change in the loss as
represented by the range. Bottom: The pe production rates are nearly independent of the
N2 excitation cross sections.
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where n is the species density and

σn =
∑

i

σni (2.25)

is the sum of individual i inelastic processes that occur between a photoelectron and species
n. Thus σn is the total inelastic cross section for species n, the contribution of the elastic
cross section being omitted as it merely changes the photoelectron direction, not the energy.
This results from assuming that at each energy the differential change in the photoelectron
flux with distance x is given by

dφ = −φRdx. (2.26)

Thus, e.g., 12.5 eV photoelectrons on average travel about twice as far (i.e. last twice as long)
before suffering an inelastic collision when using the J05M09 cross sections. The similarity
of the range with the spectrum reveals the importance of the loss in determining the shape
of the photoelectron spectrum. Also observe the slight decrease of about 10% in the flux
just below 10 eV due to the large contribution from the A state resonance, as well the near
independence (∆Ppe(E) < 5% at all energies) of the net photoelectron production rates (i.e.
sum of primary, secondary, and cascade) on the J05M09 excitation cross-sections. Both of
these facts will be useful momentarily.

Figure 2.14 compares the effective N2 triplet and singlet excitation rates obtained using
the cross sections from eqns 2.2 and 2.23 and the original, T83 based glow photoelectron
spectrum (black) with those obtained using the J05M09 based photoelectron spectrum.
Production is maximized near 140 km in both cases, but the net singlet excitation is reduced
by about 33% while the net triplet excitation is changed by less than a percent. These
results can be explained by looking at the production efficiency of triplet and singlet N2 per
photoelectron (photoelectron branching ratio) as shown in Figure 2.15.



Justin D. Yonker Chapter 2. N2(A) Production 54

Figure 2.14: The net N2(A) production rate is approximately independent of the J05M09
cross sections. The maximum singlet (a’+a+w) excitation rate is decreased by 33% while
the max production rates for the oxygen excitations increase by 20% or greater due solely
to the increased efficiencies from Figure 2.15. Colors are the same as in Figure 2.13. The N2

rates are 10-15% lower when inconsistenly convolving the J05M09 cross sections with the
original glow pepectrum (green).
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When the photoelectron flux is in local equilibrium, as it is in the E-region [Solomon, 2006],
the photoelectron flux at a given energy can be written as the product of the photoelectron
production rate with the range, φ = PpeR, where the explicit energy dependence of each term
has been omitted for simplicity and the production rate is given in units of pe/cm3/s/eV
as in Figure 2.13. (Recall that a formally identical relation (eqn 2.6) holds for a species in
photochemical equilibrium.)

Likewise the production rate of process i (e.g. net N2 triplet or singlet excitation) per eV
can be written

Pi(E) = nσni(E)φ(E). (2.27)

Substituting the photoelectron equilibrium condition, the production rate of process i can,
analogous to eqn 2.17, be very simply related to the photoelectron production itself:

Pi(E) = ηi(E)Ppe(E) (2.28)

where Ppe(E) is the net photoelectron production rate (including primary, secondary, and
cascade). The quantity ηi is given by

ηi(E) =
R(E)

Ri(E)
=

[n]σi(E)
∑

n=N2,O2,O

nσn(E)
(2.29)

where Ri is the range a photoelectron would travel if only process i was active and R is the
net photoelectron range defined in eqn 2.24. The quantity η is then the ratio of channel-
specific loss (numerator) to the total loss, or the efficiency at which a photoelectron of a given
energy leads to process i. A better name, to continue the analogy with chemical processes,
is the normalized photoelectron loss frequency.

Recalling that the photoelectron production rates were independent of the excitation cross
sections, the T83 (black) and J05M09 (red) photoelectron branching ratios shown in Figure
2.15 then offer an explanation for the independence of the net triplet production rate shown
in Figure 2.14. The reduction in the efficiencies of both the N2 singlets and triplets at
E>12.5 eV reduces the respective excitation rates at these energies. However this reduction
is made up for by the 15% increase in the triplet efficiencies near 10 eV, where excitation
to the optically forbidden N2 singlets and triplets accounts for more than 80% of the total
photoelectron loss. In contrast, the singlet excitation efficiency is reduced at all energies, and
the net effect must then be to decrease the net singlet excitation. Although these results are
in stark contrast to those of Jain and Bhardwaj [2011], who find the A state excitation and
modelled VK emission in theMartian dayglow to be reduced by 40% when the Johnson et al.
[2005] cross sections are used, there is no inconsistency. This is because the photoelectron
flux in the CO2 dominated Martian thermosphere is approximately independent of loss to
the minor species N2. Thus the approx40% reduction in the net triplet excitation cross
section would not lead to a comparable increase in the 10-20 eV Martian photoelectron flux
and the convolution of σ and φ is then reduced by the same 40%.
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Figure 2.15: Fraction of photoelectrons lost to various O (dashed), O2 (dotted), and N2 ex-
citations (solid) with T83 cross sections (black) and J05M09 (red). Since the photoelectron
production remains constant, the dependence of the rates of these processes on the cross
section is determined by η. The fraction lost to the N2 triplets, which are more than 50% of
the net loss, increases from 9-12 eV but decreases between 12-25 eV.
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Two factors account for the increased triplet efficiency near 10 eV shown in Figure 2.15: the
increase in σ(A) due to the previously described resonance as well as the near vanishing of
σ(a) using the newer J05M09 cross sections. In contrast to Cartwright et al. [1977], Khakoo
et al. [2005] did not include the singlets in the spectral unfolding at 10 eV and Johnson
et al. [2005] do not report an integral cross section. The σ(a + a′ + w) at 10 eV used in
the modified glow model (red) is calculated from eqn A.1 to be about 0.5 Mb, which is
based on an interpolation from 0 at threshold to the J05 values at 12.5 eV. This is to be
contrasted with the recommended 10 eV σ(a + a′ + w) of 4.02 Mb [Trajmar et al., 1983],
4.82 Mb [Majeed and Strickland, 1997], 10 Mb (original glow) and 17.3 Mb [Brunger et al.,
2003; Itikawa, 2006]. As has been noted by several authors, the functional dependence of
the cross sections in the near threshold region is still poorly understood and can affect not
only the excitation rate of the process under consideration (e.g. singlet excitation rate) but
also competing processes (e.g triplet excitation rate) [Ajello et al., 2010].

Shown in (green) in Figure 2.14 are the singlet and triplet rates obtained had the spectrum
been naively treated as independent of the cross section. Inconsistently calculating the
excitation rates by convolving the J05M09 cross sections with the peflux determined using
the T83B97 cross sections results in underestimations of 10-15% in the calculated rates.

The increased peflux shown in Figure 2.13 will also lead to an increase in the calculated rate
of any other photoelectron driven processes though it will be significant only for processes
that have cross sections that peak at or near energies coinciding with the energies at which
the flux is increased. Processes fitting this criteria are shown in the bottom two figures of
Figure 2.14. The lowering of the N2 excitation cross sections results in a 20 % increase of the
O2(B-X) Schumann-Runge (SR) excitation rate at 110 km and increases of 24% and 23%
in the O(3P-3s5S0) (135.6 nm) and O(3P-3s3S0) (130.4 nm) peak excitations at 150 km. A
similar 25% increase is seen in the O(3P-3p5P) excitation (777.4 nm, not shown). Again,
this is explained by the increased efficiencies for the oxygen excitations shown in Figure 2.15.
Although the cross sections were not changed for any of the oxygen excitations, the rates
are increased due to the increased photoelectron range (decreased total loss).

This increase in the 135.6 nm emission, coupled with the decrease in the N2(a) state exci-
tation and susbsequent LBH emission, has important consequences for the proper interpre-
tation of the FUV/IMAGE and Global Ultraviolet Imager (GUVI) radiances, from which
characteristic auroral electron energy fluxes and the O/N2 ratio are obtained [Frey et al.,
2003; Christensen et al., 2003]. Since the ratio of the 135.6 nm emission to LBH is the prin-
ciple observable used to infer these quantities, the effect of the J05M09 cross sections will
be even more pronounced: since the LBH emission will be decreased by about 33%, while
135.6 nm is increased by about 25%, the expected 135.6/LBH ratio should be increased by
about 50%.

Before closing, one final result is shown concerning the scaling parameters. Although the
net N2(A) production was seen to be independent of the B97 and J05M09 cross sections,
the partitioning of the production among the N2(A,v) levels has been modified as shown in
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Table 2.1. Since both PEIN2 and the net N2(A) production rates are unaffected by using
the J05M09 cross sections, it is easily shown that the J05M09-based scaling function can
be obtained from the T83B97 based scaling function by the following relation

gJM = gTB
pTB

pJM
(2.30)

where the level dependence of all quantities has been omitted for clarity, and pTB and pJM

are the relative production percentages given in Table 2.1. Thus the level-specific N2(A,v)
production rates can be calculated from PEIN2 when the J05M09 cross sections are used to
calculate the low energy photoelectron spectrum and N2 excitation rates. The only change
is that the constants < a > and < b > presented in Table C.2 must be scaled by the ratio
of the constants given in eqn 2.30. This result is independent of the two solar spectra used
in this work. Because the distribution of the A(v) production is shifted to higher v, the
N2(A,v≤2) densities, and thus the corresponding radiances, will be reduced by about 25%
due to the J05M09 cross-sections alone as shown in Figure 2.16.

Before concluding, a final comment on the uncertainties in the ionization cross sections is
necessary. Although discrepancies in the cascade contributions from the First Negative and
Meinel systems remain Itikawa [2006], the recent measurements of Straub et al. [1996] as
parameterized by Tabata et al. [2006] find the total cross section for N+

2 production to be
about 20% lower near the 100 eV peak than the sum of the Jackman et al. [1977] values
upon which the circulating version of glow is based. A similar 20% discrepancy is found
upon comparison of the sum of the Jackman et al. N+

2 (X,A,B) values with the recent
determination of Shemansky and Liu [2005], further supporting a smaller total ionization
cross section. Future work will address the bearing of uncertainties in the PEIN2 cross
sections on the scaling.
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2.7 Conclusions

Cascade from A(v′ > 7) through the B(v”) levels was shown to enhance the production and
densities of the A(v< 7) by about 10% in the lower thermosphere. The dominant vibrational
redistribution process above 150 km is the radiative R1PG. Collisional redistribution via ICT
becomes important below about 120 km, with collisional redistribution via IVR becoming
significant only in the mesosphere.

Comparison of the modelled VK(1,4) radiance was made with equatorial dayglow observa-
tions by ISAAC for a day with medium-low solar activity. The measured radiances were
shown to be recoverable to within 10% using either the standard EUVAC and the SNOE-
scaled 2-20 nm EUVAC spectrum. The larger A(1) production resulting from the SNOE
spectrum required increasing the loss to O(3P) via the (T/300)(.5) temperature dependence
of Hill et al. [2000] while agreement with the standard EUVAC spectrum was best with the
temperature independent rate.

Uncertainities in the soft x-ray part of the solar spectrum and N2 excitation cross-sections
appear too large to warrant uncritical adoption of the aeronomically-determined temperature
dependence for the N2(A)+O(3P) reaction recommended by Hill et al. [2000].

Use of the X-ray flux of SNOE results to drive the production rates results in a factor of
2-3 enhancement in the 110 km ionization and excitation rates. The difference at 150 km is
closer to 25%.

Depending on the x-ray flux, the N2(A) and N+
2 production rates were shown to vary by

between 25% (150km) and 100% (110 km). However, the ratio between them is nearly
independent of the solar flux. Adoption of the J05M09 N2 excitation cross sections support
the larger solar soft x-ray irradiances measured by SNOE.

Based on this, a method to rapidly implement the level-specific N2(A) production into ex-
isting thermospheric models was presented. The relation between PEIN2 and the N2(A,v)
production was shown to be a Gaussian, the parameters for which have been determined for
various combinations of the N2(A,v) levels. The dayglow N2(A) production can be obtained
by scaling the PEIN2 with an average error of 5%. An important benefit of this method is
that although both quantites increase when using the higher 2-20 nm solar flux measured
by SNOE, the ratio between the production rates, and thus the Gaussian scaling function,
is approximately independent of the choice of solar spectrum.

Uncertainties in the N2(A) production due to the generally much smaller N2 excitation cross
sections reported by J05M09 were addressed. Implementation of these cross-sections into
the glow model was shown to increase the pe spectrum between 10-20 eV, with a factor of 2
increase seen near 12.5 eV. However, the net N2(A) production was shown to be unchanged.
The cascade contribution to the A(v) production rates is decreased, particularly via the
W-B-A path, while the direct N2(A) excitation increases resulting from what appears to be
a resonance near 10 eV in the Johnson et al. [2005] N2(A) excitation cross section. This
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Figure 2.16: Top: Steady state triplet densities using the B97 cross sections. The large drop
in the B(12<v<17) is due to predissociation. Bottom: Although the net N2(A) production
rate is independent of the J05M09 cross sections, the distribution among the vibrational
levels is shifted to higher v due primarily to the larger A state cross section near 10 eV.
Other triplet densities, particularly the B’ and W, are reduced by 15-50% due to smaller
J05M09 cross sections.
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increases the efficiency of 10 eV photoelectrons at producing N2(A). The net effect of the
J05M09 cross-sections is then to shift the N2(A,v) distribution to the higher levels.

Excitation to the N2 (a,a’,w) singlets (and thus presumably the LBH emission) was seen to
decrease by about 33% mainly due to the much lower and different shape of N2(a) cross-
section. In contrast, due to the larger photoelectron spectrum between 10-20 eV production
of the O(5S) and O(3S) states, and thus their emissions at 135.6 and 130.4 nm, were increased
by more than 20% at their peak near 150 km. This has important consequences for the
interpretation of these FUV emissions, which are key diagnostics for energy deposition.
Likewise photoelectron impact dissociation of O2 via was seen to increase by 20% at its peak
near 110 km.

The net N2(A) production was seen to be approximately independent of the older B97 use
of the lower J05M09 excitation cross sections. However the N2(A,v) distribution was shifted
to higher levels. SInce the N+

2 production is independent of the excitation cross sections,
the J05M09 N2(A,v) production rates can be obtained from the scaling parameters of Table
C.2, which are based on the T83B97 cross sections, from the ratio of the constants in Table
2.1 as described in equation 2.30.

To summarize, the midday, equatorial, photoelectron impact N2 ionization to excitation
ratio was shown to be a Gaussian function of altitude and nearly independent of the x-ray
irradiance for the medium-low to high solar activity characteristic of the runup to solar
maximum in 1999. Parameters were presented for computing the N2(A,v) production rates
from PEIN2 and shown to be accurate to within an average of about 5%. Although adoption
of the generally smaller J05M09 N2 excitation cross sections shifts the N2(A,v) distribution
to higher levels, the new scaling parameters can still be easily obtained from those based on
the older T83B97 because the net N2(A) production was independent of the two.



Chapter 3

Direct, Indirect, and Catalytic
Contribution of N2(A) to
Thermospheric NO

In this chapter the NO and N(2D) production resulting from the low energy electrons re-
sponsible for the N2(A,v) production is introduced into the NOx1d model by scaling PEIN2
in accord with the parameters from the previous chapter. Only the N2(A,v=3-6) levels are
included and a 0.57 yield for channel 1.6a is assumed.

While the function relating the N2(A) production and PEIN2 was shown to be roughly
independent of the x-ray irradiance, their magnitudes differed by nearly a factor of two
between the EUVAC and SNOE x-ray parameterizations. The measured SNOE NO for 1999
is shown to be recoverable between 100-160 km to within the average 20% measurement
uncertainties with either parameterization though slightly different chemical schemes are
required, referred to as the ”SNOE chemistry” and the ”EUVAC chemistry”. Most of the
reaction rates are the same and are given in Appendix D. Those differing are shown in Table
D.6 and one of the goals of this chapter is to motivate these differing chemistries which,
when used in NOx1Dd with their corresponding x-ray parameterizations, are referred to as
the ”SNOE model” and the ”EUVAC model”.

The N2(A) chemistry is found to increase the NO production rate in three distinct ways.
The direct contribution from the NO product of reaction 1.6a, the indirect contribution
that results when the N(2D) product of reaction 1.6a reacts with O2, and the catalytic
contribution arising because the NO production rate is itself dependent on the NO density.

The change in the NO chemical lifetime however is found to be nearly three times as large
as the resulting change in the NO production. The three dominant loss NO processes,
cannibalism with ground state atomic nitrogen, N(4S), conversion to N(4S) via photodisso-
ciation, and catalysis with O+

2 are each described. Cannibalism is found to be the dominant
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feature of the odd nitrogen loss chemistry, a claim that, like all results in this section, is
made assuming that the N(4S) is completely thermalized at all altitudes before reacting.

Specific points are illustrated by returning to the test case, DOY:1999340. This was the
day the N2(A) model was validated against in the previous chapter. Additionally since the
solar parameters for this day are nearly identical to the average conditions for 1999 (i.e.
F10.7w=155), the claims made regarding the results from this day can be viewed as typical
for a day of medium high solar activity in the ascending phase of solar maximum.

3.1 Photoelectron Impact on N2

In light of the effective 19.6 hr NO FUV photodissociative lifetime [Minschwaner and Siskind,
1993], daily production of ionized, atomic, excited, and hot nitrogen species is needed to
maintain the thermospheric NO. This has commmonly been viewed as the most basic expla-
nation for the correlation of the daily NO with the daily F10.7 index shown in Figure 1.3.
However both the NO production and the NO loss at 110 km is controlled by the x-rays and
the NO lifetime at midday is in fact an order of magnitude shorter than the FUV lifetime.

Between 100-150 km, photoelectron impact on N2 is the dominant energy deposition pro-
cess in the lower thermosphere and the fundamental driver of the NO production [Siskind
et al., 1990; Solomon and Qian, 2005]. There are four main processes: dissociation, ioniza-
tion, dissociative ionization and excitation to the metastable N2(A) state each of which are
labelled with appropriate acronyms (e.g. PEIN2=PhotoElectron impact Ionization of N2,
PEDN2=PhotoElectron impact Dissociaton of N2, PEDIN2=PhotoElectron impact Disso-
ciative Ionization of N2, PEEN2=PhotoElectron impact Excitation of N2). The current
status of each of these processes, shown in Figure 3.1, is now described. .

3.1.1 PEIN2

Production of N+
2 via PEIN2 has been extensively discussed in the previous chapter. The

focus of this section is the loss of the N+
2 produced. As shown in Figure 3.2, the N+

2 molecule
reacts so rapidly with the reservoir species that recombination plays no role in the N+

2 loss
throughout the lower thermosphere Richards [2011]. The reaction responsible for most of
the N(2D) and NO produced in the thermosphere is the loss of ionized molecular nitrogen
to atomic oxygen Siskind et al. [1990]

N+
2 (X) +O(3P ) −→ N2(

1Σ+
g +O+(4S))(0.05) (3.1a)

−→ NO+(1Σ+) +N(4S)(0.05) (3.1b)

−→ NO+(1Σ+) +N(2D)(0.90) (3.1c)
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Figure 3.1: Photoelectron impact processes driving the production of odd and active ni-
trogen. The net excitation (N2(A) production) is largest but its contribution to the NO
production is the most poorly known. Noon, DOY:1999340, ON.
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where the branching ratios are written in parenthesis after the reaction. The most recent
detemination of the rate and branching ratios [Scott et al., 1999] finds a yield of 0.95 for the
NO+ channels and 0.05 for the O+ channel, reasonably consistent with the earlier values of
0.90 and 0.10 [Knutsen et al., 1988]. The identity of the nitrogen atom produced in reaction
3.1 has, to our knowledge never been measured though it has long been assumed that N(2D)
is the principal product [Rusch, 1973]. If channel 3.1b is found to be significant, then the
understanding of thermospheric NO put forth in this paper requires major revisions. Since
the electronic states and symmetries of the products for channel 3.1b are the same as that of
3.1a, an identical 0.05 branching ratio has been assumed for channel 3.1b. Thorough reviews
of the potential energy surfaces of the NNO+ transition are provided in Kaufman [1975] and
Moseley [1985]

The near unit yield of N(2D) upon NO+ recombination [Hellberg et al., 2003] ensures that
channel 3.1c has a high net N(2D) and NO yield. This is the reason that PEIN2 is the largest
contributor to the NO production as is shown in Figure 3.17. The net NO yield from the
production of an N+

2 molecule is in proportion to the fraction of it that is lost to O(3P).
However as altitude is decreased in the lower thermosphere, the O2 mixing ratio increases
and N+

2 becomes increasingly lost to charge exchange with O2,

N+
2 +O2 → O+

2 +N2. (3.2)

Like N2, the O2 vibrational distribution is non-LTE and still poorly known. The unknown
O2 vibrational distribution is a potential source of error as the rate for reaction of N+

2 with
vibrationally excited O2(v> 0) is known to be significantly higher than O2(v=0) Kato et al.
[1994]; Dotan et al. [1997]. Because the production of O+

2 in the lower thermosphere leads
to a net loss of NO (Section 3.3.3), the O(3P)/O2 ratio is then a key factor in determining
the net NO yield per N+

2 molecule. Near the NO peak N+
2 is lost at comparable rates to

both O(3P) and O2 (Figure 3.2). Though ultimately the most important contributor to the
NO production, PEIN2 is then both an important source as well as sink of NO. That this is
the case for nearly all energy deposition processes in the lower thermosphere will be shown
in Section 3.6 (see Figure 3.17 and Tables 3.4 and 3.5).

3.1.2 PEDN2

The rate at which N2 is dissociated by photoelectron impact is comparable to that of PEIN2
(Figure 3.1). It is the largest net source of atomic nitrogen, but the partitioning of the
dissociation among the excited N(2D) and N(2P) states that create NO and the ground
N(4S) state that destroys it, are unfortunately among the most poorly known thermospheric
quantities [Itikawa, 1994, 2006]. The calculated NO has been shown to vary by a factor of 2
with a 20% change in this partitioning Rees and Roble [1979]; Barth [1992]. The identities of
the atomic nitrogen produced from a handful of the optically allowed predissociating levels
have been measured [Walter et al., 1993, 1994, 2000], but the needed geophysical quantity,
the product-specific sum of the dissociation rates of every N2 level excited upon electron
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Figure 3.2: Production rates and lifetimes of ground state molecular ions, N+
2 and O+

2 . Noon,
DOY:1999340, 0N.
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impact, has not. It is composite and depends on theory to a large degree. Discussion is
divided into the molecular details necessary for the calculation and the present status of
PEDN2 in the thermosphere.

Molecular determination

The development of tunable VUV lasers (λ <100 nm) has enabled measurements of the level
structure, predissociation widths, and absorption cross sections of the optically allowed N2

states in unprecedented detail. The region of interest to neutral dissociation is shown in
Figure 3.3. A solid foundation for the calculation of the photodissociative yields between
the dissociation threshold at 9.6 eV and the ionization threshold at 15.6 eV has recently
been laid [Stark et al., 2005, 2008; Heays et al., 2009; Huber et al., 2009] although the older
Carter [1972] values remain the default in many General Circulation Models (GCMs) of the
atmosphere.

Progress has also been made on the dynamics leading from the often mixed, excited Rydberg
and valence states to the atomic products [Haverd et al., 2005; Lewis et al., 2005b, 2008;
Hochlaf et al., 2010a,b]. A critical gap remains in the dissociation dynamics near the ion-
ization threshold, where the N(2D)+N(2D) channel is accessible, though the rapid progress
made in the last decade offers every hope that this region will also soon be explored.

Far less progress has been made on the forbidden optical transitions that electron impact
routinely populates. Due to the large degree of mixing, the predissociative yields are known
to be very sensitive to the rotational level [Lewis et al., 2005a; Liu et al., 2008] but pumping
individual rotational levels by measuring the energy loss of electrons is difficult, requiring
resolving the electron energy on the order of 1 cm−1 or about 10−4eV.

In contrast to O2, where dissociation often proceeds by direct excitation to repulsive states,
the N2 absorption spectrum below the ionization threshold is largely discrete, showing very
little continuous absorption features. Dissociation of N2 proceeds almost solely by excitation
to a bound state followed by a non-radiative, predissociative transition to a repulsive state
of two free nitrogen atoms.

