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ABSTRACT

The current atmospheric density models are not capable enougbrébehec
model the atmospheric density, which varies continuously in the uppesatere
mainly due to the changes in solar and geomagnetic activitycurete atmospheric
modeling results in erroneous density values that are not az@maitigh to calculate
the drag estimates acting on a satellite, thus leading to emrdahe prediction of
satellite orbits. This research utilized precision orbit ephelesr(POE) data from
satellites in an orbit determination process to make correctiongexisting

atmospheric models, thus resulting in improved density estimates.

The work done in this research made corrections to the Jacchiy fam
atmospheric models and Mass Spectrometer Incoherent Scatte6)(Meshily
atmospheric models using POE data from the Ice, Cloud and Landi&he8atellite
(ICESat) and the Terra Synthetic Aperture Radar — X Bandg3$AR-X) satellite.
The POE data obtained from these satellites was used in andetbrmination
scheme which performs a sequential filter/smoother procdbe tmeasurements and
generates corrections to the atmospheric models to estimatéy.déhss research
considered several days from the year 2001 to 2008 encompassingeksldf solar
and geomagnetic activity. Density and ballistic coefficient-lnas with values of
1.8, 18, and 180 minutes were used in this research to observe the dtfesedfalf-
life combinations on density estimates. This research alsoieadrthe consistency

of densities derived from the accelerometers of the Challgniimi Satellite



Payload (CHAMP) and Gravity Recovery and Climate Experim@RACE)
satellites by Eric Sutton, from the University of Colorado. Tdezelerometer
densities derived by Sutton were compared with those derived byEBSesrsma
from CNES, Department of Terrestrial and Planetary Gegodeasyce. The Sutton
densities proved to be nearly identical to the Bruinsma densitiesallftine cases
considered in this research, thus suggesting that Sutton decsaitidse used as a
substitute for Bruinsma densities in validating the POE dendityaes for future

work.

Density estimates were found using the ICESat and TerraSABEXdata by
generating corrections to the CIRA-72 and NRLMSISE-00 atmosplusiitsity
models. The ICESat and TerraSAR-X POE density estimates obtagmecexamined
and studied by comparing them with the density estimates obtasieg CHAMP
and GRACE POE data. The trends in how POE density estimated @ all four
satellites were found to be the same or similar. The companserss made for
different baseline atmospheric density models, different deresitg ballistic
coefficient correlated half-lives, and for varying levels of s@ad geomagnetic
activity. The comparisons in this research help in understarttiegvariation of

density estimates for various satellites with different altitudes ants.orbi
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acceleration vector due to atmospheric drag

geomagnetic 3-hourly planetary equivalent
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mean of series x

mean of series y

mean molecular mass
number of elements

cross correlation coefficient
universal gas constant
time

temperature

satellite velocity magnitude relative to Earth’s
atmosphere

Gaussian white random variable

x component of satellite position vector

Gauss-Markov process dynamic scalar random
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cross correlation series
satellite state vector
y component of satellite position vector

cross correlation series

z component of satellite position vector
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Xi

amu
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1. INTRODUCTION

11 Objective

The main objective of this research is to make correctiongivera
atmospheric density model using satellite precision orbit ephéese(POE) in an
orbit determination technique and estimate accurate density vdlbesresulting
estimated density values help in achieving better drag essnwt the satellites

leading to more accurate prediction and determination of the satellite orbit.

1.2 M otivation

The motivation for this research arises from the need to aniese
precise orbit determination than the orbits predicted using develityes obtained
from current atmospheric density models. Current atmospheric macedsint for
only the variations occurring for longer time periods in the abinee and yield
density values which are not accurate enough for the better pradodt satellite
orbits. This research focuses on shorter periods of atmosphesitydeariations for

better density estimates.

In low Earth orbit (LEO), where most satellites orbit, thiatien of
the atmospheric density is very high and the actual density vialaggliffer widely
from the values predicted by current atmospheric density modé&lsese rapid
changes in the variations are not accurately accounted fbieljyresent atmospheric

models and can affect the prediction of satellite orbits. Theredm@urate density



calculations are required for better atmospheric drag essmnatich result in better

orbit predictions.

The Earth’s upper atmosphere is mostly influenced by solar and

geomagnetic activity. Fluctuating intensities of solar radiatind Earth’s magnetic
field are responsible for variations of atmospheric density. Rfyptdre Sun heats up
the Earth’'s atmosphere through EUV radiation. In addition, charged|gsrtrom

the Sun interact with the Earth’s magnetic field resultinggomagnetic activity. The
current atmospheric models use the solar flux data and Eartbisetiafield data as
daily or three hour averaged values as inputs for estimatingtylenese daily or
three hour time periods are too large and cannot result in bdiiedetermination.
Smaller time scales are preferable over these daily e tiour periods for

improvements in orbit determination, Ref. [1].

To achieve more accurate orbit determination and prediction,
corrections are required for the current atmospheric density maaddlss research
corrections are made to the atmospheric models utilizing isatphecision orbit
ephemerides (POE) data in a precision orbit determination technigue. rAsult,
more accurate densities are obtained by generating correttiche atmospheric
models. For this research, the POE data of four different iszdelChallenging
Minisatellite Payload (CHAMP); Gravity Recovery and ClimaExperiment
(GRACE); Ice, Cloud, and Land Elevation Satellite (ICESat); dada Synthetic

Aperture Radar, X-band satellite (TerraSAR-X) were used.



The improved density estimates obtained can be used to calctdate bet
atmospheric drag estimates by using them in the drag equatiosadadraccuracy in
density estimates results in better drag estimates whickurim improves the
determination and prediction of satellite orbits. It also helpstimagng a satellite’s
lifetime and its time of reentry. Also, better density eates from the corrected
atmospheric models paves the way for understanding the effects dpéoe

environment and space weather in Earth’s atmosphere.

1.3 Atmospheric Density

This research primarily deals with the correcting of at@osgensity
models and generating atmospheric density estimates. So anboefiction to the
neutral atmosphere and its structure and factors contributingetovdriation of
atmospheric density is given in the subsequent sections. Referebcesnlirbute

most of the information discussed in this section and its subsections.

1.3.1  Neutral Atmosphere

The atmosphere of the earth consists of different typesroblgasiles
including carbon dioxide, oxygen, nitrogen, argon, ozone, hydrogen, and helium in
varying proportions. The presence of these gas molecules imyggoyoportions
across the atmosphere results in the variation of density oftrtiesghere. As the
altitude increases, the atmospheric density gradually decrdaseso hydrostatic
equilibrium. Earth’s atmosphere absorbs energy from the sun and adtitinee

increases the intensity of UV radiation from the Sun increassslting in the

3



disassociation of these gas molecules. The temperature T, présamek density of
atmosphere are connected by the well known gas law [Ref. 1]

_M

P="T (1.1)

Where, R is the gas constant (8.31 J/K.mol) and M is the molecular weight of the gas.

The decrease of pressure with height h is given by the hydrostatic equatioh][R

dp
— oq, 1.2
4= "9 (1.2)

Where, g is the acceleration due to gravity.
1.3.2 Layersof the Atmosphere

The information contained in this subsection is summarized from Ref
[1]. All the altitude and temperature values mentioned in thisoseate only average
values. Depending upon the temperature variation, the atmospherssifiedainto
five different layers namely, the troposphere, stratosphere, mesesphe
thermosphere, and exosphere where the boundary of each layer&esefram the
next by transition regions called the tropopause, stratopaussppewese, and
thermopause which extend over a very small altitude and havey remarstant

temperature.

The troposphere is the densest layer of the atmosphere and extends to

an altitude of 0-12 km. In the troposphere the temperature dropstadealhcreases



from 293K to 233K approximately at a rate of 6.5K knknown as the lapse rate.
The next layer is the stratosphere which extends from 12- 50 kiitudl@ This is a
less dense layer when compared to the troposphere and contam@nanayer at an
altitude of 20-30 km which absorbs the UV radiation resulting in theeaiser of
temperature from 223K to 270K as the altitude increases. Thelayext is the
mesosphere with an altitude range of 50-85 km. The temperature siEcieam
270K to 180-200K at its upper boundary. The molecules in the mesosphereaare
active state from the energy absorbed from the Sun. The next dftger the
mesosphere is the thermosphere which extends from 85-600 km in altirréethe
temperature increases considerably from 180-200K to 1000-1800K. The
thermosphere is much less dense so that a small change riracibldy causes a
significantly large change in the temperature. The predominantgéecule here is
atomic oxygen. The final layer of the atmosphere is the exosphtrean altitude
range of 600 — 10,000 km which extends into interplanetary space. Tlhe maj
components of the exosphere are hydrogen and helium with low demsitiesome
atomic oxygen near the bottom of the exosphere. The gases froxogpghere can

escape into space. [Ref. 1]

The thermosphere and exosphere are the two important layers to be
considered for the problem of orbit determination and the disturbénoceghe other
three lower levels propagating into thermosphere and exospheot lass interest.
Satellites orbiting in LEO are of great concern for orbit wheleation problems as

they experience the most drag because of the higher densitytmeth@sphere and



lower exosphere. LEO lies at an altitude of 200km -1000km withinetiiens of the
thermosphere and exosphere. The ambient neutral atmosphere is atantnpor
environment in LEO. In the neutral atmosphere, the electricaiyral particles in
the atmosphere interact both mechanically (aerodynamic dragiphygsuttering)

and chemically (atomic oxygen attack/spacecraft glow) with datel[iRef. 1]

1.33 Variationsin Atmospheric Density

Generally the values of three basic neutral atmospheric tgasame
density, temperature, and composition, vary in response to manysfaatdr as local
time, latitude, longitude, altitude, solar and geomagnetic activ@glar and
geomagnetic activities contribute to the sudden large scaleudhants in the
atmosphere. Short term density fluctuations affect orbital positomplicating
tracking and satellite communication. Long term changes can donsastdite
lifetime. The density variations can be estimated from atmosphevdels. Most
important in assessing the effect of air drag on orbits areatfiions in air density,
namely the form of its variation with height, time between aiag night, and above

all the dependence of density on solar activity. [Ref. 2]

Some of the phenomena that are responsible for the long term andteshort
variations of the neutral atmospheric density are discussed infotlmving

subsections.



