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Simulating Nitric Oxide in the Lower Thermosphere using a 3D Model

Karthik Venkataramani

ABSTRACT

Nitric oxide (NO), despite being a minor species, influences the chemistry, composition and
energy balance of the earth’s atmosphere above 90 kilometers. Variations in its density
have been shown to strongly correlate with solar x-ray irradiance at lower latitudes and
precipitating energetic particles at higher latitudes. Though the broad variations in NO
densities with altitude and latitude are well known, there are still uncertainties associated
with its chemistry. It is important to accurately model NO and its associated chemistry in

an atmospheric model in order to obtain an accurate representation of the thermosphere.

The NCAR Thermosphere-lonosphere-Electrodynamics General Circulation Model (TTEGCM)
is a three dimensional first principles based model which includes a self consistent aeronomic
scheme that solves for winds, temperatures and densities of various neutral and charged
species in the earth’s upper atmosphere. Using a combination of the solar irradiance spec-

trum and solar indices as inputs, the model computes these outputs at every time step.

The ability of the TIEGCM to predict NO densities in the thermosphere is examined by
comparing results from the model with data obtained from the Student Nitric Oxide Explorer
(SNOE). The comparisons are made for the year 1999 at 110 km and 150 km at the equator.
Changes are made to the NO chemistry present in the model to reflect recent results obtained
from laboratory data. Paricularly, the reaction of atomic oxygen with the first excited
electronic state of nitrogen, No(A) has been shown to play an important role in the production

of NO. These changes are introduced to the model and their effect on NO densities is studied.



Overall, it is seen that the updated chemistry scheme reduces the model agreement with
the SNOE data at 110 km while slightly improving the agreement at a 150 km. The loss
of agreement at 110 km is attributed to the fact that the neutral temperatures and atomic
oxygen densities calculated by the TIEGCM are in sharp disagreement to the temperatures
predicted by the NRL-MSIS at a 110 km, on which the new chemistry scheme is based.

While the chemistry scheme used in this thesis is a step in the right direction for modelling
NO using the TIEGCM, the parameters used were determined from the best fit obtained from
the 1-D NO model. In the light of the differences between the NRL-MSIS and TIEGCM, it
is necessary to return to the laboratory data and modify the parameters used here to achieve

a better agreement with the data.
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Dedicated to,
Sunny days and a cup of tea -

May you never find one without the other.
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Chapter 1

Introduction

The main purpose of this thesis is to look at the ability of the current version of the
Thermosphere-lonosphere-Electrodynamics General Circulation Model (TIEGCM) [1] to
model Nitric Oxide (NO) in the lower thermosphere. Efforts are directed towards exam-
ining the chemistry contained in the model, and improving the model’s ability to predict the
NO density in the thermosphere. This thesis also tries to serve as a handbook of sorts for
the use of the TIEGCM model, and briefly outlines the steps involved in both setting up the
model and changing the code contained in it to reflect the updated chemistry scheme used
in this thesis. The data from the Student Nitric Oxide Explorer (SNOE) [2] is the reference

against which the results from the model are compared.

This chapter is intended towards introducing the reader to thermosphere, nitric oxide and
terminology associated with it. The importance of nitric oxide in the atmosphere, despite it
being a minor species is discussed below, and this is emphasized by presenting the relevant
chemistry. The topic of atmospheric modelling is introduced in light of the TTEGCM followed
by a brief description of it; Preliminary comparisons between SNOE data and the TIEGCM
results are presented to give the reader an idea of the comparisons that are made in this
thesis. Finally, and perhaps most importantly, this chapter is intended to give the reader

an idea of the context in which this thesis was developed, and its relevance in the field of
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thermospheric modelling.

1.1 Nitric Oxide in the lower thermosphere

Nitric Oxide (NO) is a highly variable, key minor constituent in the thermosphere, where it
plays an important role in the chemical processes that occur there. The processes in which
it takes part has a wide range of effects, which include the formation of the lower ionosphere,
the catalytic destruction of ozone and the temperature variations in the thermosphere. These
effects of NO have led to considerable interest in studying, observing and modelling it over

the years.

In many ways this interest can be traced back to the original proposition by M.Nicolet in
1945, that the ionization of NO by Lyman-« radiation from the Sun played an important
role in the formation of the day time ionosphere. NO, having the lowest ionization potential
among the neutral constituents present at around 100 km was thought to significantly con-
tribute to formation and chemistry of the D region of the ionosphere. It was also theorized
that NO took part in charge transfer reactions with ions to generate NO™'; which in turn
produced excited nitrogen atoms (N(?D)) via a dissociative recombination process, which
finally completed a loop of reactions by recycling the NO that was originally ionized. This
process involving NO™, N(?D) & NO is outlined below [3]:

NO contributes to the formation of the D-region of the ionosphere, producing NO* by

photoionization by the Lyman-« radiation from the sun:
NO+hv— NOt +e (1.1)
It is also generated by means of a charge exchange reaction of NO with O3 :

Of + NO — Oy + NO* (1.2)
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NO™ is primarily lost the following reaction:

NO" +e— N(*D)+ O (1.3)

N(?D), an excited state of the nitrogen atom, is produced by the following reactions:

Ny +0O — NO'™ + N(*D) (1.4)
Ny +e— N(®D)+ N(*S) (1.5)
Ny+e* = NCD)+ N(*S) +e (1.6)

The first two equations are examples of dissociative recombination of the ionized NO and
the Ny molecule, while the latter is the dissociative excitation of the nitrogen molecule by

photoelectrons.

The realization of the importance of NO in the ionosphere led to the analysis of the pro-
duction and loss mechanisms of NO, which have been studied and modeled since [4, 5]. It
has been shown that the main production mechanisms for NO is the reaction of N(*D), or

N(4S), a ground state nitrogen atom, with molecular oxygen:

N(*D,*S)+ 0Oy — NO + O (1.7)

The reaction with N(2D) is the more dominant mechanism at the altitude where NO density
is seen to peak, while the reaction with N(*S) is a strongly temperature dependant reaction
and is more important at higher altitudes in the atmosphere.