Assuming the target N2 molecule is in the vibrationless ground state, X(1Σ+
g , v” = 0, J”), the

theoretical production rate of each species of neutral atomic nitrogen from electron impact
dissociation can be written

d[Ni]

dt
=

∑

Y,v′,J ;′J”

αi(Y, v
′, J ′)ηd(Y, v

′, J ′)W (Y, J ′;X, J ′′)[N2(X, J ′′)]qY,Xv′,0

∫

dEΦ(E)σY−X
e (E)

(3.3)
where i indicates the atomic state [i.e. N(4S),N(2D), or N(2P)] of the nitrogen atoms pro-
duced in the dissociation, Y, v′, J ′ indicate the electronic, vibrational, and rotational degrees
of freedom of the predissociating upper levels that are excited from electron impact with
the N2(X, v = 0, J”) ground state, qY,Xv′,0 is the Franck-Condon factor from N2(X, v” = 0)
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Figure 3.3: Recent determination of N2 optical oscillator strengths below the first ionization
potential. The molecule does not absorb light below the N(2D)+N(4S) dissociation limit
(λ > 100 nm). Carter [1972] values shown in blue while the more recent determinations
referred to in the text are shown in red. Histogram shows 1 nm bins.
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to N2(Y, v
′), and Φ(E) is the electron flux (cm−2s−1eV−1) at the energy, E. As discussed

in the previous chapter and Appendix A, a program to remeasure the cross sections, σY−X
e ,

for electron-impact excitation to the most important, electronically-excited, predissociating
states Y ,, has been ongoing the past ten years. Many previously accepted values [Tra-
jmar et al., 1983; Ajello and Shemansky, 1985] have been subject to changes of 20% or
more[Johnson et al., 2005; Malone et al., 2009b; Malone et al., 2012]. In addition this
project has revealed deviation from the assumed FCF nature of the vibrational distribution
of the excited state in the electon impact excitation process [Malone et al., 2009a].

The quantity ηd is the dissociation efficiency of the Y th electronic state,

ηd =
Ad

Ad +Ar + kM [M ]
. (3.4)

It represents the number of dissociations per excitation with A−1
p Ar, and (kM [M ])−1 being

the dissociative, radiative/fluorescent, and physical quenching or chemical loss frequencies
respectively. For clarity, the electronic, vibrational, and rotational labels have been sup-
pressed from eqn 3.4.

The quantity αi is poorly known and compelling [Itikawa, 2006]. It is a constant specific
to each excited level (Y, v′, J ′) and is completely determined by the interactions among the
excited state potential energy surfaces. It represents the number of atoms in the ith state pro-
duced from the dissociation of the excited level. There are only four neutral product channels
below the ionization potential. These are the N(4S)+N(4S), N(4S)+N(2D), N(4S)+N(2P),
and N(2D)+N(2D) channels. Thus αi is always equal to 0, 1 or 2. The standard thinking
has been to assume that each excited state dissociates to the nearest energetically accessible
products [Fox, 2007].

The quantity W , is the rotational analog of the FCF factors and contains the Clebsch-
Gordon expansion connecting the upper (Y, J ′) rotational levels with those of the ground
(X, J ′′) levels. It is more complicated in an electron-impact induced transition as the optical
selection rules break down since an electron, unlike a photon, can transfer or receive an
arbitrary amount of angular momentum in the collision. Use of Hönl-London factors will
then fail to capture the rotational warming that results from the asymmetry of the collision.
Briefly, a molecule in the Jth level can absorb any number of rotational quanta, but can
transfer a maximum of J quanta. The result of collision with a fast electron will then
typically produce a distribution that, before thermalizing, has a much larger tail than a
Boltzman distribution. This phenomenon has been observed in N2 electron impact collisions
[Tokue et al., 1993; Shemansky and Liu, 2005].

Geophysical determinations

A first principals calculation of PEDN2 using eqn 3.3 is desirable but because so many of
the parameters involved are unknown an accurate calculation is not yet possible. Even with
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perfect molecular knowledge, the computational expense required to perform the calcula-
tion would likely to be too large for routine aeronomical purposes. Instead the following
simplification is used in NOx1d and the glow photoelectron model

d[Ni]

dt
= ρPEDN2,Ni

[N2]

∫

dEσdiss(E)Φ(E) (3.5)

where σdiss(E) is the total dissociation cross-section for an electron of energy, E, and Φ(E)
is the photoelectron flux. The difficulty of measuring the electron impact excitation cross
section to each individual predissociating upper level is circumvented by utilizing ingenious
experiments that have measured the total electron impact dissociation cross-section [Winters,
1966; Cosby, 1993]. See Itikawa [2007] for a review.

In NOx1d, PEDN2 is provided directly from glow which is based on the approximately 40%
higher Winters [1966] result. Rather than reconfiguring glow to calculate the N2 dissociation
rate by convolving σdiss(E) measured by Cosby [1993] with the glow pe flux, the glow PEDN2
output is multiplied by a factor of 0.62. This is the ratio of the cross section as parameterized
by Tabata et al. [2006] from 50-500 eV to that of Zipf and McLaughlin [1978] which is used in
glow. The total rate that N2 is dissociated by electron impact, the quantity labelled PEDN2
plotted in Figure 3.1, is then given by multiplying the integral in eqn (3.5) computed using
the Zipf and McLaughlin [1978] cross section and the glow pe flux by a factor of 0.62.

The total dissociation cross section is then known to within 40% [Itikawa, 2006]. The situ-
ation is however even less satisfactory regarding the identity of the product nitrogen atoms
produced. This is represented by the quantity ρPEDN2,Ni

, which is a scalar that partitions
the dissociation rate among the i = 3 atomic nitrogen species, N(4S), N(2D), and N(2P).
Since two nitrogen atoms are produced per dissociation,

∑

limitshρPEDN2,h=2. This quan-
tity, ρf,h or ρh,j, etc...will be used in a more general sense in Section 3.6 to represent the
number of species, h or j, produced by an event f or species h respectively.

Models whose primary concern is with calculating NO do not typically discern between
N(2D) and N(2P). This is justified in Table 3.4 where the net NO yield of each is seen to be
approximately equivalent. The question relevant to thermospheric NO is how the product is
distributed between the doublets and quartets. Values from 0.5 to 0.75 for the net doublet
yield appear in the literature Zipf et al. [1980]; Siskind et al. [1995] with those at the high
end used as a proxy for the suprathermal N(4S) reaction with O2, more on which is said in
Section 3.2.2.

The basic argument for a 1:1 distribution between the doublets and quartets is that most of
the known dissociating singlet and triplet levels lie energetically between the N(4S) +N(2D)
and N(2D) + N(2D) channels [Richards et al., 1981; Lewis et al., 2008]. This can be seen
from Figure 3.3 for the optically-allowed excited states. Although a few levels above the
N(4S)+N(2P) channel have been shown to dissociate to the N(4S)+N(2D) channel, it is
clear that none of the optically-allowed predissociating states lead to N(4S)+N(4S) products
[Walter et al., 1993]. The N(2D) + N(2P ) and N(2P ) +N(2P ) channels lie above the ion-
ization threshold in a region where the autoionization lifetimes are typically much shorter
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than predissociation. Although neutral dissociation has been observed from states above the
ionization potential of 15.6 eV [Erman et al., 1999]and even above the dissociative, doubly-
ionized N++N+ channel threshold near 40 eV [Murata et al., 2006]. These are not expected
to be significant contributors to the total dissociation cross section and are not considered
further.

The nominal recommendation of 1.08 for the net doublet yield of Swaminathan et al. [1998]
appears to be based on an inaccurate reading of Zipf et al. [1980] who determined this value
for the flux-averaged doublet yield using an auroral electron spectrum, which has a much
larger percentage of electrons in the high energy tail and can thus reasonably expected to
have a larger doublet yield.

In Table 4 of Zipf et al., the flux-averaged dayglow yields are found to be 0.49/0.27/0.22/0.02
for N(4S)/N(2D)/N(2P)/N+. Assuming the dissociative ionization channel to produce equal
doublet and quartet atomic nitrogen [i.e. 0.02 net yield for the N++N channel, so 0.02/0.01/0.01
for N+/N(4S)/N(2D)], subtracting this from the net yield, and normalizing, the flux-averaged
neutral yields are obtained. These are 0.50/0.275/0.225 for N(4S)/N(2D)/N(2P), which are
the values that appear in Table D.2.

Using these values for the yields, PEDN2 is seen to be a net loss for NO (see Tables 3.5 and
3.6.3 and Figure 3.17). Although it is a significant contributor to the NO production rate it
is an even larger contributor to the NO loss. And as the primary source of N(2P ) (Figure
3.4), PEDN2 is here found to be an important source of ionization due to the high assumed
yield of associative ionization from the N(2P)+O(3P) reaction discussed in Section 3.2.3.

3.1.3 PEDIN2

The dissociative ionization of N2 due to photoelectron impact (PEDIN2) is the dominant
source of N+ in the lower thermosphere (Figure 3.5). The shape of the cross section is very
similar to that of PEIN2 and the PEDIN2 cross-section and volume production rate/bin is
similarly maximized near 110 km where the x-rays are absorbed. Though the PEDIN2 cross
section is included in the glow photoelectron calculation, this process has not previously been
included in NOx1d. Those used in NOx1d and shown in Figure 3.1 have been calculated by
convolving the glow pe flux with the cross section for the production of N+ + N from Tabata
et al. [2006] and then scaling to PEIN2 as was done with N2(A).

Similar to PEDN2, the flux averaged distribution of the doublet and quartet yields of the
accompanying neutral nitrogen atoms are unknown. All N+ is assumed to be in the ground
N+(3P ) state. Comparatively little is known about the PES dynamics of the states above
the ionization limit. Siskind et al. [1995] has found good model/data agreement using a net
doublet yield of 0.7. As Siskind did not present compelling evidence for the choice of 0.7,
a more conservative estimate of 0.5:0.25:0.25:: N(4S):N(2D):N(2P), is here assumed. Even
with this lower doublet yield, N+ is quite efficient at producing NO (Table 3.6.3) .
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Figure 3.4: Production rates and lifetimes of atomic nitrogen in the second excited state,
N(2P), and ionized nitric oxide, NO+. Noon, DOY:1999340, 0N. Net rates and lifetimes in
solid black.
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Figure 3.5: Production rates and lifetimes of ground state atomic ions, N+(3P ) and O+(4S).
Noon, DOY:1999340, 0N. Net

Due to the size of the rate coefficient even in the O/O2 ≫1 region of the thermosphere
loss to O2 comprises more than 90% of the net N+ loss (Figure 3.5). The main N+-specific
uncertainty in the chain shown in Figure 1.1 are the many energetically accessible branching
ratios for loss to O2:

N+(3P ) +O2 → O+
2 +N(2D) (∆H = −0.04eV ) (3.6a)

→ NO+(a3Σ+) +O(3P ) (∆H = −0.3eV ) (3.6b)

→ O+(4S) +NO (∆H = −2.3eV ) (3.6c)

→ O+
2 +N(4S) (∆H = −2.5eV ) (3.6d)

→ NO+ +O(3P ) (∆H = −6.7eV ) (3.6e)

The measured branching ratios shown in Table D.2 are generally what would be expected
from the relative enthalpy changes, particularly if NO+(a) is the main product [Dotan et al.,
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1997]. General agreement has been reached that the product channels are about evenly split
between the NO+ and O+

2 channels, though controversy remains regarding the electronic
state of the nitrogen atom in the latter Viggiano [2006]. Richards [2011] has found good
agreement with the AE-C data assuming a 0.30 N(2D) and 0.70 N(4S) yield for the charge
exchange channels (reactions 3.6a and 3.6d) but that study was focussed primarily on the
higher temperature F-region. Recent evidence of Midey et al. [2006] presents a strong case
for N(2D) as the primary product and is recommended by Shimazaki [1985](p. 336). Similar
arguments were put forth by Dalgarno [1979] based on the small energy defect of 0.03 eV, as
well as Zipf et al. [1980]. In this work the O+

2 channel has been assumed to be accompanied
only by an N(2D) atom(Table D.2).

Branching ratios among the reactive channels are better known with the NO+ channels
comprising about 40% [Dotan and Viggiano, 1999]. While the distribution between channels
3.6b and 3.6e is unclear, the distinction is not needed for midday E-region modelling of NO
as the NO+(a) is radiatively converted to NO+(X) on millisecond timescales [Marx et al.,
1991], much shorter than the recombination lifetime (Figure 3.4).

Although channel 3.6c comprises only about 10% of the net yield, it is interesting in that,
other than the N2(A) reaction, it is the only NO producing reaction that does not involve
neutral atomic nitrogen reacting with O2. The rate of NO production from reaction 3.6c is
small in comparison with these neutral-neutral NO producing reactions and does not appear
in Figure 3.17.

3.1.4 PEEN2, N2(A) Production

Production of N2(A) has been thoroughly reviewed in the previous chapter. There it was
shown that the N2(A) production could be obtained to less than 5% by a simple Gaussian
scaling of PEIN2. Figure 3.1 shows the net N2(A) production rate scaled from PEIN2 using
the triplet cross sections of [Cartwright et al., 1977; Trajmar et al., 1983; Broadfoot et al.,
1997]. N2(A) is the most efficient of the modelled species at creating NO (Table 3.6.3) and,
as the largest among the rates shown in Figure 3.1, N2(A) production is potentially the most
significant contributor to NO. Uncertainties in the branching ratios for the reaction are the
principal reason this claim cannot yet be addressed. This has been discussed in Sections
2.2.5 and 2.2.7. Further discussion of the chemistry leading to NO due to the N2(A) +O(3P)
reaction is postponed to Section 3.2.4.

3.1.5 Summary

To conclude this section, laboratory confirmation of the large N(2D) branching ratio for
reactions 3.1 and 3.6a is desirable. More work on the excited state dynamics is required before
a first principals calculation of the total doublet and quartet yields of the atomic nitrogen
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atoms produced from PEDN2 and PEDIN2 is attainable. The incomplete knowledge of these
quantities is only one among many uncertainties in the NO chemistry to which attention is
now turned.

3.2 Production of NO

In this section the present understanding of the thermospheric NO chemistry is summarized.
The previous section described the uncertainties from the energetics end of the problem. This
section focuses on the other end, uncertainties in the NO production reaction rates, branching
ratios and temperatured dependences themselves.Many laboratory, quantum chemical, and
aeronomically determined results regarding the reaction rates have appeared since the last
such review Swaminathan et al. [1998]. The more fundamental of these reactions are shown
in Figure 3.2. These represent the final steps in the NO creation and loss process and can be
argued to be the most important rates. That our knowledge of the temperature dependence
and branching ratios of some the most essential reactions contributing to the NO chemistry
are not much better known than the branching ratios of the N2(A) +O reaction is unfortunate
but can be viewed as the basic justification for this work.
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Figure 3.6: Reported temperature dependence of key NO reaction rate coefficients.

3.2.1 N(2D)+O2

Realization that the loss of N(2D) to molecular oxygen

N(2D) +O2 → NO +O(3P ) + 3.76eV (3.7a)

→ NO +O(1D) + 1.78eV (3.7b)

is the principal production mechanism of NO in the lower thermosphere appears to originate
with Norton and Barth [1970]. In agreement with Link and Swaminathan [1992], recent
lab work [Miller and Hunter, 2004] and theory [Braunstein and Duff, 2000; González et al.,
2001a,b, 2002] have firmly established the predominance of channel 3.7a in spite of the large
energy defect. Miquel et al. [2003] has shown about 40% of the energy defect is typically
channeled to the NO(X,v=6) vibrational level, with translational energy release accounting
for another 40% and the remaining 20% going into NO rotation.
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Although theory and experiment are in agreement as to the room temperature rate of this
reaction, there is a large discrepancy regarding its temperature dependence as shown at
the upper left in Figure 3.2. Two distinct groups [Miquel et al., 2003; Duff et al., 2003]
have found a linear dependence, while Herron [1999] recommends a much weaker Arrhenius
dependence based on the lab data of Shihira et al. [1994] and Jusinski et al. [1988]. The
former was limited to five temperatures below 295 K and can be fit equally well with a linear
dependence. The latter extended to higher temperatures but is badly scattered Herron
[1999] . As shown in Table D.6, the linear Duff et al. [2003] recommendation is used with
the EUVAC model and the Arrhenius expression of Herron for the SNOE model. These
rates are found to best recover the measure SNOE NO data when driving NOx1d with the
EUVAC or EUVAC+SNOE 2-20 nm solar irradiances.

In agreement with the experimental demonstration of Lin and Kaufman [1971], González
et al. [2001a] has effectively argued that reaction via channel 3.7a also dominates over the
physical quenching channel [Strobel et al., 1970]

N(2D) +O2 → N(4S) +O2(a
1∆, b1Σ) (3.8)

although no reliable quantitative estimate for its yield is available. The energetically ac-
cessible, electronically excited O2 products can be expected to contribute some very minor
fraction. A branching ratio of 0.04 is adopted for channel 3.8 in the SNOE model (Table
D.6). A 5% increase in the modelled 110 km NO is found with each 1% that goes into this
channel.

Physical quenching of N(2D) by O(3P)

N(2D) +O(3P )→ N(4S) +O (3.9)

is the dominant source of N(4S) above about 130 km. The room-temperature rate has reached
a laboratory determined consensus [Piper, 1989; Fell et al., 1990] and largely confirmed the
aeronomically-determined value[Bates, 1989b]. Unfortunately the only reliable experimental
determination of its temperature dependence was of limited trials and based on the assump-
tion that reaction 3.7 was temperature-independent [Davenport et al., 1976]. Uncertainties
in the temperature dependence of reaction 3.9 can affect the NO density by factors of 2-3 due
to the different roles played by N(4S) and N(2D) in the NO chemistry [Fesen et al., 1989].
The blue line in the upper right of Figure 3.2 shows the recommended rate of Herron. This
recommendation is based on the existing lab data, but omits the self-described ”definitive”
measurement of Fell et al. [1990] which is the lowest of the existing measurements and is the
value used in TIE-GCMv1.94 (black line in Figure 3.2). It is been found exceedingly difficult
to recover the high altitude SNOE NO data using the Herron recommendation in NOx1d.
Instead, as shown in Table D.6, in the SNOE model the Fell et al. [1990] temperature inde-
pendent rate is adopted, while in the EUVAC model the Herron recommendation for the
temperature dependence is used, but fit to the Fell et al. value at room temperature. This
results in a rate exactly half that of Herron and is shown as the red line in the upper right
panel of Figure 3.2.
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Although it is very similar to reaction 3.9 quenching of N(2D) by N2

N(2D) +N2 → N(4S) +N2 (3.10)

has been omitted from many 1D models [Swaminathan et al., 1998; Campbell et al., 2006]
presumably because of its low reaction rate (Table D.5). However the large N2 density makes
this reaction significant. Including it in NOx1d is found to decrease the NO at 110 km by
20%.

3.2.2 N(4S)+O2

As shown at lower right in Figure 3.2, consensus appears to have been reached for the high
temperature rate of the

N(4S) +O2 → NO +O(3P ) (3.11)

reaction [Fernandez et al., 1998; Sultanov and Balakrishnan, 2006]. This is an important
source of NO at altitudes above 110 km and is believed to become the most dominant source
of NO production in the F-region. Because N(4S) is the only loss for NO at these altitudes
(Figure 3.17), each N(4S) lost to reaction 3.11 results in the removal of an additional N(4S).
The same doubling of the loss occurs when NO is lost to FUV photodissociation at 110 km,
to be discussed in the following section.

Although the thermal rate of reaction 3.11 at the near room temperature altitudes near
the NO peak at 110 km is vastly smaller than that of reaction 3.7, it is among the most
temperature sensitive of all thermospheric reactions. As shown by Ajello and Ciocca [1996]
N(4S) produced from PEDN2 (which is the main N(4S) source below 110 km (Figure 3.7)
can possess large translational energies, in which case the rate coefficient for reaction 3.11
becomes exponentially larger due to its strong temperature dependence.

At the higher, hotter altitudes, N(2D) quenching by O becomes the main N(4S) source. It is
not known how the 2.3 eV stored in the electronically excited N(2D) is distributed among the
energetically accessible products, be it O(1D) electronic excitation or translational motion
of the product N(4S) and O atoms, but the thermalization time at the comparatively colder
altitudes near 110 km is much longer, increasing the likelihood that the high-energy tail of
the nascent N(4S) distribution reacts with O2 before thermalizing.

Both production mechanisms of N(4S) then typically leave the nascent N(4S) with excess
translational energy Swaminathan et al. [1998] and this hot component of the N(4S) distri-
bution function can, for a given reservoir temperature, increase the effective rate of reaction
3.11 by orders of magnitude as shown in green at the bottom right of Figure 3.2. Recent
calculations of the thermalization times and effective non-thermal rate coefficient have shown
that below 120 km the nonthermal rate coefficients are from 2-4 orders of magnitude larger
than the thermal ones [Balakrishnan et al., 2000]. The theoretical thermal and nonthermal
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reaction rates found by them as a function of temperature are plotted as red and green x’s,
respectively, in Figure 3.2 with fits shown as the red and green lines. Due to the shorter
thermalization time and higher temperatures the rates are approximately equal at higher
altitudes (Figure 3.2).

Unfortunately the baseline, theoretical, thermal reaction rate coefficient used by Balakr-
ishnan et al. is about an order of magnitude smaller than that of experiment (blue line
at bottom right in Figure 3.2). A crude way of accounting for this oversight is to fit a
temperature-dependent function, f(T ),

f(T ) = kntb/ktb (3.12a)

f(T ) = 1 + 2.39x108 exp(−0.0545T ). (3.12b)

to the ratio of the nonthermal (green line=kntb) to thermal (red line=ktb) coefficients found
by Balakrishnan et al.. Multiplying the fit shown in equation 3.12b by the noncontroversial
thermal rate, kt, (solid blue in Figure 3.2) then yields the nonthermal rate coefficient, knt
(dashed line). Though it increases by several orders of magnitude below room temperature,
the nonthermal rate coefficients calculated from this prescription remain small ((10−14 −
10−15cm3/s) near 110 km compared to those for the N(2D) +O2 reaction (10−12cm3/s).

Sensitivity of the modelled NO using the parameterization of eqn (3.12) has been explored.
Upon multiplying the thermal rate by f(T ) and choosing a 1:1::doublet:quartet yield for
PEDN2, the average modelled midday NO density, production rates and loss frequencies at
110 km are found to change by 55%, 11%, and -32% respectively. For N(4S), the respective
changes are -42%, 5%, and 73%.

All model results presented in this work assume complete thermalization of the N(4S).
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Figure 3.7: Production rates and lifetimes of atomic nitrogen in the ground state, N(4S),
and the first excited state, N(2D). Noon, DOY:1999340, ON. Net rates and lifetimes in solid
black.

3.2.3 The Role of N(2P)

Thermospheric N(2P) also reacts with O2 to form NO

N(2P ) +O2 → NO +O (3.13)

but the room temperature rate coefficient is slightly smaller than the same reaction for N(2D)
(see Table D.5). Although comparatively less laboratory and theoretical work has been done
on N(2P) than N(2D), the room temperature rate for loss of N(2P) to O(3P)

N(2P ) +O(3P )→ products (3.14)

is known to be more than a factor of ten larger than loss to O2, reaction 3.13 (Figure 3.4).
Thus only when the O2/O(3P) ratio becomes about ten times larger than the ratio of the
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rate coefficients of reactions 3.13 and 3.14 will the rate of N(2P) loss to O2 (producing
NO) become comparable to the rate at which N(2P) is lost to O(3P). This can be seen in
Figure 3.17 (top middle) where reaction 3.13 becomes a not-insignificant contributor to NO
production below 100 km, where O/O2 gets very small.

Branching ratios for reaction 3.14 are among the most poorly known of the set of reactions
relevant to NO. Previous incarnations of NOx1d [Cleary, 1986; Siskind et al., 1990; Bailey
et al., 2002; Barth and Bailey, 2004] did not explicitly include N(2P ), instead assuming that
the N(2P ) produced from PEDN2 was chemically equivalent to N(2D). As summarized by
Herron [1999], this assumption is dubious. The N(2P ) +O2 reaction is only about half as
efficient at producing NO as N(2D)+O2. More importantly O(3P ) quenches N(2P ) about
25 times faster than N(2D) and is by far the main N(2P ) loss mechanism throughout most
of the thermosphere.

