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The ability to determine the thermosphere mass density response to geomagnetic
disturbances is of critical importance in understanding how energy deposited in the thermosphere
affects satellite drag. The response is dependent on the state of the thermosphere prior to
geomagnetic activity. The recent extreme solar minimum of 2008 results in the preconditioned
thermosphere to be a cold and contracted multiconstituent gas. The associated reduced
constituent scale heights led to more concentrated transitions of heavy species to light species
with altitude. This dissertation focuses on investigating the effects of composition on the
thermosphere mass density change during geomagnetic activity, with particular emphasis on
conditions of the recent extreme solar minimum.

A study of the mass density response to geomagnetic activity demonstrated complex
behavior in the region near the oxygen to helium transition near 450 km. This study was
expanded to explore the altitude variation of mass density response throughout the thermosphere
and identified the helium / oxygen transition to have the greatest impact. Further analysis related

the mass density peturbation with changes in the density scale height. It was found that the



molecular weight scale height perturbation near the helium / oxygen transition region contributed
significantly to the mass density response.

The significant role of helium on mass density response warranted the extraction of helium
number densities from the CHAMP and GRACE satellite measurements. A comparison between
the derived helium concentration from satellite and the NRL-MSISEOO estimate indicated more
helium was present in the winter polar regions than represented by MSIS.

Physical models of the thermosphere in general do not include helium. A helium module
was implemented into the Thermosphere Ionosphere Electrodynamics General Circulation
Model (TIEGCM). A comparison between TIEGCM modeling with helium and without helium
illustrated the need to include helium in order to reproduce the observations. The mechanism for
the winter helium bulge formation was also revisited in this work. It was found that vertical
advection of helium dominates its formation while hemispheric horizontal transport, once

considered the primary process, is of secondary importance.
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Chapter 1 Introduction

1.1 Research Motivation and Impact

Motivation: The thermosphere of the earth is a region of the atmosphere that ranges from 90
km up to about 1000 km and is populated by low-earth orbiting satellites and debris. The mass
density of the thermosphere is one of the fundamental properties that describe the state of the
thermosphere and is intimately connected to drag forces on low-earth orbiting objects.
Uncertainties in thermosphere mass density variations is the major limiting factor for precise
low-earth orbit determination/prediction at altitudes below about 700 km [Marcos et al., 2010].
This uncertainty adversely impacts the accurate cataloging of all low-earth orbiting objects, their
operational tracking, collision avoidance warning, and re-entry predictions. Furthermore, the
error in thermosphere mass density estimation affects satellite design in estimating lifetime,
on-board fuel, and attitude control. These aspects are motivating factors for developing improved
estimates of mass density in the thermosphere. Geomagnetic storms produce the largest
perturbations in thermosphere mass density and have a variability of their own due to complex
pathways for energy deposition into the thermosphere.

Research Impact: This thesis focuses on the effects of neutral composition on thermosphere
mass density response to geomagnetic activity. Here, it is established that the initial state of the
thermosphere composition and the dynamic behavior of thermosphere consituents during

geomagnetic activity impacts how the mass density will change during geomagnetic activity.



Through analysis of high-resolution accelerometer measurements by the low-earth orbiting
CHAMP (CHAllenging Minisatellite Payload) and GRACE (Gravity Recovery and Climate
Experiment) satellites, application of the NRL-MSISE00 (Naval Research Laboratory's Mass
Spectrometer and Incoherent Extended 2000) model, and numerical simulation, modification,
and evaluation of the NCAR TIEGCM (Thermosphere — lonosphere — Electrodynamics Global
Circulation) Model, the following findings of this research are summarized.

e [llustrated that the preconditioned state of a cold and contracted thermosphere during

this solar minimum resulted in a predominance of helium in the winter hemisphere.

e  Demonstrated that the dynamic action of the oxygen to helium transition region in both

latitude and altitude leads to complex behaviors in the mass density response throughout the

extended solar minimum from 2007 to 2010.

e Compared the mass density response to a geomagnetic storm at two different altitudes

using CHAMP and GRACE measurement and displayed the abnormal behavior in mass

density response during solar minimum.

e Revealed the altitude distribution of storm-time density perturbation, with maximum

perturbation to occur near the He/O transition region and a much weaker maximum near the

O/N, transition region.

e Demonstrated the relation between density scale height, pressure scale height, mean

molecular weight scale height and temperature scale height.



e Disclosed the significant contribution of the molecular weight scale height to the mass
density scale height and its influence on the altitude structure of density scale height
perturbation.

e Extracted helium number densities near 500 km from the satellite measurements and
clearly show the presence of a winter hemisphere helium bulge.

e Implemented a helium module into the Thermosphere Ionosphere Electrodynamics
General Circulation Model (TIEGCM) by National Center for Atmospheric Research
(NCAR) as a minor speices.

e Provided a comparison of modeling results between TIEGCM without helium and
TIEGCM with helium.

e  Reproduced the altitude variation of mass density in TIEGCM with helium model.

e Revisited the mechanism for the winter helium bulge formation using TIEGCM with
helium as a minor species.

e Demonstrated that the vertical wind is the main source for the winter helium bulge
formation. Hemispheric horizontal transport, once considered the primary process, is of

secondary importance.

1.2 Thesis Overview
This dissertation is divided into six chapters. Following the introduction, Chapter 2 displays
the composition preconditioned state impact from helium on the mass density response using

CHAMP and GRACE coplanar orbits period in 2007 and 2008. Chapter 3 studies the altitude
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variation of thermosphere mass density response to geomagnetic forcing. Chapter 4 discusses the
modeling of helium in TIEGCM and provides a comparison between the modeling of TIEGCM
without helium module and the modeling of TIEGCM with helium module. Chapter 5 Compares
the modeling result from the TIEGCM with helium as a major species to the TIEGCM with
helium as a minor species, and uses the helium minor module to revisit the mechanisms for
winter helium bulge formation. Chapter 6 summarizes the results of the dissertation and provides

recommendations for future study.

1.3 Thermosphere Preconditioned State

The level of perturbation in the thermosphere mass density during geomagnetic activity is
strongly dependent on the state of the thermosphere prior to the storm, which is referred to as the
thermospheric preconditioned state in this study.

1.3.1 Thermospheric preconditioned state related to Solar Cycle variations

There are two ways that the energy from the sun is transferred to the thermosphere. One is by
solar radiation in the extreme ultraviolet (EUV) that can be directly absorbed by the
thermosphere and the other is by extracting energy from the solar wind stream that is dissipated
in the upper atmosphere by Joule heating and particle precipitation. With regard to the first way,
large changes in solar radiation are slow and relative to solar cycle variations, thus is more or
less predictable [Prélss, 2011].

Hence the upper atmosphere state relative to solar radiation is treated as one of the

thermospheric preconditions in this thesis. The thermosphere perturbations associated with the
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Figure 1.1. Energy transfer from the Sun to the Earth upper atmosphere [Prélss, 2011]

effect from the solar wind are usually referred to as ‘geomagnetic storm effects’, or
‘geomagnetic disturbances’, which are largely irregular and hard to predict. The change of the
thermosphere properties during a geomagnetic storm will be discussed in the next section as the
thermosphere disturbed state.