An important part of this thesis is the contribution of the first excited state of molecular

nitrogen, No(A) to the production of NO in the thermosphere.

Ny(A) +0 — NO + N(*D) (1.8)
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This reaction is important to the chemistry as it generates both a NO and N(?D), the latter
of which further contributes to NO production.

Finally, NO is lost in the thermosphere by the following processes:

The reaction with ground state nitrogen atoms:

NO+ N(*S) = N+ O (1.9)
Charge exchange with ionized molecular oxygen:

NO +OF — NO*t + O, (1.10)
And during the daytime, by photodissociation:

NO + hv — N(*S) + O (1.11)

The importance of the rate co-efficients and the temperature dependence associated with

these reactions are shown and discussed later in this thesis.

Apart from playing a role in the formation of the lower ionosphere, NO is known to cat-
alytically react with ozone to produce nitrogen dioxide, which reacts with atomic oxygen to

reproduce nitric oxide:

Thus the nitric oxide gets recycled, and it can go on to repeat this process and destroy ozone.
This is especially true in the case of polar nights where photodissociation of NO does not

occur.
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1.2 Thermospheric Modelling of NO

We have seen from the previous section that nitric oxide, a minor neutral species in the field
of aeronomy, plays an important role in determining the chemical and physical structure
of the thermosphere. Hence it is important to accurately represent NO in an atmospheric

model.

TIEGCM, the result of many years of effort at NCAR, had its beginnings in 1981 with the
TGCM (Thermospheric General Circulation Model), with the primary impetus being the
need to incorporate the effects of thermospheric winds and its coupling with temperature
while modelling the structure of the thermosphere. The TGCM evolved to include iono-
spheric effects (TIGCM) and also electrodynamic interactions between the thermosphere
and ionosphere to reach its present form as the TIEGCM. Though used in this thesis to
primarily model NO, it also predicts neutral and ion densities in the thermosphere, and can

also model thermospheric winds.

The plots included below show a comparison between the modelled and observed NO den-
sities at the equator in the year 1999 for 110 and 150 km. These are the altitudes for the
peak NO density and EUV energy deposition respectively. The simulated data used in these
plots is from the current version of the TIEGCM without any changes to its chemistry. The
comparisons are made at an altitude of 110 km and 150 km. We can immediately see that
at 110km the model does a reasonable job of modelling the observed data, while at 150km

the errors are more pronounced.
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NO densities for 1999 at the equator at 110 km
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Figure 1.1: NO number densities by SNOE and TIEGCM at 110 km at the equator, 1999.
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NO densities for 1999 at the equator at 1350 km
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Figure 1.2: NO number densities by SNOE and TIEGCM at 150 km at the equator, 1999.

It is important to emphasize at this point that though the TIEGCM does a seemingly
reasonable job of predicting NO densities at 110 and 150 km, the chemistry drving the results
are inaccurate. While the basic framework for the calculating NO densities does exist in the
model, the results used do not reflect the current understanding of NO production and loss
mechanisms. As a result, many modifications made to the model in this thesis are simply
updates to the NO chemistry which reflect a more recent understanding of the processes
involved. The most important change introduced is that of a NO production mechanism
involving the first excited state of molecular nitrogen, No(A), which is currently not present
in the model. Its reaction with atomic oxygen has been shown to play an important role in
the production of NO. Hence, the updated chemistry scheme is introduced into the model in
order to represent a more current understanding of the NO chemistry, and to consequently

try and improve model-data agreement.
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1.3 Overview of Thesis

The remainder of this thesis is organized as follows - Chapter 2 presents the TIEGCM in
further detail; we look at the inputs required by the model and the outputs generated by it.
Also examined are the initial & boundary conditions and the equations solved by the model.
Brief instructions are provided regarding setting up the model and making runs. Chapter
3 considers the changes made to the model as a part of the updated chemistry scheme
mentioned previously. The changes made are individually presented, and the rationale behind
the changes are briefly explained. The corresponding changes required in the code of the
model are also noted in this chapter. Chapter 4 discusses the results of the changes made
to the chemistry of the model. We compare the results of the model and the SNOE data at
different altitudes for each change, and the updated chemistry scheme as a whole. Finally,
Chapter 5 concludes the thesis with a discussion on the updated chemistry scheme and the
effect on the model’s ability to predict NO densities. The importance of the primary focus of
the changes, the No(A) chemistry, with regards to the model is noted in this chapter. Future
work regarding the TIEGCM and NO modelling is also presented.



Chapter 2

Description of the TIEGCM

This chapter describes the NCAR TIEGCM in further detail - Inputs, boundary conditions,

and equations solved by the model are presented.

The TIEGCM is a three dimensional numerical model of the earth’s upper atmosphere, with
a lower boundary of 97 km and an upper boundary that varies between 500 and 700 km. It
solves a self consistent aeronomic scheme of the coupled thermosphere and the ionosphere at
every time step, producing a representation of the upper atmosphere’s structure in terms of
temperatures, winds and densities. Solar EUV flux forms the primary input for the model,
while indices such as K, and Fio7 characterize the auroral energies and EUV variability at

different wavelengths.

The Thermosphere General Circulation Model (TGCM) and Thermosphere/Ionosphere Gen-
eral Circulation Model (TIGCM) [6], [7] are two general circulation models that were also
developed at NCAR, that form the origins of the present day TIEGCM. The TGCM mod-
eled the thermosphere in terms of temperature perturbations and wind structure, primarily
by solving the thermodynamic equation and the continuity equation using the assumption
of hydrostatic equilibrium. The TIGCM expanded upon this by including a self-consistent

aeronomic scheme to compute total temperatures, densities of neutral species such as N(1S),
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N(?D) and NO, and calculates a global ionosphere in terms of various ion densities. Building
upon this, the TIEGCM included electrodynamic interactions between the thermosphere and
the ionsphere and a more realistic non-dipolar geomagnetic field model, allowing calculations
of the dynamo effects of thermospheric winds and neutral/plasma dynamics. At present, it is
widely used in the atmospheric science community, and represents our best understanding of

many aspects of the atmosphere, and specifically, the thermosphere-ionosphere interactions.