1.3.3.1 Solar Cycles

The Sun has a great influence on the space environment. Several
hundred years of observations of the Sun revealed a changing dittesturbances
that appear to follow semi-regular patterns of about 11 yearsdcadilar cycles.
These solar cycles are somewhat predictable in time andpeakeactivity levels.
These solar cycles cause long term variations in the neutnalsphere due to an
increase in extreme ultraviolet radiation (EUV) flux from 8w and an increase in
geomagnetic activity related to variations in the solar wind. sAkar activity
increases, the temperature in the atmosphere rises regulteny increase of the

density of the atmosphere. [Ref. 2]

1.3.3.2 Solar Flares

The Sun is constantly changing. Visual confirmation of this cienge
often seen in the form of solar flares. A flare is the suddeghtening of the
chromosphere. Solar flares sometimes create energeticlgpatients in LEO and
these particles couple with the changes in EUV flux that heattthesphere. This
occurs far more frequently during solar maxima than solammairaind lasts from few

minutes to a few hours. [Ref. 2]

1.3.3.3 27 Day Solar Rotation Cycle

This effect comes from the Sun’s rotational period of 27 days and causes
a fluctuation in the atmosphere. An active region of the Sun will return apprekymat

every 27 days. [Ref. 2]



1.3.34 Geomagnetic Stormsand Substorms

The boundary between the region where the Sun’s magnetic field
dominates and where the Earth’'s magnetic field dominates iedcdhe
magnetopause. The Sun’s magnetic field fluctuates in responseatgpkehomena.
Consequently the magnetopause moves in response to the Sun’'s field. These
fluctuations are called magnetic storms and are typicallg guitall. Variation in the
solar wind is the primary energy source for these eventseTdgesmagnetic storms
often follow a sudden change in geomagnetic field and can last forabelagys.

[Ref. 2]

1.3.3.5 Diurnal Variations

Diurnal Variations occur every day as Earth rotates. Dayhtaleigsity
variation occurs because of the temperature variation from daighit The density
has a minimum at about 4 a.m and a maximum at about 2 p.m, loeal s
variation occurs regularly each day with maximum density baibgut 5 times

greater than the minimum density. [Ref. 2]

1.3.3.6 Semiannual / Seasonal Variations

There are also seasonal effects on the atmosphere becauseeofialiff
heating as the angle of incidence of the Sun changes. Solatyaatidi tides cause
large diurnal and semidiurnal global density variations. In a noyewal the density

has maxima during April and in late October and minima during JaraunatyJuly.



These last up to 6 months and are related to varying distanbe &atth from the

Sun and the Sun’s declination during the year. [Ref. 2]

1.3.3.7 Gravity Wavesand Thermospheric Winds

Gravity waves in the atmosphere are small scale spatidl dens
temperature fluctuations of approximately 100 km in dimension. Theyraven by a
number of sources including auroral particle fluxes, thunderstorms auodtam
ranges. High latitude thermospheric winds with velocities up ke/sec have been

observed, which can cause drag induced errors in satellite orbits. [Ref. 2]

1.3.3.8 Latitudinal and Longitudinal Variations

Latitudinal variations are easiest to visualize. Passinghev&atth’s
equatorial bulge effectively changes the actual altitude andtgemdiich in turn
changes the drag. Change in longitude changes altitude becauserdfim ranges
and oceans, and causes changes in wind direction, and differandessity and

temperature. [Ref. 2]

1.34 Solar and Geomagnetic Indices

The density of upper atmosphere changes mainly due to solar flux and
geomagnetic activity. Solar flux affects atmospheric densitguigh instantaneous
heating from EUV. Geomagnetic activity affects the atmosplim@ugh delayed
heating of atmospheric particles from collisions with chargexuigatic particles from

the Sun.



1.3.4.1 Solar Flux Data

An important indicator or measure of solar activity is#heflex. It is
the solar radio flux observed at a wavelength of 10.7 cm by therdatResearch
Council since 1947. It corresponds to a radio emission line for iron amansally
reported in solar flux units (SFU). 1 SFU =240Nm?Hz*, [Ref.3]. Variations of
Fi0.7 are believed to correlate with variations of the sola¥Elux and are correlated
with the long term variations in solar activity.F varies from about 50 SFU at solar

minima to 240 SFU at solar maxima and varies with the 11 year solar cycle.

Solar Activity depending on the§~ SFU data is classified as follows, [Ref. 7]:

Solar Activity Solar Flux F10.7)
Low F107<75

Moderate 75< F10.; <150

Elevated 150<F0.7 <190
High 190<Fqg5

Table 1.1 Solar Activity Bin [Ref. 7]

1.3.4.2 Geomagnetic Activity Index

The short term geomagnetic activity accounted for every 3 hours are
given as semi-logarithmic ¢ values or in its linearized form gja These indices
represent magnetic field disturbances induced by changes in threwsoth and
through heating effects and are correlated with the shortvanations of the upper
atmosphere. The subscript p refers to planetary because the iacici® result of

combining values from individual stations around the world. Although thadex is
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the most fundamental quantity, its linearized versigmsamore easily understood.
The g values are selected so that they correspond to the maximumoveriat the
Earth’s surface magnetic field at mid latitudes in a $dmiod. The gand its daily

average prange from a minimum value of zero to a maximum value of 400. [Ref. 3]

Geomagnetic activity depending on the level gfiddex is categorized as follows,

[Ref. 8]:
Geomagnetic Activity Daily Planetary Amplitude JA
Quiet A<10
Moderate 10<4<50
Active 50<A,
Table1.2 Geomagnetic Activity Bin [Ref. 8]
14 Effect of Atmospheric Drag on Satellites

Satellites in Earth orbit are subjected to various pertmbditie the
oblateness of the Earth, air drag, luni-solar forces of &tirgcand solar radiation
pressure. Of all these perturbations, atmospheric drag actirgtedlites is the most
important effect for low LEO. The study of drag is to detesmorbits under the
influence of drag, estimate a satellite’s lifetime, and datex the physical properties
of the atmosphere. Atmospheric drag on low Earth orbiting sateibtdbe key

parameter in predicting a satellite’s lifetime and orbital parameter
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14.1 Drag Equation

Density is the most important atmospheric parameter whicllydirec
controls the air drag felt by satellites passing through therwgipwsphere. Density
can be determined by measuring the drag on satellites. Thelregotsphere in
LEO exerts an aerodynamic drag force on the satellite dutheoimpact of
atmospheric particles on the satellite surface. When the gasuted of the neutral
atmosphere in LEO impact a satellite, they transfer enangy momentum to the

satellite. The satellite will feel this exchange of momentum as a dragy for

The drag force on the satellite is a force anti-parallgbpwsite the

velocity vector which is given by the drag equatiofr’as
D= -Yp@°A (1.3)

Where D is the drag forcg,is the ambient atmospheric neutral density, A is the cross
sectional area of the satellite projected onto the velocityokeutis the satellite
velocity relative to the atmosphere, angli€the drag coefficient that represents how
much drag deviates from the momentum flux in the ambient freenstieef. 5]. The

drag equation can also be written as

a, =—§pV2 d (1.4)
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Where @ is the acceleration due to drag and m is the mass of thétsatknh

important parameter in the above equation is the ballistic ceaeffjdBC _C A Itis
d

a measure of a satellite’s susceptibility to drag effeé&tdow BC means drag will
affect a satellite more and vice versa. But in this rebeae use the inverse ballistic

_Cd
m

coefficient, B , because the values should be consistent with the usage in Orbit

Determination Tool Kit (ODTK) software used in this researchithWhis new

relationship, a lower B means a lower drag effect on the satfigé. 2]

14.2 Satellite Parameters

Atmospheric density and a satellite’s BC play crucial irokescurately
determining drag. Determining atmospheric density is a vefficulif part of the
process. But the problems with determining a satellite’s B not be so apparent.
These calculations involve the cross sectional area, drag ceeffi@gnd satellite

mass. [Ref. 5]

1.4.2.1 Drag coefficient

There is no exact value for the drag coefficignE@ a satellite in orbit
at a height of 200-300 km, the drag coefficient is usually taken der2a2spherical
shape and at heights near 800 km at solar minimum with heliurheashief
constituent @ is taken as 2.5. But when a standard value is neededy,f@&.Zis

adopted which is appropriate for a sphere or rotating cylinder atimgtconvex
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bodies. For concave bodies, it is difficult to calculatea@d detailed geometric
analysis is required, [Ref. 5]. Slight changes in drag coeffigesatly change the
result, which is why an effective drag coefficient is usuastimated in orbit

determination. [Ref. 5]
1422 Area

Cross-sectional area is defined to be the area which is nortnal
velocity vector. Evaluating the cross-sectional area of a gathesatellite is simple,
but for other shapes it is more difficult. If the satellitatstude controlled the cross
section can be calculated, though often with difficulty, if sizepshand attitude are
known. The satellite cross-sectional area is determined bgdhiguration and
orientation of the satellite. This cross-section can vary becgtais&etermined by

the presence of large solar arrays or antennas. [Ref. 5]
1.4.2.3 Veocity

The velocity of a satellite relative to the atmosphergiiessed in terms
of Vi, the orbital velocity relative to Earth’s center and the vefladiitair relative to
the Earth’s centenm The vector velocityy of the satellite relative to the Earth’s
center is the vector sum of satellite veloaify relative to the air and velocitygy, of

the air relative to Earth’s center. The velocity equation is givéh as

Vsat = Vrel — Vatm (1.5)
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1424 M ass and Ballistic Coefficient

The mass of the satellite is given by the manufacturing cpnhpaine
course of time, the mass of the satellite changes due teuvens. For most
satellites finding area and coefficient of drag accurately idifficult process.
Therefore, it is common to use ballistic coefficient, BC e tquation, which
incorporates mass, area angd (Ref.6]. In this research the BC of a satellite is

estimated as corrections to a nominal value.