As the primary energy source to the upper atmosphere, the solar EUV irradiance variation is
a critical precondition state that affects the amount of change in thermosphere density to
geomagnetic activity. The Fj7index, a solar radio emission at 2800 MHz (10.7cm), is used to
indicate the strength of UV and EUV radiation. The solar irradiance is correlated with the
sunspot number, which follows a periodic variation of 11-year, that is, the 11-year solar cycle.
Figure 1.2 shows the time variation of Fj;solar proxy index and the global mean thermosphere

mass density obtained from the satellite orbital parameter at 400 km for four solar cycles
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[Solomon et al., 2011]. Both the thermosphere mass density and the F; variations strongly
follow the 11-year solar cycle, hence the F; index is adequate to illustrate the mass density
level and the Fy; index is generally used as the input in models to represent the solar radiation
conditions. Besides the 11-year variation, there are also annual or semi-annual variations in the
thermosphere mass density due to seasonal changes. Variations in mass density related to the
27-day solar rotation are also illustrated in the blue line of Figure 1.2 as short-time variations
compared to the 11-year variation. Note that the recent solar minimum in 2007-2010 is the
lowest minimum since 1970, which results in an extremely low and contracted thermosphere.

This solar minimum will be studied extensively in this thesis.

Density at 400 km (ng/m°)

» (102 Wim?/Hz)

Fio

Figure 1.2. Time series of (a) Global mean thermosphere mass density at 400 km, over four
solar cycles, (b) F10.7 solar proxy index. Blue dots, daily mean values; red lines, 81 day centered
running means; solid black lines, annual means [Solomon et al., 2011].

1.3.2 Thermosphere Temperature and Composition Structure

The solar EUV radiation is absorbed by the Earth’s upper atmosphere and redistributed by
6



emission, heat conduction, and winds. The altitude profile of the neutral temperature from
TIEGCM modeling is illustrated in Figure 1.3. Note that in the thermosphere above 250 km, the

temperature is almost uniform with altitude.
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Figure 1.3. Altitude profile of the daily zonal mean temperature [K] at the latitude 57 degree
north (black) and 57 degree south (red) in Dec 1, 2008.

With regard to the composition structure, Figure 1.4 demonstrates the altitude distribution of
individual species from the NRL-MSISE00 model for solar minimum conditions in December 01,
2008. The thermosphere is a well-mixed multiconstituent gas, i.e. constant mixing ratio, below
the altitude of the turbopause. The definition of the turbopause is where the molecular diffusion
coefficient is equal to the eddy diffusion coefficient and, due to each species having a different
diffusion coefficient; each species will have slightly different turbopause altitude. Above the
turbopause, the altitude distribution of the individual species in the quiet-time thermosphere is

basically described by diffusive equilibrium with species separating out with altitude by their
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respective molecular weights. Consequently, the neutral atmosphere from 150 km to 800 km
progresses from 1) a molecular-nitrogen dominant region, 2) molecular nitrogen to oxygen
transition region, 3) oxygen-dominant region, 4) oxygen to helium transition region and 5) a
helium-dominant region as illustrated in Figure 1.4. The altitude where these transitions occur is
temperature dependent through their individual scale heights and therefore varies with latitude,

longitude and universal time.
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Figure 1.4. Altitude profile of the daily zonal mean number density [m™] of the thermospheric
individual constituents at 30 degree north on Dec 1, 2008.

1.3.3 Governing Equation for Thermosphere Composition
The governing equation for the thermosphere composition distribution shown in Figure 1.4

is discussed in this section. First, let’s define different types of velocities:



U : Mass — density —weighted averagevelocity of all the species
(7,. : Velocity of theindividual species
a : Thediffusionvelocity of individual species

The relation between these three velocities is,

C.=U-U Eq(.1)
Mass Continuity Equation

The mass continuity equation of the individual species in the gas is,
PV (pT)=R-L Eq(12)
where the first term is the change of density with time, the second term is the divergence of the
density flux. The third and fourth terms are the product and loss term of the species.
Subtracting the term Ve( pil7 ) from both sides of Equation 1.2, the continuity equation
results in,
9, 75 7
?‘FV'[pi(Ui_U)]:E_Li_v'(piU) Eq(1.3)

Note that the last term in Equation 1.3 can be expanded as,
Ve(p.0)=V+Pipl)= pU VP4 Liv (ol
{(PU)=V (2 pU)=pU V() + 2V (pU) Eq(1.4)

And according to the continuity equation for the total gas,

aa—i)+V-(pl7)=O Eq(15)

If Eq(1.3)— Piy Eq(1.5), the combined continuity equation can be written as,
p

ap. 0 — — 4 ) — ‘ _
P pCL iV [p U -UN=P~L,~[pU-VE)+Piv . (p0)+ LV . (pT)
ot ot pp p

The above equation can be written as,



2 p) _ —
p=Py=ve(pC+p-L-pU-VE) Eq(1.6)
tp p

On the right hand size of Equation 1.6, the first term is the divergence of the diffusive flux of the
species through the background gas, where pia is the diffusive mass flux, which is composed
of a molecular diffusion component ljD[ and an eddy diffusion component I:E,. . Suppose this is
the equation for the minor species, this term can be approximately treated as the divergence of
the flux of minor gas diffusing through the major gas. The second and third terms are the
chemical production and loss terms of the species. The last term is the advection term that can

act as a source or sink of the species depending on the sign of the gradient in mass mixing ratio

2.
)

Molecular Diffusive Flux and Momentum Equation

In the following analysis, we will solve for the molecular diffusive flux T', in the
continuity equation (Eq. 1.6) using the momentum equation of the species, defining the diffusion

velocity of species ¢ as Cy,

VP —nm,G = —nimin” (C,—C) Eq(1.7)

t#i

The inertial, viscous stress, Coriolis and centrifugal forces are neglected in the momentum
equation.
According to Equation 1.7, the diffusive mass flux in the continuity equation can be

expressed as,
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Lo =p, ,:-—(VP p,G+p, Y v,Cr) Eq(1.8)

Z U, 1#i

t#i

The vertical component of the diffusive mass flux in Equation 1.8 is,

. D.m
s =——= p.g+p, 20,60 Eq(19)
i o
, o . kT . .
where D; is the diffusive coefficient D, = 2— . From the ideal gas law, P.=kn,T , Equation
m.u.

t#i

1.9 can be written as,

Dm; d p,
s =——+ “LkT)+ + v, C Eq(.10
Di kT [az( ) plg ng it~t q( )

Expanding the first term of Equation 1.10, and defining the pressure scale height of the species

kT
H,, =—— The Equation 1.10 can be further written as,
mg

v,C7] Eq(1.11)

ittt

. dp, . p; 0T p,om, = p, . pm,
I =-D, +t——
P [E)z T 0z m, oz H, kT Z

t#i

. p; om; _
Because m; is constant, —- =0.
m; 0z

From Equation 1.11, the vertical molecular diffusion velocity of the species is,

Eq(1.12
az Taz m, az HP, kT o q(1.12)

t#i

Diffusive equilibrium holds if the collisional terms in Equation 1.7 are negligible, so that

.2 =0, which gives,

P
0z

Eddy diffusive flux
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Note that the mass continuity equation in the above analysis includes only the diffusive flux

term. To account for the eddy diffusion due to turbulent mixing, we need to derive the flux of

eddy diffusion in the following analysis. Again looking at the vertical component, suppose &,

is the vertical eddy diffusivity coefficient and the eddy diffusion velocity is,
1 d(p,/p)

s = —k,——FE

T Tplp 0z
The above equation is modified from Schunk and Nagy, Equation 10.57, to satisfy the

requirement that 2 p.Cr =0, meaning that eddy diffusion produces no net mass transport.