To our knowledge no explanation has yet to be provided as to why the reaction of N(2P) with
O(3P ) should be so much larger than the N(2D)+O reaction when nearly all other reactions
of N(2P) with the same reactant are much slower than N(2D) [Herron, 1999].

The reaction has four possible exothermic product channels

N(2P ) +O(3P )→ NO+ + e (∆H = −0.81eV ) (3.15a)

→ N(2D) +O(3P ) (∆H = −1.19eV ) (3.15b)

→ N(4S) +O(1D) (∆H = −1.61eV ) (3.15c)

→ N(4S) +O(3P ) (∆H = −3.57eV ) (3.15d)

Because the N(2P ) production rate is maximized at 110 km, where N(2D) and N(4S) have
such different roles in the NO chemistry, an assessment of the relative contributions of these
channels is needed.

Although Bates [1989a] has argued against it, associative ionization, channel 3.15a appears
to be the only one that has been directly observed [Piper, 1993b] and would seem to provide
the best explanation for why reaction 3.14 is so much larger than reaction 3.9. Popov [2009]
claims associative ionization is the dominant channel. Inspection of the rates for deactivation
of N(2P ) by electrons [Berrington and Burke, 1981] shows the N(2D)+e channel to be much
larger than the N(4S) + e channel. The same conclusion is supported by comparison of the
radiative transition probabilities (Table D.3). It is assumed that the division of the products
between channels 3.15b and the sum of channels 3.15c and 3.15d follows a similar trend.

The relative contribution between the N(2D)+O(3P ) and N(4S) + O(1D) channels can be
analyzed by consideration of the possible spin-orbit states allowed. The N(2P )+O(3P ) reac-
tants can correlate with the following NO states: 2Σ,2Π,2∆,4 Σ,4Π,4 ∆. The N(2D)+O(3P )
reactants correlate with all of these except the Σ intermediates, while N(4S)+O(1D) cor-
relates only with the 4∆ [Michels, 1981]. Because of the far greater number of possible
correlating states of the former channel and preference of N(2D) over N(4S) products in the
electron quenching and radiative loss, it seems clear that the N(2D)+O(3P ) channel should
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be much larger than the N(4S) channels.

Specifically the total yield of the three non-ionizing channels has here been assumed to be
equal to the relative yields of the 1040 nm and 346.6 nm radiative channels.

N(2P )→ N(2D) + hν(1040 nm) (3.16a)

N(2P )→ N(4S) + hν(346.6 nm). (3.16b)

The product yields, Γ, of the N(4S) and N(2D) channels are then given by

Γ3.15b =
A1040

A346.6 +A1040
(1− Γ3.15a) (3.17a)

Γ3.15c + Γ3.15d =
A346.6

A346.6 +A1040
(1− Γ3.15a) (3.17b)

where

A1040

A346.6 +A1040
= 0.94 (3.18a)

A346.6

A346.6 +A1040
= 0.06 (3.18b)

and A is the radiative transition probability at the subscripted wavelength in nm. Since the
states of the atomic oxygen are not accounted for in NOx1d, no distinction is made between
channels 3.15d and 3.15c. Thus there are effectively three quantities comprising the total
yield: the two expressions in eqn. (3.17) plus the yield of the associative ionization channel,
Γ3.15a, the sum of which yields unity.

A determination of the yield of the NO+ + e channel, while highly desirable due to its affect
on the electron density, is beyond the scope of this work. Choosing this to be 0.5 results in

Γ3.15a = 0.50

Γ3.15b = 0.47

Γ3.15c + Γ3.15d = 0.03.

where the 0.47 and 0.03 result from the assumption that the N(2D) and N(4S) yields are
the same as the radiative N(2D) and N(4S) yields, eqn 3.18. With these yields, including
N(2P ) (previously assumed to be N(2D)) in NOx1d is found to reduce the modelled midday
NO density at 110 km by an average of around 5%. This is due to the combined effect of
the smaller N(2P ) + O2 reaction rate, the small (0.05) N(4S) yield from NO+ recombination
(reaction 3.28), and the small (0.03) N(4S) yield from loss to O (reactions 3.15c and 3.15d).
These values add support to the assumption that N(2P) can effectively be treated as N(2D)
for the purposes of NO modelling, and is reflected in the equivalence of N(2D) and N(2P) to
within the rounding errors as shown in Table 3.4.

That the NO is also insensitive to the partitioning of the products of reaction 3.14 among
the N(2D) and NO+ channels was anticipated by Piper [1993b] and Torr et al. [1993]. Since
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the only loss for NO+ is dissociative recombination producing N(2D) with a yield near unity,
nearly all of the N(2P ) produced eventually ends up as N(2D). Model results confirm this,
showing the midday NO density to decrease by only 2% upon varying the yield from entirely
N(2D)+O(3P ) to entirely NO++e.

However, a much more pronounced effect in seen in the NO+ production rate and density.
These both increase about 25% when the yield of the the NO+ channel is increased from 0
to 0.5 as can be inferred from Figure 3.4. As incorporated into our model, the 0.5 yield of
channel 3.15a from the N(2P) + O reaction is found to be responsible for the production
of nearly 1000 electrons/cm3/s at midday (Figure 3.4). This rate would be doubled for the
Popov [2009] claim the associative ionization yield is near unity.

Finally if the N(4S) product channels turn out to be significant, as suggested by Rees and
Romick [1985], a more significant effect on the NO ensues. Assuming the entire product goes
into the N(4S) channels, a 35% reduction in the modelled peak NO is found.

3.2.4 N2(A)+O(3P)

The previous sections describe the many unresolved questions remaining regarding the NO
chemistry. The situation is no clearer regarding the title reaction of this work

N2(A
3Σ+

u , v) +O(3P )→ NO(X2Π) +N(2D) (3.20a)

→ N2(X
1Σ+

g ) +O(1S). (3.20b)

which has previously been referred to reaction 1.6. Rates for all loss processes of N2(A) have
been discussed extensively in Section 2.2.5. The comparative yields between 3.20a and 3.20b
are here briefly reviewed.

There appear to be only two measurements of the product yield of reaction 3.20. Piper
[1982] showed that the N2(X)+O(1S) yield was 0.75 for the N2(A,v=0) level, though this
value should be revised downward by 20% to about 0.6 in light of the near doubling of the
N2(A) radiative lifetimes found by Piper [1993a]. This point has been rarely recognized in
the literature and the 25% maximum yield for the NO channel implied by the original Piper
measurements remains the value preferred by the plasma modeling community [Loureiro
et al., 2011].

None of these studies has explicitly considered the vibrational dependence of the N2(A) rate
coefficients. The only laboratory study specifically devoted to determining the NO product
yield is Thomas and Kaufman [1996], who found it to to increase with N2(A) vibrational level.
The NO channel was found to comprise 57% of the product forN2(A, 3 < v < 6)+O reaction.
As such, only levels with 3 < v < 6 have been considered in the model implementation of
the N2(A) discussed in Section 3.4.2.

Room-temperature, level-specific laboratory measurements of the rate coefficients for the
total removal of N2(A) by O are in general agreement [Piper et al., 1981; Thomas and
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Kaufman, 1985; Dilecce and DeBenedictis, 1999]. The temperature dependence has yet
to be measured in the lab, but success has been found modelling the thermospheric VK
emission assuming a (T/300)1/2 dependence [Hill et al., 2000; Upadhayaya and Singh, 2002].
Uncertainity in the solar spectrum, and thus the rate of N2(A) production, can impact
this finding. As shown in Figure 2.9, while the (T/300)1/2 dependence provides better
model/data agreement with the larger SNOE x-ray spectrum, a temperature independent
rate does better when driving the atmosphere with the EUVAC solar spectrum and its
smaller x-ray irradiance. Fortunately, as shown in Figure 3.12, the effect of N2(A) on NO
production is largest at the near room temperature altitudes around 110 km, where the rate
coefficients are best known.

3.3 NO Loss: Cannibalism, Catalysis, and Conversion

There are three main loss processes for thermospheric odd nitrogen. Loss of thermospheric
NO at 110 km is given by

1

NO

∂NO

∂t
= −kN,NO[N ]− kNO,O+

2
[O+

2 ]− JNO (3.21)

where as shown in Figure 3.17 the terms on the RHS represent respectively cannibalism (or
mutual destruction with N(4S), catalysis (which weakens with altitude), and photolysis, also
referred to as conversion from NO→ N(4S). At 110 km (Figure 3.7) only the cannibalism
term is significant for loss of N(4S), the other long-lived member of the thermospheric odd
nitrogen family:

1

N

∂N

∂t
= −kN,NO[NO]. (3.22)

This situation is somewhat reversed at 150 km where cannibalism almost completely sets
the NO lifetime

1

NO

∂NO

∂t
= −kN,NO[N ] (3.23)

and cannibalism and conversion

1

N

∂N

∂t
= −kN,NO[NO]− kN,O2[O2]. (3.24)

are about equal partners for N(4S). At midday NO is the dominant species below about 140
km, while N(4S) is the dominant odd nitrogen species above (Figure 3.12). Other than the
lack of O+

2 catalysis for N(4S), these equations are very similar.

3.3.1 Cannibalism: Loss to N(4S)

Cannibalism between N(4S) and NO is a crucial feature of the thermospheric chemistry [Rees
and Roble, 1979]. This is illustrated in the NO and N(4S) densities and lifetimes being ”mirror
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images” of each other as shown in Figure 3.12. In the relatively cold lower thermosphere, the
primary losses of both N(4S) and NO at midday are to each other through the cannibalistic
reaction

N(4S) +NO → N2 +O(3P ) (3.25)

which shows a very modest temperature dependence and is thus comparatively independent
of the uncertainties in the thermalization lifetime of the N(4S) distribution. Theory and
experiment are in approximate agreement regarding the rate coefficient [Sander et al., 2006;
Gamallo et al., 2006, 2010], though the TIE-GCM 1.94 value is at odds with both (Figure
3.2). As the dominant loss mechanism for both species one would expect changes in the
rate coefficient to propagate to the modelled NO. However, it is shown in Appendix E that
if the suprathermal source is assumed negligible, then the NO density is approximately
independent of this rate as was shown by Barth [1992].

3.3.2 Conversion: FUV Dissociation

Loss to direct photodissociation

NO + hν(FUV )→ N(4S) +O(3P ) (3.26)

primarily in the NO δ(0, 0) and δ(1, 0) bands at 191 nm and 183 nm is the dominant feature
of the neutral upper mesopheric NO chemistry [Minschwaner and Siskind, 1993]. Because of
the small mesospheric temperatures, the only loss for the N(4S) produced by reaction 3.26
is to NO so that two NO molecules are removed per absorption. This leads to the oft-cited
value of 19.6 hr =(2JNO)

−1 for the NO lifetime when the only irradiance is FUV illumination
[Barth and Bailey, 2004]. Thus hardly any of the individual NO molecules that were present
yesterday remain today.

However this value can be misleading when the context is not clear. FUV photodissociation
of NO (PDNO) is the dominant N(4S) source and NO loss only when the EUV flux is
essentially zero (e.g. at high solar zenith angles or in the mesosphere). At low-to-mid
latitudes the midday N(4S) production is driven principally by PEDN2 and the quenching
of N(2D), which are both about an order of magnitude larger than N(4S) production due
to PDNO, the NO photodissociation rate (Figure 3.17). Because of the large midday N(4S)
(and O+

2 ) production, for a few hours around noon, the NO lifetime is in fact closer to 1-2
hours (Figure F.2). As is shown in Appendix E, this is close enough for a time-independent,
photochemical equilibrium calculation of the NO density. Thus although the NO layer is a
persistent feature of the atmosphere, an even stronger claim than the one ending the previous
paragraph can be made: hardly any of the individual NO molecules that were present this
morning remain in the evening.
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3.3.3 Catalysis: Loss of NO to O+
2

The main source of O+
2 at 110 km is the absorption of Ly-β (Figure 3.2). Charge exchange

of NO with O+
2 is an important NO loss mechanism at 110 km but is actually the first step

of a catalytic cycle that largely returns the NO through the following sequence:

O+
2 +NO → O2 +NO+ (3.27a)

NO+ + e→ N(2D) +O (3.27b)

N(2D) +O2 → NO +O (3.27c)

O+
2 + e→ 2O (3.27d)

so that the effect of NO loss to O+
2 results in an enhanced O+

2 recombination rate. The rate
appears to be truly independent of temperature [Midey and Viggiano, 1999].

Although this is the dominant sequence following the O+
2 + NO reaction, the efficiency of

the catalysis is reduced for two reasons: NO+ recombination yields N(4S) with 5% efficiency
[Hellberg et al., 2003] and about 15% of the N(2D) is physically quenched to O(3P), creating
N(4S). Because N(4S) production leads to NO loss, only about 0.8 NO molecules are returned
for each one that is lost to O+

2 (Table 3.4). Thus about 4 out of every 5 NO molecules lost
to O+

2 are recycled.

3.3.4 The Importance of NO+ Dissociative Recombination

Before moving on, a word on NO+ recombination is in order as it is the principal source of
N(2D), and thus NO, throughout the lower thermosphere as shown in Figure 3.7.

It has often been said that it is the breaking of the N2 bond through dissociation that is
responsible for the NO. And because photodissocition and photoelectron impact dissociation
are large contributors to the N(2D) production rate (Figure 3.7), N2 dissociation is one of
the main contribuors to the NO production (Figure 3.17. However because of its even larger
contribution to the 110 km N(4S) production rate, N2 dissociation destroys about the same
number of NO molecules that it creates [Marsh et al., 2007].

In contrast NO+ is a relatively efficient NO production mechanism as shown in Tables 3.4
and 3.6.3. While it is true that the broken bonds primarily responsible for producing the
atomic N(2D) have the same σ2π4 electronic structure as neutral N2, it is the breaking of
the mucher weaker, assymetric, but isoelectronic NO+ bond that is ultimately responsible
for lower thermospheric NO. If the entire NO chemistry scheme could be said to depend on
one quantity, it would be the high N(2D) yield from NO+ recombination.

NO+ + e
0.95−−→ N(2D) +O (3.28a)
0.05−−→ N(4S) +O (3.28b)
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The N(2D) yield has been reported to be in the range 0.75 to 0.95 [Kley et al., 1977; Vejby-
Christensen et al., 1998; Hellberg et al., 2003]. As shown by Barth [1992], the NO density is
extremely sensitive to the branching ratio of reaction 3.28. The N(2D) yield of 0.95 used in
the present work is higher than previous determinations and has been taken from Hellberg
et al. [2003] who also determined the dependence of the yield on the relative collision energy
though this effect is not included.

As shown in Figure 1.1, in the collision-dominated lower thermosphere most of the ions are
chemically funneled to NO+ rather than lost to recombination. The large N(2D) branching
ratio from reaction 3.28 then allows it to be said that N(2D) is the end product of ion
production in the lower thermosphere. It is then ionization, not dissociation, that explains
why the N(2D) production exceeds that of N(4S) (Figure 3.7)and why it is that NO, and not
N(4S), is the terminal odd nitrogen species.

3.4 Modelled NO and Measured NO

3.4.1 SNOE NO Measurements

SNOE was in a noon-midnight orbit and measured the backscattered resonance fluorescence
of the NOγ(A2Σ+ − X2Π) system at two wavelengths at 11 AM local time: the γ(0, 1)
at 237 nm and the γ(1, 0) at 215 nm [Solomon et al., 1996]. Though the optically thick
(1,0) emission has a larger signal-to-noise ratio, the NO density is more easily obtained from
measurement of the optically thin γ(0,1) column emission. Comprehensive descriptions of
the construction and operation of the instruments on SNOE are provided by Merkel [2002].
A systematic error of 20% in the measured NO is assumed for any given day [Merkel, 2002;
Barth et al., 2003].

To obtain the density from the slant column emission requires knowledge of the solar flux at
the line centers and the electronic photoabsorption cross-sections. The SNOE NO inversion
assumes that the observed NO γ emissions are due solely to backscattering of the solar MUV
irradiance as contained in the altitude independent γ (0,1) and γ(1,0) solar fluorescent,
g-factors Stevens [1995]. Additional sources of excitation of the NO(A) state, and thus
production of the γ bands, such as the

N2(A)→ NO → N2(X) +NO(A) (3.29)

reaction have been ignored in the inversion. Although the reaction rates are comparable
[Piper et al., 1986b; Herron, 1999; Dilecce and DeBenedictis, 1999], N2(A) is lost to O about
1000 times faster than to NO due to the much larger O density. However if the excitation
frequency of the NO(A) state from N2(A)+NO(X) is comparable to the g-factor, it can
potentially lead to an overestimation of the NO density obtained from the SNOE measure-
ments. For the NO γ (0,1) emission at 236.5 nm, a chemiluminescent g-factor due to energy
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transfer from the N2(A,v) to NO(A,0) level can be defined as

g
γ(0,1)
N2(A) =

A0,1

∑

v′ A0,v′

∑

v

kvN2(A, v) (3.30)

where the fraction on the RHS is the radiative yield of the γ(0,1) and a formally identical
relation holds for the optically thick NO γ (1,0) band at 215 nm. Using the rate coefficients
from Piper et al. [1986b] and transition probabilities from Gilmore et al. [1992], Figure 3.8
shows a maximum chemiluminescent g-factor of 8×10−8s−1 obtained near 150 km (625 K)
for the NO γ (0,1) emission. This is about 1-2% of the solar fluorescent g-factor at 600 K
[Stevens, 1995; Barth and Bailey, 2004]. The NO γ (1,0) chemiluminescent g-factor is an
even smaller relative contributor. As measurement of the γ (0,1) emission is the standard
inversion datum, neglecting eqn.3.30 then leads to a maximum error of 2% in the NO densities
retrieved from the inversion of the measured dayglow NO column emission rates. Although
the chemilumineschent g-factor is approximately negligible in the sunlit atmosphere of the
dayglow, reaction 3.29 is presumably the dominant contributor to the NO γ nightglow.

3.4.2 NOx1d Model

The NOx1d model has a long heritage, originating with the work of Cleary [1986]. It is
specifically designed to model thermospheric NOx, a general term for the odd nitrogen
family comprised of atomic nitrogen and nitric oxide. The fundamental reason that a one
dimensional model is expected to be adequate is that the pressure, thermal, and density
gradients driving diffusion are much larger in the vertical than the horizontal dimension.
The continuity equation then reduces to

dx

dt
= P − Lx−∇φ = P − Lx− dφx

dz
. (3.31)

where P is the production rate of species x, L is the loss frequency, and φ is the net diffusive
flux discussed further in Sections 3.4.3 and 3.6. No account is taken of vertical or horizontal
winds so that the flux is determined only by vertical molecular and eddy diffusion.

Boundary conditions, initial conditions, and the computational method of solving the conti-
nuity equation at the heart of the NOx1d model are described by Bailey et al. [2002]. Briefly,
the BC are at 40 km, where PCE is assumed for N(4S) and a constant mixing ratio of 12 ppm
is assumed for NO, and at 250 km, where diffusive equilibrium is assumed for both species.
Of the 11 modelled species, diffusion is considered only for NO and N(4S) which have the
longest lifetimes. The other minor species are chemically coupled to a reservoir species and
assumed to be in PCE throughout the altitude range (40-250 km). Diffusion is not included
for these species, the justification of which can be found in Appendix F
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Figure 3.8: Chemiluminescent NO γ band g-factors from N2(A) +NO reaction. Near 150
km the γ(0, 1) band is about 1% of the fluorescent g-factor [Stevens, 1995] upon which the
SNOE NO volume density retrievals are based.
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3.4.3 Vertical Transport

In the presence of density, pressure, and temperature gradients the total flux, φ, of a minor
species due to molecular diffusion can generally be written

φ = φn + φP + φT (3.32)

where each of the terms on the right hand side represent the flux from each gradient. More
specifically Chamberlain and Hunten [1990]

φD
i = −niDij

(

∂ lnni

∂z
− ∂ ln pi

∂z
+ (1 + αij)

∂ lnT

∂z

)

(3.33)

where φD
i , indicates the molecular diffusive flux of species, i, and the terms on the right hand

side correspond to vertical gradients in the species number density, ni, partial presssure, pi,
and the temperature, T , of the background gas, j, through which it is diffusing. For a
two-component gas, the binary diffusion coefficient, Dij, is a measure of the intermolecular
force between the two species and the thermal diffusion coefficient, αij , a measure of the
fractional separation that would occur were a sustained temperature gradient applied to a
binary gas (i.e. in equilbrium the heavier gas would be predominantly found near the the
cold temperature source).

In the upper atmosphere the background ”gas” is a mixture of N2, O2, and O. A weighted,
net diffusion coefficient for each minor species can be approximated

Di =

(

[N2] + [O2] + [O]

Di,N2[N2] +Di,O2[O2] +Di,O[O]

)−1

. (3.34)

which then takes the place of Dij in eqn 3.33, with the same done for αi.

In hydrostatic equilbrium, the rate of decrease of pressure with altitude is given by

∂pi
∂z

= −ρig (3.35)

where ρ is the mass density and both terms on the right hand side are functions of altitude.
From the ideal gas law this can be written

∂pi
∂z

= − pi
Hi

(3.36)

where the pressure scale height, Hi, of the species i is given by

Hi =
kBT

mig
. (3.37)
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with kB Boltzmann’s constant and g the (altitude-dependent) vertical acceleration due to
gravity. Eqn. (3.35) can then be written

∂ ln pi
∂z

= − 1

Hi
. (3.38)

which is then typically substituted into eqn. (3.33).

Below about 100 km the more complicated turbulent, or eddy, diffusion becomes significant.
In light of the difficulty of a first principles treatment, vertical transport of a species, i, due
to eddy diffusion is parameterized in analogy with eqn (3.33) as

φK
i = −niKzz

(

∂ lnni

∂z
+

1

H
+

∂ lnT

∂z

)

. (3.39)

where Kzz is the empirically determined, vertical mixing coefficient [Qian et al., 2009] and
the mean atmospheric scale height

H =
kT

Mg
(3.40)

has taken the place of the species scale height, Hi, with M the density-weighted mass of
an atmospheric parcel (e.g. M≈0.77×m(N2)+0.22×m(O2)+ 0.01m×(Ar)=29 amu at the
surface of Earth). No analog to the small thermal diffusion term is considered in the param-
eterization of the turbulent mixing.

The net flux of a species i is then given by the sum of the molecular and eddy fluxes

φi =φD
i + φK

i (3.41)

=− niDij

(

∂ lnni

∂z
+

1

Hi

+ (1 + αij)
∂ lnT

∂z

)

(3.42)

− niKzz

(

∂ lnni

∂z
+

1

H
+

∂ lnT

∂z

)

which is the quantity that is differentiated to solve the continuity equation (eqn F.1) for the
NO and N(4S) densities.

The molecular (D) and thermal (α) diffusion coefficients have here been calculated for NO
and N(4S) using the collision integrals of Wright et al. [2005] and textbook prescriptions of
Hirschfelder et al. [1954] and Banks and Kocharts [1973]. These are shown at the bottom
in Figures 3.15 and 3.16. Theydiffer by less than 10% from those based on the Banks and
Kocharts [1973] recommendation but are typically between 40-50% smaller than those of
Strobel [1971]. No previous determination of the N(4S) and NO thermal diffusion coefficients
exist, but inclusion of them is found to effect the NO and N(4S) densities by less than 1% at
all altitudes since, as shown in Figures 3.15 and 3.16, the temperature driven flux is typically
the smallest of the terms. Below 97 km, the eddy coefficient, Kzz, is the same as Bailey et al.
[2002]. At 97 km and above, Kzz is taken from the seasonally-dependent parameterization
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of Qian et al. [2009]. It falls off exponentially with altitude and has its largest magnitude in
summer.