1.4.3 Effects of Drag

The general effect of atmospheric drag on the evolution of the abit of
satellite is the contraction of the apogee altitude. Duringy eabit, the spacecraft
spends increasingly more time at perigee because of highesgteric densities
until drag becomes so large that the orbit very quickly degeseaaid the spacecraft
reenters the atmosphere. The drag may not be strictly inrtgerttial direction to the
orbit because atmospheric winds and rotation of the atmospherexeitl @mall
lateral forces on the trajectory. The ability to preciselyeheine the orbit of a
spacecraft is a sensitive function of atmospheric drag. Air dragsponsible for
ending a satellite’s life by changing or reducing the semjomaxis, a, and

eccentricity of the orbit, e. [Ref. 4]
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15 Atmospheric Density M odels

Accurately modeling the atmosphere is difficult because knowlfedge
the physical properties of the atmosphere is very limited. Menveseveral
atmospheric models were developed over several years based optaswsibout
atmospheric drag, solar and geomagnetic indices, and some othent peleameters.
These atmospheric models describe the variation of differenprggerties in the
atmosphere as a function of altitude. We need a good enough modebtmtafor
the atmospheric density while accurately modeling the effgictérag on an orbit.
Different models are required for different applications. Theeesaveral models
that can be used to estimate atmospheric density and constituemtiragion of
altitude, latitude, longitude, year, day, and time. Some of the inmpcated familiar
models from the oldest Jacchia family of models to the recB®WMEIS model are

explained in brief below.

151 Jacchia 1971

Different atmospheric density models have been published by L.G
Jacchia (1965, 1970, 1971, and 1977). The first model was J65 which is entirely
based upon the primary parameters, geodetic height, and temperatuferthier
density related data became available from the satatlitelerations due to drag, an
improved atmospheric model, Jacchia 1971, was established. The J71 mlodekinc
density variations as a function of time and covers the altintdeval from 90-2500

km [Ref. 9]. It was adopted by the COSPAR working group as irttenad reference
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for the atmosphere in 1972 for heights ranging from 110 — 2000 km.7Theddel
offers a reasonable description of the atmospheric density at nrederaputational

expense and is therefore widely used in orbit determination and prediction. [Ref. 9]

15.2 Jacchia-Roberts

The Jacchia-Roberts atmospheric model was originally derived from
J70 and later modified according to J71. Robert’s method is generséig baon the
analytical solution of the barometric and diffusion differential aquatwhich are
obtained by the integration of partial differential equations. Rabegsults match
Jacchia exactly between 90 and 125 km and are in close agredmeatl®25 km.
The advantage of Robert’'s modifications is that numerical nateg is avoided and

the computational speed is improved, [Ref. 10].

153 CIRA 1972

The COSPAR International Reference Atmosphere (CIRA) provides
empirical models of atmospheric temperature and density from 0-200CRSPAR
periodically updates the atmospheric models. The first model veasiged in 1965
(CIRA-65). The CIRA-72 atmospheric model included mean values froB80Q%m
and Jacchia-71 prepared models from 110-2000 km. Data for this modehte®yi

from measurements of satellite drag and ground based observations [Ref. 11].
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154 M SIS (Mass Spectrometer | ncoherent Scatter models)

The Naval Research Laboratory has developed several empirical
neutral atmospheric models based on data from satellites ghdalitude rockets
valid to an altitude of 1000 km. Mass spectrometers were integratethe satellite
hardware that produced in-situ measurements of chemical composition and
temperature at upper atmospheric altitudes. Incoherent scadtertechniques from
ground based antennas provided measurements of atmospheric ion and electron
properties that could be related to neutral atmosphere densigoarbsition. The

latest MSIS models are MSIS-86, MSISE-90, and NRLMSISE-00.

155 MSI S-86

The MSIS-86 model gives atmospheric properties based on data from
rocket flights, satellites, and incoherent scatter radar data.sinpuhe model are
year, day of year, universal time, altitude, geodetic latitadé longitude, local
apparent solar time, solaig flux (for previous day and three month average) and
magnetic index A(daily or A history for last 59 hrs). The model outputs are neutral
temperature at altitude, exospheric temperature, and densitits 0§, O,, Ar, and
H [Ref. 12].
1.5.6 M SI SE-90

MSISE-90 has improvements over MSIS-86 incorporating

additional data from sounding rockets, space flights, incoherentrsoadtédts, and

data used in the Jacchia models and not previously used in MSIS-86 [Ref. 12].
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1.5.7 NRLM SI SE-00

NRLMSISE-00 represents improvements over the earlier MSISE-90
model by including additional drag and accelerometer data fromeaadi; taking
account of atomic oxygen, revising models of molecular and atoryigen in the
lower atmosphere, and adding additional nonlinear terms to accountdoasbvVity

[Ref. 13].

1.6 Correctionsto Atmospheric Density Models

The empirical atmospheric density models used to predict and
determine the orbits of low Earth satellites exhibit large errors in gembiese errors
in density lead to errors in predicting the satellite motioanirorbit, which can affect
other operations like estimating reentry, satellite maneuver pignand collision
avoidance. The errors in density from atmospheric models argodselar and
geomagnetic activity in the atmosphere. Generally, the daladéta, k7(as a daily
value),and geomagnetic activity index, Kas three hourly values), are used as inputs
to all the models. The daily.g~ and three hourly Kindices do not account for the
continuous variations in the atmosphere, thus resulting in errors irtydfRef. 3].
Certain correction techniques to atmospheric density models wereloped
considering the continuous variations of solar and geomagnetidwetith time and
other parameters of the atmosphere to generate improvementsity dwudeling for
the empirical atmospheric models. Some of the methods for cageatinospheric

density models are discussed below. [Ref. 3]
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16.1 Dynamic Calibration of the Atmosphere

Dynamic calibration of the atmosphere (DCA), started by Gorochov
and Nazarenko in the 1980s, paved the way for a new approach in modeling
atmospheric density [Ref. 14]. DCA makes corrections to a given density model using
the observed motion of satellites. These observations come frangeaHumber of
satellites and are used to estimate corrections to a giveitydeodel. DCA uses the
observation data from a set of calibration satellites in an eshitnation process to
generate orbital elements and satellite drag data. With thehthese data, a density
model is constructed for the atmospheric variations inputting tilisticecoefficient.

Later, corrections are generated to the atmospheric density tfrentonstructed
atmospheric model. In the High Accuracy Satellite Drag M@d@&SDM) approach,

corrections are generated every three hours, [Ref. 16]. Thestydemgections were
then predicted forward in time three days by a time seiltes &s a function of
predicted solar flux and geomagnetic indices. Using the predictedity, the

predicted orbits were projected forward in time for threesd®yASDM, which used
the DCA approach to model atmospheric errors found improvements irctprgdi
satellite positions and orbits, ballistic coefficient consisteaoyl reduction of
atmospheric density model errors when compared with existingsatmric models

[Ref. 16].

In addition to the improvements achieved by the DCA approach, it
also has some drawbacks as described in references 17 and 18. Thaelegspare

designed to run in real-time and internal to particular spaceifance architecture,
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making outside users depend on that system to generate correitsmnsghe DCA
approach did not improve on the spatial and temporal resolution of existidgls.
Using daily solar flux values and three hour geomagnetic intliogs the ability of
the models to represent changes in the atmosphere that occur théhaveraging

interval of input data, which affects the temporal resolution.

1.6.2 Accelerometers

A few satellites carry accelerometers onboard to measure non-
conservative accelerations. The accelerometer measures tloensmrvative forces
such as Earth radiation pressure and solar radiation pressure. ridodélithe
radiation pressure forces leaves only the atmospheric drag fdnod, @an be used to
estimate atmospheric density. The atmospheric density dewatifre accelerometers
obtained are very accurate with precise temporal resolution. Bi#ts i poor spatial

coverage because very few satellites carry accelerometers onboartiRef

Two of the satellites analyzed in this research, the Cimagjlengi
Minisatellite Payload (CHAMP) and the Gravity Recovery anan@te Experiment
(GRACE) have accelerometers onboard providing much valuable dath imse
estimating atmospheric densities. In references 20 and 21, dékeracneter derived
densities from these satellites were compared against thedB@ity estimates for

various atmospheric models to check the consistency of the values.

The atmospheric density derived from the accelerometers proved to
be more accurate than those obtained from an atmospheric model, praccdeate
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force models are used to model the radiation forces [Ref. 20, &I, thle accuracy
of the densities mainly depends upon the performance and -calibratidhe of
instrument. The instrument must be corrected for maneuvers angrniastal bias,

which can reduce the accuracy of data [Ref. 19].

1.6.3 Satellite Ephemerides

The work done in this research used satellite precision orbit
ephemerides (POE) to make corrections to the atmospheric densitglsmand
generate estimated densities. Satellite precision orbit eplien¢POE) are the data
obtained from the Global Positioning System (GPS) receivefoor satellite laser
ranging (SLR) observation$?OE data can be obtained from GPS through the
technigue known as GPS accelerometry. References 22 through 2ibeldbe
process of this approach for CHAMP and GRAJEe POE data consists of the
precise position and velocity of a satellite for a given point of time. Thenelot&OE
data are used in an orbit determination process to generatetiomseto the
atmospheric models and estimate the density. Work done by McLaugidit, and
Lechtenberg in references 20, 21, 25, and 26 utilized the satellite dJA@Ein
generating corrections to atmospheric models. Reference 26hes@HAMP POE
data in order to derive atmospheric density estimates for periods of highctivity.a
The orbit determination process in this research is performeld tu# Orbit
Determination Tool Kit software (ODTK) developed by Analyti€éataphics, Inc

(AGI). The POE data are given as inputs in the ODTK softwark are processed
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through a sequential filter/smoother approach that outputs the &stirs@ate and

density of a given satellite. More explanation about this process is giverpireicBa

1.7 Satellites Considered

Four different satellites ICESAT, TerraSAR-X, GRACE, and
CHAMP were considered in this research. The ephemerides data of tledige sédr
various dates, various atmospheric models, and varying levels of aothr
geomagnetic activity were used to generate corrected atmasplensities. The

details of these satellites are provided in the following subsections.