12

Expanding the term on the right hand side,
1dp, 1
dp; _19p, Eq(1.13)

According to the hydrostatic equation,
dap _ nmg =
p 8§=—P8

And replacing the pressure P in the hydrostatic equation with P=nkT, and p =nm

p
oKD krd

m_ _KkIdp_ pkdl pkT dm _ _ Eq(1.14

0z m8z+maz m* 0z pe at19)

Rearranging the terms in Equation 1.14,
T
9p __pIT  pdm_pmg Eq(1.15)

0z T 0z m dz kT
kT

Replacing the last term of Equation 1.13 with Equation 1.15, and assuming H, =—
mg

, 19p, 19T lam 1
ki Z[pi dz T 0z maZ+Hp] at1o)

Thus, the mass flux due to eddy diffusion in the vertical direction is calculated by,

12



(2P, PO _p amJ,&] Eq(1.17)

I, =pC.=-
Ei pl Ei z aZ T aZ m aZ P
Expanded Mass Continuity Equation

The fluxes in the expanded mass continuity equation now include those due to both
molecular diffusion and eddy diffusion. From Equation 1.11 and 1.17, the total flux can be
expressed as,

: . dIp,  p T _ p Im, p L pm
=T +T% = —DZ Lt Rl of Mt N of HNRR i i B NNY NG,
1 i [az T az m az Pl ; it t

k[OP POT _pom iy Eq(1.18)

“dz T dz moaz H,
Then using the total flux in Equation 1.18 and replacing the diffusive flux in Equation 1.8, the
mass continuity equation in Equation 1.6, in the vertical direction, can be written in terms of the

mass mixing ratio as,

9Py _ <FZ>+P L- pU(z)—(pl) Eq(1.19)

pat )

Part of the last term of Equation 1.19 can be expanded using Equation 1.15 as,

8 ) . p,0p ldp, 10T 1om 1
iy= P _PiOP _ 0Py SO S Om, Eq(1.20
az p) az p 0z ’[pi dz T dz m oz P] 4(1.20)

So an expanded mass continuity equation in the vertical direction is

9Py 9 %+&8_T_&%+&+wzvnq]_k[%+&3_T_&a_m+&]}

= -D. ,
pat p az{ ’[az T dz m, dz H, kT “ “dz T dz mdz H,
P dT p,dm p,
—“————+—]+P-L Eq(1.21
-V )[ T dz mdz H, ot 92D

Example of Use of Expanded Mass Continuity Equation
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Using the following definitions:

A _tor 1 1dm KT
H, TJd H maz’ " mg

m

Thus H :,. is the actual density scale height that was determined by the density profile of species

i in vertical direction, in this case, the species i could be either in hydrostatic equilibrium,

L=—nm,g, or not in hydrostatic equilibrium. Similar to Equation 1.15, the density scale

dz
. L . R . c .1 1 1 1
height of species i, assuming species i is in hydrostatic equilibrium, is = + +
pi HPi Hmi HTi
1 1 1 1 . . .
or = + because —— =0 . The density scale height for the total gas is
H pi H Pi Ti mi

_L

1 1 1 1
— +—+—, where — #0.
H, H, H, H, H

Ignoring the chemical production and loss terms, the expanded mass continuity Equation

1.21 can be written as

9 (P =-= -
( )= {D(z)p,(z) TR o 240G

t#i

1
—k(2)p; (Z)[H——H—]} U2)p, (Z)[Ep T ] Eq(1.22)

pi
Note that there are three terms that affect the change in the mass mixing ratio of the species:
molecular diffusion, eddy mixing and vertical winds on the right hand side of Equation 1.22.
Several insights can be gained from Equation 1.22:

(1) The molecular diffusive coefficient, D(z), and vertical wind, U(z), tend to increase with
altitude while the eddy diffusive coefficient, k(z), decreases with altitude in the thermosphere. In

the lower altitudes, the eddy diffusion term is the dominant term. Around the altitude of the
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homopause, the molecular diffusion and eddy diffusion terms are comparable. As altitude
increases, the molecular diffusion and vertical wind effect become the dominant terms.

(2) If the eddy diffusion term and vertical wind effect are both close to zero, then the species
reaches diffusive equilibrium when the molecular diffusion term is zero. In the upper atmosphere
where the eddy diffusion term is negligible, the vertical wind can cause the departure from
diffusive equilibrium for minor species.

(3) If the species in discussion is the dominant species, the three density scale heights H,, H ;.

and H, in Equation 1.22 are approximately equal. In this case, the dominant species can reach
a diffusive equilibrium state.

(4) If the species in discussion is a minor species, the eddy diffusion and vertical wind tendency
is to force the minor species density profile with altitude to follow the density scale height of the
major species. However, molecular diffusion tries to adjust the density profile of minor species
to follow its own density scale height. In order to reach the steady state, the molecular diffusion,
eddy diffusion and vertical wind effect have to balance each other.

(5) At the altitudes where the vertical wind effect on the species is significant (this is species
dependent but as we will show for helium it is below about 200~250 km), the mean molecular
weight gradient in the vertical direction is very small, thus the last term in Equation 1.22 can be

written as,

_ N Lyt U@s@, m
QP Qg1 =V @p @l =] T Eq(1.23)
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If m, <m, an upward vertical wind (positive) would act as a sink for the lighter minor species

like hydrogen (H) and helium (He). The major species are less sensitive to the vertical wind

because m, = m for the major species

(6) Similar to the vertical wind effect, the eddy diffusion term can be written as,

k(2)n, (z)[% —~ HL] = %

i P

m.
[1-—1]
m
Where the eddy diffusion is important, a gas like helium (He) would be forced downward by

eddy diffusion to make the gas mixing ratio fixed with height, because the eddy diffusion

velocity Cj, =£(ﬂ—l)<0. The change in the major gas N, altitude distribution is less

p
affected by these processes near the homopause of the atmosphere as its individual molecular
weight is close to the mean molecular weight of the total gas.
1.34 Thermosphere Dynamics

The most important parameters that control the thermosphere composition are: the
thermosphere temperature profile, the altitude of the turbopause, dynamics (air motions) and
photochemistry [Reber, 1976]. However, which parameter is more dominant is dependent on the
species and the altitude. Heavier species such as N, are more sensitive to temperature change
because a certain change in temperature results in a larger concentration change in the heavier
species (such as Ny) than that in the lighter species (such as He). The lighter species are more
sensitive to the turbopause altitude, which is closely related to the eddy diffusion coefficient. The
sensitivity of an individual species to the eddy diffusion coefficient change is a function of the

ratio of its atomic mass relative to the atmosphere mixed mean mass. Thus, given that the
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atmosphere mixed mean mass is ~28.95 amu near the turbopause, He (4 amu) experiences a
larger change due to the turbopause variation than that of N, (28 amu) [Reber, 1976].