The question as to the mechanism by which NO from the aurorally produced regions is trans-
ported to the low latitude, lower thermosphere is not here addressed [Dobbin and Aylward,
2008]. This is still an unresolved question with molecular diffusion from above [Richards,
2004], transport of Joule heating energy via breaking gravity waves [Barth et al., 2009],
and fast two-dimensional turbulent diffusion [Kelley et al., 2009] being among the proferred
hypotheses. However as the midday, midlatitude lifetime of any particular NO molecule is
only a couple hours (Figure F.2) it would have to be moving at speeds of thousands of km
per hour, to move from the pole to the equator in broad daylight. More likely then for the
transport hypothesis is that the NO is transported during the night. Regardless it appears
rare that auroral NO makes it all the way to the equator at 110 km [Barth and Bailey, 2004]
and at midday the NO production and loss are dominated by photochemistry (Figures 3.17
and F.2).

3.4.4 ”EUVAC Model” and ”SNOE Model”

The so-called ”EUVAC model” and ”SNOE model” are two versions of NOx1d differing only
in the solar soft x-ray inputs and a few chemical reactions (Table D.6). The basic inputs for
each are the daily (H)EUVAC solar spectrum which is calculated from an empirical relation
based on the daily weighted, F10.7 cm radio emission, (F10.7w) [Richards et al., 1994, 2006].
For the EUVAC model, no changes are made to the input solar spectrum. The ”SNOE
model” uses the EUVAC solar irradiance from 20-103 nm, but the soft x-ray, 2-20 nm part
of the solar spectrum based on the empirical relation determined by Bailey et al. [1999] and
Bailey et al. [2006]. These are roughly a factor of two higher than the default EUVAC x-ray
fluxes.

It is assumed that the diurnal variation of the solar driver varies only with solar zenith
angle. From the solar irradiance the photoionization (PI), photodissociation (PD), and
photodissociative ionization (PDI) frequencies at each altitude are determined using the
cross sections described in Table D.1 and shown in Figure 3.9. These frequencies are given
by dividing, for example, the net N2 photoionization rate by the N2 density:

PIN2freq =
PIN2(z)

N2(z)
=

∫

F (z, λ)σPIN2,λdλ (3.43)

where the solar irradiance at a given altitude z and wavelength λ (nm) is given by F (z, λ)
(photons/cm2/s/nm), σPIN2,λ (cm2) is the cross section for N2 photoionization at the given
wavelength, and the integral is taken over the entire EUV irradiance. These frequencies then
represent the number of the indicated species (N2,O2,NO etc..) lost per molecule per second.
Multiplication by these species densities then gives the event rates, Pf , described in Section
3.6. In this example, the total photoionization rate of N2, PIN2(z), would be the event rate,
PPIN2.
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Figure 3.9: NOx1d photoabsorption and photoelectron impact frequencies for a typical day
near solar max, noon, DOY:1999340, 0N, F10.7w=155. Rates are obtained by multiplying
by respective densities and are referred to as events. See text for definitions of terms.

.

Photoelectron (PE) impact analogs of the photoabsorption processes are denoted simi-
larlyb[e.g. PEI, PED, PEDI] with PEE representing photoelectron impact excitation which
in this work is just an acronym used to represent N2(A) production. Below about 140 km
the rates of photoelectron impact processes are typically larger than photoabsorption due to
the absorption of the hard XUV [Solomon and Qian, 2005]. Both versions of NOx1d take
the photoelectron impact rates directly from the glow photoelectron model [Solomon et al.,
1988; Solomon and Abreu, 1989; Bailey et al., 2002]. In each case, the photoelectron spec-
trum is driven by the respective solar spectrum. Within each version the N2(A) production
frequencies (PEEN2) are calculated by scaling PEIN2 using the coefficients from Table C.2.
All results use NRLMSIS temperatures and O2, O, and N2 densities Picone et al. [2002],
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with electron temperature assumed equal to neutral temperature. There are 30+ chemi-
cal reactions included as shown in Tables D.4, D.5 and D.2. Among the more important
omissions are the vibrational dependence of reaction rates which are included only for the
N2(A, v) levels. Although the temperature dependence of the rate coefficients for the ion and
recombination reactions appears generallly better known than that of the neutrals, the ion
reactions have been shown to be very sensitive to the non-LTE vibrational degree of freedom
of the molecular species Viggiano [2006]. In particular the rate coefficient for the key O++N2

reaction, which is responsible for converting the very slowly recombining atomic ions to the
much more rapidly recombining molecular ion, NO+, is well-known to be very sensitive to
vibrational excitation in the ground electronic state of N2 [Campbell et al., 2006; Richards,
2011]. Although this is most important in determining the E-F ionospheric transition region,
ionization of atomic oxygen becomes an important contributor to the NO production and
loss with increasing altitude (Figure 3.17). Of more concern to the lower thermosphere how-
ever is the still unknown vibrational level dependence of the N+

2 +O2 reaction, 3.2 discussed
in Section 3.1.1.

The main energetics oversight in NOx1d is the omission of the photoelectron dissociative
ionization of O2 (PEDIO2). A related chemical oversight is the failure to include the excited
O+ doublet states, O+(2D,2P), that are produced in DIO2. Although O+(4S) leads to a net
destruction of 0.3 NO per ion, while the doublet ions produce 0.18 NO at 110 km (Table
3.4), the error at 110 km are expected to be very small due to the overall small DIO2 rate.
Also no distinction has been made between the O+(2D) and O+(2P) states with reaction
rate coefficients assumed to be those of O+(2D).

For recombination, only NO+ and O+
2 are important in the E-region. Petrignani et al. [2005]

has shown that O+
2 (v) recombination can vary by a factor of 6 with vibrational excitation.

Motapon et al. [2006] has shown a similar sensitivity for NO+(v) recombination, but the
millisecond lifetime of the dipole 4.3 µm, NO+(v), ∆v=1 emission [Mostefaoui et al., 1999]
in comparison to the roughly 30 second recombination lifetime shown in Figure 3.12 ensures
that at midday nascent ,vibrationally excited, ionized nitric oxide, NO+(v > 0), will return
to the vibrationless level before recombining.

3.4.5 Implementation of N2(A) Chemistry into NOx1d

To include reaction 3.20a in the NOx1d trunk requires adding the following terms to the NO
and N(2D) production rates

P (NO)|N2A = P (N(2D))|N2A =
∑

v

Γ(v) ∗ ko(v) ∗ [N2(A, v)][O(3P )]. (3.44)

where ko(v) is the level-specific, total rate coefficient for N2(A) removal by O(3P) and Γ(v)
is the branching ratio for the NO +N(2D) channel which has been assumed to equal to zero
for N2(A, v < 3, v > 6) and equal to 0.57 for each N2(A, 3 ≥ v ≥ 6) level in accord with
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Thomas and Kaufman [1996]. The N2(A,v) densities are obtained from simple PCE with
the production rates obtained by scaling the PEIN2 as in the previous chapter and the loss
frequencies equal to the sum of chemical loss to O(3P), O2, and radiative loss in the VK as
shown in Figure 2.8. The rate coefficents are shown in Tables D.6, C.1, and D.5.

3.4.6 Differences with Campbell et al. [2007] Model

A comprehensive, level-specific model for the steady state vibrational distribution of N2

was developed by Campbell et al. [2006]; Campbell et al. [2007]; Campbell and Brunger
[2009]. Implementing reaction 1.6 into their model and assuming a 0.25 yield for channel 1.6a
independent of N2(A) vibrational level resulted in increases of 2-3 in the peak NO density.
The N2(A, v) densities shown in Figures 2.7 and 2.16 for medium high solar activitiy are
approximately twice as high as those obtained by Campbell et al. [2007] at 130 km. While
it is unclear what solar activity was used by Campbell et al. [2007], a large part of the
difference in the densities is presumably due the different rate coefficients used for reaction
3.20 and electron-impact cross sections. The recommendation of Herron [1999] for the net
rate coefficient for the total removal of N2(A) by O(3P) is 2.5×10−11 cm3/s, independent of
vibrational level. Campbell et al. [2007] adopt this rate for the O(1S) channel, along with
an additional rate of 2×10−11cm3/s for the NO channel, leading to a net rate of 4.5×10−11

cm3/s. While this net rate is within the experimental uncertainties for large v’, it is about
30% larger than the most recent v = 0 laboratory measurement of 3.5×10−11cm3/s Thomas
and Kaufman [1985]. Additionally, the rate cited by Campbell et al. for the NO channel is
in conflict with the results of Piper [1982] and de Souza et al. [1985], who showed that the
maximum yield of the NO channel was between 20-25% for v < 3, leading to a maximum rate
for the NO channel of 7×10−11cm3/s for v=0. A 20% increase in the Piper rate coefficient for
the NO channel from N2(A,0)+O(3P) can be justified due to the 50% increase in the N2(A)
radiative lifetime Piper [1993a] on which the Piper et al. [1981]and Piper [1982] experiment
was based. But the value of 2.×10−11cm3/s used by Campbell et al. [2007] would still be
more than twice the adjusted, measured rate.

Other differences between the rate coefficients in Tables C.1, D.4, and D.5 and those of
Campbell et al. [2007] is the use of a temperature-dependent rate for the O(1S) channel along
with a constant value for the NO channel. This implies a room-temperature NO+N(2D)
product branching ratio of 0.44 which decreases with temperature, but is independent of
vibrational level. The (T/298)1/2 temperature-dependence here adopted for the SNOE model
(Table D.6), is independent of the product channels. Campbell et al. [2007] also use a much
smaller doublet branching ratio for NO+ recombination (0.75), the previously discussed
recommendation of Herron [1999] for the N(2D)+O(3P ) reaction, and the N(4S) +NO rate
from Pintassilgo et al. [2005], the temperature dependence of which is at odds with the
experimental determination in much the same way that shown for TIE-GCM in Figure 3.2).
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3.4.7 Comparison of NOx1d with SNOE Nitric Oxide Measure-
ments

Figure 3.10 compares the 11 AM LST, zonally-averaged, equatorial SNOE NO data at the
equinoxes, solstices, and cross-quarter days for 1999 with the NOx1d calculations using the
SNOE (blue) and EUVAC (red) models. The two figures in the middle and botton right
show the yearly averaged densities and absolute model/data errors. Both models are seen
to recover the NO at all altitudes to within the estimated 20% measurement error [Merkel,
2002; Barth et al., 2003], with the SNOE model doing a few percent better nearly everywhere
outside 110-120 km. The secondary peaks below 100 km, seen at and after June solstice, are
the result of the midsummer increase of the modelledvertical eddy diffusion coefficient, Kzz

[Qian et al., 2009].
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Figure 3.10: Altitude comparison of measured NO (x) with EUVAC (red) and SNOE (blue)
versions of NOx1d model. Average absolute error for both models at each altitude is less
than 20% (bottom right).
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Figure 3.11: Comparison of measured, equatorial midday NO (x) with EUVAC (red) and
SNOE (blue) modelled NO at four altitudes for 1999. The 27-day periodicity of the solar
rotation diminishes as altitude is increased above the x-ray absorption height near 110.
Bottom: The increase of the NO upon adding the N2(A) chemistry is larger at 110 km in
the SNOE model due to the larger x-ray fluxes.
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Figure 3.10 makes the same comparisons at four altitudes (100,110,120, and 150 km). The
variability of the observed NO with the 27 day solar rotation period, so evident in the Figure,
appears to be better captured by the larger SNOE x-ray fluxes of the SNOE model, although
both models generally underestimate the data during the summer when solar activity was
highest (Figure 1.3).

The effect on the modelled NO upon including the N2(A) chemistry is shown at the bottom of
Figure 3.11. Average increases of 44% and 30% are seen at 110 km. Much smaller increases
of 10% and 7% are seen at 150 km. That the increase is larger at 110 km is to be expected;
although the N2(A) production rates are roughly equal at 110 and 150 km (Figure 3.1), a
larger fraction of each N2(A) produced at 150 km is radiatively lost to the VK rather than
reaction with O(3P ).

In contrast, an N2(A) molecule produced at 110 km has a much smaller lifetime (Figure 2.8).
Almost 90% of the N2(A,v<7) loss frequency is determined by the exponentially increased
O(3P) density . Since such a large fraction of each N2(A) produced is lost to O(3P), the
efficiency with which each N2(A) produces NO is high; in fact N2(A) is the most efficient of
the modelled species at producing NO (Table 3.6.3).

3.4.8 Correlation of NO with Other Minor Species

The NO and N(2D) density, production rate, and lifetime are not the only quantities effected
by the N2(A) chemistry. So are the density, production rate and lifetime of the other minor
species that are chemically coupled to NO and N(2D). This is shown in Figure 3.12 for the
SNOE model. Table 3.1 reveals the same trends are found in both the SNOE and EUVAC
models, although with comparatively smaller magnitudes in the EUVAC model due to its
smaller soft x-ray irradiance.
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Table 3.1: Effect of N2(A) on densities (n), lifetimes (τ), and production rates (P )
∆n(%) ∆τ(%) ∆P (%)

SNOE EUVAC SNOE EUVAC SNOE EUVAC
Species 110 150 110 150 110 150 110 150 110 150 110 150
NO 45 11 31 7.9 32 3.4 20 3.0 12 6.5 10 4.5

N(4S) -28 -3.7 -20 -3.1 -31 -6.4 -24 -5.1 4.4 2.2 4.3 1.5
N(2D) 7.2 4.7 6.4 3.4 -0.1 -0.3 -0.1 -0.1 7.3 5.0 6.4 3.5
O+

2 -14 -1.3 -13 -1.3 -14 -1.3 -13 -1.3 0 0 0 0
NO+ 8.6 0.3 7.1 0.3 1.4 0.1 1.2 0.1 7.3 0.3 6 0.3
e− -1.4 -0 -1.2 -0.1 -1.6 -0.1 -1.4 -0.1 0 0 0 0

Table 3.2: Ratio of SNOE/EUVAC densities (n), lifetimes (τ), and production rates (P )
including N2(A). Note the factor of two difference in the N(4S) and N(2D) densities at 110
km

nSNOE/nEUV AC τSNOE/τEUV AC PSNOE/PEUVAC

Species 110km 150km 110km 150km 110km 150km
NO 0.91 0.90 0.62 0.73 1.48 1.22

N(4S) 1.81 1.37 1.09 1.07 1.65 1.28
N(2D) 1.69 2.20 1.07 1.76 1.58 1.25
O+

2 1.29 1.07 0.94 0.92 1.36 1.17
NO+ 1.21 1.10 0.81 0.89 1.50 1.23
e− 1.24 1.12 0.81 0.91 1.0 1.0

Figure 3.13 shows another view of the coupling between NO and the minor species. Correla-
tion coefficients of the density of each minor and transient species with the NO density are
calculated at noon at each altitude for all of 1999. In general the densities of each species are
strongly correlated with NO at midday due to the common cause of the solar EUV irradiance
as is clear from the chain of Figure 1.1. However the relative anticorrleation in the N(4S)
and O+

2 near the 110 km NO peak is causal and is due to the cannibalism and catalysis of
these species by NO, respectively. Ultimately this relative anticorrelation is driven by the
strong positive correlation between the NO at 110 km and the soft solar x-ray flux [Bailey
et al., 1999, 2006].

Other interesting correlations of modelled quantities with the NO production, lifetime, and
density are shown in Figure 3.14. The slope (m), intercept (b), and correlation coefficient
(r) are shown in each plot. No correlations between production rates of minor and transient
species are shown as they are all near unity due to the common cause of the solar EUV
irradiance and the chain shown in Figure 1.1.

To analyze Figure 3.14 begin with the left column, where the correlation between the NO
production rate, lifetime, and density is shown. The NO lifetime is not significantly correlated
with the NO density, a surprising result since, as shown in Table 3.1, the large change in
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Figure 3.12: Effect on minor species of introducing the N2(A) + O(3P) reaction into NOx1d.
SNOE model results are shown though EUVAC is similar (Table 3.1.) See Table 3.3 for a
reaction specific description of the effects on the production rates. Diffusion is included in
the NO and N(4S) production rates and lifetimes as described in section 3.6.



Justin D. Yonker Chapter 3. Contribution of N2(A) to NO 102

the NO density resulting from the N2(A) chemistry was driven primarliy by the increased
lifetime.

At middle left of Figure 3.14 the NO lifetime is found to be weakly anticorrelated (r=0.46)
with the NO production, the explanation of which is that the midday energy deposition that
leads to the NO also produces N(4S) and O+

2 , both of which remove NO.

A similar result can be inferred from the bottom middle plot of Figure 3.14, where the
N(4S) production is seen to be strongly correlated with the NO density. As the NO density
is inversely proportional to the N(4S) lifetime, the strong correlation between the N(4S)
production rate and NO density is also representative of a strong anticorrelation between
the N(4S) production and lifetime.

The top of the middle column in Figure 3.14 shows the NO density at midday to be slightly
anticorrelated with the photolysis lifetime, the obvious interpretation of which is that the
photolysis lifetime must have very little to do with the midday NO density or net lifetime a
point that has not always been recognized.

Another suprising result is seen in the top right of Figure 3.14, namely that the NO density
is so strongly correlated (r=0.78) with the O+

2 production rate. The original motivation
that led to the discovery of the solar soft x-rays as the primary source of NO was that
something was needed to balance the NO loss to O+

2 , the dominant source of which at 110
km is photoionization by the solar HI, Ly-β flux (Figure 3.2, Siskind et al. [1990]). If this was
indeed the case, a large anticorrleation would be expected. That this is not observed can
be explained as the result of the catalysis. Loss of NO to O+

2 is mostly temporary since the
NO is given back within minutes (Figure 1.1 and Section 3.3.3). Thus the NO production is
also correlated with the O+

2 production through, again, the common cause of the solar EUV
irradiance.

The figures in the center and center right of Figure 3.14 illustrate another often overlooked
point which is that even at 110 km NO+ is more important as a source of NO than NO
is a source of NO+. Though the NO density and NO+ production are strongly correlated
(r=0.83), the correlation between the NO production and NO+ density is even more signifi-
cant (r=0.98). This is of course true at 150 km, where reaction 3.27a is a very minor source
of NO+ (Figure 3.4), but has not been fully appreciated at 110 km. And again this is more
evidence in support of the claim that it is the dissociative recombination of NO+ that is
responsible for the large NO density, not the dissociation of N2 as discussed in Section 3.3.4.

Lastly, the bottom row of Figure 3.14 shows (bottom left) the large correlation between the
NO production and the NO density (r=0.84), a similarly large correlation (r=0.81) between
the N(4S) production and the NO density and an even stronger correlation (r=0.90) between
the difference in NO and N(4S) production rates and the NO density. These results will be
useful in Appendix E, where the difference in the N(4S) and NO production rates is shown
to be a key quantity in determining the NO density.
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A more quantitative explanation for these correlations will be the subject of the rest of
this work. Although the two models are generally equal regarding the NO densities (5-10%
larger average error with the EUVAC model, Figure 3.10), the SNOE model is chosen for
demonstration primarily because the increase is larger in magnitude. Although this works
seems to support the larger soft x-ray fluxes measured by SNOE, to say that one model is
a more accurate representation of reality than the other would require, at the very least,
addressing the large differences between the two models in the other minor species densities
shown in Table 3.2. Unfortunately measurements in the lower E-region are scarce. This
complicates the evaluation of E-region models, as Siskind et al. [2004] have illustrated with
N(4S). This is particulary true regarding the production rates and lifetimes of the species.
These quantities are fundamental to modelling and thus our understanding but are seldom,
if ever, directly measured.

3.5 Response of Minor Species to Changes in NO Pro-

duction Rate

The sole change to the model resulting from the addition of the N2(A) chemistry is to add a
new term to both the NO and N(2D) production rates (eqn. ??). This comprises the direct
production and is shown in the top lines of Table 3.3. Explaining how this 5% increase in
both the NO and N(2D) production rates can be amplified to a 44% increase in the NO
density near 110 km is the subject of the rest of this work.

3.5.1 Amplification of NO Production Rate

Including the N2(A)+O(3P) reaction enhances the NO production rate in three distinct ways
which will be referred to as the direct, indirect, and catalytic enhancements. As products
of the N2(A)+O reaction, both the NO and N(2D) production rates are directly enhanced.
It is taken to be self-evident that this will also increase the NO and N(2D) densities. The
fraction of this additional N(2D) that is lost to O2, producing NO, is referred to as the
indirect enhancement of the NO production rate.

There is also an indirect enhancement in the N(2D) production rate. Some fraction of the
additional NO density (due to the combined direct and indirect enhancements in the NO
production) will be lost to O+

2 . If the NO density increases more than the O+
2 density

decreases (as Table 3.3 reveals), then the NO+ production rate and density will increase, as
will the NO loss rate. The indirect enhancement in the N(2D) production rate occurs because
there is more NO+ to dissociatively recombine. The additional, catalytic, contribution to
the NO production rate that begins with the removal of an NO molecule by O+

2 , then leads
to an increased rate of N(2D) production from the increased rate of NO+ recombination.
The extra NO produced from this process is referred to as the catalytic enhancement, which
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Figure 3.13: Altitude dependence of the correlation coefficients between NO and other minor
species densities at noon for 1999. The relative decrease near 110 km in the N(4S) and O+

2

densities are causally related to the NO peak which illustrates that low correlation coefficients
do not necessarily indicate causally independent quantities. Just as high correlation can be
indicative of either strong cause or common cause, low correlation can mean no cause or that
the competing causes screen off each other [Reichenbach, 1956].
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Figure 3.14: Correlation of various quantities of interest with NO lifetime, production rates,
and densities. All quantities from NOx1d results for 1999 at 12:30 pm LST at 110 km,
equator.
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is the third way that adding the N2(A)+O(3P) reaction increases the NO production.

Before moving on, note that the N2(A) chemistry in itself has nothing to do with the catalytic
enhancement of the NO production. While it is to be expected that increasing the production
rate of any species should increase its density, NO at 110 km is interesting in that the opposite
also holds: increasing the NO density will also increase the NO production because of the
catalytic cycle.

3.5.2 Effect of N2(A)+O(3P) Reaction on Minor Species Produc-
tion Rates

Table 3.3 shows the production rates of the coupled minor species from Figure 3.12 at 110
and 150 km before and after adding the N2(A) chemistry. The bottom row of each section
shows the change in the net production rate which is equal to the sum of the individual
production rates. Although the magnitude of the direct enhancement of the NO production
is about the same at 110 km as it is at 150 km (615 and 663 molcm3/s at 110 and 150 km),
the change in the net NO production is much smaller at 150 km (1441 and 715 mol/cm3/s
at 110 and 150 km). This is due to the weakening of the indirect and catalytic contributions
at the higher altitudes.

The indirect NO source is smaller at 150 km due first to the much larger O(3P)/O2 ratio: in
contrast to 110 km, an N(2D) produced at 150 km is more likely to be quenched by O(3P)
than to react with O2 to form NO (Figure 3.7). This leads to an increased N(4S) production
rate. The N(4S) production at 110 km is also increased and by about the same amount
(406 mol/cm3/s and 396 mol/cm3/s respectively). While N(2D) quenching by O(3P) is the
dominant source of increased N(4S) production at 150 km, NO photodissociation makes a
comparable contribution at 110 km.

At 150 km the efficiency of each step in the catalytic sequence is reduced, the foremost
reason being the much smaller O+

2 production rate. Thus there is a reduction in the simple
number of O+

2 molecules available to initiate the catalysis. The O+
2 production rate itself

is independent of the NO and N(2D) production. Also, the rapid growth of the [e−]/[NO]
ratio with altitude (Figure 3.12) ensures that each O+

2 produced at 150 km is increasingly
likely to recombine rather than be lost to NO, further reducing the rate of the initial step
of the catalysis, reaction 3.27a. The catalytic contribution is even further reduced at 150
km because fewer NO molecules are returned for each NO that is lost to reaction 3.27a. As
described in the preceding paragraph, N(2D) is more likely to be quenched at 150 km than
produce NO, although the fractional N(2D) yield upon NO+ recombination is effectively
constant.