2.1 Equations

The equations driving the physics of the aforementioned models are presented below. The
primary independent variables in these equations are time (), latitude (¢), longitude (\) and
the model vertical coordinate z, calculated as log.(po/p), where pq is the reference pressure
and p is pressure. These equations are solved using a finite differencing technique at every

timestep.

The Thermodynamic Equation

or  ge* 0 (KTﬁT o RT

B o5z ?5)—aT—V.VT—w(SjL@nLCp—m)JrQ/Cp (2.1)

Which relates the total change in energy with time 07'/0t, to the verical conduction, the

radiative loss aT', horizontal advection (V.VT), conduction by winds and the heating input
Q' /cp.

The Continuity Equation

1 0 1 ou .0, .
rcos¢3_¢(vcos¢) + re0s0 N +e &(e w) =0 (2.2)

Which is the usual continuity equation for thermospheric neutral gas, in terms of the east-

ward, northward and vertical velocities (u,v and w).
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The Hydrostatic Equation
0  R(Ty+T
_ R(Th+7T) (2.3)

0z m

Which relates the change in the geopotential ', with height, to the temperature T and mean

molecular mass m. R is the universal gas constant.

The Eastward Momentum Equation

ou ge* 0 ( uou u ou

— = — | == —t - A — Azt — V.VU — w—

3t~ po 0z (H 32) (o Jtan6 = Xy ) 0= Ay = V. VU~ wi 2.4

1 09 '
_TCOSQS B + (F)\ —+ )\Iy’l)] + )\szI)
The Northward Momentum Equation
dv  ge* d ([ dv u ov
aH T e oe (ﬁ%) - <f+;tcmqb—)\yx>u—)\yyv—V.Vv—w£ .

109

r O¢

+ (F¢ + )\yyv[ + )\yIUI)

Where i is the viscosity coefficient, H is the mean scale height, f is the coriolis parameter, A
is the ion drag tensor, 1 is the distance from the center of the earth and F) and Fy4 are the
zonal and meridional momentum sources. The two equations relate the change in velocities
with time (Ju/0t, dv/0t) with the vertical viscosity term, the coriolis, momentum and ion

drag force, horizontal and vertical advection, and the pressure gradient force.

2.2 Inputs

A more comprehensive document covering many aspects of the model not presented here is
the TIEGCM model description provided by the HAO. However, presented in this section

are a few of the inputs, boundary conditions etc. relevant to the work presented here.
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2.2.1 Solar Input

The TIEGCM uses the EUVAC (EUV flux model for Aeronomical Calculations) as the
default solar input for the spectral range of 5-105 nm. EUVAC is an empirical representation
of the solar irradiance, generated by using a reference spectrum at solar minimum and a
wavelength dependent variability depending on solar activity. The variability is characterized

by solar indices, most frequently the Fiq7 index. The EUVAC spectrum is calculated as:

F) = Fres(W[1 + AN)(P — 80)] (2.6)

where f,.; is the spectrum at solar minimum, A is the wavelength dependent variability

factor, and P = (Fio7 + Fi074)/2. Fio7a is the 81 day average of Fig 7.

Instead of using a solar proxy model, one can also use measured solar irradiance spectra as
an input. An example of this is the TIMED /SEE instrument that captures the solar spectra
between 0.1 and 195nm. The data can be processed into a binning scheme compatible with
the model and specified in a net CDF file format. If such an input file is provided, the EUVAC

model values are overridden.

Example of inputs that are not controlled by the user include the solar flux, ionization
branching ratios and cross sections and absorption coefficients. Though these cannot be
changed from the input parameter list that the user specifies for a model run, they can be

changed from the relevant sub-routines.

2.2.2 Magnetospheric Inputs

High latitude ion convection and the aurora are the two main magnetospheric inputs to the
model. The former is done by means of empirical models within the TIEGCM - the Heelis
and the Weimer 2005 ion convection models. The Heelis model model uses the K, index,

while the Weimer model uses interplanetary magnetic field (IMF), solar wind speed (Vsw)
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and solar wind density (Dsw) as inputs. Both the models use this data to compute the
cross polar cap potential and hemisphere power which are used in calculating the aurora
and auroral radius. The choice of model to be used by the TIEGCM is determined at run
time as specified in the input parameter defined by the user. The auroral calculations which

determines high latitude energetic particle precipitation can also be turned off from the list.

2.2.3 Boundary Conditions

The TIEGCM has a lower boundary corresponding to a height of approximately 97km, and
an upper boundary ranging between 500km and 700km, depending on solar activity. The
height of the upper boundary is variable as the TIEGCM uses a constant pressure grid rather
than a constant altitude grid for the vertical axis. As a result, the geopotential height of
the upper boundary varies with solar activity and its height is calculated at each time step.
The height of the lower boundary is also affected by solar activity, but the effect is relatively
negligible.

The vertical grid of the model is divided into 29 pressure levels denoted by the variable
Z calculated as log.(po/p) ranging from -7 to 7. At the lower boundary of the model, the
background thermosphere is specified, over which migrating tidal perturbations due to solar
inputs can be added. These perturbations are introduced into the model by using either
Hough Modes or the Global Scale Wave Model (GSWM). These tidal perturbations are also
used to specify the horizontal velocities and the neutral temperature at the lower boundary.

The electron temperature is set to be equal to the neutral temperature.

With regards to chemical species, O, is set to a fixed mixing ratio of 0.22, N(*S) and O*
are in photochemical equilibrium and the vertical gradient of the mixing ratio of O is set to

Zero.