The impact of dynamics (air motions) on an individual species is also a function of its atomic
mass relative to the atmosphere mixed mean mass, such that upward air motions tend to decrease
the concentration of species whose molar mass is smaller than the atmosphere mean molar mass
(~28.95 amu) and increase those whose molar mass is greater than the atmosphere mean molar
mass [Reber, 1976]. N, and O are more photochemically active than He. Helium is an inert gas
and its photochemistry can be ignored. The temperature structure of the thermosphere is one of
the most important properties for defining the thermosphere preconditioned state.

1.3.5 Escape of the Atmosphere

At the exobase (about 500-800 km on the earth), the mean free path of the particles between
collisions is equal to the gas scale height. This marks the transition from a collisional gas to a
collisionless gas and constituents of the atmosphere traveling upward in the thermosphere can
escape out to space without colliding. The region above the exobase is called the exosphere. The
escape condition is met when the kinetic energy of the gas exceeds the gravitational potential
energy. Thus, higher temperatures and lighter species will be able to escape most easily and
constitute the greatest flux. This describes thermal escape or Jeans escape flux mechanism. For
the same species, the Jean’s escape flux is larger during solar maximum than during solar
minimum.

The lighter species such as He and H have much larger Jean’s escape flux than the heavier

species N, and O. From the first principle of thermal escape equation, for similar conditions,
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hydrogen thermal escape is about six orders of magnitude greater than helium. Hydrogen is also
more susceptible to charge exchange and polar wind processes producing additional escape flux
not experienced by helium. Thus, He thermal escape is not a significant effect on the vertical
distribution of He through the thermosphere. The flux due to the non-thermal escape is on the
order of 10" cm’s™, one order less than the thermal escape flux.
1.3.6 Thermosphere Measurements

The types of measurement of thermosphere density and composition include: (1) satellite
drag data derived from satellite orbital decay; (2) mass density data from microphone gauge,
pressure gauge and accelerometer measurements; (3) mass spectrometer data and (4) optical data
based on remote sensing of airglow and auroral emissions and solar and stellar radiation
extinction measurements [Prélss, 2011]. The types of measurements can be also divided into in
situ measurements and remote sensing measurements. Many studies have already included the
descriptions of the mass density measurements, thus the composition measurement is of interest
in this study. The in situ composition measurements include mass spectrometers on board
satellites or rockets. The mass spectrometers use an electron beam to ionize the sample
atmosphere. Through calculating the number of the ions generated by the ionization, the
concentration of each constituent of the sample gas can be determined [Spencer, 1988]. Almost
all of the thermosphere neutral mass spectrometer measurements were made between 1969-1983.
These include measurements by the Orbiting Geophysical Observatory (OGO) 6, San Marco
satellite 3, Aeros-A, ESRO 4 satellite, Atmosphere Explorer (AE)-C, D, E satellites and the

Dynamic Explorer (DE) satellite. The gasses measured by these satellites include N», O, He, Ar.
18



Some satellites also measured O, and H. These measurements covered the altitudes ranging from
100 km to 700 km, but with very sparse resolution in both space and time. Rocket experiments
provide infrequent, point measurements of the neutral composition distribution with altitude
profile. Most of our understanding about the neutral composition below 200 km comes from
rocket measurements [Offermann, 1974]. There were few measurements of composition and
density (above 200 km) during the time period between 1991 and 2001 [Emmert et al., 2006].
However, a new generation of remote-sensing methods using the ultraviolet ariglow technique
provides accurate imaging of composition and other thermosphere properties. The far ultraviolet
(FUV) imaging from the Global Ultraviolet Imager (GUVI) on board the Thermosphere
Ionosphere Mesosphere Energy and Dynamics (TIMED) satellite was used to infer column O/N,
ratios in nadir-viewing [Strickland et al., 2004] and altitude profiles of O, N, and O, density from
in limb-viewing, respectively [Emmert et al., 2006]. Although a useful contribution to
understanding thermosphere composition, these measurements did not contribute to
understanding the lighter species of helium and hydrogen. Most of the direct and inferred

measurements of helium is from the late 1960°s and early 1980°s [Emmert et al., 2006].

14 Thermosphere Disturbed State

The thermosphere is highly dynamic and regularly disturbed by enhanced solar EUV fluxes
due to flares, solar wind field structure, energetic particle precipitation from the magnetosphere,
Joule heating through thermosphere/ionosphere coupling, and the various waves propagating

from below. This thesis focuses on the geomagnetic storm disturbance associated with the solar
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wind field structure, and the energy dissipated through Joule heating and particle precipitation.
Prolss [2011] summarized the general morphology of thermosphere density during the

geomagnetic storm from the literature as:

Usually, even small enhancements of geomagnetic activity are indicated in the upper
thermosphere mass density perturbations. The perturbations may become significant
during geomanetic storms.
e Usually, there is a lag of the thermosphere density response to the geomagenetic storm
onset by several hours.
e The thermosphere density perturbation due to geomagnetic activity can be observed on a
global scale.
e The amplitude of the density pertubation increases with altitude if the associated heating
is deposited in the lower thermosphere.
1.4.1 Categories of the geomagnetic storms
The types of geomagentic activity can be broadly divided into coronal mass ejections
(CMESs) and corotating interaction regions (CIRs). CMEs are associated with the large clouds of
material ejected from the Sun’s corona at a very high outward speeds [Kahler, 1992]. The shock
waves associated with CMEs accelerate interplanetaray particles, interact with the Earth’s
magnetosphere and cause geomagnetic storms [Baker et al., 1998]. The shock, sheath, ejecta
and geomagnetic cloud induced by CME are the various components that cause the CME-driven
storm [Borovsky and Denton, 2006]. CIRs are connected with the interaction of high-speed and

low-speed solar winds. The CIR itself or the high-speed solar wind or both can be the source of
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CIR-driven storms.

Borovsky and Denton [2006] provided a detailed comparision of the difference between
CMEs-driven storms and CIRs-driven storms. The CME-driven storms occur often in the solar
maximum [Webb,1991; Richardson et al., 2001; Yashiro et al., 2004] while the CIR-driven
storms tend to occur during the late declining phase of the solar cycle [Mursula and Zeiger,
1996; Richardson et al., 2001]. The CME storms are irregular and non-recurring while the CIRs
storms usually have 27-day recurrence, or subharmonic periods of 27 days, due to the rotation
of the Sun [Borovsky and Denton, 2006]. The geomagnetic disturbance driven by a CME 1is
usually stronger than that driven by a CIR. However, the CIR storm tends to have a longer main
phase than a CME storm, whose integrated effect on the thermosphere can exceed that of CME
storms [Turner et al., 2006].