171 |CESat

Fig 1.1 Image of ICESat in Orbit [Ref. 27]

ICESat (Ice, Cloud and Land Elevation Satellite) was launched araritBary 2003
and decommissioned on 14 August 2010. ICESat reentered the atmospl8ffe on

August 2010 [Ref. 27]. It orbited at an altitude of 600km anti®dination. The
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goal of the ICESat mission was to measure the changes in theiqgeoklreet mass
balance, provide elevation data of ice sheets, measure the distribiclouds and
provide cloud property information, and to map land topography and vegetaton dat
around the globe. The primary instrument on ICESat is GLAS (GmusxilLaser
Altimeter System) containing three lasers operating ataicelintervals of time
providing altimetry data of ice sheets and clouds, a GPS recaivéra star tracker
attitude determination system [Ref. 27]. The POE data of IClESatthe years 2003

to 2008 were used in this research for estimating atmospheric density values.

1.7.2 TerraSAR-X

e

Fig 1.2 Image of TerraSAR-X in orbit [Ref. 28]

TerraSAR-X (Terra Synthetic Aperture Radar- X band), a Gergath observation
satellite was launched on 15 June 2007. It orbits at an altitude of 514 &molar

orbit with 97.44 inclination [Ref. 28]. TerraSAR-X was launched with a mission to
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acquire high-quality radar images of the Earth with the heifs afctive phased array
X-Band SAR antenna on board. TerraSAR-X is designed to carnysdask for five
years. In this research the POE data of TerraSAR- X ftainedays from 2007-2010

were used in estimating atmospheric densities [Ref. 28].

1.7.3 CHAMP

Fig 1.3 Image of CHAMP satellitein orbit [Ref. 29]

The Challenging Mini-Satellite Payload (CHAMP) was launched on 152049 and
scheduled to last for five years [Ref. 29]. It was used for gesigdlyresearch and
application by providing a sufficiently long observation time to resdbng-term
temporal variations primarily in the magnetic field, in the gsafreld, and within the
atmosphere. The satellite re-entered the Earth's atmosph2€eSeptember 2010. It

carries the Spatial Tri-axial Accelerometer (STAR)fesearch. The POE data from
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CHAMP for the years 2003-2009 was used in this research to estatmbdspheric

density [Ref. 29].

1.74 GRACE

Fig 1.4 Image of GRACE satellitesin orbit [Ref. 30]

The Gravity Recovery and Climate Experiment (GRACE) staslivere launched on
17 March 2002 with an objective to study the gravity variations ohEartl create a
better profile of the Earth’s atmosphere [Ref. 30]. The GRACEsionishas two
identical spacecraft flying 220 km apart at an altitude of 500 koveaEarth and is
able to map the Earth's gravity fields by making accuratasarements of the
distance between the two satellites using GPS and a microwageg system.
These satellites have accelerometers on board, the data fraim was used in this

research to compare with POE atmospheric densities [Ref. 30].
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2 M ethodology

This chapter explains the methods used in this research tohaebtain t
atmospheric density estimates from precision orbit ephemeR@8)(with the help
of the Orbit Determination Tool Kit (ODTK) software. The deesitwere estimated
using various baseline atmospheric density models, different deasityballistic
coefficient correlated half-life combinations, and for days wiétying levels of solar
and geomagnetic activity. The estimated densities wergpa@a with the densities
derived from accelerometers onboard CHAMP and GRACE to checkattairacy.
A brief introduction to orbit determination and precision orbit ephemeisdgisen to

provide a better understanding of the methods used in this research.

2.1 Precison Orbit Ephemerides (POE)

The ephemerides of a satellite are a set of values/éhtitegposition
and velocity vectors of a satellite at given points in time. diiés of these values
used in this work are meters (m) for position values and m&ter@h/s) for velocity
values. Generally, the ephemerides are calculated from the mait@ equations
which describe the motion of a satellite, based on observations. Ngsvaith the
advance of technology, the Global Positioning System (GPS) isinsetaining
accurate ephemeris data for satellites. Satellites equipgbdGMS onboard circle
around the earth in very precise orbits and transmit signals cowtdire ephemeris
data to Earth. The signal transmitted by the satellite gmiaformation about the

ephemeris data like position, velocity, current date, and time.
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The POE data for the CHAMP, GRACE, ICESat, and TerraSAR-X
satellites are used in this research. The ICESat POEwdat obtained from the
Center for Space Research at the University of Texas, Ausiichvearries out the
calibration and validation for the ICESat data. The POE dataH#&MP, GRACE,
and TerraSAR-X were obtained from Information System and Datare (ISDC)
which carries out its research on Earth sciences from theobdtdaed from these
satellites and is a part of German National Research Clentt@eo Sciences (GF2)

at Potsdam, Germany.

2.2 Orbit Determination

The information presented in this section is summarized from
references 31 through 34. “Orbit determination refers to the pro€esdimating or
predicting the orbit of a spacecraft or a celestial body othé@nound a central body”,

Ref. [31]. In this work, it refers to the motion of a satelliteusad the Earth. Orbit
determination is very important for many satellite missioraiiky knowledge about
satellite position at a given time is required for variousllgatepplications like

weather monitoring, navigation, communication, and mission planning. Im trde
receive better measurements from satellite applicationaceurate estimate of the
satellite orbit is required. Satellites in orbit are affddby many non-gravitational
and gravitational forces which result in errors in predictions. ceuirate atmospheric

model is needed to model these forces and increase the accuracy in orbit predictions.
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To predict the orbit of a satellite, some observations from tiog wiot
the satellite with time are required which are related tosHtellite’s position and
velocity. The position and velocity vectors along with force modets measurement
parameters form the basic set of parameters in the inititd sector required to
predict the motion of a satellite for satellite orbit detaation. Other than the set
containing position and velocity vectors, another elemental set comgaf@iplerian

elements can also be used to predict the satellite orbit.

The state of a satellite at some point in the future carcblateal by
using the differential equations that govern the motion of the isatptbvided the
initial state of the satellite at some initial time is kmowhe equations of motion
along with a numerical integration technique can be used to intélgeagégjuations of
motion and obtain the state of the satellite at any time irutiiee. Since the initial
state vector of a satellite and the force models and measargarameters are just
approximations and are not exactly known, this result in an ertbeiprediction of
the satellite motion. These errors in prediction grow over of tifteerefore,
observations of the satellite such as range, range-rate, hziamd elevation from
tracking stations whose positions are accurately known are usedtioually update
the satellite’s state vector thus resulting in an increagbeimaccuracy of satellite

prediction.

In this research the POE data from satellites are usedsisrements

to determine the orbit of a satellite. Position vectors in R&&e as inputs for a
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sequential Kalman filter/smoother approach using Gauss-Markoegses, which

are discussed in the subsequent section.

2.3 Gauss-Markov Process Half-Lives

Generally the term half life is defined as the time redoiredvalue
or product to decay to half of its initial value. The half-liféedmines how long past
corrections affect the current corrections. There are at t@assources of air-drag
acceleration error while estimating density. They are tloeseim atmospheric density
and in the ballistic coefficient, Ref [35, 36]. Both errors must sEmated and
corrected for a better orbit determination process. In OrbitrDétation Tool Kit
(ODTK) software there are two parameters called densitseleded half-life and
ballistic coefficient correlated half-life which can be adpdsby the user as a part of
the force models. The density and ballistic coefficient heddigiven in ODTK
determine the amount of time required for the propagating error ebetw
measurements to decay to half of its value, Ref [35, 36].

Reference 37 provides information about half-lives in ODTK as
follows. In ODTK density is denoted lyand the estimated correction to density is
denoted byAp/p. Similarly, ballistic coefficient is denoted by B and theireated
correction to ballistic coefficient i&B/B. The density correlated half-life is the time
required for the estimated correction to the atmospheric dg#g)(to decay to half
of its value in the absence of measurement data representaedsirof time. In the
same way the ballistic coefficient correlated half-lidethe time required for the

estimated correction to the ballistic coefficient to detwalyalf its value in absence of
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measurement data represented in units of time. The density distidbebefficient
correlated half-life values are associated with the expondraiglife in the Gauss-

Markov processes used by ODTK, Ref [37, 38].

In reference 31, the Gauss-Markov sequence is explained as follows.

Letx = Xx(t.) denote a dynamic scalar random variable (density or balisgfficient)

that satisfies the Gauss-Markov equation

X(t.1) = d(t1, L) X(t) + /1~ ¢ (te 1, tIW(t,), ke {0,1,2,...} (2.1)

w(t) is a Gaussian white noise variable with zero mean and constantocea The

initial value forw(t) is equal to the initial value of a scalar random variable.

X(t) = Wt,) (2.2)

The transformation function is defined as

O(t,qr ) = €7 (2.3)
The constant in the transition function is given by
a = (In 0.5)t (2.4)
The constant depends on the user defined half-life value ODTK.
The half life values used for density and ballistic cadfiitie
this research are 1.8, 18, 180 minutes. These values for the halireves/aried by
an order of ten to examine how the increase in half-life valuestafthe orbit

determination.
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2.4

Filter-Smoother

“The Kalman filter is a set of mathematical equations tbeitdps an
efficient computational means to estimate the state of a ggdoea way that
minimizes the error”, Ref [39]. The filter is powerful for suppuogtiestimates of
past, present, and future states even when the precise nature obdbkdn
system is unknown. More information on the Kalman filter can be fowrd fr
reference [39].

In ODTK, an optimal sequential filter is used, which runsnimet
POE data and estimates orbits with measurement updatesr gsondaKalman
filter, enabling the calculation and propagation of realistic exooariance. The
sequential filter is initialized with an initial epoch, initigtate estimate,
measurement data to update the state estimate, and all supgdatéirand model
parameters to operate the filter process, Ref [40]. The fidtecesses the
measurements sequentially forward in time resulting in outputtmsist of a
complete state estimate and error covariance, which ane aggd as the initial
conditions for their forward propagation.