The near independence of the NO+ production rate on the NO production rate at 150 km
illustrates a larger point, namely that it is only near 110 km and below that NO is a source of
NO+. This was briefly mentioned in Section 3.4.8 regarding Figure 3.14. In contrast, as the
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Table 3.3: Effect of N2(A) on production rates (mol cm−3s−1) at 11 AM, 1999340. Rates
of production mechanisms that change by less than 1 cm−3s−1 upon inclusion of N2(A) not
shown. Differences in net production rates (bottom entry in each cell) then equals sum of
shown individual differences.

110 km 150 km
Species Process N2(A)=0 N2(A) Difference N2(A)=0 N2(A) Difference
NO N2(A) +O 0 615 615 0 663 663

N(2D) +O2 12034 12905 871 5707 5975 268
N(4S) +O2 8 6 -2 5328 5131 -197
∂φNO

∂z
50 8 -42 -51 -70 -19

Net 12304 13745 1441 11068 11783 715
N(2D) N2(A) +O 0 615 615 0 663 663

NO+ +e− 6835 7316 481 6304 6321 17
Net 14969 16065 1096 13709 14388 679

NO+ O+
2 +NO 2046 2557 511 289 315 26

O+
2 +N(4S) 54 34 -20 200 190 -10

NO+hν 43 62 19 10 11 1
NO+N+

2 2 3 1 6 7 1
Net 7012 7523 511 6493 6510 17

N(4S) N(2D)+O(3P ) 2042 2189 147 6939 7265 326
N(2D)+N2 314 337 23 258 270 12
N(2D)+O2 501 538 37 238 249 11
N(2D)+e <1 <1 0 85 88 3
NO+hν 417 607 190 101 111 10
NO++e− 360 385 25 332 333 1
N++NO <1 <1 0 4 5 1
∂φN

∂z
74 58 -16 4092 4123 31

Net 9191 9597 406 17783 18179 396
O+

2 Net 5263 5263 0 1764 1764 0
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primary source of N(2D), which itself is the primary source of N(4S) above 120 km (Figures
3.4 and 3.7), the NO density is everywhere causally dependent on the NO+ production
rate. Throughout the thermosphere the ionization rates control the odd nitrogen densities
through reactions 3.1 and 3.28. In the lower thermosphere, the converse holds as well: the
odd nitrogen densities control the ion densities through the NO+O+

2 reaction, with N(2D)
determining the NO production and N(4S) the NO loss. However, as shown in Figure 3.14,
even at the NO peak, the NO production rate is seen to be better correlated with the NO+

density (r=0.98) than the NO density is correlated with the NO+ production (r=0.83).

Summarizing the results of Table 3.3 it is found that at 110 km, the direct enhancement to the
NO production is less than half (about 40%) of the net increase in the NO production (615
vs 1441 mol/cm3/s). The other 60% is due to the indirect enhancement resulting from the
increased N(2D) production. There are also direct and indirect contributions to the N(2D)
production, the latter resulting from the catalytic increase of the NO+ production. The direct
contribution to the N(2D) production is about 28% larger than the indirect contribution (481
mol/cm3/s vs. 615 mol/cm3/s); thus about 44% of the net increase in the N(2D) production
is due to the catalysis, with the other 56% coming directly from the N2(A)+O(3P) reaction.
Therefore the distribution of the enhancement in the NO production rate at 110 km due to
the N2(A) chemistry is about 40% direct, 33% indirect, and 27% catalytic.

At 150 km the direct enhancement to the NO production is of similar magnitude as at 110
km (615 vs 663 mol/cm3/s) but the contibutions are switched: the indirect enhancement
is about 40% as large as the direct enhancement (268 and 663 mol/cm3/s). Catalysis can
be ignored since virtually all (97%) of the N(2D) increase is due to the direct contribution.
Partitioning the net increase in the NO production among the direct and indirect production
mechanisms at 150 km is complicated due to the indirect decrease in the NO production
rate from the N(4S)+O2 reaction, the magnitude of which is nearly as large as the indirect
NO enhancement itself (-197 vs 268 mol/cm3/s). The smaller N(4S) density is what drives
the decreased NO production at 150 km.

3.5.3 Coupling of NO with N(4S)

The NO density completely determines the N(4S) lifetime at 110 km (Figure 3.7). Near the
NO peak, the NO then performs the role of a major species in that it acts as a chemical
reservoir for the removal of N(4S). The variation in the low-latitude NO density from sunrise
to sunset is typically on the order of 10% [Bailey et al., 2002], and the N(4S) lifetime is
approximately constant (Figure F.2). This is about an order of magnitude shorter than that
needed for a reasonable PCE description at midday as shown in Appendix F. Thus N(4S) is
in PCE throughout the thermosphere, in agreement with Vitt et al. [2000].

Like NO, the change in the N(4S) lifetime upon adding the N2(A) chemistry is much larger
than the change in its production rate (Table 3.1). That the N(4S) density decreases upon
adding the N2(A) chemistry while its production rate increases (406 mol/cm3/s at 110 km
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and 396 mol/cm3/s at 150km), demonstrates that even at 150 km where N(2D) and N(4S)
contribute about equally to the NO production (Figure 3.17), it is cannibalism (reaction
3.25) and not N(4S)→NO conversion, (reaction 3.11), that is the dominant feature of the
odd nitrogen chemistry. More concisely, N(4S) is more important as an NO sink than an NO
source throughout the E-region.

This can be seen in Figure 3.7 where the N(4S) loss to NO is everywhere greater than to O2.
That these two losses become approximately parallel above 160 km is a consequence of the
decreasing NO lifetime (increasing N(4S) density) which is short enough (Appendix F) that
the well-known steady-state description of the high altitude NO density

NO =
kN4S,O2

[O2]

kN4S,NO

(3.45)

is applicable and accurate to about 20% [Siskind and Rusch, 1992; Siskind et al., 2004]. Eqn.
3.45 also implies that the N(4S) lifetimes to O2 and NO (τO2, τNO) should be equal. In other
words

k3.25NO

k3.11O2
=

τO2

τNO
= 1. (3.46)

That the slopes of the individual N(4S) lifetimes are the same in the time-dependent, non-
PCE, NOx1d results shown in Figure 3.7 indicates that this relation holds above about
160 km. The ratio of the lifetimes is greater than unity because the contribution to the
high altitude NO from the N(2D)+O2 reaction has not been included in eqn 3.45. That
the N(2D)+O2 reaction increases with temperature and thus makes a contribution to NO
comparable to that of N(4S) near and perhaps above 160 km has been recognized [Richards,
2004] a claim the validity of which remains subject to the still large uncertainites in the
temperature dependence of the N(2D)+O2 reaction discussed in Section 3.2.1.

At altitudes where eqn 3.46 holds (i.e. above about 140 km) N(4S) controls the midday
cannibalism due to its larger production rate, lifetime, and density (Figure 3.12). Because
the N(4S) production is so much larger than the NO production at these higher altitudes,
were it not that the rate for N → NO conversion (reaction 3.11) increases faster with
altitude than the O2 decreases, the N(4S) lifetime would be even larger, and NO would be
the limiting reagent of the cannibalism. However even though the midday N(4S) density is
higher, the net result of an N(4S) lost to O2 at 150 km

N(4S) +O2 → NO +O

NO +N(4S)→ N2 +O

2N(4S) +O2 → N2 + 2O

is the destruction of 2N(4S) but no change in the species that are destroying it (assuming of
course O2 to be a reservoir). This is obviously a losing game for N(4S). Thus although the
midday N(4S) density is larger than the NO, and is, as well, the species entirely responsible
for the NO loss (Figure 3.17), N(4S) remains the limiting reagent in the cannibalism and NO
remains the dominant odd nitrogen species.
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3.6 Discussion: Primary Sources of NO Production

and Loss

Figure 3.17 is the entire focus of this discussion. At midday NO has the longest lifetime.
Everything higher up the chain in Figure 1.1 is in PCE (see Appendix F). This enables
the NO production and loss to be traced to what will be interchangeably called a primary
energy deposition process, primary process, final process or more simply an event. These are
each some combination of an ionization, dissociation, or excitation process that results from
a photoabsorption or photoelectron collision, the frequencies for which are shown in Figure
3.9.

To determine the net contribution of the N2(A) production to the NO production and loss, it
will be compared with the contributions from the other photoabsorption and photoelectron
impact processes shown in Figure 3.9. Since any process that produces N(2D) will also pro-
duce N(4S) (primarily through O(3P) and N2 quenching, reactions 3.9 and 3.10), most energy
deposition processes will both create and destroy NO. By determining the efficiency of each
species at creating and destroying NO, the efficiency of each final process can be determined.
Tables 3.4 and 3.5 illustrate this methodology at 110 km. The relative importance of each
final process to creating and destroying NO is then found by weighting the efficiencies with
the magnitudes of the final processes as will be shortly described. of Figure 1.1.

The principal ways of producing lower thermospheric NO are the reaction of N2(A) with O
and of the four atomic nitrogen species, N(4S), N(2D), N(2P), and N+ with O2. All of these
species have production rates driven by the sinusoidal variation of the solar zenith angle
and all of them also have chemical lifetimes (Figures 1.1 and 3.12) that are much shorter
than the fundamental production timescale, ω−1

p ≈ 4 hours [see Appendix F and Figure F.2].
Their presence in the lower thermosphere must then be either the immediate product of a
photoabsorption or photoelectron impact event or else the product of a chemical reaction of
a different species higher up the chain of Figure 1.1. In the latter case the chemical lifetime of
the intermediate is even shorter and so it too must be either the product of a photoelectron
or photoabsorption process or the product of a chemical reaction of a species with an even
shorter lifetime and so on. Working up the chain in this way each NO producing species,
and thus the NO production itself, can be expressed purely in terms of the photoabsorption
or photoelectron impact rates which are also referred to as the final processes or events.

The same can be done for the species responsible for the net NO loss frequency. The bottom
middle plot in Figure 3.17 shows the main NO losses: cannibalism with N(4S), catalysis
with O+

2 , and FUV photolysis of NO which is a primary process. As with production, the
contribution of each of the primary processes to the net NO loss frequency is determined
from their contribution to the production of each of the NO loss species. Due to its low
ionization potential, NO will rapidly charge exchange with any ion it encounters. However
it almost never gets a chance because, except for O+

2 , the ions are all lost very rapidly to the
reservoir. The reservoir also drains the N(2P) and N(2D) densities, eliminating their ability
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to cannibalize NO, unlike N(4S) which is always much more strongly coupled to the NO than
the background (Figure 3.7).

3.6.1 Photochemistry vs. Diffusion at Midday

Diffusion can be either a production or loss process and is included only for N(4S) and NO. In
contrast to how, for example, the very minor N++O2 source of NO can be traced back to its
origins in PEDIN2 or PDIN2, diffusive loss or gain is treated as primitive and not reducible to
one of the primary energy deposition processes. For calculating the contribution of diffusion
to the net NO and N(4S) production rates at altitudes where it results in a net gain it is
included as an irreducible term in the sum of the chemical NO production mechanisms,
irreducible meaning that it is not expressible in terms of the energy deposition processes (i.e.
events) themselves.

At altitudes where diffusion is a net loss (i.e. above 135 km for NO and above about 180 km
for N(4S)), a diffusive loss frequency for a species, i, can be found by dividing the absolute
value of the flux gradient by the density,

Ldiff (i) =
1

ni

∣

∣

∣

∣

∂φi

∂z

∣

∣

∣

∣

. (3.48)

The inverse of this, (Ldiff )
−1, then gives the diffusive lifetime. For NO this is about 10 hours

at 200 km and 200 hours between 135-140 km which is why it does not appear in Figure 3.17.
Though this may seem unrealistically large, it is because 140 km is very near the altitude
where the sign of the net flux gradient changes (Figure 3.15). The change in the flux is so
small and the lifetime is so large because nearly as many NO molecules are entering as are
leaving. There will always be some altitude where the diffusive lifetime, as defined by eqn
(3.48), is infinite. This is the altitude where the slope of the flux changes–in other words the
altitude where diffusion goes from a being net source to a net sink.

At midday diffusion is a net gain for NO below about 135 km. One way to see what is
driving this is to notice that in Figure 1.2 the total NO density at 150 km is within an order
of magnitude of that at 110 km, while the density of N2, with approximately the same mass
as NO, is two orders of magnitude smaller. This relative increase in the NO abundance
relative to N2 is indicative of its departure from hydrostatic equilibrium. Because it is
being photochemically produced every day, the NO partial pressure is too high, and the
predominant driver of the net downward flux above about 120 km is the pressure term in
eqn 3.33. This is the red, φP , term in Figure 3.15. It is opposed by the net transport of NO
upwards from the 110 km peak by simple, density driven diffusion, also known as Fickian
diffusion, indicated with the blue φn. Even at the NO peak the net effect of diffusion is
a small but nonzero gain at midday. At the peak the number lost due to simple Fickian
diffusion is maximized but it is much smaller than that gained from the movement towards
hydrostatic equilibrium. and diffusion remains a net gain at midday at the NO peak.
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Figure 3.15: Top: Net NO diffusive flux (black solid), three components of diffusive flux
(colored) from eqn. 3.33, and the NO density (dashed). The departure from hydrostatic
equilibrium, φP , controls the net flux but is opposed by the density-driven, Fickian diffusion,
φn above the NO density peak near 110 km. Bottom: Bulk velocity of the NO gas is
downward.Vertical molecular diffusion coefficient DNO is much larger than eddy diffusion
coefficient Kzz above 100 km
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Figure 3.16: Top: Net N(4S) diffusive flux (black solid), three components of molecular
diffusion (colored) from eqn. 3.33, and the N(4S) density. The departure from hydrostatic
equilibrium, φP , generally controls the net flux but is aided by the density-driven, Fickian
diffusion, φn, below the N(4S) density peak near 180 km. Bottom: Bulk velocity of the N(4S)
gas is downward and faster than NO. Vertical molecular diffusion coefficient DN4S is much
larger than eddy diffusion coefficient Kzz above 100 km.
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The instantaneous NO density between 100-140 km can be considered independent of NO
diffusion at midday. NO diffusion does not appear as a source or a sink in Figure 3.17. But
although the NO is photochemically controlled at midday near 140 km diffusion of N(4S)
becomes a non-negligible contributor to both the NO production and loss (pink +, right
column in Figure 3.17).

For N(4S) the altitude where the diffusive flux is maximum is near 180 km (Figure 3.16).
Like NO, the flux driven by the departure from hydrostatic equilibrium, φP (red), is a large
driver of the N(4S) transport. However 180 km is near the altitude at which the N(4S)
density is maximized, so that the density-drive, Fickian flux, φn, is in the same direction as
φP .

The bulk velocity of both NO and N(4S) is given by

v =
φnet

n
(3.49)

where both the net flux,φnet and the density are shown in the top of Figures 3.15 and 3.16
. For both species the bulk velocity,v, is seen to be everywhere negative (toward Earth) as
shown at the bottom of these Figures. It is generally much faster for N(4S) because diffusion
due to the density gradient is in the same direction as that driven by the partial pressure
gradient.

Because the large NO layer sets such a short N(4S) lifetime (about 5 minutes) it is very
difficult for N(4S) to be transported below about 120 km. Above about 120 km, however,
diffusion of N(4S) is a major contributor to the N(4S) production, contributing about 25%
at 150 km (see Figure 3.7). Near 140 km, NO production is still driven by N(2D), though
the N(4S) contribution is significant. Although it is so important to the N(4S) density and
production, N(4S) diffusion contributes only about 5% to the NO production near 140 km,
rapidly going to zero below this. Since chemical loss to N(4S) accounts for more than 90% of
the NO loss frequency while molecular diffusion of N(4S) accounts for nearly 25% of the N(4S)
production (Figure 3.7), then it is easily seen how molecular diffusion of N(4S) accounts for
about 20% of the NO loss at 140 km (pink +, right column, Figure 3.17).

That the contribution from N(4S) diffusion to NO production (top right column) is so much
smaller than its contribution to NO loss (bottom right column). This again reinforces the
point that their common feature they cannibalilze each other much easer but not conversion.
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Figure 3.17: Noontime contribution of the primary dayglow energy deposition mechanisms
to NO production and loss for 1999340. Frequencies and linestyle keys from Figure 3.9.
Photochemistry dominates NO diffusion at midday.

3.6.2 Net NO Yield of Energy Deposition Events

The last claim in this work, the one on which the right column of Figure 3.17 is entirely
based, is that the instantaneous NO production and loss rates can be expressed in the form

PNO =
∑

f

PfN+
f,NO (3.50a)

LNO[NO] =
∑

f

PfN−

f,NO (3.50b)

where the terms on the LHS have their usual definitions of the NO production rate, loss
frequency, and density. Each of the photoabsorption or photoelectron impact processes
(indexed by linestyle and color in Figure 3.9) are here represented by a single dummy index,
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f . The event rate of the final process f is then denoted Pf and represents the rates (cm3/s) of
the photoabsorption or photoelectron impact processes that lead to excitation, dissociation,
or ionization. It is also equal to the product of the event frequency, Lf,M , with the particular
species M that is lost as a direct result of the event:

Pf = Lf,M [M ]. (3.51)

The event rates are then found by multiplying the frequencies of Figure 3.9 with the densities
listed in Figure 1.1. Calligraphic fonts are used to indicate the primacy of the event rates,Pf ,
as the final source of the production rates of all minor species considered in this work.

The event frequency, Lf,M , for the process f tells how many events occur per molecule per
second and is the quantity plotted in Figure 3.9. Though redundant in this context, it is also
indexed with M , the species removed as a result of the photoabsorption or photoelectron
event. Indexing the loss frequency in this way will be useful in the determination of the
efficiency of the event in producing NO, the number of NO molecules produced per event,
N−

f,NO

The event rate is also equal to the sum of the production rates of the species, h, that are
produced as a result of the event:

Pf =
∑

h

Pf,h (3.52)

which with eqn (3.51) implies
∑

h

Pf,h = Lf,M [M ]. (3.53)

Note that the subscript, f , has been added to the production rate of the species h to indicate
which event produced it. This distinguishes it from the single-indexed, net production rate
of a species h, denoted Ph. The symbol, P, is chosen in analogy with the representation of
the net production rate of an individual species. However, unlike the production rate for an
individual species, an event often produces several different species. Plain, non-calligraphic
scripts have not been changed for the event frequencies, Lf,M , because they have the same
interpretation as the net loss frequency of a species M seen throughout this work. The
difference is that the event frequency typically refers to the loss of one of the major species.

An example may help to clarify this. Consider the photodissociation of N2. As a primary pro-
cess, or event, it is given a label f = PDN2. The event rate is then the N2 photodissociation
rate, Pf = PPDN2, which is equal to the number of N2 molecules that are lost to photodisso-
ciation per cm3 per second, Lf,M [M ] = LPDN2,N2[N2]. Three different species are produced
by this event: h = N(4S), N(2D),and N(2P ). The sum of the production rates of these
three species due to N2 photodissociation,

∑

Pf,h = PPDN2,N4S + PPDN2,N2D + PPDN2,N2P ,
is then equal to the net rate at which N2 is lost to photodissociation or the event rate itself,
PPDN2.

After an event, a part of the sequence depicted in Figure 1.1 is initiated the end of which
is typically the production and/or destruction of an NO molecule. The net number of NO
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molecules produced from the f th event is denoted N+
f,NO, while the net number destroyed is

denoted N−

f,NO. Since the event rates are known, calculation of the NO gained and lost per

event, N±

f,NO, are the quantities needed to determine the contribution of each event to the
production and loss of NO.

NO yield of Energy Deposition Events

To determine the NO yields per event, N±

f,NO, the number of NO produced and lost for

each species, N±

h,NO, must first be determined, where h indicates one of the species produced
by the event e. In analogy with the energy-specific, normalized photoelectron losses, η(E),
discussed in the previous chapter, a normalized loss frequency (NLF) is defined

ηh,i =
Lh,i
∑

i

Lh,i
(3.54)

It determines the number of species, i, consumed for each species, h, that is produced. It also
is a measure of what percentage of species, h, is lost to the reactant, i. Almost invariably h
is a minor or transient species and i is one of the reservoir species. For the interested reader
the ηh,i can be extracted from the lifetimes (Lh,i = τ−1

h,i ) shown in Figure 1.1 and are the
scalars found over the arrows in Table3.4. When a species h is coupled to more than one of
the reservoir species (or more generally when h has more than one significant loss process),
the respective η will in general depend on the composition and temperature.

The net product yield, ρh,j, is comprised of the ηh,i and is a measure of the number of species
j that are produced for each h produced,

ρh,j =
∑

i

ηh,iqi,j . (3.55)

where qi,j is the branching ratio of channel i, the total number of product species j produced
for each species h that is lost to species i. These can be determined from Tables D.4, D.5,
and D.2. Since the same product, j, can be produced by different reactants, i, the sum over i
in eqn, 3.55 ensures that all product j is accounted for. Thus when the loss of h to a specific
reactant i leads to only one product channel, the branching ratio qi,j = 1. Only when the
loss of h to i results in multiple product channels is qi,j 6= 1, in which case it appears in
Table D.2. This value is then explicitly written inside parentheses at the end of the product
yields for the reactions shown in Tables 3.4 and 3.5.

Of the two quantities comprising the net product yield, ρ, the normalized loss, η, is the more
geophysical as it generally depends on the composition and temperature in which the species
i is produced. The branching ratio, q, is more directly reflective of the molecular dynamics
of the reaction iself. For metastable species in particular, η is not always entirely geophys-
ically determined. For instance, below about 180 km, the reservoir O(3P) density is large
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enough that N2(A) chemical loss compete with radiative loss, in which case η is determined
by both the purely molecular physics of spontaneous emission as well as the geophysical
environment. For completeness, η can also be determined entirely by the molecular physics,
for example when an excited state has an optically allowed, dissociative, or autoionizing
transition available (e.g. radiative loss of N2(B) through eqn 2.18) .

The number of NO molecules gained or lost, N±

h,NO, for each species h produced, is then
written

N+
h,NO = ρh,NO +

∑

j

ρh,j ×
[

ρj,NO +

[

∑

l

ρj,l × [ρl,NO + · · · ]
]]

(3.56a)

N−

h,NO = ηh,NO +
∑

j

ρh,j ×
[

ηj,NO +

[

∑

l

ρj,l × [ηl,NO + · · · ]
]]

(3.56b)

where the sums are taken until the products j of the species h (or products l of the products
of species h, etc...) are reduced to either a species that directly produces or destroys NO
(e.g. atomic nitrogen) or one of the reservoir, major species, N2,O2, or O. Recall that ρh,j,
represents the number of species j produced per species h and the normalized loss frequency,
ηh,i represents the fraction of species h lost to species i.

Examples of how to determine the net NO yield per species at 110 km are shown in Table
3.4. The normalized loss frequencies appear above the arrows while the branching ratios
for a specific reactant are, when not equal to one, found in parentheses after each of the
distinct product channels. The basic method is to start with the longest-lived minor species,
h = N(4S), and work backwards up the chain shown in Figure 1.1.

For example, at 110 km the only thing that happens to N(4S) is that it is destroyed by NO.
It is too cold for thermal N(4S) to create NO directly so the leading term in eqn. (3.56a),
ρN(4S),NO is equal to zero which is the number of NO produced directly from N(4S) at 110
km. Neither of the products resulting from the loss of N(4S) to NO (i.e. j = N2 and O)
contribute to the production of NO, so ρj,NO = 0 for both species. And since neither N2 or
O are reactive minor species, each additional term ρj,l=ρl,n...=0. Thus the number of NO
molecules produced per N(4S) produced is N+

N(4S),NO = 0.

Continuing the example, the only N(4S) loss at 110 km is to NO, so the number of NO
molecules removed per N(4S) produced, ηN(4S),NO=1. Since only N2 and O (i.e. no other
minor species) are produced by the loss of N(4S), ρN(4S),j = 0, and the remainder of the
summation vanishes. The leading term is then the sole contributor in eqn (3.56b) and
N−

N(4S),NO = 1. The net result of producing an N(4S) atom is then is labelled with the Greek

letter, α, which represents the destruction of one NO and creation of one N2 and O(3P).