1.4.2 Geomagnetic indices

In order to categorize the disturbance level in the upper atmosphere due to a geomagnetic
storm, the geomagnetic indices are used. The K, index is one of the most widely used
geomagnetic indices. The K, is a 3-hour interval average of the irregular disturbance in the
horizontal component of the earth’s geomagnetic field from 13 observatories measured at
mid-latitudes between 48°N and 63°S. The value of K, ranges from 0.0 to 9.0, with 1 being quiet
and >5 being a strong geomagnetic storm. The scale of K, is quasi-logarithmic. The a, index is
used as a linear substitute for K,. 4, index is the daily average of the a, index. The following

table gives a conversion between K, and a,,.
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a, 0 3 7 15 27 48 80 140 240 400

[http://spidr.ngdc.noaa.gov/spidr/help.do?group=geomInd]

143 Dependence of geomagnetic disturbance on precondition state

The ability to determine how thermosphere mass density responds to energy input is of
critical importance. However, the response also depends on the type of energy input, the altitude
distributuion of the energy in the thermosphere, and the initial state of the thermosphere prior to
being perturbed, that is, the precondition state of the thermosphere. To tackle this issue requires
analysis of multiple types of observations over extended periods of time and numerical
simulations of the thermosphere / ionosphere system

As illustrated in Figure 1.5 from an NCAR-TIEGCM simulation, the relative change in mass
density at a fixed altitude, 400 km, is greater at solar minimum than at solar maximum given the
same amount of geomagnetic energy deposited in each case [Lei ef al., 2011]. Thus, in terms of
relative change in mass density, the state of the thermosphere prior to geomagnetic activity (i.e.,
the preconditioned state) is important.

This behavior was confirmed observationally by the statistical study of N, perturbations in
the polar oval during geomagnetic active periods using the ESRO-4 satellites measurements
[Trinks and von Zahn, 1975]. See Figure 1.6. The data were normalized to an altitude of 270 km,
where O and N, are the main species, thus the variation of the N, density in some aspects can

represent the total mass density perturbations. Figure 1.6 shows the perturbation of N, density
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Figure 1.5

response to the magnetic activity index changes, which represent the energy input to the polar
heating zone during the geomagnetic active period. This statistical study suggested a higher
disturbance in N; density during the winter than summer, and higher during low solar activity
than during high solar activity for the same geomagnetic energy input. The explanation for a
higher relative density perturbation in solar minimum than in solar maximum is that the density
perturbation at a fixed altitude is the integral of all the density scale height change below this

fixed altitude. Due to the colder temperature, there are more density scale heights integrated

Time after storm onset (days)

. The absolute and relative change in mass density at 400 km for the same energy
deposition by a geomagnetic storm during solar minimum vs. solar maximum.
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below the fixed altitude in solar minimum than in solar maximum and thus tend to have a larger

density scale height perturbation in solar minimum [Lei et al., 2010].
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Figure 1.6. The response of the molecular nitrogen density to geomagnetic activities in
difference seasons and solar activities. The N, data is measured by ESRO-4 satellite and
normalized to 270 km. [Prolss, 2011]
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14.4 Thermosphere composition response to geomagnetic forcing

The mass density change is the combined result of changes to each thermosphere species;
which will have its own way of change compared to the other species, and the temperature of the
gas. At an altitude of 300 km, the heavier species argon (Ar) and molecular nitrogen (N)
generally increase with increasing geomagnetic activity in the mid and high latitudes. In addition,
a substantial depletion in lighter species helium (He) and relatively small decrease in oxygen (O)
will occur. This was observed by the ESRO-4 satellite at 280 km where O is the main constituent
of the atmosphere as illustrated in Figure 1.7. The bottom panel shows the mass density
perturbation, the sum of the changes in all the species, is relatively flat over the latitude. The
relative density is larger than 1, which suggests that the density increased during geomagnetic
disturbance over all the latitudes but modified by composition change.

There are three mechanisms for the composition change during a geomagnetic storm
discussed in the literature: thermal expansion, atmospheric mixing, and upwelling of air
[Johnson, 1964; Prolss, 2011]. The thermal expansion is the rise of the constant pressure level
owing to the temperature enhancement during the geomagnetic active period. According to the
analysis of Bates (1974a,b), a large fraction of polar heating is transferred through thermal
expansion of the thermosphere. Note that during the thermal expansion, the amount of the
atmospheric gas above the given pressure level is unchanged and no air gas is moving across the
pressure level [Rishbeth and Miiller-Wodarg, 1999], thus the thermal expansion would cause the

atmosphere composition change at the fixed altitude, but not at the fixed pressure level. Indeed,
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Figure 1.7. The latitudinal variation of the composition and density perturbation during the
geomagnetic storm in October 29, 1973 at 09 solar local time. The top panel shows the relative
changes in argon (Ar), molecular nitrogen (N3), atomic oxygen (O) and helium (He) densities
referred to the prestorm conditions and normalized to 280 km [Prdélss, 2011].

the DE-2 satellite data illustrated that the perturbation of composition is observed not only at a
fixed altitude but also at a constant pressure level of 10” Pa (Prélss, 1992), which suggests that
thermal expansion is not the only mechanism for the storm time composition change.

Reber and Nicolet [1965] reported that the composition change cannot be explained only
by temperature increase. They concluded that the increase of the homopause altitude due to the
enhancement of turbulence and mixing in the lower atmosphere during the storm time may be
part of the mechanism. However, Prélss [2011] pointed out the time for the composition

perturbation propagating from lower atmosphere to upper atmosphere takes on the order of days.
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The upwelling of the gas driven by the wind circulation is the most popular explanation
for the composition perturbations [Prélss, 2011]. Mayr et al. [1978] introduced the concept of
wind-induced diffusion with heavier species N, and lighter species He as an example. In order to
maintain the mass flux continuity, the N, velocity is slower than helium velocity in the lower
thermosphere, and the velocities of both constituents increases with altitude, however the
velocity of N, increases faster than the velocity of He because the N, concentration decreases
faster than the He concentration. Thus, there is a frictional force between the two gases that
causes the faster upward He to be dragged down by the N, in the lower thermosphere. This
‘diffusion barrier’ causes an enhancement of heavier constituent N, and a depletion of lighter
species He. Another way to look at the mechanism of the upwelling of the gas is that adding the
frictional forces changes the vertical pressure gradient of the gas in order to balance the force in
the vertical direction, thus causing the density to not be in diffusive equilibrium. A last way to
look at the upwelling does not require collisions between two constituents. Both species are
assumed to move in the same direction with the same velocity. Note that the mass mixing ratio of
N, decreases with altitude and He increases with altitude. The upward wind due to the
divergence of the horizontal winds lifts the air rich in N; and poor in He up and causes the
composition perturbations [Shimazaki 1972; Hays et al. 1973].

1.4.5 Thermosphere mass density change at fixed altitude and fixed pressure level
Thermosphere mass density changes at fixed altitudes are more complicated than the mass
density changes at fixed pressure level. The thermosphere mass density at fixed altitude involves

both the thermal expansion and the upwelling of gas. The mass density change at fixed pressure
27



level are related to temperature and mean molecular weight changes.