The filter includes a smoother, which provides a smoothed ephemeris.
The input measurement for the smoother is the filtered output. A interval
smoother post-processes the filter output to create a more taccamd
continuous definitive satellite ephemeris that results in an asiof the orbit
solution and biases with a realistic understanding of their agcuamwoothed

estimates are more accurate when compared to filter esinsiice it makes use
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of both future and past data. Ref [40] provides more information on tA&KOD

filter-smoother process.

2.5 Cubic SplineInterpolation

Interpolation is a method to estimate a set of values béweeginen
values. The process involves the construction of a smooth curveitthaest for
those values. There are different types of interpolation technsues as linear
interpolation, polynomial interpolation, and spline interpolation. Of thesthauds,
spline interpolation, especially cubic spline interpolation, is thet pagularly used
method. “The cubic spline interpolation is a piecewise continuous curveingas
through each of the values in the table. A cubic spline has miniosaifiatory
behavior which results in smooth transitions between data points”, Ref. [42].

The behavior of the atmosphere is primarily influenced by space
weather data. Measurements or predicted values of these dafi@eareas inputs to
an atmospheric density model to calculate the atmospheric den#iky lacation of
the satellite. The atmospheric data thus obtained are used t@tatba atmospheric
drag force on the satellite. Small changes in space weadlt@rcdn have a large
effect on the propagation of a satellite in orbit. The space weddle consists of the
solar and geomagnetic indices. These indices provide atmospheric mittiethe
necessary information to predict the atmospheric density forabrbéticulations.
There has been significant study over the years about the impaotperfect

modeling by the existing atmospheric models on the atmospherictydeasies.
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There is a need to input more short term space weather daés wato the model
than the currently used three hourly or daily values, Ref [41,42, 43, and 44].

In reference [42] several interpolation approaches for spat®emw
data were explored including linear interpolation, an iterative apbroand a
splining approach. “The closure of iterative, interpolated, and cubigirsplvalues
was exact, but the spline technique showed some small variatioesubic spline
technique was found to best replicate the observed data valuessiwhileaneously
maintaining closure properties” [Ref. 42].

In this research the cubic spline interpolation is performbuh wit
ODTK on the geomagnetic index data values which are normadijyable as three
hourly or daily values. Using cubic spline interpolation for the geomagimetex
values, the atmospheric density models can be modeled effectigealiimg in more

accurate estimated densities.

2.6  Deriving Atmospheric Density Estimates Using ODTK

In this research, the atmospheric densities are estimatauelying
the existing atmospheric density models in ODTK. The followindpsections
describe how the ODTK is used to estimate the corrections tatydens ballistic

coefficient values for various cases.
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26.1 ODTK Software
ODTK is the orbit determination software used in this research t

estimate POE densities by generating corrections to atmosphediels. The ODTK
software provides orbit determination and orbit analysis support tmatisg
satellite state and environment parameters. In ODTK, the seduéitéa with
filter/smoother approach can refine the data and produce acwatats, Ref [36].
In ODTK a variation of parameters numerical integrator is usgd full force
models to propagate the orbit, Ref [37]. The force models includefACE&RGravity
Model GGMO02C, solid Earth and ocean tides, Jacchia and MSIS fatmbyspheric
drag models, effects from solar radiation pressure and third bebiseof the Sun
and Moon. ODTK also calculates corrections to atmospheric deasdyballistic

coefficient.

2.6.2 Estimating Atmospheric Density using ODTK

In the ODTK software, a scenario is created for thedldsite and
time interval. The scenario consists of all the data regardiegfdrce models,
measurement models, state inputs, solar flux, geomagnetic indexty grandels,
orbit state, Earth reference frame, physical properties dfataedlite, satellite attitude,
ranging method, perturbations, satellite characteristics, GIBEk, cfilter and
smoother. After creating the ODTK scenario, the POE datanaotdiom the desired
satellite is input. Before inputting the POE data it is conveirténl a Navigation

Solution (NAVSOL) file format, the format which ODTK can readteA inputting
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the POE data file, the scenario is run with the help of a w@s®rgted script in the
ODTK scripting tool. The script can be modeled according to therageirements
for particular models and half-lives. ODTK runs the scenario aodepses the data
using the filter/smoother approach, models all the forces andpsrans, performs
integration and outputs the estimated density values for variousptermsdensity
models and also for different ballistic coefficient and density correlstdives.

The estimated density values for different models are clieckezr
accuracy by comparing them with the values derived from acced¢esnwhen
available. Also the estimated density values for all the Isaseland different
atmospheric models used in this research were plotted to obsergh wmilodel
performs best for a given set of conditions. The density estinoateshed can be
used to obtain accurate drag estimates on a satellite and caldoetter orbit
determination.

2.7  Estimation of Atmospheric Density for Different Cases

The estimated atmospheric densities are obtained as aofesult
corrections made to the existing atmospheric models in ODTkhignrésearch the
corrected atmospheric densities are estimated for threeedifféactors by varying
the baseline atmospheric density model, varying the density aligtibaoefficient
correlated half-lives, and estimating density for varying kvef solar and
geomagnetic activity. The results from each of these ocases compared to the
results from accelerometer and empirical density models pomdsg to the same

case.
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2.7.1 Varyingthe Baseline Atmospheric Density Model
There are five atmospheric density models available in the ODTK

software. They are CIRA-72, Jacchia-71, Jacchia-Roberts, MS0SEand
NRLMSISE-00. In this research corrections are made to two m@¢@¢RA-72 and
NRLMSISE-00) picking one from the Jacchia family of models andother from
the MSIS family. The POE density estimates are obtained thgrggng corrections
to these atmospheric models. The POE densities obtained using batbdbaks are
examined to see how the density estimates obtained using POkadatr each
model. Also, the POE densities are compared to the empiriclidawodel densities
to observe the difference between them. For the satelliteshakataccelerometers
on-board, the POE densities are compared with the acceleromes@iedeto check

the correlation.

2.7.2 Varyingthe Density and Ballistic Coefficient Correlated Half-Lives
The densities were estimated for different combinations of derity

ballistic coefficient correlated half-lives. Both the density &adlistic coefficient
correlated half-lives were varied by orders of magnitude withegabf 1.8 minutes,
18 minutes, and 180 minutes. In this research the density estimatedound for
two different cases of half-life combinations. One combinationyikdeping the
density correlated half-life constant and varying the ballistiefficient correlated
half-life and the other is vice-versa. The POE densities olotdiperarying different

half-life combinations are observed to see how the variations idivedfaffect the
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POE densities. All these combinations were examined for eachheoftwo
atmospheric density models mentioned in the above section to detevmatehalf-
life combination and atmospheric model together yields a betterag&in of density
and also to determine the consistency in density changes amailfesaias

parameters are changed.

2.7.3 Varying Levelsof Solar and Geomagnetic Activity

The POE densities were estimated for different days duriry thwic
satellites GRACE, CHAMP, ICESAT, and TerraSAR-X wereivacin orbit. Days
were selected covering all the levels of magnitude for swldrgeomagnetic activity
classifying them into seven different bins as shown in Table 2.1y ahe low,
moderate, and active for geomagnetic activity; and low, modedategted, and high

for solar activity.

Solar Activity | Solar Flux (Fi-) Gezr:t?ﬁ?fic 2‘1'& ifﬁ”eeti?)’
Low F107<75 Quiet A<10
Moderate 75< F0.7<150 Moderate 10<A,<50
Elevated 150< F0.7<190 Active 50<A,

High 190< Fo7

Table 2.1 Solar and Geomagnetic activity Bins, Ref [7, §]
Densities were estimated for all the seven bins for diffesatellites and the effect of
these varying magnitudes on atmospheric density were studiedgiVas a better

understanding of how the densities vary for a period of low, moderatéighd

38



activities. This is very important to study how the densitiehénatmosphere change
especially during increased solar activity and how the actumittes vary from the

values estimated by the existing atmospheric models.

2.8 Validation of Estimated Atmospheric Density

In order to check the accuracy of the POE estimated dexiséy
obtained through ODTK, they are compared with the density valuégederom
accelerometers on-board the satellites. The accelerodwiged density values are
considered to be the accurate values since they are diredthediérom the data
obtained from accelerometers. In this research, the correlbgmeen the POE
density estimates and the accelerometer densities are foufiddoyy the cross
correlation (CC) and root mean square (RMS) values between theranC @MS
values give the degree of correlation between the estimatedydealies and the
accelerometer density values. For satellites which do not possesierometers on
board like ICESAT and TerraSAR-X, the POE density estimatesplotted along

with the empirical model densities to observe the variation.

2.8.1 CrossCorreation (CC)

Cross correlation is a method used to determine the degree of
correlation between two different time varying quantities. His tresearch, cross
correlation coefficient was calculated for the POE densitynagts compared with

the accelerometer density and also for the Sutton accelerodestsity compared
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with Bruinsma accelerometer density. The range of crosslatorevalues is from -1
to 1. A cross correlation coefficient value near 1 indicates aehiglegree of
correlation between the data sets. If it is close to -1 the skt are negatively
correlated and a value of zero indicates no correlation.

Reference [46] gives the equation for cross correlation as féltmws
example, consider two sets of daté) and y(i) wherei=0,1,2,...N—- ‘and N
represents the number of elements in each set, then the crosstioorne between
the two sets is given as

S IOX0) - *( ¥ i- J — my]
r(d)=—=2 (2.5)

JZ(x(i)—mx)ZJZ( Wi- o) - my?

i=0

Where mx and my in the above equation are mean values for each set and d is the

delay, defined as d=0, 1,.....N-1.