Once the number of NO produced and lost per N(4S) produced is known, the N(2D) efficien-
cies can be determined from α, the ηN(2D),i and the ρN(2D),j . Since N(4S) is the only species
that produces or destroys NO that is a product of an N(2D) reaction. Following the same



Justin D. Yonker Chapter 3. Contribution of N2(A) to NO 119

procedure just demonstrated and shown in Table 3.4, the net result of producing an N(2D)
atom is computed and labelled β, and so on up to the most energetic species considered,
O+(2D,2 P ) (where the Greek letters η, ι, and λ have been omitted to minimize confusion).
Thus Table 3.4 contains the efficiencies, N+

h,NO and N−

h,NO, with which each species h pro-
duces and destroys NO at midday at 110 km; the former are given by the number of NO
molecules appearing on the right side of the arrow under the summation lines in Table 3.4,
while the latter are given by the number of NO molecules on the left side of the result. The
net NO yield per species is given by the difference and appear for ease of interpretation in
Table 3.6.3 for 110 km.

From the species specific efficiencies, N±

h,NO, the number of NO produced or destroyed per

event, N±

f,NO, is given by

N+
f,NO = ρf,NO +

∑

h

ρf,hN
+
h,NO (3.57a)

N−

f,NO = ηf,NO +
∑

h

ρf,hN
−

h,NO. (3.57b)

where it is to be noted that the leading subscript on ρ and η now refers to the event, f , rather
than a species higher up the chemical chain of Figure 1.1. None of the primary processes
considered directly create NO (e.g. N2O photolysis is not modelled) so ρf,NO is always
zero and included only for completeness. In contrast, there are two primary processes that
directly destroy NO, namely PDNO and PINO; thus the number of NO directly removed
per event, ηf,NO, is zero for all events except PDNO or PINO, for which it is one. Sample
calculations for the event-specific efficiencies, N±

f,NO are shown in Table 3.5. Often there is
only one species produced by the primary process, in which case the summations in both
eqns 3.57a and 3.57b reduce to a single term (e.g. PIO2 which yields only O+

2 , so h = O+
2 ).

The net NO produced or lost per event is then given by the differences of the N±

f,NO and are
also compiled, for 110 km, in Table 3.6.3.

Returning to eqn 3.50, the fractional contribution from the f th primary processes shown in
Figure 3.9 to both the NO production and loss can now be calculated:

Prod%(Pf) =
PfN+

f,NO
∑

f

PfN+
f,NO

(3.58a)

Loss%(Pf) =
PfN−

f,NO
∑

f

PfN−

f,NO

(3.58b)

These are displayed in the right column of Figure 3.17. As the examples in Table 3.5 show,
each of the species produced by energy deposition to the lower thermosphere will both
produce and destroy NO.
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Steady state NO and the meaning of detailed balance.

The stated results to this point, specifically those shown in Figure 3.17, have been noncom-
mittal as to whether the NO, in contrast to all of the other modelled minor species that are
chemically prior to it, can be described by PCE. That this assumption is also approximately
valid at low latitudes at midday for NO is shown in Appendices E and F.

The meaning of PCE is contained in the principle of detailed balance: as many species are
being created as are being lost. Thus the density of a species in the steady state or in PCE
is approximately constant. When NO is in the steady state then from eqn (3.50) it follows
that

∑

f

PfN+
f,NO =

∑

f

PfN−

f,NO. (3.59)

The reason for this is that Figure 3.17 shows the percent contribution of each event to the
NO production and loss. Because the denominators in eqns 3.58a and 3.58b are equal, com-
parative claims regarding the number of NO produced and lost per event, such as shown in
Table 3.5, can be inferred from the percent contributions at each altitude. Thus if the percent
contribution of an event to the net NO production is larger than its percent contribution to
the NO loss in Figure 3.17 it is justified to say that the event in fact produces more NO than
it destroys.

3.6.3 Comparative Contributions of Energy Deposition Mecha-
nisms

The relative contributions of each of the primary processes to the NO production and loss,
particularly the role of the N2(A) chemistry (i.e. the photoelectron impact excitation of
N2, PEEN2) can now be assessed. These are shown in the right column of Figure 3.17
and labelled with arrows. Linestyles and colors are the same as the frequencies shown in
Figure 3.9. Diffusion is indicated with a +. Processes contributing less than 4% of the total
production or loss are not shown.

The direct contribution of N2(A) averages about 4-6% of the total NO production from
100-140 km (upper middle, Figure 3.17). Because of the N(2D) also produced by reaction
1.6a, the overall contribution of the N2(A) is about twice this or about a tenth of the net
NO production (upper right, Figure 3.17), with the largest fractional contribution occurring
near 125 km. At 110 km, N2(A) produces the most net NO per event, 0.76 NO per N2, as
is shown in Tables 3.5 and 3.6.3 for the A(v=3) level.

Although efficient on a per molecule basis, only the N2(A,v=3-6) levels have been assumed
to contribute to NO productions so that even though the net N2(A) production is larger than
PEIN2 for example, the total N2(A) contribution shown in Figure 3.17 is smaller than many
of the other processes. As shown in Table 3.5, N2(A) production also removes the fewest NO
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(-0.10) of any of the events. It contributes less than 4% to the net loss at all altitudes and
does not appear in the percent loss contributions.

Although the NO chemistry is independent of it, the reaction of N2(A) with O2 has not
been assumed to dissociate O2 as suggested by Fraser and Piper [1989]. The N2(A) +O(3P)
reaction can be said to be the ”cleanest”, or most energy efficient source of NO, as no bond
energy goes into the production of hot atomic oxygen (i.e. N2(A) is the only species, PEEN2
is the only process, that does not produce atomic oxygen, in Tables 3.4 and 3.5). If the
reactant O2 is dissociated, as seems likely, N2(A) remains the cleanest source; an additional
0.14 O2 would then be consumed for PEEN2 in Table 3.5 while each N2(A) produced would
then create 0.28 atomic oxygen atoms, still lowest among the events.

General features of Figure 3.17

Although it is the second largest contributor to the NO production above 100 km, PEDN2 is
more important as an NO loss. It is the largest contributor to NO removal being responsible
for about 35% of the net NO loss. This is primarily because it is such a large contributor to
the N(4S) production (Figure 3.7).

In contrast, although PEIN2 is the second largest contributor to NO loss above 100 km, it
is the dominant NO source, contributing an average of about 40% to the net NO produc-
tion. This is primarily because the reaction of N+

2 with O(3P) (reaction 3.1) is the largest
contributor to the NO+ production (Figure 3.4), the recombination of which is the largest
contributor to the N(2D) production (Figure 3.7). The loss of N+

2 to O(3P) is also the second
largest contributor to the N(2D) production (Figure 3.7).

Among the more interesting features of Figure 3.17 is its stark demonstration of the catalytic
removal of O+

2 by NO. This is seen in how O+
2 contributes (primarily via PIO2, or Ly-β

ionization) almost as much to the NO production as it does to the NO loss. In the middle
lower plot of Figure 3.17, O+

2 is shown to comprise between 20-30% of the NO loss. Near
110 km about 80% of this loss is ultimately given back because of the near unity N(2D) yield
upon the recombination of the NO+ produced from the loss of NO to O+

2 .

As altitude is increased to 140 km, PEIO is seen to increasingly contribute to both production
and loss, primarily due to the rapidly growing O(3P) mixing ratio. But, as at 110 km,
ionization of O(3P) remains a net loss process. The same is true of molecular diffusion of
N(4S). As shown in Figure 3.7, diffusion is a very large source of N(4S) production between
about 140- 180 km. Although the efficiency with which each N(4S) contributes to NO
production rises with the increasing altitude and temperature, the production of an N(4S)
atom remains a net loss for NO. Recalling that diffusion is treated as an irreducible primitive,
the production of N(4S) due to diffusion is also then a net loss for NO.

There are several other noteworthy features of Tables 3.4, 3.5, and 3.6.3 which are here
summarized. These are specific to 110 km and relative to the SNOE chemistry scheme.
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• N2(A) is the most efficient species at producing NO (0.76 per N2(A).

• N(4S) is the most efficient species at destroying NO (1 per N(4S).

• PEEN2 (N2(A) production) is the most efficient NO producing process (0.76 NO per
event).

• PDN2 and PEDN2 are the most efficient NO destroying process, (-0.40 NO per event).

• Regarding the NO yield, there is effectively no difference between N(2D) and N(2P)
for the rates assumed in Appendix D.

• The loss of an N2 molecule to neutral dissociation (PDN2 and PEDN2) leads to a net
gain in N2, producing 1.2 N2 for every N2 dissociated.

• The loss of an O(3P) atom to ionization (PIO and PEIO) is an even more efficient
”self-producing event” with 3 O(3P) produced for every O(3P) lost to ionization.

• Except for PIO, all molecular and atomic oxygen events lead to net NO destruction.

• Each event produces an integer number of O(3P) atoms (except perhaps N2(A) as
discussed above). Each ion creates at least one through the chemical cascade to NO+

and O+
2 and the eventual recombination of these molecular ions. Each atomic nitrogen

creates one by NO production (reaction with O2) or NO destruction (N(4S)+NO).

• There are no processes that lead to a net gain in O2. Non-dissociative ionization of O2

(PIO2 and PEIO2) is the only process that produces O2 yielding 0.11 O2 for every O2

lost).

Future work will assess the claims at other altitudes. Before concluding it is noted that
implementing the approach to the chemistry as outlined in this section and shown in Tables
3.4 and 3.5 could enable increased model performance during active conditions at a reduced
computational expense.
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Table 3.4: Number of NO molecules produced and lost (N±

h,NO) at 110 km for each modelled species, h, produced.

α ≡ N(4S)+NO
1.0−→ N2 +O

N(2D)+O2
0.83−−→NO +O (0.96)

N(4S) +O2(0.04)

+O
0.15−−→N(4S) +O

+N2
0.02−−→N(4S) +O

(0.83 ∗ 0.04 + 0.15 + 0.02)α
β ≡ N(2D) + .80O2 + .2NO → .80NO + .20N2 +O

NO+ + e
1.0−→N(2D) +O(0.95)

N(4S) +O(0.05)

.05α+.95β
γ ≡ NO+ + e+ .76O2 + .24NO → .76NO + .24N2 + 2O

N(2P) +O
.92−→N(2D) +O(.47)

NO+ + e(.5)

+O2
.08−→NO +O

.92(.5(β + γ))
δ ≡ N(2P ) + .80O2 + .2NO →.80NO + .20N2 +O

O+
2 +NO

.46−→ NO+ +O2

+e
.54−→ 2O

.46γ
ǫ ≡ O+

2 + e + .57NO → .35NO + .11O2 + .11N2 + 2O

O+(4S) +O2
.69−→ O+

2 +O

+N2
.31−→ NO+ +N(4S)

.31α+.31γ + .69ǫ
ζ ≡ O+(4S) + e + .85O2 + .78NO → +.48NO + .15N2 + 3O

N+ +O2
1.0−→O+

2 +N(2D)(.5)

NO+ +O(.42)

O+ +NO(.08)

.5ǫ+ .5β + .42γ + .08ζ
θ ≡ N+ + e+ 1.73O2 + 0.26NO→ .72NO + .27N2 + 3O

N+
2 +O

.71−→NO+ +N(2D)(.90)

NO+ +N(4S)(.05)

O+ +N2(.05)

+O2
.29−→O+

2 +N2

.71(.90β + (.90 + .05)γ) + .05(α+ ζ) + .29ǫ
κ ≡ N+

2 + e+ 1.31O2 + .52NO →1.14NO + .69N2 + 2O

O+(2D,2P) +O2
.50−→ O+

2 +O

+N2
.47−→ N+

2 +O)

+O
.03−→ O+(4S) +O)

.31α+.31γ + .69ǫ
µ ≡ O+(2D,2 P ) + e + 1.09O2 + .09N2 + .55NO → .73NO + 3O
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Table 3.5: Net NO produced and lost (N±

f,NO) per energy deposition event f . Near midday these and the event rates,
Pf , determine the steady state NO density. PEEN2 is shown using the loss rates for N2(A,v=3).

PDNO
NO + hv(FUV )

1.0−→ N(4S) +O
2NO →N2 + 2O

PEEN2
N2 + e∗ −→N2(A, 3) + e

N2(A, 3) +O
.84−→NO +N(2D)(0.57)

N2 +O(0.43)

+O2
.14−→N2 +O2

.02−→N2 + hν(V K)

0.84(0.57β)
N2 + .38O2+.10NO → .86NO + .62N2

PDN2,PEDN2
N2 + hν/e∗

0.5−→ 2N(4S) + /e
0.5−→ 2N(2D,2 P ) + /e

α + β
N2 + .8O2+1.2NO → 0.8NO + 1.2N2 + 2O

PIN2,PEIN2
N2 + hν/e∗ → N+

2 + e/2e

κ
N2 + 1.31O2 + .52NO →1.14NO + .69N2 + 2O

PDIN2,PEDIN2
N2 + hv/e∗

1.0−→ N+(3P ) + /e
0.5−→ N(4S) + /e
0.5−→ N(2D,2 P ) + /e

θ+0.5α+ 0.5β
N2 + 2.12O2 + .86NO → 1.12NO + .87N2 + 4O

PIO2,PEIO2
O2 + hν/e∗ → O+

2 + e/2e

ǫ
O2 + .57NO → .35NO + .11O2 + .11N2 + 2O

PDIO2
O2 + hv

1.0−→ O+(4S) +O + e

ζ
O2 + .85O2 + .78NO → .48NO + .15N2 + 4O

PIO
O + hν

0.66−−→ O+(2D,2 P ) + e
0.34−−→ O+(4S,4 P ) + e

0.34ζ + 0.66µ
O + 1.01O2 + .01N2 + .62NO → .64NO + 3O

PEIO
O + e∗

0.3−→ O+(2D,2 P ) + 2e
0.7−→ O+(4S,4 P ) + 2e

0.7ζ + 0.3µ
O + .92O2 + .71NO → .55NO + .08N2 + 3O
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Table 3.6: Net NO yield per species and event at equatorial noon, F107w=155
Species Net NO yield Event Net NO Yield
N2(A,v=3) +0.76 PEEN2 +0.76
N+

2 +0.62 PIN2,PEIN2 +0.62
N(2D,2P ) +0.60 PDIN2, PEDIN2 +0.26
NO+ +0.52 PIO +0.02
N+(3P ) +0.42 PEIO -0.16
O+(2D,2 P ) +0.18 PIO2, PEIO2 -0.22
O+

2 -0.22 PDIO2 -0.30
O+(4S) -0.30 PDN2, PEDN2 -0.40
N(4S) -1.00 PDNO -2.00



Chapter 4

Conclusion and Summary of Results

As the title indicates, this dissertation has been explicitly concerned with one reaction that
has been omitted from the chain connecting the solar soft x-rays to the NO, namely the
reaction of N2(A) with O(3P ). A computationally efficient method for implementing this
reaction into existing photochemical models was demonstrated and shown to recover the
more rigorous, first principles determination of the level-specific N2(A,v) production rates to
within an average of 3.7% at all altitudes. The parameters required by the Gaussian scaling
at the heart of this method were shown to be nearly independent of the large uncertainties
in the x-ray spectrum.

This first principles model was validated by comparison with measured thermospheric Vegard-
Kaplan, N2, A(v

′=1)-X(v”=4), emission spectra near 240 nm. The emission primarily orig-
inates from 150 km, where the 25% uncertainties in the N2(A) production rates due to the
uncertainties in the solar x-ray spectrum were shown to be comparable to the 25% uncer-
tainty in the temperature dependence of the quenching of the VK emission.

The spectra were recoverable to within the estimated 18% measurement error using two
different schemes. That utilizing the larger SNOE 2-20 nm solar soft x-ray irradiances and
the (T/300)1/2 temperature dependence of the quenching rate was deemed preferable to that
utilizing the smaller EUVAC 2-20 nm irradiance and the temperature independent rate.

The primary reason for this preference was that both of these schemes used the older exci-
tation cross sections of Trajmar et al. [1983]andBroadfoot et al. [1997] (i.e.T83B97). Upon
using the most recent electron impact excitation cross sections [Johnson et al., 2005; Malone
et al., 2009b] (i.e. J05M09), the N2(A,v=1) density and production rates at 150 km were
reduced by a further 20-25% (Figure 2.16), a discrepancy that did not seem justifiable as
the quenching in the EUVAC model already had the weakest (i.e. zero) reasonable temper-
ature dependence. While use of the J05M09 cross sections was found to shift the N2(A)
vibrational distribution to higher levels, the net N2(A) production changed by less than 1%
(Figure 2.14). This equivalence of the net N2(A) production rates enabled the parameters
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for the J05M09 based-scaling function to be obtained from those of the T83B97

Similar conclusions regarding the EUVAC and SNOE solar x-rays were reached upon intro-
ducing the N2(A) chemistry into the NOx1d photochemical model. By a slight modification
in the N(2D) chemistry (Table D.6) the midday equatorial NO density measured by SNOE
was recoverable within the estimated 20% measurement uncertainties at all altitudes by ei-
ther solar spectrum. However the variance of the modelled NO density near the 110 km peak
where the x-rays are absorbed was somewhat weaker in the EUVAC model than that of the
measured NO. NOx1d with the SNOE x-rays was better able to capture this variability.

The SNOE model (i.e. SNOE x-rays plus rates from D.6) was then used to illustrate the
ramifications of introducing the N2(A) chemistry which were to increase the NO production
rate, chemical lifetime, and density by an average of 12%, 32%, and 45% respectively at
110 km. This 45% increase is much smaller than that claimed by Campbell et al. [2007]
but is nonetheless significant. The total change in the NO production rate was found to
be distributed among the direct, indirect, and catalytic contributions in the ratio of 40%,
33%, and 27% (Table 3.3). At 110 km NO was thus found to be a considerable source of its
own production through the catalytic loss to O+

2 (Section 3.3.3). The efficiency with which
the NO was recycled was seen to be about 0.8 at 110 km (Table 3.4). Although the direct
contribution was larger in magnitude at 150 km than 110 km, the net increase in the NO
density due to the N2(A) source was only 11% due to the much weaker catalytic and indirect
contributions.

That a much larger change in the 110 km NO density was to be expected from the small
change in its production rate was shown in Appendix E. This required assuming that the
NO was in photochemical equilbrium at midday, a fair assumption since the mean NO
lifetime was found to be less than 2 hours for the 5 hours centered on midday (Figure
F.2). Because very little of the NO present at sunrise remains at sunset, the NO layer is
recreated anew every day, a result anticipated by Barth and Bailey [2004], since the NO
peak density correlates so well with solar indices that change daily (Figure 1.3 and Bailey
et al. [2006]). Additionally the demonstration in Appendix F that NO is roughly in PCE at
midday provided an explanation for the surprising independence of the NO density on the
rate coefficient for cannibalism (kN,NO from reaction 3.25) found by Barth [1992].

Diffusion of NO was found to be ignorable in comparison with the photochemistry at 110
km at midday. Although there is a large exodus of NO from the peak due to the density
gradient, this is more than overcome by the influx of NO from higher altitudes due to its
departure from hydrostatic equilibrium (Figure 3.15). The much larger molecular diffusion of
N(4S) was found to be a minor but not irrelevant contributor to the midday NO production
and loss near 140 km. However because of the large NO peak, the N(4S) chemical lifetime is
reduced to minutes below 140 km and it is difficult for N(4S) to be transported lower than
about 120 km.

The larger theme of this work is provided in the first and last figures, Figures 1.1 and 3.17.
The NO production and loss has been traced to the photoabsorption and photoelectron
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impact energy deposition processes. The photoelectron impact ionization of N2 (PEIN2)
was seen to be the primary creator of NO while the photoelectron impact dissociation of N2

(PEDN2) was seen to be the primary NO destroyer. Although nearly every energy deposition
event results in the destruction or creation of some NO, PEEN2 or N2(A) production was
shown to be the most efficient net NO producer per species/event at the 110 km NO peak.
However the conservative assumptions regarding the NO product yield of N2(A) + O reaction
(i.e. only the 3 ≤ v ≤ 6 contribute) relegated PEEN2 to an overall minor contributor to the
net NO production.

That the largest contributor to the midday 110 km NO production is due to PEIN2 has
been anticipated Siskind et al. [1990]; Barth et al. [1999]; Bailey et al. [2002]. However the
importance of the demonstration of this in Figure 3.17 should not be understated. When
taken with the result at the lower right in Figure 2.3 that it is the 100 eV electrons that make
the largest contribution to PEIN2 at 110 km, a very important result is obtained. Because
100 eV photoelectrons can only have been produced by photons with wavelengths less than
about 10 nm, the missing rigorous causal chain connecting the NO density at midday with
the solar soft x-rays described in the introduction has been provided.

Perhaps this claim is premature in light of the uncertainties in the basic NO chemistry (Figure
3.2) and the still unresolved factor of two in the solar soft x-ray fluxes. I don’t think so,
but the list of future work is long enough that adding one more to it shouldn’t be too much
of a problem. In my opinion the best way to advance our understanding of thermospheric
NO is to begin either at the top, with more measurements of the NO at different local
times and in the polar night, or at the bottom with the still unknown basic rate coefficients,
branching ratios, and temperature dependences of so many of the key reactions. Examples
given are the determination of the proper temperature dependence of the N(2D) +O and
N(2D)+O2 loss rate coefficients (reactions 3.7 and 3.9), confirmation of the assumed near
unity N(2D) branching ratio from the N+

2 + O reaction (reaction 3.1), measurement of the
NO+ yield from the N(2P)+O reaction (reaction 3.15a) and, of course, the level-specific NO
and N(2D) product yields of reaction 1.6, the removal by ground state atomic oxygen O(3P)
of electronically and vibrationally excited molecular nitrogen, N2(A,v).



Appendix A

Analytic Fits to N2 Electron Impact
Excitation Cross-Sections

Following Tabata et al. [2006], the excitation cross sections discussed in Section 2.6 have each
been fit to the data of J05M09 by minimizing the following function

σ(E) = c1·
[

E − Eth

Er

]c2

·
(

1 +

[

E − Eth

c3

](c2+c4)
)−1

+c5·
[

E − Eth

Er

]c6

·
(

1 +

[

E − Eth

c7

](c6+c8)
)−1

.

(A.1)
using the mpfit package of Markwardt [2009]. The result is an analytic expression for the
cross section, σ (10−16cm2), as a function of the electron energy, E (eV), where Er is the
Rydberg energy (13.61 eV). The threshold energy, Eth and the ci are constant parameters
given in Table A.1. Figures A.1 and A.2 show the cross sections calculated from A.1 as well
as the parameterization of Broadfoot et al. [1997] for the triplets and the glow photoelectron
code for the singlets, both of which are based on the data reported in Trajmar et al. [1983].