According to the ideal gas law and hydrostatic equation:

dP
P=nkT, — ==

a7 pg
the general concept of scale height has been applied to assist in the interpretation. The pressure
scale height relates to the change in pressure with altitude using the hydrostatic law in the
general form as, i, = —P/(dP/ dz) . According to Equation 1.14, the pressure scale height can be

expanded, using the ideal gas law, into the form

H = (1.24)

where m is the molar mass or mean molecular weight of the total gas, p is the mass density, and
T is the temperature at a given altitude. Density, temperature, and mean molecular weight scale
heights can be expressed, using the same general form as pressure scale height, as

H=—P . -1 . g-_""
?Tdp/dz " 7 dT/dz’ "~ dm] dz

Eq(1.25)

where the sign of all scale height values is kept positive. This leads to a compact form of the

pressure scale height given in Equation 1.24 as,

Eq(1.26)

The mass density at fixed altitude can be related to the density scale height, H,, by taking the

integral of the density scale height relation in Equation 1.25 over the altitude range between the

reference altitude and the fixed altitude,
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where 7z is the reference altitude. Thus the density at quiet and active times can be written as,
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where the superscript Q stands for ‘Quiet” and S stands for ‘Storm’. The relative density change

during the storm time can be expressed as,
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If the perturbation & is defined as (Storm/Quiet -1), the density perturbation at fixed altitude z
can be written as,
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which is,

2 1
8p = (8p, +1exp j (BH,—5)dz=1 Eq(1.27)
p
Thus the density perturbation Jp at a fixed altitude is relative to the density perturbation at

reference altitude Jp, and the integral of all the changes of the density scale height weighted by

storm time density scale height 6H LS below the fixed altitude.
P

The density change at fixed pressure level is simpler than at fixed altitude. According to the

ideal gas law and mass density equation,
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where k is the Boltzman constant. The pressure in quiet and active periods can be written as,

0
pe=FL_jre
m2
S
p
P® ="<kT*®
m
Because of the fixed pressure level, thus
P°=P°

So the change in mass density at fixed pressure level can be written as,

The change in the mass density at fixed pressure level is proportional to the mean molecular

mass density and inversely proportional to the temperture change.

1.5 Data and Models

1.5.1 CHAMP

The CHAMP (CHAllenging Minisatellite Payload) satellite was launched in July 15, 2000

with an initial altitude of 454 km. The mission ended in September 19 2010, with 58277 orbits of

measurements in ten years. The satellite was in a near polar orbit with a high inclination angle of

87.3°, which enabled the satellite to make measurements from pole to pole at different local

times. The primary science objectives of CHAMP were the recovery of the gravity and magnetic

fields of the Earth and electric field investigations. The payload of the satellite included a

magnetometer, accelerometer, star sensor, GPS receiver, laser retro reflector and an ion drift
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meter. The data from the accelerometer, which is of particular interest in this study, is used to
obtain the thermosphere density.

In this study, the mass density is calculated from acceleration, attitude and orbit ephemeris
data provided by the CHAMP Information System and Data Center using standard methods
[Sutton et al., 2005, 2007]. The sampling rate of the accelerometer data is 0.1 Hz, which is
corresponding to an in-track resolution of ~80 km. The altitude variations in this period studied
in this paper are around 350 km.

1.5.2 GRACE

The Gravity Recovery and Climate Experiment (GRACE) is a joint project of NASA and the
German Center for Air and Space Flight. The GRACE mission includes two identical spacecraft,
GRACE-A and GRACE-B, flying about 220 km apart, and launched into a near-circular 89.5°

inclination orbits at 500 km in March 2002 [http://www.csr.utexas.edu/grace/overview.html].

The science objective of the GRACE mission is to accurately map the Earth’s gravity field
variations. These two spacecraft in this mission are connected by a K-band microware link which
can determine the gravity difference through measuring the change of their relative speed and the
distance [Showstack, 2002].

In this study, the mass density is calculated from the GRACE accelerometer measurements
using standard methods [Sutton et al., 2005, 2007]. The sampling rate of the accelerometer data
is 1 Hz. The mass densities obtained from GRACE B have very similar variation pattern with

that from GRACE A. Thus in this study, only the mass density from the GRACE A is presented.
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1.5.3 NRL-MSISE00

The NRLMSISE-00 model [Picone et al., 2002] is an empirical model of the atmosphere. The
word ‘MSIS’ stands for two primary data sources: Mass Spectrometer and Incoherent Scatter
Radar, and the word ‘E’ in the name means that the altitude that the model can cover has been
extended from the ground to space. Besides the traditional mass spectrometer and radar
databases, the NRLMSISEOO model also takes in the total mass density data derived from
satellite drag.

The inputs of the model include solar extreme ultraviolet (EUV) specified in Fy 7 index and
geomagnetic condition indicated by A, index. The outputs of the model are temperature,
composition and total mass density.

1.54 NCAR TIEGCM Model

The Thermosphere lonosphere Electrodynamics General Circulation Model (TIEGCM) by
the National Center for Atmospheric Research (NCAR) is a 4D numerical simulation of the
Earth’s upper atmosphere. The model calculates the dynamics, electrodynamics, photoionization,
neutral gas heating, and the compositional structure of the middle and upper atmosphere [Roble
et al., 1988; Richmond et al., 1992]. The model simulation covers from approximately 97-500
km in the vertical with a 5° x 5° latitude-longitude grid.

The input parameters for the TIEGCM model include: (1) solar input, i.e., Fp7 and Fp7 A,
(2) magnetospheric input in the form of auroral particle precipitation specified by hemispheric
power which is obtained from 3 hour K, index; and the imposed magnetospheric electric field

provided by Heelis model [Heelis et al., 1982] or Weimer model [Weimer, 1996]; (3) low
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boundary condition, i.e., tides from the lower atmosphere specified by the Global Scale Wave
Model (GSWM) [Hagan and Forbes, 2002]. The output of the model includes temperatures (ion,
neutral, and electron), neutral winds (zonal, meridional, and vertical), composition (major/minor

species density), ion and electron temperature and densities and dynamo electric field.
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Chapter 2 Observations of Thermosphere Mass Density Response and Inferred

Composition Effect

In this Chapter, high-resolution mass density observations derived from accelerometer
measurements on the CHAMP and GRACE satellites are employed to investigate the
thermosphere mass density response with latitude and altitude to geomagnetic activity during the
recent solar minimum. The preconditioned state of a cold and contracted thermosphere during
this solar minimum resulted in a predominance of helium in the winter hemisphere near the
altitude of the GRACE satellite (~475 km). Solar wind high speed streams were the dominant
source of geomagnetic activity. Coplanar orbital periods of CHAMP (~330 km) and GRACE
(~475 km) in February 2007 and December 2008 revealed the latitude response in thermosphere
mass density at two altitudes separated by about 145 km. Their differing response to
geomagnetic activity in the winter hemispheres led to the conclusion that different composition
structure and dynamic response at the two different altitudes must be the cause.

Therefore, this chapter investigates the role of composition in explaining observed mass
density response to geomagnetic activity near the O to helium transition region during this recent

solar minimum.

2.1 Solar Minimum of Cycle 23/24

The cold thermosphere during the recent solar minimum between cycles 23 and 24,

extending from 2007 to 2010, led to atmospheric contraction [e.g., Emmert et al., 2010] where
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small constituent scale heights result in a more rapid transition from heavy to light neutral
species with altitude. This contraction of neutral species and their constituent transport can cause
structure in both latitude and altitude of the thermosphere mass density due to changes in the
mean molecular weight of the gas. Evidence for the presence of a significant amount of helium
in the winter hemisphere this solar minimum at an altitude near 476 km was provided by
Bruinsma and Forbes [2010]. They based their assessment of helium on anomalous behavior in
mass density using satellite accelerometer measurements — anomalous referring to deviations in
mass density away from expected behavior due to temperature — in a manner similar to that of
the original Keating and Prior [1968] satellite drag observations, who coined this inferred
abundance in helium as the “winter helium bulge”. Haaser et al. [2010] also suggests a
significant amount of helium present at equatorial latitudes near 400 km altitude this solar
minimum based on indirect assessments of measurements made by the neutral wind meter on the
C/NOFS satellite and through a satellite-drag analysis of the C/NOFS satellite orbital
characteristics.