At the upper boundary, NO and N(*S) are in photochemical equilibrium while the different

velocities and the major neutral species (0,05 and Ny) are in diffusive equilibrium.
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2.3 Outputs

The TIEGCM outputs the following variables in three spatial dimensions over time : height
of constant pressure surfaces, neutral, ion and electron temperatures , zonal, meridional and
vertical neutral winds, electric potential in geomagnetic/geographic co-ordinates, and the
following neutral and ion species - O, O,, NO, N(*S), N(?D), O*, NJ, NOT, N* and electron

density



Chapter 3

Modifying the TIEGCM

This chapter discusses the changes introduced into the NO chemistry scheme contained in
the model, and the justification for each change. Also presented are relevant portions of
the code from the model and the changes made to them. As mentioned previously, many
changes made to the model are simply updates to the existing chemistry reflecting newer
results. The emphasis of this chapter however, is on introducing the No(A) chemistry which
is currently not present in the model. Overall, the changes presented below are part of a

revised NO chemistry scheme [8].

The TIEGCM is written in standard FORTRAN-90. As most of the changes presented
below simply involve updating rate coefficient values or changing of production/loss rates of
species, knowledge of coding in FORTRAN is not strictly required. The existing code in the
model tends to serve as a template on which users may base their changes. It is advisable to
create a copy of the original source code of the model before proceeding with the changes.

The steps involved in running the model itself are not affected by the changes to the code.

The subsections below are grouped together based on the nature of the change and are titled
with the chemistry affected rather than the TIEGCM code affected for sake of clarity. Bold

text is used either to denote file names or to draw attention towards code snippets, while

15
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emphasis is used for variable names used in the model.

The following are the source files mainly relevant to the changes made here: comp_n2d.F
which computes N(2D) densities; comp_n4s.F the corresponding file for N(*S); comp_no.F;
chemrates.F is the file defining neutral and ion chemistry rates; and qrj.F which calculates

ionization, dissociation and heating rates along with solar inputs in the model.

3.1 Modified branching ratios

3.1.1 NOT + e — 0.95N(?D) + 0.05N(S) + O

This is the principal production mechanism for N(?D). Though it is known to favor the N(*D)
channel more, the branching ratio of 0.85 used in for the channel in the TIEGCM is less
than the estimates found in recent studies. More recent data of this branching ratio obtained
from Hellberg et al. [9] has shown it to be 0.95 for the N(?D) channel, and correspondingly
0.05 for N(“S).

In the N(*D) and N(*S) computations, the production associated with the rate coefficient
ral and the NO™ ion density (nop) is multiplied by this branching ratio.

ral(k,i,lat)*nop(k,i)*{branching ratio}

These branching ratios are changed to 0.95 and 0.05 in comp_n2d.F and comp_n4s.F

respectively.

3.1.2 Nj 4+ e — 1.52N(2D) + 0.48N(%S)

At altitudes below 150 km, the reaction with atomic oxygen to produce NO™ is the domi-
nant loss mechanism for N3 . Hence this dissociative recombination reaction, while not an

important source for NO production, is still a source for N(*D) and N(*S) and is changed
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here to reflect a more accurate value for the branching ratio. The branching ratios were
shown to be 1.52 and 0.48 respectively by Peterson, et al. [10]. The branching ratios used
previously in the model are 0.9 and 1.1.

The term associated with this reaction, found in comp_n2d.F and comp_n4s.F is:

ra3(k,i,lat)*n2p(k,i)*{branching ratio}

3.1.3 Ny + hv/e* — 0.5N(?D) + 0.5N(*S)

The branching ratio for dissociation of nitrogen by electron impact and EUV photoabsorption
to produce N(?D) is denoted by the variable brn2d in the TIEGCM. (1-brn2d) hence gives
the branching ratio for N(“S). Values for this parameter ranging from 0.75 to 0.5 can be found
in the literature [11][5][12], indicating the uncertainties associated with this term. However,

we use a N(?D) yield of 0.5 as obtained by Zipf et al. [11].

As shown by Barth [5] and noted by Yonker et al., [8], the reduction in the branching
ratio from 0.6 to 0.5 results in a substantial decrease in NO density, but this should not
be attributed to a decrease in efficiency of NO production due to less N(*D) being present;
rather the corresponding increase in N(*S) production is what causes to NO to be destroyed

more efficiently.

In the TIEGCM, brn2d is changed from 0.6 to 0.5 in the cons.F file where it is defined at
L.40.

3.2 Modified rate coefficients

3.2.1 N('S) + NO - N, + O

The reaction of NO with N(4S) is the primary loss mechanism for NO in the thermosphere.
The associated rate coefficient is crucial to determine the rate of NO loss to N(*S) at both 110
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and 150 km. The plot below shows a comparison of the original TIEGCM rate coefficient,
along with the theoretical and recommended rates observed for this reaction. At both 110
km and 150 km, where the neutral temperatures are roughly around 300K and 700 K, we see
that the TTEGCM uses a higher rate coefficient, i.e, predicts a faster loss of NO to N(*9).
We the JPL recommended rate proposed by Sander et al., [13] and change the temperature

dependence of this reaction.

N(*S) + NO - N, + O Reaction Rate
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Figure 3.1: Reaction rates for N(*S) + NO — Ny + O

The temperature dependence is changed in chemrates.F. It is changed from beta3 =
3.4x107"\/TN/300 cm3s™! to 2.1x107'! % ¢'%/TN ¢m=3s=1  This requires changing the

expression for beta3d on L.257 of the unmodified code.
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3.2.2 N(*D) + O, -+ NO + O

This is the main production mechanism of NO from N(?D). The below plot shows that
TIEGCM uses a constant rate coefficient, where as studies have shown a strong temperature
dependence of this reaction [14][15]. We use the recommended temperature dependence
proposed by Herron, et al. [14]. By an informal inspection of the rate coefficients we can

expect an increase in the calculated NO densities at both 110 km and 150 km.
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Figure 3.2: Reaction rates for N(2D) + Oy — NO + O