Although eqn A.1 does not converge to the E−1lnE form at high energies (i.e. E >> Eth), as
expected from the Bethe approximation [Inokuti, 1971], for the forbidden transitions under
consideration, its double exponential form is preferred to the single exponential form of Green
and Stolarski [1972] and Broadfoot et al. [1997] due to its ability to capture shape functions
with multiple peaks (e.g. resonances). If used in electron energy loss codes, the forbidden
cross sections presented above should be zeroed above about 200 eV (which is roughly the
energy at which E >> Eth and also the highest energy investigated in both experimental
works). As shown in Figure 2.3, since the cross sections for forbidden transitions peak at
energies much lower than the allowed ionization transitions, they comprise less than a percent
of the total energy loss cross section above 100 eV [Fox and Victor, 1988] so that the effect
of zeroing them should be negligible.
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Figure A.1: Analytic fits to J05 and M09 data. Recommendations of Itikawa [2006] for E<
10eV are shown in blue. For B′, the 25 eV Itikawa value is used in the 8 parameter fit to
ensure 8 data points are included.
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Figure A.2: Analytic fits to the individual J05 forbidden singlet cross section data (green
×) and comparison with the glow fit to the summed T83 data (black solid) [Solomon and
Abreu, 1989]. For implementation of the J05 cross sections into glow, their sum (solid red,
no ×) is required.
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Table A.1: Parameters for J05M09 Cross Sections
State Eth c1 c2 c3 c4 c5 c6 c7 c8
N2 Triplets
A 6.14 9.57530 2.41725 3.48174 6.42020 1.05341 2.06570 6.74498 1.02078
B 7.30 148.927 3.37549 2.62388 1.48676 0.0832431 1.89009 21.5238 2.48385
W 7.36 2.85419 3.05068 6.78624 1.31338 2.38554 20.1055 11.6571 4.35359
B′ 8.16 1.39180 3.80445 6.83396 1.35693 1.39227 25.9739 11.5631 1.35315
C(0) 11.03 5.24082 2.07034 2.99729 1.31644 0.0149362 0.164347 37.0967 9.51190
C(1) 11.28 43.9056 3.78085 2.93550 1.31263 0.00963622 0.0386813 36.8368 8.54345
C(2) 11.52 4.72802 2.58944 2.62034 1.62154 2.77677 10.3283 8.19713 1.62767
C(3) 11.75 0.182832 1.77218 3.86083 3.50790 9.43598 14.6259 8.34705 1.81088
C(4) 11.97 15.3774 3.79464 1.64863 1.39476 0.00373335 4.05230 12.5569 7.56624
N2 Singlets
a′ 8.2 0.245721 2.41297 8.19281 3.44784 0.0376054 13.6749 13.5317 1.37048
a 8.4 74.1954 5.70981 4.66609 0.938729 0.356180 2.49686 12.8333 0.851090
w 8.9 26.2727 6.13567 5.09806 0.806361 - - - -



Appendix B

Relative Contributions to N2(A) and
N2(B) Production

Figures B.1 and B.2 and the accompanying Tables B.1 and B.2 reveal the ultimate sources
of the B(v) and, in turn, A(v) production when using the B97 and J05M09 cross sections
for the radiative (150 km), mixed collisional (110 km) and collisionally dominated (80 km)
upper atmosphere. Not shown are radiative cascade via the E-C, E-B, and E-A transitions,
as well as ICT from B′-B, all of which contribute near or less than 1%. Likewise radiative
cascade from the R1PG is not shown at 80 km, and W-B ICT is only shown at 80 km, though
results at 80 km are to be viewed very tentatively as there is alot of chemistry is lacking.

Only three direct mechanisms for populating the A(v”) levels are shown: direct electron
impact, radiative cascade via the 1PG, and collisional cascade via IVR. As described above
the contribution from the Herman-Kaplan (E-A) transition is small due to the very narrow
E state cross section. The possibility of a’-A, a-A, B′-A and W-A ICT suggested by Kirillov
[2008] has been ignored following Morrill and Benesch [1996], and only in the stratosphere
and lower is the lifetime for B-A ICT comparable to the B-A radiation Heavner et al. [2010].
Consistent with Figure 2.8, Figure B.2 shows that at all altitudes radiative cascade from the
B(v) levels via the 1PG (x) is the dominant production mechanism for the low A(v”) levels
with direct excitation (+) becoming more important with increasing v” due to the larger
Franck-Condon overlap. The two mechanisms are equal contributors near v” = 7 for the
T83B97 cross sections. For the J05M09 it is closer to v” = 5 due to the larger A state cross
section near 10 eV and relative increase in direct A-X production. At 80 km the contribution
from IVR (�) becomes comparable to the 1PG for v” ≥ 8.

Because the 1PG is the largest overall contribution to the A(v”), and because the B state is
the intermediate through which excitation to the other triplets passes to reach the A state,
it useful to examine the processes responsible for exciting the B(v), which will then enable
a more refined depiction of the sources of the A state production/relaxation mechanisms of
the N2 triplet manifold. The colored symbols in Figure B.1 represent the state specific con-
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tribution to the B(v) levels. Contributions from individual upper levels have been summed
over. For example, the net contribution, R, to an individual B(v) level due to radiation from
the W (v′)−B(v) radiative transition is given by

R(W : B, v) =
PW (B, v)

P (B, v)
=

∑

v′

(

[N2(W, v′)]AW,B
v′,v

)

P (B, v)
(B.1)

where P (B, v) is the net B(v) production rate and PW (B, v) is the B(v) production rate due
to radiation from all levels of the W state. Square brackets indicate the steady state N2(W,v’)
density and AW,B

v′,v is the W-B radiative transition probability (s−1). The net contribution
from the W state to each B(v) via the W-B emission is then shown as the green × in Figure
B.1 and Table B.1. The contribution to the B(v) due to W-B ICT is obtained by substituting
kv′,v[N2] for AW,B

v′,v in eqn B.1 and is given by the green ∆.

Similarly the net percent contribution to an individual A(v′′) level due to radiation from the
first positive B(v)-A(v”) is given by summing over the contribution from all upper levels of
the B(v) state:

R(B : A, v′′) =
PB(A, v

′′)

P (A, v′′)
=

∑

v

[N2(B, v)]AB,A
v,v”

P (A, v′′)
(B.2)

with analogous meanings as above. These are shown as the black x in Figure B.2. Continuing
the example, the percent contribution of the W state to the A(v”) production via W-B
radiation (hν) can then be obtained by the intermediate step of summing over the B(v)
levels:

R(W : A, v′′) =
∑

v

[

∑

v′ [N2(W, v′)]AW,B
v′,v

P (B, v)

[N2(B, v)]AB,A
v,v”

P (A, v′′)

]

. (B.3)

The net contribution of the W state via the W
hν−→ B

hν−→ A(v′′) process is then shown as the

green × in Figures B.2 and Table B.2. Likewise the contribution via theW
ICT−−→ B

hν−→ A(v”)
mechanism for populating the A(v”) is shown as the green ∆.

The main point to be taken from the altitude comparisons of both Figures is the increas-
ing dominance of the collisional processes (ICT=∆, IVR=�) over the radiative processes
(hν=×) as altitude is decreased. The basic trend in the cross section comparison is that in
J05M09 the reduced contributions to both the B(v) and A(v”) levels from the W and B′

cascade are balanced by increased cascade contributions from the high levels (v≥ 7) of the
A state itself.

At 150 km, ICT contributes less than 3% and the B and A levels are produced almost
entirely by direct electron impact and radiative cascade. The contribution to the B(v< 3)
via the R1PG (×) is not negligible, accounting for between 10-20% depending on the cross
section. Although an IR emission, the R1PG should be observable, particulary the strong
∆v=10 sequence [e.g. (10,0), (11,1), (12,2)] between 2100 and 2800 nm. It is unfortunate
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that the R1PG remains unobserved [Broadfoot et al., 1997] and the 40 year controversy over
it remains unsettled [Shemansky et al., 1973; Cartwright et al., 1973].

Moving on, the same general trends are followed at 110 km and a more interesting com-
parison is with the work of Cartwright [1978]. Although Cartwright did not consider ICT,
production of the B state at 110 km in Figure B.1 can be compared with Figure 12b of
Cartwright. Although his results were based on a secondary auroral electron spectrum,
they should be similar to the dayglow, especially in the relative sense shown in Figure B.1
since the main differences between the auroral spectrum and the dayglow energy spectrum
are at high energies (E>1 keV) where excitation does not contribute to the electron energy
loss. In agreement with Cartwright [1978] radiative cascade via the 2PG (violet x), prin-
cipally the (0,0) band at 337 nm, is the dominant contributor to the B(0) level at nearly
all altitudes. Likewise, the large contribution from the W-B radiative cascade shown by
Cartwright is confirmed.

An important difference with the Cartwright model is that the contribution to the B state
from the R1PG found here is generally much smaller. This presumably can be traced to the
R1PG transition probabilities used by Cartwright et al. [1973], which are typically between
50-100% larger than those of Gilmore et al. [1992]. Although it was shown in Section 2.1.2
that the net A state production rate is independent of the absolute magnitude of the radiative
transition probabilities and depends only on the cross sections, this is only true when the
lifetimes for processes removing triplet N2 are much larger than the radiative ones: quenching
by and reaction with O(3P) (eqn 3.20) are much larger losses for A(v> 7) at 110 km than
the R1PG (Figure 2.8) so that a change in the absolute R1PG transition probability does
not affect the N2(A) density. Thus including the lower Gilmore R1PG transition probability
will also reduce the B(v) production from the R1PG, given by AA,B

v′,v [N2(A, v
′)].

In contrast, the A-B ICT process is here seen to be a significantly larger source of B(v≤ 2)
than the R1PG. Recall that Cartwright did not include ICT. Including A-B ICT, the net
contribution of the A(v≥7) levels to the B state is much more in line with that found by
Cartwright.

A tentative look at the energy deposition processes in the mesosphere is offered at the bottom
of Figures B.1 and B.2. Although the magnitude of the dayglow pespectrum is typically very
small at 80 km, its shape is more similar than the higher altitudes to the much harder auroral
spectrum because only the most energetic photons penetrate to this altitude. At 80 km, the
comparison between the B97 and J05M09 cross sections follows the same basic trends (i.e.
W-B and W-B ICT contributions are much larger with B97 and R1PG and A-B ICT much
larger with J05M09). Other noteworthy features are that A-B ICT is a larger source of the
B state production than the 2PG for the J05M09 cross sections. That A-B ICT is also the
dominant production mechanism for the A(0) level has important consequences regarding the
vibrational distribution. Also observe that production of 2N(4S) atoms via predissociation
of the B(v> 11) is due almost entirely to ICT from the W-B, though it is repeated that
these results should be treated tentatively due to the lack of inclusion of the A(v>22) levels,
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which are expected to be important contributors to these dissociative B levels.

Finally, an explanation is offered regarding the lack of change in the production from the
C state (violet ×) when the J05M09 cross sections are used. As shown in the previous
Appendix, the J05M09, C(0) cross section is nearly 50% lower at peak than B97. The same
was true for the W state cross section, the contribution of which is shown in Figures B.1
and B.2 to be significantly reduced. That the contribution from the C state is unchanged
is because using the B97 cross sections with the glow pe flux overestimates the C state
excitation by about 20%. This inconsistency was discussed briefly in Section 2.2.3 and
results from the B97 C state excitation cross section being exponentially higher than that
present in glow below about 15 eV due to the low energy modifier chosen by Broadfoot et al.
[1997].
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Figure B.1: Sources of N2(B,v) production using the B97 (left) and J05M09 (right) cross
sections. Colored symbols indicate the states contributing to the B(v) production. +=Direct
electron impact, X→B; ×=summed radiative contribution from indicated higher electronic
state; ∆=summed ICT contribution from indicated higher electronic state
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Table B.1: Fractional contributors to the B state vibrational levels. Numerical key to Figure B.1. For each altitude and
vibrational level, the sum of the colored symbols in each row should equal 100 but may not due to rounding.

150 km 110 km 80 km
B←X C-B B′-B W-B A-B B←X C-B B′-B W-B A-B B←X C-B B′-B W-B A-B

B(v) + × × × × ∆ + × × × × ∆ + × × × ∆ ∆

B97

0 18 50 2 21 7 2 22 48 2 19 1 7 19 40 4 6 7 25
1 36 23 4 25 10 1 42 22 4 24 2 7 35 17 4 10 13 21
2 44 13 5 27 10 1 50 12 5 25 3 5 49 12 5 11 8 16
3 46 9 6 30 9 0 52 9 6 27 3 3 52 8 6 11 10 13
4 46 7 7 32 8 0 51 7 7 30 4 2 53 7 7 16 8 9
5 44 5 9 35 7 0 48 5 8 33 4 2 43 4 7 18 16 10
6 42 4 10 38 6 0 44 4 9 35 3 4 30 3 6 15 33 13
7 40 3 12 41 4 0 41 3 11 38 2 2 24 2 6 13 42 13
8 37 3 14 45 1 0 37 2 13 41 1 4 17 1 6 10 53 12
9 34 2 16 48 0 0 34 2 15 44 0 3 19 1 8 11 41 18
10 31 1 19 49 0 0 32 1 19 47 0 0 20 1 11 13 54 0

J05M09

0 18 49 1 15 12 3 19 49 1 14 1 14 13 34 3 4 7 39
1 36 23 3 17 19 3 38 23 3 17 3 15 26 16 3 6 12 37
2 45 13 4 18 18 2 47 13 4 18 6 12 41 11 3 8 7 28
3 50 9 5 20 15 1 52 9 5 20 7 7 47 8 4 8 7 26
4 52 7 6 22 13 0 55 7 6 22 7 3 53 7 5 11 6 18
5 52 5 7 24 11 0 54 5 7 24 7 4 47 5 6 13 11 19
6 51 4 8 27 9 0 50 4 8 25 6 7 35 3 5 11 24 22
7 51 3 10 30 6 0 50 3 9 28 4 4 30 2 5 10 31 22
8 50 3 12 34 2 0 48 2 11 31 1 6 25 1 5 8 41 19
9 47 2 14 36 0 0 46 2 13 33 0 5 27 1 7 9 30 25
10 45 1 17 37 0 0 45 1 16 36 0 0 31 1 11 11 44 0
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Figure B.2: Sources of N2(A,v) production using B97 (left) and J05M09 (right) cross sec-
tions. Black symbols are the direct (+), 1PG (×), and IVR(�) mechanisms. The black × is
then the summed contribution from all levels of the B state. Colored symbols are the same
as in Figure B.1 and indicate the percentage from the contributors to the B state excitation.
For example, the green ∆ indicates the percentage of A state excitation coming from the

W
ICT−−→B

hν−→A cascade.
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Table B.2: Fractional contributors to A state vibrarional levels. Numerical Key to Figure B.2. For each altitude and
N2(A) vibrational level, the sum of the colored symbols in each row should equal the black (×), which is the net
contribution to each A(v) from the B-A, 1PG radiative transition. The sum of the black symbols in each row should
equal 100 but may not due to rounding.

150 km 110 km 80 km
B-X C-B B′-B W-B A-B B-A A-X B-X C-B B′-B W-B A-B B-A A-X A-A B-X C-B B′-B W-B A-B B-A A-X A-A

A(v) + × × × × ∆ × + + × × × × ∆ × + � + × × × ∆ ∆ × + �

B97

0 33 28 4 25 9 1 100 0 38 26 3 23 2 6 100 0 0 33 22 4 9 10 20 100 0 0
1 40 17 5 27 8 1 100 0 45 16 5 25 3 4 100 0 0 42 14 5 10 8 15 99 0 1
2 41 13 6 30 8 1 98 2 45 12 6 27 3 3 97 2 1 39 10 5 12 10 12 92 2 6
3 39 9 7 31 7 0 95 5 43 9 7 28 3 3 92 6 2 33 6 5 12 16 12 86 5 9
4 36 7 7 30 6 0 87 13 38 6 7 27 2 3 84 13 3 25 4 4 10 19 10 75 9 16
5 31 5 7 27 4 0 75 25 32 5 6 24 2 2 73 25 2 23 3 4 9 22 9 74 19 7
6 24 3 6 22 3 0 60 40 25 3 6 20 1 2 61 39 3 18 2 4 7 17 7 62 30 8
7 18 2 5 17 2 0 45 55 18 2 4 15 1 1 42 54 4 12 1 3 5 17 4 56 40 14
8 12 1 4 12 1 0 31 69 13 1 3 11 1 1 29 68 3 9 1 2 4 14 3 40 53 7
9 8 1 2 8 1 0 21 79 8 1 2 7 0 0 19 77 4 6 1 2 3 9 2 25 63 12
10 5 0 2 6 0 0 14 86 5 0 2 5 0 0 13 84 3 4 0 1 2 7 1 18 67 15

J05M09

0 33 28 3 17 16 3 100 0 35 28 3 16 3 13 100 0 0 25 20 3 6 9 35 100 0 0
1 42 17 4 19 15 1 99 1 44 17 4 18 5 9 98 2 0 36 14 4 7 7 27 96 2 2
2 44 12 5 20 13 1 95 5 44 12 5 19 5 6 91 7 2 34 9 4 8 7 20 87 6 7
3 41 8 5 19 11 1 87 13 39 8 5 18 4 6 81 17 2 28 5 3 7 10 18 74 15 11
4 35 6 5 17 8 1 74 26 31 5 4 15 3 4 64 32 4 20 3 3 5 11 12 55 25 20
5 27 4 4 14 5 0 57 43 24 3 4 12 2 3 48 49 3 17 2 2 4 11 10 49 42 9
6 19 2 3 10 4 0 40 60 16 2 3 8 1 2 32 64 4 12 1 2 3 7 7 36 54 10
7 13 1 3 7 2 0 27 73 10 1 2 6 1 1 21 74 5 7 1 1 2 7 4 24 61 15
8 8 1 2 5 1 0 18 82 7 1 1 4 1 1 14 83 3 5 0 1 1 5 3 19 74 7
9 5 0 1 3 1 0 11 89 4 0 1 2 0 0 9 88 3 3 0 1 1 3 2 11 78 11
10 4 0 1 2 0 0 7 93 3 0 1 2 0 0 6 91 3 2 0 0 1 2 1 7 78 15



Appendix C

Tables of Constants Used in N2(A)
Model
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Table C.1: Parameters used in N2(A) model
Parameter Reference
Excitation cross sections, σ(A,B,W,B′, C, E) see Appendix A
Energy dependent Franck-Condon Factor, q(E) See eqn.2.15 (and Gilmore et al. [1992])
N2(A, v ≤ 1) +O(3P )→products Thomas and Kaufman [1985]
N2(A, 2 ≤ v ≤ 9) +O(3P )→ products Dilecce and DeBenedictis [1999]
N2(A, v ≥ 9) +O(3P )→ products Morrill and Benesch [1996]
N2(A, v ≥ 7) +O(3P )→ products Morrill and Benesch [1996]
N2(A, v) +O2 → products Dilecce and DeBenedictis [1999]

N2(A,B,W,B′, v) +N2
ICT−−→ products Morrill and Benesch [1996]

N2(A, v ≤ 1) +N2(X, v” = 0)
IV R−−→ N2(A, 0) +N2(X, 1) Levron and Phelps [1978]

N2(A, 2 ≤ v ≤ 7) +N2(X, v′′ = 0)
IV R−−→ N2(A, v − 1) +N2(X, 1) Dreyer and Perner [1973]

N2(A, v ≥ 8) +N2(X, v′′ = 0)
IV R−−→ N2(A, v − 1) +N2(X, v′′ = 1, 2) Morrill and Benesch [1996]

N2(A, v
′)→ N2(X, v′′) + hν(V K) Piper [1993a]

N2(B, v′)→ N2(A, v
′′) + hν(1PG) Piper et al. [1989]

N2(A;B;W ;B′;C;E)→ N2(B;W,B′;B;B;B;C,B,A) + hν Gilmore et al. [1992]
N2(B, 12 ≤ v ≤ 15)→ 2N(4S) Shakhatov and Lebedev [2008]

Table C.2: Scaling parameters for obtaining N2(A,v) production rates from PEIN2a

< a > < b > < c > (km) < d > (km)
v EUVAC SNOE EUVAC SNOE EUVAC SNOE EUVAC SNOE
0 1.50979 1.41938 2.83820 3.08355 104.465 103.618 16.9816 17.2271
1 1.76115 1.65609 3.45162 3.75225 103.501 102.650 17.1824 17.4325
2 2.47268 2.32600 4.82708 5.24037 103.984 103.153 16.9340 17.1845
3 3.63904 3.42640 6.93513 7.51866 104.774 103.973 16.5274 16.7785
4 5.29935 4.98867 9.62446 10.4270 105.770 104.997 16.0405 16.2957
5 7.42349 6.98619 13.8895 15.0674 104.869 104.068 16.4297 16.6941
6 9.79957 9.22076 18.1602 19.7175 104.757 103.947 16.4766 16.7482
7 12.3029 11.5766 22.0481 23.9403 105.297 104.499 16.2329 16.5076

Net(3-6) 1.42882 1.41053 2.66503 3.03373 105.072 104.278 16.3648 16.6220
Net(0-7) 0.413991 0.501646 0.787110 1.09748 104.389 103.562 16.8052 17.0567
Net(0-21) 0.384210 0.340041 0.797569 0.753441 103.841 103.515 16.7012 17.0224

a: parameters for levels v>7 are available upon request



Appendix D

Tables of Constants Used in NOx1d
Model

Table D.1: Ionization, dissociation, and excitation cross sections. Frequencies in Figure 3.9
are given by convolving these with the photoelectron flux.

Process Cross Section Reference
PIN2, PIO2,PIO,PIN,PDN2 Fennelly and Torr [1992]

PDNO Minschwaner and Siskind [1993]
DIN2, DIO2 Siskind et al. [1995]
PEDN2 Cosby [1993]; Tabata et al. [2006]

PEIN2,PEIO2,PEIO Jackman et al. [1977]
PEDIN2 Tabata et al. [2006]

PEEN2=N2(X)+e∗ →N2(Triplet)+e Johnson et al. [2005]
PEEN=N(4S)+e∗ → N(2D,2P)+e Fit to Ormonde et al. [1973]
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Table D.2: Branching ratios
Reaction→Products Yield Reference
N+

2 +O→ NO+ +N(2D) 0.90 see Section 3.1.1
→ NO+ +N(4S) 0.05
→ O+ +N2 0.05 Scott et al. [1999]

N+
2 + e→ N(2D) +N(2D) 0.52 Peterson et al. [1998]

→ N(4S) +N(2D) 0.37
→ N(4S) +N(2P ) 0.11

N+ +O2 → N(2D) +O+
2 0.50 Midey et al. [2006]

→ O +NO+ 0.42 Dotan et al. [1997]
→ NO +O+(4S) 0.08

N+ +NO → N(4S) +NO+ 0.91 Midey et al. [2004]
→ O +N+

2 0.07
→ N2 +O+(4S) 0.02

NO+ + e→ N(2D) +O 0.95 Hellberg et al. [2003]
→ N(4S) +O 0.05

N(2P ) +O(3P )→ NO+ + e 0.50 see Section 3.2.3
→ N(2D) +O 0.47
→ N(4S) +O 0.03

N2(A, 3 ≤ v ≤ 6) +O → N(2D) +NO 0.57 Thomas and Kaufman [1996]
N2(A, 3 > v > 6) +O → N(2D) +NO 0.00

Ionization
O + hv → O+(2D,2 P ) + e 0.66 Flux-averaged

→ O+(4S,4 P ) + e 0.34 from Solomon and Qian [2005]

O + e∗ → O+(2D,2 P ) + 2e 0.30 PE flux-averaged
→ O+(4S,4 P ) + 2e 0.70 [Laher and Gilmore, 1990]

Dissociation

N2 + e∗/hν → 2N(4S) + e 0.50 Zipf et al. [1980]
→ 2N(2D) + e 0.276
→ 2N(2P ) + e 0.224

Dissociative Ionization
N2 + e∗/hν → N+(3P ) +N(4S) + 2e/e 0.50 see Sect 3.1.3

→ N+(3P ) +N(2D) + 2e/e 0.25
→ N+(3P ) +N(2P ) + 2e/e 0.25

O2 + e∗/hν → O+(4S) +O + 2e/e 1.00
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Table D.3: Radiative transition probabilities
Transition Probability(s−1) Reference

N(2P )→ N(4S) + hν(λ = 346.6nm) 5.4 · 10−3 Piper [1998]
N(2P )→ N(2D) + hν(λ = 1040nm) 8.054 · 10−2 Swaminathan et al. [1998]
N(2D)→ N(4S) + hν(λ = 520nm) 1.279 · 10−5 Swaminathan et al. [1998]
N2(A, v

′)→ N2(X, v′′) + hν(V K) (v’,v”)-specific Piper [1993a]

Table D.4: Ion-neutral and recombination reactions,e=2.71828
Reaction Rate (cm3/s) Reference
N+

2 +O2 → O+
2 +N2 5.1 · 10−11 · ( T

300
)−1.16 Fox and Sung [2001]

N+
2 +O(3P )→ products 1.4 · 10−10 · ( T

300
)−0.44 Fox and Sung [2001]

N+
2 +NO → N2 +NO+ 7.5 · 10−9 · (T )−0.52 Midey et al. [2004]

N+
2 +N(4S)→ N2 +N+ 1 · 10−11 Fox and Sung [2001]

N+
2 + e→ products 2.2 · 10−7( T

300
)−0.39 Sheehan and St-

Maurice [2004]
N+ +O2 → products 5.5 · 10−10 Midey et al. [2006]
N+ +O(3P )→ N(4S) +O+ 4.5 · 10−12 Anicich [2003]
N+ +NO → N(4S) +NO+ 6.5 · 10−9 · (T )−0.44 Midey et al. [2004]