Although 2008 had extremely low solar EUV fluxes [Solomon et al., 2011], geomagnetic
activity due to solar wind disturbances continued [Lei et al., 2011], albeit weaker than in
previous years [Tsurutani et al., 2011]. Thus, the preconditioned, contracted state of the
thermosphere in 2008, with an abundance of helium, will cause the mass density response to
geomagnetic activity for altitudes above about 400 km to be highly dependent on composition.

This unique condition can be investigated by the high-spatial resolution mass density estimates
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from the accelerometers onboard the CHAMP (Challenging Mini-satellite Payload [Reigber et
al., 2000; Liihr et al., 2004]) and GRACE (Gravity Recovery and Climate Experiment [Tapley et
al., 2004]) satellites during times of near coplanar orbits.

Composition affects on mass density structure during geomagnetic activity due to the
redistribution of O/N; has been demonstrated through simulation [e.g., Lei et al., 2010; Qian et
al., 2010], but this affect is difficult to discern from mass density observations from a single
altitude. To interpret the observations, Lei et al. [2010] simulated mass density structure at 400
km altitude during a large geomagnetic storm in November 2004 and illustrated significant
deviations in density response from that expected by temperature structure alone. The simulation
indicated that significant constituent transport, both vertically and horizontally, of N, relative to
O at 400 km led to scale height modifications that suppressed mass density changes. In this
simulation, the impact of the composition change at high latitudes resulted in suppressing the
mass density response that would have been enhanced by 150% if based solely on temperature.
Qian et al. [2010] simulated similar composition effects on mass density at 400 km for weaker
recurrent geomagnetic storms associated with coronal high speed streams and also found that the
O/N; composition changes suppressed mass density response to geomagnetic activity. Thus, in
general, when composition changes at a fixed altitude during a geomagnetic storm the effect on
mass density is to suppress the amount of change.

The TIMED/GUVI observations have provided a significant database of O/N, behavior
through the recent solar cycle [Zhang and Paxton, 2011] to assist in the interpretation of mass

density changes to geomagnetic activity [e.g., Lei et al., 2010] near the N, to O transition
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altitude. The O to He behavior in the upper thermosphere at solar minimum has not been
observed since the 1970’s through measurements made by the Dynamics Explorer satellites
[Carignan et al., 1981]. The O to He transition behavior is far less understood, and the transition
is at a much lower altitude than normal during this extreme solar minimum in 2008.
Furthermore, the effect of the structure in the O to He transition on mass density will be more
acute than the N, to O transition because of the greater relative change in mean molecular
weight. As will be shown, this structuring can dominate the effects due to temperature during
this period.

This thesis employs the CHAMP and GRACE accelerometer estimates of mass density
during time periods when the two satellites were in common local time planes, but separated in
altitude by approximately 145 km, to investigate the thermosphere mass density response to
geomagnetic activity at two different altitudes

Bruinsma and Forbes [2010] have shown that there were four time periods when the
CHAMP and GRACE satellites were in common local time planes during their concomitant
lifetimes. We use the two, month-long, time periods of February 2007 and December 2008 to
evaluate the mass density response to geomagnetic activity, with February 2007 representing
modest solar minimum conditions and December 2008 representing extreme solar minimum
conditions. The February 2007 period is centered near the 10/22 local time (LT) plane and the

December 2008 period is centered near the 8 / 20 local time plane.
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2.2 CHAMP to GRACE Mass Density Ratio

CHAMP and GRACE accelerometer measurements were evaluated to estimate mass density
using the most recent analysis scheme by Sutton [2009] which accounts for gas-surface
interactions along the elongated shapes of the CHAMP and GRACE satellites. The mass density
values were averaged into 3-degree latitude bins and normalized to their respective mean satellite
altitudes using the NRLMSISE-00 model [Picone et al., 2002]. The NRLMSISE-00 model is

employed to normalize the CHAMP and GRACE mass density to their respective normalized

SIS

altitudes as follows: p, =p,*p="/pF"

/p, where the subscript &

b

corresponds to the

normalized altitudes, which are near the satellite’s respective mean altitude over the orbits, the
subscript /4 is the satellite’s altitude in each orbit, and superscript MSIS represents the output
provided by the NRL-MSISE0O model. The normalized GRACE mass density values, pg, and
the normalized CHAMP mass density values, p ¢, for each 3-degree latitude resolution
incremement along the respective satellite orbits were used here to investigate the latitude and
altitude behavior in thermosphere mass density. The density percent error, based on the analysis
by Sutton et al. [2007], for these times periods were estimated to be less than 10%.

Given the unique opportunity to observe the density change at two different altitudes, the
general concept of scale height has been applied to assist in the interpretation. The observed

CHAMP-to-GRACE (C/G) mass density ratio can be related to the density scale height, H,, by

taking the integral of the density scale height relation in Equation 1.25 in Chapter 1 over the

ZG _d
altitude range between the CHAMP and GRACE satellites, i.e., ln[%j = J.FZ Taking the
C

z p
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average of the integrand, the height-averaged reciprocal of the density scale height can be

1 1
estimated from the C/G mass density ratio measurements as <F>= ln{&J.

2672 Pg

p

Expanding the approach used to arrive at equation (1.26), the height-averaged reciprocal in
density scale height can be expressed as,
G
p P M T

where the symbol < > refers to the average of the integrand over the altitude range between
CHAMP and GRACE. In general, the height average of the reciprocal scale height will not be
equal to the reciprocal of the height-averaged scale height. Throughout this thesis we will be
using the height average of the reciprocal scale height in the analysis. However, when the
temperature and mean molecular weight do not change significantly with height, the density
scale height will be equal to the pressure scale height. Otherwise, the height-averaged reciprocal
in density scale height will always be greater than the height-averaged reciprocal in pressure
scale height due to the contributions from the temperature and molecular weight scale heights.