2.8.2 Root Mean Square (RMS)

Like CC, RMS is another method of comparing two sets of edtimate
density values. Generally, RMS is defined as the square robe @frithmetic mean

of the squares of a set of valuesxlfis a data set for i=0,1....n, then RMS is given as

RMS:\/XEJFXSJF Xt X 2.6)
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RMS is a good method to find out the precision between two data sets
RMS values show by how much one set of data deviates from aisethd@he closer
the value of RMS to zero the better is the precision of theesaln this research we
used RMS error or RMS deviation to find out the magnitude of differémat exists

between two sets of data. X and y, are two sets of data for i=0,1,2.....n, then the

Root Mean Square Error (RMSE) is given as

RMSH x y= (2.7

The RMS values calculated for density in this research willgssssinits of 16?
kg/n.
29 Conclusion

The main objective of this research is to generate corrdctitims
atmospheric density models by using satellite POE. The metisadisto obtain and
validate POE density estimates by generating correctmtiset atmospheric models
are discussed in this chapter. Chapter 4 in this work will use ¢tieoaology in this
chapter to generate corrections to the atmospheric models. Chaptesehts the
work done on generating POE density estimates from POE data prdwdée
ICESAT and TerraSAR-X satellites which is an extensiohefwork done in Ref
[20, 21]. Chapter 3 mainly focuses on comparing two sets of aocoedter derived

densities from the CHAMP and GRACE accelerometers.
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3 Comparison of Sutton and Bruinsma Accelerometer Derived
Densitiesfor the CHAMP and GRACE Satellites

This chapter examines the accelerometer densities of CHAMP
and GRACE derived by Eric Sutton, from the University of Caloralhe densities
derived by Sutton are compared with the accelerometer derdgtiaeed by Sean
Bruinsma from CNES, Department of Terrestrial and Plan&agdesy, France. The
cross correlation and root mean square (RMS) values of both dengtiesound to
determine the proximity between Sutton derived densities and Braimderived
densities. The Bruinsma derived densities are considered asneefaralues in this

work.

Both, Bruinsma and Sutton derived the atmospheric densities
for CHAMP and GRACE using the measurements from accelersnateboard the
satellites. References [20] and [21] used the densities derivBduimsma to validate
the POE density estimates obtained in their work. The work pessenthis chapter
determines the closeness of Sutton’s densities to those of Bruilfsi@atton’s
densities are found to be well correlated with the Bruinsma desditien they can be
used as a substitute for Bruinsma’s densities in future validatibi®OE density

estimates. This also gives confidence in the use of densities from either. source

Sutton’s densities were compared to Bruinsma’s densities for
different operational days of the CHAMP and GRACE satellitesians. The days
selected for comparison cover a wide range of solar and geetitaguotivity. The

selected days were classified into seven different bins dependihg dype of solar
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and geomagnetic activity as mentioned in section 1.3.4 of Chapter 1hand t
corresponding CC and RMS average values were found. The CC andv&i#sS
obtained show the correlation of Sutton and Bruinsma derived densitielsarickip

to observe the variation of correlation for different types of satal geomagnetic
activity. A brief explanation about deriving the densities from teel@rometers of

the CHAMP and GRACE satellites is presented in the following section.

31 Derivation of Densities from Accelerometers Onboard the CHAMP
and GRACE Satellites

Both the CHAMP and GRACE satellites carry a STAR
accelerometer on board. The STAR accelerometer measuresinthefsall non-
conservative forces acting on the satellite. The forces nezhbyrthe accelerometer
are comprised of many forces like atmospheric drag, solati@uipressure (SRP),
Earth albedo radiation pressure, and infrared radiation (IR) pees&tmospheric
drag is the main force of concern here. The atmospheric densityaimed from the
accelerometer measurements by calculating the drag compangng on the
satellite, since atmospheric density is proportional to the drag.fln order to find
the drag force from the accelerometer measurements, the fotbes than
atmospheric drag have to be eliminated from the obtained measuseifieerefore,
the effects of SRP, Earth albedo, and Earth IR are removewbgling the forces to
get drag accelerations and then the atmospheric density camcokated from the

drag accelerations by modeling the drag coefficient.
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References 19, 47 and 48 explain the methods employed by
Bruinsma and Sutton to retrieve measurements from the accelersraed derive
the density values from those obtained accelerometer measusenidey also
provide the results of validation for derived accelerometer desdity comparing
them with the densities obtained from atmospheric models. The lmteeen the
compared densities ranged from 15% - 30% depending on the type of msdlar a

geomagnetic activity.

3.2  Sutton and Bruinsma Accelerometer Derived Density Comparison

The CC and RMS values between the Sutton and Bruinsma
densities for different days covering a wide range of solar aoohagnetic activity
levels were found for both CHAMP and GRACE. The CC values show the
correlation and the RMS values show the precision between two deasitysets.
Later, the selected days were classified into seven diffdri@as depending on the
solar and geomagnetic activity levels and CC and RMS values averaged for
those bins. The days selected in this work were randomly picked drgaol of
available dates for the CHAMP and GRACE missions covering various leveaof s
and geomagnetic activity and also to cover some of the days useérence 21,
which could be helpful for future work. The CC values have no units atitealRMS
values have units of ¥8kg/m®. The time series for Bruinsma and Sutton density sets
are different; therefore the Sutton density values were intégaota match the time

series for the Bruinsma density sets.
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3.21 CC and RMS Values between Sutton and Bruinsma
Accelerometer Derived Densities for Selected Days of the
CHAMP Mission

Days were selected from the years 2001-2007 consisting of all
levels of solar and geomagnetic activity for CHAMP and CC an@&R&lues were
found for those days. Tables 3.1 to 3.7 show the selected days and their

corresponding CC and RMS values along with Solar Flux and Geomagnetic indices.

Table 3.1: Selected Dates for CHAMP and corresponding CC and RMS
valuesfor theyear 2001. All RMSvalues are given in 10™ kg/m®

Year | Month | Day A Fio.7 CC RMS

2001 Jur 17 7 204.¢ | 0.99t | 0.76¢
2001 Jur 18 36 221.5 | 0.99C | 0.76¢
2001 Jur 19 12 195.4 | 0.9¢5 | 0.76i
2001 Jul 20 4 142.¢ | 0.97¢ | 0.822

2001 Jul 27 6 121.< | 0.982 | 0.82¢
2001 Jul 30 7 114.t | 0.97¢ | 0.76¢
2001 Ocl 1 48 216.5 | 0.981 | 0.71¢
2001 Ocl 2 52 200.¢ | 0.97¢ | 0.69¢
2001 Oclt 3 69 191.5 | 0.98: | 0.65¢
2001 Ocl 22 96 232.7 | 0.97% | 0.64]
2001 | Nov 5 21 234.¢ | 0.991 | 0.65¢
2001 | Nov 6 14z | 237.« | 0.972 | 0.71;
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Table 3.2: Selected Dates for CHAMP and corresponding CC and RMS
valuesfor theyear 2002. All RMSvalues are given in 10™ kg/m®

Year | Month| Day A Fio7 CC RMS

200z | Apr 15 6 203.¢ | 0.98¢ | 0.249
200z | Apr 17 62 193.¢ | 0.96: | 0.49¢
200z | Apr 19 62 179.2 | 0.93% | 0.52¢
200z | Apr 20 70 1775 | 0.962 | 0.38¢
200z | Apr 23 27 175.2 | 0.982 | 0.27¢

200z | Sey 6 7 178.1 | 0.992 | 0.28¢
200z | Sey 7 57 182.¢ | 0.991 | 0.592
200z | Sey 30 28 139.7 | 0.992 | 0.30¢4
200z | Oct 1 67 139.¢ | 0.964 | 0.491]
200z | Oct 2 53 135.¢ | 0.98¢ | 0.38(

200z | Oct 3 45 145.¢ | 0.98¢ | 0.34;
200z | Oct 23 11 163.€ | 0.99C | 0.24:

Table 3.3: Selected Dates for CHAMP and corresponding CC and RMS
valuesfor theyear 2003. All RMSvalues are given in 10™ kg/m®

Year | Month| Day A Fio7 CC RMS

200¢ Jar 7 6 163.2 | 0.987 | 0.19;
200¢ Jar 8 4 172.5 | 0.98¢ | 0.11(C
200¢ Fek 1 14 125.¢ | 0.98: | 0.21¢
200¢ Fek 2 52 126.2 | 0.96¢ | 0.326

200 | Mar 19 12 108.z | 0.97: | 0.1(8
200 | Mar 20 25 97.£ | 0.95C | 0.212
200 | May 28 34 130.z | 0.98: | 0.24
200 | May 29 10¢ | 137.¢ | 0.9¢6 | 0.28¢
200¢ | Jur 17 49 121.¢ | 0.984 | 0.21]
200 | Jur 18 60 120.«4 | 0.985 | 0.22¢
200¢ Jul 1C 7 122.¢ | 0.963 | 0.11¢
200¢ Jul 11 52 12z | 0.972 | 0.24¢
200 | Aug 17 20 119.2 | 0.9¢5 | 0.19¢
200 | Aug 20 17 111.¢ | 0.98¢ | 0.08¢
200 | Aug 21 58 119.2 | 0.9¢6 | 0.23¢
200 | Sey 16 34 99.t | 0.9€2 | 0.32]
200¢ | Oct 30 191 | 271.« | 0.656 | 0.93(
200¢ | Oct 31 11€ | 280.¢ | 0.98: | 0.69¢
200 | Nov 1 26 210.2 | 0.98¢ | 0.28¢
200 | Nov 20 15C | 170.z | 0.98¢ | 0.83¢
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Table 3.4: Selected Dates for CHAMP and corresponding CC and RMS
valuesfor theyear 2004. All RMSvalues are given in 10™ kg/m®

Year | Month| Day A Fio0.7 CcC RMS

2004 Jar 15 18 119.1 | 0.97«4 | 0.18Z
2004 Jar 16 29 120.2 | 0.98(C | 0.16¢
2004 Jul 20 8 175.2 | 0.99C | 0.17¢
2004 Jul 21 4 172.2 | 0.99] | 0.15Z
2004 Jul 26 47 12€ | 0.98]1 | 0.282
2004 Ocl 31 42 89.¢ | 0.98 | 0.221]
2004 | Nov 2 4 133.1 | 0.992 | 0.19C
2004 | Nov 3 10 135.¢ | 0.997 | 0.18¢
2004 | Nov 8 14C | 124.7 | 0.974¢ | 0.90(C
2004 | Nov 9 11¢ | 140.¢ | 0.97¢ | 0.34-