O+(2D,2 P ) +N2 → O(3P ) +N+
2 5.7 · 10−10 · e(−400

T
) Fox and Sung [2001]

O+(2D,2 P ) +O2 → O(3P ) +O+
2 7 · 10−10 Johnsen and Biondi

[1980]
O+(2D,2 P ) +O(3P )→ O+(4S) +O(3P )++ 5.0 · 10−11 Stephan et al. [2003]
O+(4S) +N2 → N(4S) +NO+ 1.20 · 10−12 · (300

T
)0.45 Hierl et al. [1997]

O+(4S) +O2 → O(3P ) +O+
2 1.7 · 10−11 · ( T

300
)−0.77 Hierl et al. [1997]

+8.54 · 10−11 · e− 3461
T

O+(4S) +NO → O(3P ) +NO+ 5.01 · 10−13 · (300
T
)1.68 Dotan and Viggiano

[1999]

+4.02 · 10−12 · e−901
T

O+
2 +NO → O2 +NO+ 4.5 · 10−10 Midey and Viggiano

[1999]
O+

2 +N(4S)→ O(3P ) +NO+ 1.33 · 10−10 Scott et al. [1998]
O+

2 + e→ 2O 1.95 · 10−7( T
300

)−0.7 Sheehan and St-
Maurice [2004]

NO+ + e→ products 3.5 · 10−7( T
300

)−0.69 Sheehan and St-
Maurice [2004]
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Table D.5: Neutral reactions
Reaction Rate (cm3/s) Reference

N(2P ) +O2 → NO +O 3.1 · 10−12 · e(−60
T

) Herron [1999]
N(2P ) +O(3P )→ products 2.7 · 10−11 Herron [1999]
N(2P ) + e→ N(2D) + e 9.5 · 10−9 Berrington and Burke

[1981]
N(2P ) + e→ N(4S) + e 1.6 · 10−12 · T 0.85 Berrington and Burke

[1981]
N(2D) +N2 → N(4S) +N2 1.74 · 10−14 Herron [1999]
N(2D) +O2 → NO +O(3P ) see Table D.6
N(2D) +O(3P )→ N(4S) +O see Table D.6
N(2D) +NO → N2 +O(3P ) 6.7 · 10−11 Herron [1999]
N(2D) + e→ N(4S) + e 3.86 · 10−10 · ( T

300
)0.81 Berrington and Burke

[1981]

N(4S) +O2 → NO +O(3P ) 1.5 · 10−11 · e(−3600
T

) Sander et al. [2006]

N(4S) +NO → N2 +O(3P ) 2.1 · 10−11 · e( 100T ) Sander et al. [2006]
N2(A, v) +O2 → products v-specific Dilecce and DeBene-

dictis [1999]
N2(A, v = 3− 6) +O(3P )→ products v-specific Dilecce and DeBene-

dictis [1999]
see Table D.6 Hill et al. [2000]

Table D.6: Differing reaction rates used in NOx1d SNOE and EUVAC models (10−13cm3/s,
BR=Branching Ratio, TD=Temperature Dependence)
Reaction EUVAC model Reference SNOE model Reference
N(2D) + O2 → products 62·(T/300) Duff (2003) 97exp(−185/T ) Herron (1999)
N(2D) + O2 → NO +O BR=1 - BR=.96 see text
N(2D) + O2 → N(4S) +O2 BR=0 - BR=.04 -
N(2D) +O → N(4S)+O 1.65exp(−260/T ) see text 6.9 Fell (1990)
N2(A,v) + O → products No TD Dilecce (1999) (T/298).5 Hill (2000)



Appendix E

A 0-Dimensional Model of NO at
11am Local Solar Time at 110 km

There are two purposes to this Appendix. First is the demonstration that a 0D, photochem-
ical equilibrium model of NO can recover the measured SNOE NO to within about 30%. In
this context 0D means expressible only in terms of the instantaneous production rates and
loss frequencies and thus time-independent. The importance of this is that it explains why
the daily NO correlates so well with the daily solar indices: nearly all memory of the pre-
vious day’s solar activity and NO density is erased by the intense midday photochemistry.
Justification of this 0D, photochemical equilbrium (PCE) model is given in Appendix F,
where conditions are given for the midday N(4S), O+

2 , and NO to be in PCE. These results
are used here to express the NO density in terms of only the N(4S) and O+

2 production rates
and the electron density.

This enables illustration of the second goal, namely how it is that the small change (12%)
in the NO production rate can result in much larger changes in the NO density. As shown
in Table 3.1 changes in the NO lifetime due to the decreased N(4S) and O+

2 densities, that
are more significant than the increased NO production.

As shown in 3.17, loss to N(4S) comprises about 70% of the net NO loss frequency, charge
exchange with O+

2 about 25% and the remaining 5% to FUV photodissociation (191 nm).
In PCE, the NO density can be given

[NO] =
PNO

LNO
≈ PNO

k(N,NO)[N ] + k(O+
2 ,NO)[O

+
2 ] + JNO

(E.1)

where [N ] = [N(4S)] and the subscripts i and j on the rate coefficients, ki,j, label the
reactants, and JNO is the FUV photodissociation frequency. Were the N(4S) and O+

2 densities
independent of the NO density then a direct linear proportionality between the NO density
and production rate would be expected from the above equation. As has been shown in
Section 3.6, the same energy deposition processes that produce NO also decrease its lifetime
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by producing N(4S) and O+
2 . The first step of this section then is to separate the NO density

from the N(4S) and O+
2 densities by using the corresponding PCE expressions.

The large NO density ensures that the N(4S) is in PCE at all times during the day and its
density is given by

[N ] =
PN

LN
=

PN

k(N,NO)[NO]
. (E.2)

Substituting equation E.1 into equation E.2 and solving for [N ] gives the following expression
for the N(4S) density as a function of the corresponding production rates, rate coefficients,
and O+

2 density

[N ] =
k(O+

2 ,NO)[O
+
2 ] + JNO

k(N,NO)(
PNO

PN
− 1)

=
PN

k(N,NO)

(

k(O+
2 ,NO)[O

+
2 ] + JNO

PNO − PN

)

. (E.3)

Comparison of eqns E.3 and E.2 reveals that when both N(4S) and NO are in PCE, the
corresponding NO density is given by

[NO] =
PNO − PN

k(O+
2 ,NO)[O

+
2 ] + JNO

(E.4)

which can be shown to be equivalent to eqn E.1. The revealing feature of expressing the NO
PCE condition with eqn E.4 rather than eqn E.1 is that although cannibalism with N(4S)
is the dominant NO loss eqn E.4 explicitly shows that the midday NO is dependent only
on the N(4S) production rate. That it is independent of both the N(4S) density as well as
the cannibalism rate, k(N,NO) affords a measure of explanation for the unexpected result of
Barth [1992] who found the NO density to be insensitive to variations of 20% in k(N,NO).

Ignoring the small loss to N(4S), the PCE expression for O+
2

[O+
2 ] =

PO+
2

LO+
2

=
PO+

2

k(O+
2 ,e)[e

−] + k(O+
2 ,NO)[NO]

(E.5)

can then be substituted into equation E.4. The resulting expression for the NO density

[NO] =
PNO − PN

k
(O+

2 ,NO)
P
O
+
2

k
(O+

2 ,e)
[e−]+k

(O+
2 ,NO)

[NO]
+ JNO

(E.6)

accomplishes the original task of separating the NO from the N(4S) and O+
2 densities, and

expresses the NO only in terms of the N(4S) and O+
2 production rates, O+

2 loss coefficients,
NO photolysis frequency, and the electron density, quantities which are less coupled and
consequently more amenable to analysis than the mutually dependent densities and loss
frequencies.
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Eqn. E.6 is quadratic in NO and can be written

[NO]2 + b[NO] + c = 0 (E.7a)

where

b =
PO+

2
+ PN − PNO

JNO
+

k(O+
2 ,e)

k(O+
2 ,NO)

[e] (E.7b)

c =
PN − PNO

JNO
·

k(O+
2 ,e)

k(O+
2 ,NO)

[e]. (E.7c)

Using the NOx1d production rates and electron densities, eqns. E.7 are then solved at 11
am LST for each day. The result of this calculation (green) is compared with the NOx1d
NO (blue) and the measured SNOE NO (black X) in Figure E.1, (upper left). Next to this
is shown the daily and average errors of both models. The average NOx1d model/data error
is about 10%, somewhat better than the 32% average error using the 0D equilibrium model.
For the period June 1 to December 1 a strong anti-correlation (r=-0.70) is found in the daily
errors between the two models.

As is shown in Appendix F, the NO at midday is nearly, but not quite, in equilbrium.
However it is close enough to demonstrate the main point, that the 12% change in the NO
production can lead to a much larger change in the NO density. As shown in Table 3.1,
for DOY:1999340 the only quantities in eqns. E.7b and E.7c that change upon addition of
the N2(A) chemistry are the N(4S) production rate (increase of 4.4%), the electron density
(decrease of 1.4%), and the NO production rate itself (increase of 12%). As shown Figure
E.1 (lower left) the changes in these quantities averaged over the entire year are seen to be
nearly equal to those of 1999340, with the change in the NO production being the most
significant.

The main result of this Appendix is then contained in the lower right of Figure E.1. To
demonstrate the sensitivity of the NO density to changes in its production, eqns. E.7 are
solved twice for each day of the year at 11am: once using the PNO, PN and [e] obtained
from NOx1d with the N2(A) and then using the PNO, PN and [e] obtained from NOx1d
without the N2(A). The average ratio of the NOx1d NO calculated with the N2(A) to that
calculated without the N2(A) is 44% (blue). The equilibrium model (eqn E.7) predicts an
average increase of 58% in the NO density due to the 12% change in the NO production. No
other changes are made to the model other than introducing reaction 1.6a.

To conclude this section, for the medium to high solar activity specific to this study, a 0D,
PCE calculation of the NO density (equation E.7), recovers the measured SNOE NO density
with an average error of 32% compared with the 10% error using the time-dependent NOx1d
calculation. The 0D model also explained a previously unexpected result ([Barth, 1992]),
namely that the midday NO density near the peak is approximately independent of the rate
coefficient for the cannibalism reaction, k(N,NO), reaction 3.25.

Averaged over the entire year, the effect of the N2(A) chemistry is to increase the NO
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production by 12%, the N(4S) production by 4% and decrease the electron density by about
1.4%. The result of these changes in the 0D model was to increase the NO density by an
average of 58% only slightly higher than the time-dependent value of 44%.

Before concluding certain caveats must be noted. Use of the NOx1d NO and N(4S) produc-
tion rates to calculate the NO density in the 0D model is circular in that, because of the
catalytic reaction with O+

2 , the NO density itself is needed to calculate its production rate.
To counter this it is suggested that, instead of the NOx1d rates, the a posteriori modelled
relation for the difference in the NO and N(4S) production rates, shown at bottom right
in Figure 3.14, should be used in equation E.7. Interestingly, the difference in these produc-
tion rates correlates with the NO better than either alone (bottom left and bottom middle
in Figure 3.14). Use of this relation for the PNO-PN term appearing in eqn E.7 and the
empirical electron density from IRI would be an interesting future calculation.

Finally, the reader is reminded that the value of the above analysis is not to be measured
by its relatively poor accuracy in recovering the modelled NO density, but in the admittedly
crude explanation it provides as to how a slight change in the NO production rate can lead
to a change in the NO density that is much larger than would be expected from a naive
assessment of equation E.1.
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Figure E.1: Top Row: Comparison between 11 am NO densities using a 0D PCE model,
NOx1d, and the measured SNOE NO at 110 km (left). The NOx1d and 0D models recover
the data to within 10% and 32% respectively. Bottom row: Electron density, NO and N(4S)
production rates are the only quantities from eqn (E.7) that are changed by the addition of
the N2(A) chemistry (left). The NOx1d finding that a small change in the NO production
leads to a much larger change in the NO density is also seen in the 0D model (right).



Appendix F

When Are Minor Species in
Photochemical Equilibrium?

That the densities of the midday, low-latitude, lower thermospheric odd nitrogen and ion
species are in photochemical equilibrium (PCE) at 110 km has been invoked throughout
this work. This claim is here justified. The core idea is that the length of the day sets the
timescale against which the chemical and radiative processes are to be compared.

Diffusion can be ignored for a species, x, that is strongly chemically lost to the background
atmosphere. Its diurnal dependence is then given by the continuity equation

dx

dt
+ L(t)x(t) − P (t) = 0 (F.1)

where L(t) and P (t) are the time-dependent loss frequencies and production rates. For the
rest of this appendix if a quantity is time-dependent it will be made explicit.

When x(t) is sufficiently slowly varying, eqn (F.1) reduces to

x(t) =
P (t)

L(t)
(F.2)

which is the PCE condition for the density of a species, x.

Sinusoidal Production and Constant Loss Frequency

Atmospheric species that are strongly lost to the N2, O2, and O reservoir are only present
when the sun is above the horizon (i.e. when their production rate is nonzero). The diurnal
dependence of the production and loss can be given by

P (t) = P sin(ωpt) (F.3a)

L(t) = L (F.3b)
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where the time, t, is measured from sunrise and the constants P and L are the amplitude of
the production rate and the diurnally-averaged loss frequency respectively. The key quantity
is ωp, the production frequency. More intuitively,

τp = ω−1
p =

T

π
(F.4)

can be thought of as the timescale for changes in the production rate and is equal to the
amount of time from sunrise to sunset, T , divided by π. The period of this sinusoidal
variation is then equal to 2T , but P (t) is forced to zero after sunset (i.e. t ≥ π/ωp).

Using eqns F.3, eqn F.1 can be solved exactly yielding

x(t) =
P

L2 + ω2
p

(

L sin(ωpt)− ωp[cos(ωpt)− exp−Lt]
)

(F.5)

where it has been assumed that the densities are equal to zero at sunrise (t = 0). When
L2 ≫ ω2

p, equation F.5 reduces to

x(t) =
P

L
sin(ωpt) =

P (t)

L
(F.6)

which, upon substituting the assumed slowly varying loss frequency, L(t), for L, is the PCE
condition given by eqn F.2.

This holds except near t = 0 or t = π/ωp as can be seen in Figure F.1 where the exact
solution (solid, eqn F.5) is compared with the PCE solution (dashed, eqn. F.6) for different
values of the constant loss frequency, L, for a typical 12 hour day, (i.e. τp = ω−1

p =3.85
hours). The error in assuming PCE is given by the dotted line.

Upon subtracting eqn (F.6) from eqn (F.5) and dividing this result by eqn (F.5) the error
at noon is found to be

E = 1−
1 + τ2c

τ2p

1 + τc
τp

(F.7)

where τc = L−1 indicates the net lifetime of the species, usually chemically determined in
the lower thermosphere. Returning to Figure F.1 for a chemical loss frequency, L = 4ωp (i.e.
τc=1 hour), the PCE assumption is correct to within ±20% for about half of the 12 hour
day (10 am-3:30 pm). At noon, PCE is 10% lower than the exact solution.

Figure F.3 shows all three terms from eqn (F.5), as well as their sum. The leading term
(blue) returns the PCE condition when L ≫ ωp. The other two terms are most important
near sunrise and sunset.

N2(A), N(4S), and O+
2

As shown in Figure 2.4, the N2(A) production rate is approximately sinusoidal and the loss
frequency varies by about 20% over the course of the day from its mean value of about 10
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s−1, which is more than 105 larger than ωp. Thus N2(A) is clearly in PCE at midday.

That N(4S) and O+
2 satisfy the required PCE conditions at 110 km at midday is demonstrated

in Figure F.2. In both cases their production P (t) varies approximately sinusoidally with
the local time and in both cases their chemical lifetimes (solid) are nearly constant and
far less than the one hour required for PCE to reasonably hold (indicated with a dotted
line). Loss of N(4S) is completely controlled by NO at all times and varies by about 10%
during the course of the day from its average of about 5 minutes. Likewise the O+

2 lifetime
is largely controlled by NO but is about an order of magnitude shorter (30 seconds). Due
to the sinusoidally-varying electron density in the lower E-region the O+

2 lifetime varies by a
somewhat larger factor of two from its diurnal average.

NO then acts as a reservoir for the N(4S) and O+
2 , a characteristic property of a major species.

The important distinction between NO and the major species is shown in Figure F.2. Due
to the large midday N(4S) and O+

2 production rates, at noon the NO lifetime is very short,
about 1.2 hours on average, and is shorter than 2 hours for about 5 hours. Thus very little
NO that was present at sunset remains in the evening. The NO layer at low latitudes must
be remade every day which is why it correlates so well with daily solar indices as shown in
Figure 1.3.
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Figure F.1: Exact diurnal dependence (solid, eqn F.5) for a 12 hour day of a species with a
sinusoidal production rate and constant lifetime, such as a minor species that is chemically
lost to the neutral background gas.. The error (dotted) in assuming PCE (dashed) is less than
20% from 10:00 to 15:30 when the chemical lifetime is shorter than an hour (i.e. L ≥ 4ωp).
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Figure F.2: Lifetime and production rate of both N(4S) and O+
2 satisfy the PCE conditions

(sinusoidal production and constant lifetime less than dashed line of about an hour). The
NO production and lifetime are both sinusoidal and the midday NO lifetime is about 1.3
hours, which is almost the value needed for equilibrium.
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Figure F.3: Detailed look at the three terms present in equation F.5 for x(0)=0. Blue is the
leading order term, while the other two terms (green and red) determine the behavior near
sunset and sunrise.
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J. Olsen, B. Minaev, O. Vahtras, H. Ågren, P. Jørgensen, H. J. A. Jensen, and T. Helgaker.
The Vegard-Kaplan band and the phosphorescent decay of N2. Chemical Physics Letters,
231:387–394, December 1994. doi: 10.1016/0009-2614(94)01300-4.

R. Ono and T. Oda. NO formation in a pulsed spark discharge in N2/O2/Ar mixture at
atmospheric pressure. Journal of Physics D Applied Physics, 35:543–548, March 2002.
doi: 10.1088/0022-3727/35/6/309.

S. Ormonde, Kenneth Smith, Barbara W Torres, and Alan R Davies. Configuration-
interaction effects in the scattering of electrons by atoms and ions of nitrogen and oxygen.
Physical Review A, 8(1):262, 1973.

JR Peterson, A. Le Padellec, H. Danared, GH Dunn, M. Larsson, A. Larson, R. Peverall,
C. Stromholm, S. Rosen, M. af Ugglas, et al. Dissociative recombination and excitation
of N+

2 : Cross sections and product branching ratios. Journal of Chemical Physics, 108(5):
1978–1988, 1998.

Annemieke Petrignani, Wim J van der Zande, Philip C Cosby, Fredrik Hellberg, Richard D
Thomas, and Mats Larsson. Vibrationally resolved rate coefficients and branching fractions
in the dissociative recombination of O+

2 . The Journal of Chemical Physics, 122:014302,
2005.

J. M. Picone, A. E. Hedin, D. P. Drob, and A. C. Aikin. NRLMSISE-00 empirical model
of the atmosphere: Statistical comparisons and scientific issues. Journal of Geophysical
Research (Space Physics), 107:1468, December 2002. doi: 10.1029/2002JA009430.

C D Pintassilgo, O Guaitella, and A Rousseau. Heavy species kinetics in low-pressure dc
pulsed discharges in air. Plasma Sources Science and Technology, 18(2):025005, 2009. URL
http://stacks.iop.org/0963-0252/18/i=2/a=025005.



Justin D. Yonker Appendix F. PCE of Minor Species 172

CD Pintassilgo, J Loureiro, and V Guerra. Modelling of a N2-O2 flowing afterglow for
plasma sterilization. Journal of Physics D: Applied Physics, 38(3):025005, 2005. doi:
10.1088/0963-0252/18/2/025005.

L. G. Piper. The excitation of O(1S) in the reaction between N2(A
3Σ+

u ) and O(3P). Journal
of Chemical Physics, 77:2373–2377, September 1982. doi: 10.1063/1.444158.

L. G. Piper. The rate coefficient for quenching N(2D) by O(3P). Journal of Chemical Physics,
91:3516–3524, 1989.

L. G. Piper. Reevaluation of the transition-moment function and Einstein coefficients for
the N2(A

3Σ+
u - X 1Σ+

g ) transition. Journal of Chemical Physics, 99:3174–3181, September
1993a. doi: 10.1063/1.465178.

L. G. Piper. The reactions of N (2P) with O2 and O. The Journal of Chemical Physics, 98:
8560, 1993b.

L. G. Piper, G. E. Caledonia, and J. P. Kennealy. Rate constants for deactivation of N2(A
3Σ+

u , v
′=0,1) by O. Journal of Chemical Physics, 75:2847–2852, September 1981. doi:

10.1063/1.442357.

L. G. Piper, L. M. Cowles, and W. T. Rawlins. State-to-state excitation of NO(A 2Σ+,
v=0,1,2) by N2(A

3Σ+
u , v=0,1,2). J.Chem.Phys., 85:3369–3378, September 1986a. doi:

10.1063/1.450958.

L. G. Piper, Lauren M Cowles, and Wilson T Rawlins. State-to-state excitation of NO (A
2Σ+, v= 0, 1, 2) by N (A 3Σ+

u , v= 0, 1, 2). The Journal of Chemical Physics, 85:3369,
1986b.

L. G. Piper, K. W. Holtzclaw, B. D. Green, and W. A. M. Blumberg. Experimental de-
termination of the Einstein coefficients for the N2(B-A) transition. J.Chem.Phys., 90:
5337–5345, May 1989. doi: 10.1063/1.456439.

Lawrence G Piper. Experimental determination of the Einstein coefficient for the N (2P–4S)
transition. Chemical Physics Letters, 296(3):397–402, 1998.

N.A. Popov. Associative ionization reactions involving excited atoms in nitrogen plasma.
Plasma physics reports, 35(5):436–449, 2009.

L. Qian, S. C. Solomon, and T. J. Kane. Seasonal variation of thermospheric density and
composition. Journal of Geophysical Research (Space Physics), 114:A01312, January 2009.
doi: 10.1029/2008JA013643.

C.E. Randall, V.L. Harvey, DE Siskind, J. France, PF Bernath, CD Boone, and KA Walker.
NOx descent in the arctic middle atmosphere in early 2009. Geophysical Research Letters,
36(18):L18811, 2009.



Justin D. Yonker Appendix F. PCE of Minor Species 173

M. H. Rees and R. G. Roble. The morphology of N and NO in auroral substorms. Planetary
and Space Science, 27:453–462, April 1979. doi: 10.1016/0032-0633(79)90122-3.

M. H. Rees and G. J. Romick. Atomic nitrogen in aurora - Production, chemistry, and optical
emissions. J.Geophys.Res., 90:9871–9879, October 1985. doi: 10.1029/JA090iA10p09871.

Hans Reichenbach. The Direction of Time. University of Los Angeles Press, 1956.

P. G. Richards. On the increases in nitric oxide density at midlatitudes during ionospheric
storms. Journal of Geophysical Research (Space Physics), 109:A06304, June 2004. doi:
10.1029/2003JA010110.

P. G. Richards. Reexamination of ionospheric photochemistry. Journal of Geophysical Re-
search (Space Physics), 116:A08307, August 2011. doi: 10.1029/2011JA016613.

P. G. Richards, D. G. Torr, and M. R. Torr. Photodissociation of N2: A signifi-
cant source of thermospheric atomic nitrogen. Journal of Geophysical Research: Space
Physics, 86(A3):1495–1498, 1981. ISSN 2156-2202. doi: 10.1029/JA086iA03p01495. URL
http://dx.doi.org/10.1029/JA086iA03p01495.

P.G. Richards. Reevaluation of thermosphere heating by auroral electrons. Advances in
Space Research, 2011.

P.G. Richards, JA Fennelly, and DG Torr. EUVAC: A solar EUV flux model for aeronomic
calculations. Journal of Geophysical Research, 99(A5):8981–8992, 1994.

Philip G Richards, Thomas N Woods, and William K Peterson. HEUVAC: A new high
resolution solar EUV proxy model. Advances in Space Research, 37(2):315–322, 2006.
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