The relevant rate coefficient variable is beta2 in chemrates.F. It’s definition on L.47
is commented out and is initialized along with the other temperature dependent rates,

betal — betal7. In order to allocate memory to the array corresponding to beta2, we use the
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following code:
allocate(beta3(nlevpl,lon0:lonl,lat0:lat1),stat=istat)
if (istat /= 0) write(6,” (’>>> alloc_tdep: error allocating’,

| > beta3: stat=",i3)”) istat

3.2.3 N(*D) + O - N(“S) + O

This reaction is important to NO densities as it removes N(?D) (which contributes to NO
production) and produces N(*S) (which contributes to NO loss). In the plot below, we see
again that the TIEGCM uses a constant rate co-efficient, which is below the recommended
and theoretical values at the altitudes of interest. We can hence predict this reaction to
reduce NO densities at both altitudes. We introduce the temperature dependence recom-

mended by Yonker et al.[8]

This change is similar to the one made for beta2. A temperature dependence is introduced for

357! is changed to the equation

the neutral rate beta4 initially with a value of 7.0x10™3cm™
betad = 1.65x10712 % \/TN/260cm—3s~!. The changes are made to the chemrates.F file,

and the steps followed are the same as before.
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N(*D) + O - N(*S) +0 Reaction Rate
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Figure 3.3: Reactions rates for N(2D) + O — N(*S) + O

3.3 Other changes

3.3.1 Nt + O, — N(*D) + Of

In TIEGCM, the above reaction is a production mechanism for N(“S). However, recent work
by Midey et al.[16] suggests that that this reaction strongly favors production of N(*D)
over N(*S). We hence remove this production mechanism for N(*S) and use it in the N(*D)

production calculations. In other words, we change the product of the reaction from N(S)

to N(®D).
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The rate coefficient associated with this reaction is the rate coefficient k6, defined in the
chemrates.F file. The value of this rate is changed to 2x10~%cm™3s™! for N(2D) production.
We remove the production term for N(*s) in comp_n4s.F by removing the term “rk6 x
nplus(k,i) * 02(k,1) * rmassinv_02”. This term is then used in comp_n2d.F so as to

contribute to the total production of N(?D).

The N7 ion densities (nplus) required in the above computation need to be passed to
comp n2d.F, hence we add it to the list of variables in the subroutine definition at the

top of this file:

subroutine comp_n2d(02,01,no0,n4s,ne,op,...n2p,nplus ...)

And also define it in the list of input arrays to the subroutine:

real,dimension(lev0:levl,lon0-2:lon1+42),intent(in) ::

| n2p, ! N2+ ion
| nplus, ! N+ ion
| nop, ! NO+ ion
Lastly, we change the calling definition of this subroutine in dynamics.F :

call comp _n2d(

| n2p, ! N2+ ion
| nplus, ! N+ ion
| nop, ! NO+ ion
It should be noted that the order of the variables used in the subroutine definition in

comp_n2d.F must be maintained in the subroutine call in dynamics.F
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3.3.2 N(D) + N, — N(‘S) + N,

This loss mechanism for N(2D) does not currently exist in the model, but has been shown to
exist by Herron[14]. Though more than one temperature dependence has been formulated for

this reaction, a constant rate coefficient is recommended in the study and is used presently.

A new neutral rate coefficient variable, betal8 is defined in chemrates.F with a value
of 1.7x107em™3s™! for this purpose. The variable is declared along with the other con-
stant, neutral chemistry rates at L.47. betal8 is then included in both comp_n2d.F and
comp n4S.F as one of the variables called from the chemrates module. The following

term is then added to the N(?D) loss and N(*S) production calculation.

betal8*xn2(k,i)*rmassinv_n2

3.4 Njy(A) Chemistry

The changes required for the Ny(A) chemistry are slightly more extended than the changes
above, hence we only provide an outline of the steps here explaining the procedure followed
in introducing Ny(A) into the model and using it to compute it. The names of the relevant

source files are still provided.

N5 (A) is the first excited electronic state of molecular nitrogen, produced primarily by pho-
toexcitation or decay from higher energy states of the molecule. It is a channel for NO

production in the following reaction:
Ny(A)+ O — NO + N(*D) (3.1)

We include this reaction in the TIEGCM chemistry scheme as it has been shown to be
important to the NO chemistry and also increases the peak NO density at 110 km by a
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factor of 2-3 [17] [18]. It is essential to the present chemistry scheme as it compensates for the
reduction in NO densities produced by the change in the branching ratio of photodissociation
of Ny, mentioned in section 3.1.3. We compute the No(A) production rate by a Gaussian
scaling in altitude the production rate of Ny by photoelectron impact. The photoelectron
ionization rates are provided in the file qrj.F. However, the photoelectron impact ionization
rate of Ny is not directly available in the model. For this, we first define a frequency gn2pe
which is the ionization rate of Ny only by photoelectrons. However, this frequency includes
both the dissociative and non-dissociative ionization rates. As we are interested only in
the latter, we also create a frequency di_n2e which is the dissociative ionization of Ny by
photoelectrons. We subtract this from gn2pe to obtain the non-dissociative photoelectron
ionization rate of Ny. This is generated in qrj.F and is passed to the modules where Ny(A)

densities are calculated.

As mentioned above, we scale the No(A) production rate to the NJ rate, which in turn
depends on the mass mixing ratio or partial pressure of No. We approximate the scaling in
altitude using a linear fit, and as seen from the figures below, this approximation for the Ny
mixing ratios is a very good one over the altitude range where the contribution of Na(A)
is the most significant. The linear scaling is further justified by the fact that the variation
in Ny partial pressure is within a few percent throughout the course of the year, as shown

below.
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N, Mixing Ratio at 110 km

% VNI T
o e BT

001 079 172 266

~d
=
Pd

MRN2 (%/100)
o =} =3
~ ~ ~
w (o)) o
(3] o w
‘IIII|IIII|\I\

[
a |
o

N, Mixing Ratio at 150 km

0:59 /\ “\/A AAV/\/\A/\-/‘\/\/WV\N (\’\/\\/
o Ve o e VW

MRN2 (%/100)

(1%%19) 172 266 355
Day of Year

300 = ]

20— =
= = .
< 200 — -]
= -

150 :— _:

100 ; ; ; e ———]

0.0 0.2 0.4 0.6 0.8
MRN2 (%/100)

Figure 3.4: Ny mass mixing ratios at 110 km & 150 km v/s time, and the linear fit used for
scaling the Nj production rate to the No(A) production

3.5 Summary

The following table summarizes the changes that have been introduced to the model in this

chapter.
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Table 3.1: Current TIEGCM Modifications

Code Description Change Reference
ral higher N(2D) yield | NOT+e—.95N(*D)+.05N(*S)+O | Hellberg (2003)
ra3 higher N(®D) yield | NJ +e—1.52N(?D)+.48N(S) Peterson (1998)
brn2d lower N(?D) yield Ny+hv/e*—.5N(?D)+.5N(1S) Zipf (1978)
beta2 changed TD N(*S) + NO — N, +0 Sander (2006)
beta3 added TD N(2D) + Oy — NO +0, Duff (2003)
betad Added TD N(*D) + O — N(*S) + O Yonker(2011)
rk6 higher N(?D) yield N*+0,—N(D)+05 Midey (2006)
betal8 new N(?D) + Ny —N(*S)+N, Herron (1999)
betal9-21 new Ny(A4) + O — NO+N(%D) Thomas(1997)




Chapter 4

Results

In this chapter, we begin by briefly describing the SNOE satellite mission and the obser-
vations made. We then proceed to compare the results obtained from the model with the

SNOE data.

4.1 SNOE

The Student Nitric Oxide Explorer was designed and built at Laboratory for Atmospheric
and Space Physics (LASP) at the University of Colorado, Boulder. The aim of the mission
was to analyze the effect of solar and magnetospheric inputs on NO chemistry and density

in the lower thermosphere.

The satellite was launched in a sun synchronous orbit with a mean local time of 11 am at
equatorial crossing on the day side of the earth. A limb scanning technique was used to
measure fluorescent scattering of solar radiation by NO at the wavelengths of 215 and 237
nm using a UV spectrometer. The SNOE data used in this thesis corresponds to the daily
average of measurements from 15 orbits of the satellite for the year 1999. The NO densities

obtained from TIEGCM corresponds to values taken at a longitude where the solar local

27
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time 1s 11 am.

SNOE made global observations of Nitric Oxide in the lower thermosphere between February
1998 and December 2003. The year 1999 was chosen for this study as it is the only year with
nearly uninterrupted observations of NO. It is worth noting that this year was just prior to
the solar cycle maximum, resulting in strong solar activity variations throughout the year.

The variation of NO density with sun spots and the rotation of the sun are hence easily

observed in the SNOE data.

4.2 Overview of the chemistry

A useful way to look at the thermosphere is to assume a constant background atmosphere
comprising of Ny, O, and O, and a constantly varying portion comprising of minor species
such as NO, N(1S), N(?D), O™ and NO™ that react both among themselves and the back-
ground atmosphere. The rate of production or destruction of any given species is dictated
primarily by the availability of the reactants involved and the rate co-efficient of the reac-
tion. This is important as it dictates which reaction will occur for a given species, at a given
altitude, from a set of possibilities. For example, N(?D) may participate in the destruction
of NO in a manner similar to N(*S), however the densities of Oy being larger than that of
NO at both 110 and 150 km prevent this from occuring. Also, the temperature dependence

of the involved rate co-efficients determines the effect of altitude on these reactions.

The general rule of the thumb with regards to NO chemistry is that more N(?D) equates
to more NO. The abundance of O, ensures that N(*D) will almost always react with it to
produce NO. However, even though the rate coefficient is an increasing expontential with
temperature, the reaction becomes less effective at producing NO with increasing altitude

as Oy densities fall away and N(2D) is quenched by atomic oxygen to produce N(4S).

On the other hand, more N(1S) equates to less NO at lower altitudes. It reacts with NO

to produce relatively chemically inert Ny along with atomic oxygen, and forms the primary
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source of NO loss at 110 km. The reaction however has a rate coefficient that is a decaying
exponential with temperature, which means that N(*S) becomes less effective at higher
temperatures (altitudes) in destroying NO. At 150 km, where the neutral temperatures are
higher, N(*S) in fact behaves similar to N(2DS) in that it can contribute to NO production

vy reacting with Oq

It is important to understand that there are competing mechanisms involved in the produc-
tion and loss of NO, N(®D), N(*S), O3 and NOT which are all interlinked. It is a complex
dance where more often that not the subtle effects of the ratio of concentration of species
competing rate coefficients may trip up one’s intuition about the effects of changes to the

chemistry.

4.3 Model-Data Comparisons

The below plots show the effect of the chemistry scheme introduced to the model. The model
runs were made for first 31 days of 1999, and are indicative of the effect of the change intro-
duced to the model, i.e, a similar effect in the NO densities would be seen in the model were
to be run for the entire year. Model runs were made to determine the effect of each individ-

ual change, followed by a final run with the all the changes proposed in the chemistry scheme.

In the plots below, the thin solid line represents the SNOE data, the thick solid line repre-
sents the unmodified TIEGCM, and the dashed line represents the TIEGCM with the change
mentioned in the caption. The plots are made at 110 km (NO density peak) and 150 km
(EUV energy deposition peak).
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Modified branching ratios

These changes are straightforward in that we increase the either production channel of N(*D)
or N(*S) in a reaction at the cost of the other. The effect of each individual change is

explained below.

4.3.1 NO' + e — 0.95N(?D) + 0.05N(*S) + O

Apart from the photodissociation of the nitrogen molecule, this reaction is the most impor-
tant source of excited and ground state nitrogen atoms. The reduction of N(*S) production
reduces the amount of NO that is lost to it, and as we also increase the amount of N(?D)
present, we see an overall increase in NO densities at 110 km.