Table 3.5: Selected Dates for CHAMP and corresponding CC and RMS
valuesfor theyear 2005. All RMSvalues are given in 10™ kg/m®

Year | Month| Day A Fio0.7 CcC RMS

200¢ Jar 16 16 144.5 | 0.95] | 0.13¢
200¢ Jar 17 58 137.5 | 0.94« | 0.48¢
200¢ Jar 19 60 132.5 | 0.95¢ | 0.32¢
200¢ Jar 21 56 113.5 | 0.95¢ | 0.51

2008 | Mar 11 5 104.€ | 0.991 | 0.234
2008 | Mar 16 6 104.¢ | 0.99]1 | 0.24:
2008 | Mar 18 10 96.c | 0.98¢ | 0.27¢
2008 | Apr 4 26 84.€ | 0.982 | 0.26¢
200t | May 1C 7 119.2 | 0.98% | 0.19¢

200t | May 11 12 125.7 | 0.93z | 0.37¢
200t | May 30 90 94.¢ | 0.94, | 0.55Z
200¢ Jur 12 54 10¢ | 0.971 | 0.38]

200¢ Jur 22 6 79.5 | 0.981 | 0.211]
200¢ Jul 9 24 109.¢ | 0.98% | 0.29¢
200¢ Jul 10 57 101.¢ | 0.97Zz | 0.51
200 | Aug 23 7 106.€ | 0.99z | 0.12¢

200 | Aug 24 10z 98.c | 0.992 | 0.11¢
200¢ Sey 1C 33 11€ | 0.98¢ | 0.20(¢
200¢ Sey 11 101 | 109.: | 0.99z | 0.12¢
200¢ Ocl 25 21 73.1 | 0.981 | 0.11;
200¢ Ocl 28 5 73 0.98¢ | 0.12¢
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Table 3.6: Selected Dates for CHAMP and corresponding CC and RMS
valuesfor theyear 2006. All RMSvalues are given in 10™ kg/m®

Year | Month| Day A Fio0.7 CC RMS
200€ | Aug 2 9 72.1 | 0.987 | 0.134
200€ | Aug 3 5 71.52 | 0.991 | 0.10¢
200€ | Aug 4 2 69.€ | 0.99C | 0.08¢
200¢ | Dec 21 2 83.t | 0.98C | 0.18Z
200¢€ | Dec 22 2 83.7 | 0.98t | 0.161]
200¢ | Dec 23 16 72.7 | 0.98f | 0.15¢
200¢ | Dec 24 12 73.5 | 0.98¢ | 0.12¢

Table 3.7: Selected Dates for CHAMP and corresponding CC and RMS
valuesfor theyear 2007. All RMSvaluesare given in 10™ kg/m®

Year | Month| Day A Fio0.7 CcC RMS

2007 Sey 8 66.c | 0.99C | 0.12¢
2007 Sey 9 66.7 | 0.992 | 0.10¢
2007 Sey 10 66.¢ | 0.991 | 0.10¢
2007 Sey 11 66.1 | 0.99C | 0.16¢

6
2
2
3

In tables 3.1 to 3.7, the CC values are found to be around 0.95- 0.99
for all types of solar and geomagnetic activity for the CHAMP stdeflihis indicates
that the Sutton accelerometer densities correlated welh Mlite Bruinsma
accelerometer densities. Although the CC values exhibited a gightion between
low, moderate and high solar and geomagnetic activities, thatiwa is very small.
The days with low and moderate solar and geomagnetic actiwty 6& value
around 0.97-0.99 while the days with high and elevated solar and geomagnetic

activity have the CC value around 0.95-.97.

The RMS values are around 0.05-0.2"xkg/m® for low and

moderate solar and geomagnetic activity and are around 0.3-0°8 kgon® for
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active geomagnetic and high solar activity. The RMS values lase ¢to zero for
periods of low and moderate solar and geomagnetic activity.f@uthe periods of
active geomagnetic activity, and high and elevated solar tgctive RMS values
worsened almost doubling when compared to the low and moderate cases. This
primarily because the densities are higher. The RMS valuesiadichigh degree of
precision between the Sutton and Bruinsma densities for low and moperiaids of
solar and geomagnetic activity and a lower degree of predsidngh and elevated

levels of activity.

3.2.2 CC and RMS Values between Sutton and Bruinsma
Accelerometer Derived Densities for Selected Days of the
GRACE Mission

Days were selected from the years 2003-2007 consisting of all
levels of solar and geomagnetic activity for GRACE and CC di& Ralues were
found for those days. The tables from 3.8 to 3.12 show the selected daysiand

corresponding CC and RMS values along with solar flux and geomagnetic indices.
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Table 3.8: Selected Dates for GRACE and corresponding CC and RMS
valuesfor theyear 2003. All RMSvalues are given in 10™ kg/m®

Year | Month| Day A Fio0.7 CcC RMS

200z | May 28 34 130.z2 | 0.98« | 0.23¢
200z | May 29 10€ | 137.6 | 0.97% | 0.28(
200z Jur 17 49 121.¢ | 0.9/55 | 0.22%
200z Jul 11 52 12z | 0.98z | 0.21¢
200z | Aug 20 17 111.€ | 0.98z | 0.10¢
200z | Aug 21 58 119.2 | 0.98¢ | 0.19¢
200z Ocl 30 191 | 271.« | 0.966 | 0.68¢
200z Ocl 31 11€ | 280.¢ | 0.95¢ | 0.61(
200z | Nov 1 26 210.« | 0.96z | 0.40z2
200z | Nov 20 15C | 170.z | 0.€77 | 0.73i

Table 3.9: Selected Dates for GRACE and corresponding CC and RMS
valuesfor theyear 2004. All RMSvalues are given in 10™ kg/m®

Year | Month| Day A Fio0.7 CcC RMS

2004 Jul 20 8 175.2 | 0.97Zz | 0.30¢
2004 Jul 21 4 172.2 | 0.97¢ | 0.392
2004 Ocl 31 42 89.¢ | 0.984 | 0.21¢
2004 | Nov 8 14C | 124.7 | 0.97¢ | 0.55¢
2004 | Nov 9 11¢ | 140.¢ | 0.965 | 0.31¢
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Table 3.10: Selected Dates for GRACE and corresponding CC and RMS
valuesfor theyear 2005. All RMSvalues are given in 10™ kg/m®

Year | Month| Day A Fio0.7 CcC RMS

200¢ Jar 16 16 144.5 | 0.99C | 0.13¢
200¢ Jar 17 58 137.5 | 0.96¢ | 0.25¢4
200¢ Jar 19 60 132.5 | 0.98(C | 0.24(
200¢ Jar 21 56 113.5 | 0.98] | 0.22¢

2008 | Mar 11 5 104.€ | 0.99z | 0.13¢
2008 | Mar 18 10 96.€ | 0.98¢ | 0.15¢
200% | May 10 7 119.2 | 0.98¢ | 0.13;

200t | May 11 12 125.7 | 0.98(C | 0.12¢
200¢ Jur 12 54 10¢ | 0.977 | 0.12¢

200¢ Jul 9 24 109.¢ | 0.98z | 0.11¢
200¢ Jul 10 57 101.¢ | 0.96¢ | 0.18Z
2008 | Aug 23 7 106.€ | 0.98: | 0.141

200% | Aug 24 10z 98.c | 0.98¢ | 0.13¢
200¢ Sey 1C 33 11€ | 0.96f | 0.169
200¢ Sey 11 101 | 109.: | 0.98¢ | 0.248
200¢ Ocl 25 21 73.1 | 0.98¢ | 0.18C

Table 3.11: Selected Dates for GRACE and corresponding CC and RMS
valuesfor theyear 2006. All RMSvalues are given in 10™ kg/m®

Year | Month| Day A Fio0.7 CcC RMS

200¢ | Aug 2 72.1 | 0.€91 | 0.C99
200¢ | Aug 3 71.c2 | 0.€94 | 0.0¢1
200¢ | Aug 4 69.c¢ | 0.690 | 0.0<3
200¢ | Dec 22 83.7 | 0.683 | 0.0S0
200¢ | Dec 23 16 72.7 | 0.686 | 0.0¢6

9
5
2
2

Table 3.12: Selected Dates for GRACE and corresponding CC and RMS
valuesfor theyear 2007. All RMSvalues are given in 10™ kg/m®

Year | Month| Day A Fio0.7 CC RMS

2007 Sey 8 6 66.c | 0.695 | 0.C83
2007 Sey 9 2 66.7 | 0.9¢9 | 0.C98
2007 Sey 10 2 66.¢ | 0.9¢9 | 0.0¢6
2007 Sey 11 3 66.1 | 0.9¢8 | 0.C77
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Tables 3.8 to 3.12 show the CC and RMS values for the selecteffaaybe year
2003-2007 for GRACE. The CC and RMS values for the GRACE sateliteirailar
to those of CHAMP satellite. The CC values were found to be around00986for
all levels of solar and geomagnetic activity and the RM8eslanged between 0—
0.2 for low and moderate solar activity and geomagnetic actiwity,between 0.2—

0.7 for active, elevated, and high solar and geomagnetic activity.

For the days with high solar and geomagnetic activity the tiorrela
between the densities worsened slightly when compared with théieterier the
days of low activity. This can be seen from the CC and RMS wahixained.
Overall, these CC and RMS values indicate that the Sutton emoveter densities

correlated well with the Bruinsma accelerometer densities for GRACE

3.23 Averaged CC and RMS Values Binned According to the Type of
Solar and Geomagnetic Activity for the Selected Days

The CC and RMS values from the tables 3.1 to 3.12 are
sorted out in bins according to the type of solar and geomagnetazr@aderaged for
both CHAMP and GRACE. Tables 3.13 and 3.14 show the average CC and RMS

values for each bin separately for CHAMP and GRACE.