This scale height formulation will be helpful in interpreting the observed C/G mass density

ratio because we can rewrite Equation 2.1, based on the observations and the hydrostatic law, as

! ln(&J - <L>+<L>+<L>:<Mg>+<— dlnM>+<dlnT> Eq(2.2)
Z.—Z. Pg H, H,, H, RT dz dz

where R is the universal gas constant, g is the gravitational acceleration, and M is the mean

molecular weight at a given altitude. This relation will be exploited to interpret the C/G ratio

observations and can be described in terms of height-averaged reciprocal scale heights, or
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equally, in terms of height-averaged relations involving mean molecular weight and temperature.
The height-averaged relations are useful to describe the physical reasons for the behavior in the
C/G ratio with its dependence on the height-averaged mean molecular weight, inverse
temperature and vertical gradient of the logarithmic mean molecular weight. Because
temperature in the upper thermosphere is essentially exospheric, the temperature scale height
term can be neglected for our application. The following section provides a description of the
C/G ratio observations and section 2.4 provides an analysis of the terms in Equation 2.2 to

explain the observations using the NRLMSISE-00 model.
2.3 Satellite observed C/G mass density ratio in 2007 and 2008

The natural logarithm of the C/G mass density ratio normalized by the altitude difference
between satellites (left hand side of Eq 2.2), which equates to the height-averaged reciprocal in
density scale height, <1/H >, will be called the C/G ratio. The C/G ratio is displayed for two,
month-long, observing periods of February 2007 and December 2008 in figures 2.1 and 2.2,
respectively. Figure 2.1 illustrates the C/G ratio near 10 LT for the month of February 2007
when the solar EUV flux proxy, F.7, was near 80 solar flux units (sfu). The CHAMP data were
normalized to a mean altitude of 359 km (whose altitude variation over the orbit was =10 km)
and the GRACE data were normalized to a mean altitude of 479 km (whose altitude variation
over the orbit was £15 km). Figure 2.1b illustrates the F;9 7 and K, indices during the month. The
primary geomagnetic activity during the month is due to corotating interaction regions / high

speed streams.
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During this late solstice month of 2007, the C/G ratio increases from the summer hemisphere
towards the winter hemisphere with maxima residing between 20-40°N. Thus, the summer
hemisphere displays an overall smaller C/G ratio than in the winter hemisphere, consistent with
higher temperatures in summer than winter as dictated by the inverse dependence on temperature
in the first term of Equation 2.2. The overall increasein the C/G ratio as the month progressed is
connected with the decrease in the solar EUV flux, as indicated by the decreasing Fy 7 index,
and, again, indicates a temperature effect. However, for latitudes north of 45°, the C/G ratio
tends to decrease in a region that is expected to increase due to colder temperatures. This
behavior suggests that composition is contributing to the C/G ratio where a decrease in mean
molecular weight over this region is contributing to the decrease in the C/G ratio, see middle
term of right hand size of Equation 2.2.

Figure 2.1c illustrates the C/G ratio behavior amongst hemispheres by plotting time series of
C/G ratios for two polar region latitudes of 59°N and 58°S for the month of February 2007. The
winter and summer high latitudes correlate very well in time and decrease at times when the
geomagnetic activity increases. The C/G ratio in the winter hemisphere consistently exceeds the
summer hemisphere. Fluctuations in C/G ratio values for both hemispheres occurring more

frequently than geomagnetic activity changes are attributed to longitudinal effects due to the
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Figure 2.1. a) Latitude-time plot of the natural logarithm of the GRACE and CHAMP mass
density ratio normalized by the satellite altitude difference for a 29 day period at 10 SLT starting
from February 1, 2007, b) K, and F;9 7 indices and c) time series of the data in (a) at the specific
latitudes of 58°S and 59°N.
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offset between the Earth’s geomagnetic pole and the geographic pole [W. Wang, presonal
communication, 2012, Xu et al. 2013].

Figure 2.2 provides the C/G ratio for the GRACE and CHAMP coplanar period of December
2008 where the solar flux neared its extreme minimum for this solar cycle with a reported Fg 7
value of about 67 sfu. The CHAMP data were normalized to a mean altitude of 332 km and the
GRACE data were normalized to a mean altitude of 476 km. Only the 08 local time results are
displayed in Figure 2.2. The C/G ratio response during this solstice month is quite different than
in the 2007 solstice period. First, the C/G ratio at subpolar latitudes and in the summer polar
region is higher, on average, than the C/G ratio observed in February 2007. This can be
explained by the much lower Fjy; index in December 2008 as illustrated in Figure 2.2b and
consequently colder temperatures. Second, the C/G ratio in the winter polar region is now lower
than in the summer during the quiet periods of geomagnetic activity, even though winter
temperatures are expected to be less than summer. Third, decreases in the summer polar region
C/G ratio expand equatorward with geomagnetic activity while the winter hemisphere C/G ratio
displays invariant latitudinal expansion throughout the month. Finally, the variation in C/G ratio
during geomagnetic activity is anticorrelated between hemispheres with the winter hemisphere
indicating an increase in C/G ratio during active times while in the summer hemisphere the C/G
ratio decreased. This can be observed more clearly in Figure 2.2c where the time series of C/G

ratio values for 59°N and 58°S are plotted for the month of December 2008. The summer
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Figure 2.2. a) Latitude-time plot of the natural logarithm of the GRACE and CHAMP mass
density ratio normalized by the satellite altitude difference for a 30 day period at 9 SLT starting
from December 1, 2008, b) K, and ;7 indices and c) time series of the data in (a) at the specific
latitudes of 58°S and 59°N.

hemisphere C/G ratio values now regularly exceed the wintertime values. Also, the C/G ratio
values in the winter and summer now regularly exceed the wintertime values. Also, the C/G ratio

values in the winter and summer polar regions show a clear anticorrelation with geomagnetic
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activity, in stark contrast to February 2007, even though the geomagnetic activity levels for the
two time periods are comparable.

The observed behavior in thermosphere mass density ratio in December 2008 can be
explained by composition effects where latitude and geomagnetic variations in the O/He
transition altitude significantly impact the changes in scale height and the mass density response.
More specifically, the behavior in the C/G ratio is indicative of a significant presence of He in
the winter hemisphere for this December 2008 period, as was inferred by Bruinsma and Forbes
[2010]. The dominant presence of He in the winter hemisphere acts to reduce the mean
molecular weight of the thermosphere gas between CHAMP and GRACE altitudes, particularly
during quiet geomagnetic times. Thus, although the temperature from the summer to winter poles
is expected to decrease, the C/G mass density ratio remains low in the winter hemisphere
because of effects related to the behavior in the mean molecular weight.

The December 2008 C/G ratio behavior with geomagnetic activity does not mean that the
actual mass density at GRACE altitudes during active times decreases from quiet times — it
indeed increases, but that increase is tempered by the mean molecular weight change at GRACE
altitudes. As a result, the mass density increases more significantly during active times at
CHAMP altitudes than at GRACE altitudes leading to a C/G ratio enhancement in the northern
winter hemisphere. This same effect of surpressing mass density change during geomagnetic
activity due to composition changes can occur at lower altitudes near the N,/O transition height
[e.g., Lei et al., 2010; Qian et al., 2010], but is not as extreme an effect because of the smaller

molecular weight difference and smaller vertical gradient in the natural logarithm of mean
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molecular weight. There does not appear to be much evidence of N, effects in the two datasets
presented, probably due to the contracted thermosphere making this transition region reside
below the altitude of CHAMP and because geomagnetic activity was rather weak during these
times. Meanwhile, the summer hemisphere response to geomagnetic activity behaves in a
manner driven primarily by temperature effects on pressure scale height in an O-dominated
thermosphere, similar in behavior to the February 2007 and December 2008 summer
observations, where the C/G mass density ratio decreases with geomagnetic activity and expands

equatorward.

2.4  MSISE00 Simulations of C/G ratio and Scale Heights in 2007 and 2008

The data presented in section 2.3, by themselves, cannot separate temperature effects from
composition effects on mass density, and only indicate when one dominates over the other. Next,
we employ the NRLMSISE-00 model to assist in evaluating the temperature and composition
effects on mass density response to geomagnetic activity under the prec