NO densities for 1999 at the equator at 110
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Figure 4.1: Modified branching ratio for ral, effect at 110 km
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NO densities for 1999 at the equator at 1350 km
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Figure 4.2: Modified branching ratio for ral, effect at 150 km

The fact that the increase of NO densities at 150 km is not as pronounced as seen at 110
km can be attributed to the fact that 150 km there is more atomic oxygen than molecular
oxygen - the O5/0 ratio decreases with altitude. As a result, N(?D) tends to get quenched

by atomic oxygen than react with molecular oxygen to produce NO.
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4.3.2 Nj + e — 1.52N(°D) + 0.48N(‘S)

As mentioned in the previous chapter, this reaction is a comparatively minor contributor to
NO densities as the reaction with O to produce NOT and N(?D) is the prevalent reaction
below 150 km for Nj. The change in the branching ratio was primarily done to reflect
newer values obtained from Peterson, et al. [10]. The increase in NO densities seen at both

altitudes from this change is an extremely minor one.
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Figure 4.3: Modified branching ratio for ra3, effect at 110 km
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MO densities [moleoules/cmzj
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4.3.3 N + hv/e* — 0.5N(?D) + 0.5N(!S)

An 80% reduction in NO densities was seen at 105 km when the branching ratio for N(?D)
produced from photodissociation of Ny was changed from 0.6 to 0.5 [5], using a 1-D NO

model. We see a substantial decrease in NO production at 110 km, but not to the same

extent.
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NO densities for 1999 at the equator at 1350 km
T T T I T T | T T T T T

1.0x107 B

4,01007 L T T T L

o Orig TIEGGM —

M ——-—-- Meod TIEGCM H

H SHOE Doto —

3.5%107 ]

C A = —5.9877929% 7

5 ?: .

£ z.0x107 - -

RH r —
o

© B —

= - ]

g 2.5x107 — ]

Z r 7

£ - ]

% 20107 3
x

Ll I —

= I —|

QP —

= o1sx1n’ -

] |

Z —|

5,Dx106_ 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1

a 10 13 20 25
Day of the Year (1999)

Figure 4.6: Modified branching ratio brn2d, effect at 150 km

35



CHAPTER 4. RESULTS 36

Changed rate coefficients

4.3.4 N('S) + NO - N, + O

As noted before, this reaction is the primary loss mechanism for NO. The reduced rate
coefficient for this reaction results in a longer lifetime of N(*S) at both 110 and 150 km as
compared to the original value used in the TIEGCM. As a result, we increase the NO lifetime

as well, resulting in increased NO densities.
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Figure 4.7: Changed temperature dependence of reaction rate beta3, effect at 110 km
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NO densities for 1999 at the equator at 1350 km
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Figure 4.8: Changed temperature dependence of reaction rate beta3, effect at 150 km

It is interesting to observe at 150 km that reduction of the rate coefficient for the above
reaction results in much larger increase in NO densities that at 110 km. This is because the
competing reaction that involves N(*S) loss results in more NO - the reaction is that with
O,. Decreasing the rate coefficient of the above reaction with NO allows more N(%S) to react

with Oy - and both these factors contribute to the large increase in NO densities.
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4.3.5 N(*D) + O, - NO + O

Similarly, increasing the rate coefficient for the above reaction results in N(*D) reacting faster

with Os to produce more NO at both altitudes, i.e., a greater NO production rate.
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Figure 4.9: Added temperature dependence of reaction rate beta2, effect at 110 km
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NO densities for 1999 at the equator at 1350 km
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Figure 4.10: Added temperature dependence of reaction rate beta2, effect at 150 km
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4.3.6 N(*D) + O — N(‘S) + O

By increasing the rate at which N(2D) is lost to O to produce N(*S), we increase the rate
at which NO is lost at 110 km. The rate coefficient is increased from the previous value
of 7x10™Bem™3s7! both at 110 km and 150 km. However, at 150 km the increase in N(1S)
does not substantially decrease NO densities, as at this altitude it tends to contribute to NO

production by reacting with molecular oxygen.
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Figure 4.11: Added temperature dependence of reaction rate beta4, effect at 110 km
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NO densities for 1999 at the equator at 1350 km
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Figure 4.12: Added temperature dependence of reaction rate beta4, effect at 150 km
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Other changes

4.3.7 NT + O, — N(®D) + O5

This change resulted in changing the product of the above reaction from N(*S) to N(2D). In
other words, remove a loss mechanism while also introducing a production mechanism for
NO at 110 km. Hence we see that at 110 km the NO densities are increased substantially.
We can also infer that this process does not contribute to NO production substantially at
150 km because the N(*S) previously being produced by this reaction was also contributing

to NO production.
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NO densities for 1999 at the equator at 1350 km
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Figure 4.14: N* + Oy — N(?D) + Oy , increased N(?D) yield



CHAPTER 4. RESULTS 44
4.3.8 N(*D) + N, — N(‘S) + N,

Similar to the loss of N(*D) to O to produce N(%S), this loss mechanism introduced to the
model reduces NO densities at both altitudes. This efficiency of this loss mechanism also

decreases with altitude, where quenching by O is the more prevalent form of loss for N(?D).
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Figure 4.15: Introduced new reaction, effect at 110 km
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NO densities for 1999 at the equator at 1350 km
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Figure 4.16: Introduced new reaction, effect at 150 km
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4.3.9 N,(A) Chemistry, Ny(A) + O — NO + N(?D)

The aim of this thesis was to demonstrate the importance of Ny(A) as a source of NO
using the TIEGCM. It has been shown [8] that this reaction is important for accurately
compensating for the NO peak when the branching ratio for N(?D) in the photodissociation
of Ny is reduced to 0.5. However, we see that this mechanism does not produce the expected

increase in NO density at 110 km.
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1‘8x1oa T T T I T T T T I T T T T | T T T T | T T T T | T T T T
|| Orig TIEGCM
—— - Mod TIEGCH
1 ax1oa_ SHOE Dato

A = 12.5610038%

1. 410"

1.2x108

1.0x107

__________

a.0x1o’

MO densities [moleoules/cm‘sj

B.0x107

4.0%107

L]
L]

5 10 15 20 25
Day of the Year (19849)

Figure 4.17: Ny(A) chemistry, effect at 110 km
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O densities for 1999 ot the equator at 110 km
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Figure 4.18: Atomic oxygen densities in NRL-MSIS & TIEGCM at 110 km

This is attributed to the difference in atomic oxygen densities as predicted by NRL-MSIS and
the TIEGCM as shown in the plot above. We see that at 110 km atomic oxygen densities are
more than 50% less than that predicted by NRL-MSIS. As this reaction of No(A) is acutely

dependent upon O densities, we do not see the required increase in NO densities at 110 km.
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NO densities for 1999 at the equator at 1350 km
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Figure 4.19: Ny(A) chemistry, effect at 150 km

This reaction is a much greater contributor to NO densities at 110 km than at 150 km
because of the short lifetime of Ny(A) (2 seconds) where it is decays to a lower energy state

by radiation, instead of reacting with O.
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4.3.10 Overall effect of updated chemistry

The plots below show the effect of the complete updated chemistry scheme being imple-
mented in the TIEGCM. We see a decrease in the NO densities by 32% at 110 km while
increasing it by 11% at 150 km. It should be noted that due to the non-linear nature of the
chemistry, the sum of the effects of the individual changes is not equal to the effect of the

whole chemistry scheme.
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Figure 4.20: Updated chemistry scheme at 110 km
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Figure 4.21: Updated chemistry scheme at 150 km
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In trying to find the reason for the reduction in NO abundance at 110 km, we find that the
neutral temperatures prediction is substantially different in the TIEGCM, as compared to

the NRL-MSIS on which the chemistry scheme we use is based .
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Figure 4.22: Comparison of neutral temperatures in NRL-MSIS and TIEGCM at 110 km

We see a negative correlation between the two temperatures at 110 km. The changes pro-
posed through the presented chemistry scheme were based on parameters defined by the
NRL-MSIS, as a result of which changes made to the TIEGCM negatively affects the NO
densities even though the chemistry contained in the model has been improved. This can be
seen at 150 km where the effects are more in line with our expectations where the neutral

temeperature correlation between the two models is better.
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Neutral Temperatures for 18998 at 150 km
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Figure 4.23: Comparison of neutral temperatures in NRL-MSIS and TIEGCM at 110 km

The updated chemistry scheme used here was implemented in the 1-D NO model and was
shown to improve the agreement with SNOE data at both 110 km and 150 km [3]. However,
as key aspects such as neutral temperatures and atomic oxygen densities in the TIEGCM are
substantially different from those in the NRL-MSIS, we do not observe the same improvement
as was seen in the 1-D model. Lab measurements of chemical rate coefficients provide a range
of possible values rather than show consistent agreement on one particular value. The 1-D
model results of Yonker et al. were achieved by choosing coefficients in the range allowed
by lab data and producing optimal agreement with SNOE. Since TIEGCM is based on
significantly different temperatures and O densities than those yielded by MSIS and used
by the Yonker et al., it is necessary that we return to the lab constraints and repeat the
procedure previously used, but with TIEGCM. Interestingly, changes to the NO densities

will in turn affect the models neutral temperature calculations, as NO plays an important
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role in thermospheric cooling. It will thus be necessary to iteratively obtain appropriate
values for parameters affecting the chemistry that allow the model to better predict NO,

while accounting for the effects of the changed NO densities due to the modified chemistry.
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Conclusions

We see that the changes made to the model have not improved the model’s ability to predict
NO densities in the expected manner. The overall abundance of NO is reduced by 32.5% at
a 110 km while increasing the same at 150 km by about 13%. Though we have successfully
implemented a chemistry scheme that we know from 1-D NO models to improve agreement

with data, we were unable to achieve similar results with the TIEGCM.

We know from the use of 1-D NO models that a good agreement between the model and data
can be achieved with the NO chemistry scheme that is used in this thesis [3]. The values
that were used for various parameters in were obtained from experiments that defined the
most likely limits for those parameters, while the exact values used were determined from
the results obtained from the NO 1-D model that achieved a best fit with the SNOE data.
These values hence, are not neccessarily those which would provide the best fit between
the model and data in the TIEGCM. The difference between the NRL-MSIS and TIEGCM
in predicting the neutral temperatures and atomic oxygen densities further contributes to
this fact. Obtaining parameter values specific to the TIEGCM that improve this agreement

would be the logical next step for this work.

The future work planned is to either reconcile the neutral temperatures of the two models,

o4
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or to implement the presented chemistry scheme in the light of the neutral temperature
calculations of the TIEGCM. A more basic step would be to verify the neutral temperatures
obtained from either model with actual data, which would indicate the appropriate course
of action to be pursued.

Also proposed below are further changes required to the NO chemistry of the TIEGCM

which were left unimplemented due to time and complexity constraints.

Table 5.1: Future TIEGCM Modifications

Code Change Reference Expected Effect

brn2DE1 lower o (PEDN2) Cosby(1993) Decrease NO since brn2d = 0.5
rk9 TD of N§ +0,—Ny+07 Fox(2003) Increase NO below 300K (110 km)
deltag | N(*D)+0,—NO(v)+0.02 O('D) Miller(2004) Decrease in Neutral Temperature
alfa no Thermal Diffusion Yonker(CEDAR’08) |  Minor increase in NO diffusion
alfa nds Thermal Diffusion Yonker(CEDAR’08) | Minor decrease in N(*S) diffusion

As has been stressed upon in this thesis, obtaining and modelling NO accurately is essential
to an accurate representation of the thermosphere. The TIEGCM being an open source
model allows users to contribute to the process of making it better. Being a widely accepted
thermospheric model in the atmospheric science community, the TIEGCM also serves par-
tially as the basis for models such as the TIMEGCM, which extends the TIEGCM to include
the mesosphere (a lower boundary of 32 km) and the WACCM (Whole Atmospher Com-
munity Climate model). Ensuring that the NO can be modelled sufficiently well using the
TIEGCM will serve as a template upon which one can expand to other three dimensional

atmospheric models.
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