52



Table 3.13: Averaged CC and RM S values for the selected days of CHAMP
and GRACE missions for different levels of geomagnetic activity. All RMS
values are given in 10 kg/m®

i CHAMP GRACE
Geomagnetid Index
activity Avg
Avg CC | Avg RMS| Avg CC RMS
Quiet A <10 0.988 0.236 0.982 0.094
Moderate 10<p<50 | 0.977 0.300 0.980 0.151
Active S0< A 0.969 0.467 0.977 0.408

Table 3.14: Averaged CC and RMS values for the selected days of CHAMP
and GRACE missionsfor different levels of solar activity. All RMS values are
given in 10™ kg/m®

CHAMP GRACE
Solar Flux Index

Avg

Avg CC | AvgRMS| Avg CC RMS
Low F10.<75 0.989 0.130 0.989 0.081
Moderate | 75< k<150 0.978 0.306 0.979 0.177
Elevated | 150< R <190 | 0.979 0.319 0.980 0.312
High 190< Ro7 0.961 0.506 0.983 0.632
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Tables 3.13 and 3.14 show the averaged CC and RMS values for selgsted tiie
CHAMP and GRACE missions for different periods of solar and gebpstayg
activity. The averaged values are similar to the values obtaineadividual days for

each different level of solar and geomagnetic activity. For B6tAMP and GRACE




the values are better correlated at low and moderate period&ioaad geomagnetic
activity than the high, elevated, and active periods.
3.3 Comparison of POE Derived Density to Sutton and Bruinsma

Accelerometer Derived Densities for the CHAMP and GRACE
Satellites

Section 3.2 showed the correlation and precision between Sutton and
Bruinsma accelerometer derived densities by finding the CCRaME values for a
given set of days. In this section the CC and RMS values are fopadatdy for
POE density estimates with the Sutton and Bruinsma accelerodegisities. Later
the CC and RMS values obtained for both cases are compared tolehedkerence
between those values. The average CC and RMS values betweddDEhgeRsities
and the Bruinsma and Sutton accelerometer densities are found fousvar
atmospheric models and half-life combinations. In Ref [21] the work haslplbesn
done to find the correlation between the POE density values andrtiesrBa
accelerometer derived densities for the CHAMP satellite.e Hae correlations
between POE densities and Sutton accelerometer derived densitsé®wan for both

the CHAMP and GRACE satellites.
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3.3.1 CCand RMSValuesfor the CHAMP Satellite

Table 3.15: Average CC and RM S Values between Bruinsma Derived Accelerometer
Densities and POE Density Estimates of CHAMP for Quiet Geomagnetic Activity Period.
All RMSvalues are given in 10" kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000

Density/ballistic
Coefficient CC |[RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS

(min)

1.8-18 0.955 0.312] 0.954 0.316| 0.954 0.316| 0.945 0.477| 0.946 0.445

1.8-18 0.954 0.453| 0.953 0.457| 0.953 0.454| 0.943 0.512| 0.944 0.504
1.8 -180 0.953 0.455| 0.953 0.458| 0.952 0.458| 0.942 0.523| 0.943 0.517

18-1.8 0.958 0.311| 0.957 0.342] 0.957 0.347| 0.945 0.456| 0.946 0.444
18 -18 0.952 0.438| 0.952 0.453| 0.952 0.434| 0.939 0.461| 0.940 0.452

18 - 180 0.951 0.456| 0.950 0.457| 0.950 0.458| 0.935 0.498| 0.934 0.452
180-1.8 0.959 0.309| 0.958 0.312| 0.958 0.313| 0.944 0.452| 0.946 0.438

180 - 18 0.951 0.341| 0.950 0.378| 0.951 0.372| 0.945 0.513| 0.946 0.509
180 - 180 0.942 0.546| 0.941 0.558| 0.941 0.559| 0.938 0.589| 0.938 0.512

Table 3.16: Average CC and RMS values between Sutton Derived Accelerometer
Densities and POE Density Estimates of CHAMP for Quiet Geomagnetic Activity Period.
All RMSvalues are given in 10* kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000

Density/Ballistic

Coefficient CC |[RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
(min)

18-1.8 0.954 0.312]| 0.954 0.316 0.954 0.316| 0.945 0.477 0.946 0.445

1.8-18 0.954 0.453| 0.953 0.457 0.953 0.454| 0.943 0.512 0.944 0.504

1.8-180 0.953 0.455| 0.953 0.458 0.952 0.458| 0.942 0.523 0.943 0.517

18-1.8 0.958 0.311]| 0.957 0.342 0.957 0.347| 0.945 0.456 0.946 0.444

18 -18 0.953 0.438| 0.952 0.453 0.953 0.434| 0.939 0.560 0.940 0.512

18 - 180 0.951 0.456| 0.950 0.457 0.950 0.458| 0.935 0.49§ 0.934 0.452

180-1.8 0.959 0.309| 0.958 0.312 0.958 0.313| 0.944 0.452 0.946 0.438

180 - 18 0.951 0.341| 0.950 0.378 0.951 0.372| 0.945 0.513 0.946 0.509

180 - 180 0.942 0.546| 0.941 0.558 0.941 0.559| 0.938 0.589 0.938 0.512
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Table 3.17: Average CC and RM S Values between Bruinsma Derived Accelerometer
Densities and POE Density Estimates of CHAMP for Moderate Geomagnetic Activity
Period. All RMSvalues are given in 10™ kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/ballistic
Coefficient | CC |RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(§r3m—n)1.8 0.927 0.486| 0.926 0.489| 0.926 0.488| 0.919 0.527| 0.919 0.524
1.8-18 0.926 0.487| 0.925 0.487| 0.925 0.487| 0.918 0.537| 0.918 0.532
1.8-180 |0.919 0.491| 0.918 0.498| 0.918 0.498| 0.918 0.564| 0.919 0.561
18-1.8 0.937 0.417|0.936 0.419|0.936 0.418| 0.921 0.489| 0.923 0.482
18 -18 0.937 0.456| 0.936 0.459| 0.936 0.459| 0.917 0.512| 0.918 0.507
18 - 180 0.928 0.501| 0.928 0.509| 0.928 0.510| 0.913 0.527| 0.915 0.527
180-1.8 0.939 0.312| 0.938 0.317| 0.938 0.318| 0.927 0.414| 0.929 0.414
180 - 18 0.923 0.393| 0.922 0.393| 0.923 0.393| 0.917 0.523| 0.918 0.518
180 - 180 0.920 0.434| 0.919 0.439| 0.919 0.438| 0.901 0.536| 0.902 0.527

Table 3.18: Average CC and RMS Values between Sutton Derived Accelerometer
Densities and POE Density Estimates of CHAMP for Moderate Geomagnetic Activity
Period. All RMSvalues are given in 10™ kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/Ballistic
Coefficient | CC |RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(Egm—ni.8 0.927 0.486| 0.926 0.487| 0.926 0.488| 0.919 0.527| 0.919 0.524
1.8-18 0.925 0.487| 0.925 0.487| 0.925 0.487| 0.918 0.537| 0.918 0.532
1.8-180 0.919 0.491| 0.918 0.498| 0.918 0.498| 0.918 0.564| 0.919 0.563
18-1.8 0.937 0.417| 0.936 0.419| 0.936 0.418| 0.921 0.489| 0.923 0.482
18-18 0.937 0.456| 0.936 0.459| 0.936 0.458| 0.917 0.512| 0.918 0.507
18 — 180 0.928 0.501| 0.928 0.509| 0.928 0.510| 0.913 0.527| 0.915 0.526
180-1.8 0.939 0.312| 0.938 0.317| 0.938 0.318| 0.927 0.414| 0.929 0.414
180 - 18 0.923 0.393| 0.922 0.393| 0.923 0.393| 0.917 0.523| 0.918 0.518
180 - 180 0.919 0.434| 0.919 0.439| 0.919 0.438| 0.900 0.536| 0.902 0.529
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Table 3.19: Average CC and RMS Values between Bruinsma Derived Accelerometer
Densities and POE Density Estimates of CHAMP for Active Geomagnetic Activity
Period. All RMSvalues are given in 10™ kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/ballistic
Coefficient | CC |RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(§r3m—n)1.8 0.857 0.687| 0.857 0.689| 0.857 0.689| 0.839 0.698| 0.840 0.695
1.8-18 0.853 0.689| 0.852 0.690| 0.853 0.692| 0.824 0.701| 0.826 0.694
1.8-180 |0.852 0.692| 0.851 0.693| 0.852 0.697| 0.821 0.705| 0.821 0.698
18-1.8 0.862 0.666| 0.861 0.669| 0.861 0.671| 0.859 0.652| 0.860 0.645
18 -18 0.855 0.679| 0.855 0.679| 0.855 0.681| 0.831 0.657| 0.831 0.656
18 - 180 0.854 0.681| 0.853 0.684| 0.853 0.684| 0.828 0.661| 0.828 0.660
180-1.8 0.861 0.667| 0.860 0.668| 0.861 0.690| 0.855 0.653| 0.856 0.652
180 - 18 0.853 0.675| 0.853 0.678| 0.853 0.678| 0.842 0.659| 0.843 0.651
180 - 180 0.851 0.678| 0.850 0.679| 0.850 0.683| 0.839 0.662| 0.841 0.658

Table 3.20: Average CC and RMS Values between Sutton Derived Accelerometer
Densities and POE Density Estimates of CHAMP for Active Geomagnetic Activity
Period. All RMSvalues are given in 10™ kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/Ballistic
Coefficient | cC |RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(Egm—n3..8 0.857 0.687| 0.857 0.689| 0.857 0.689| 0.839 0.698| 0.840 0.695
1.8-18 0.853 0.689| 0.852 0.690| 0.853 0.692| 0.824 0.701| 0.826 0.698
1.8-180 0.851 0.692| 0.851 0.693| 0.851 0.697| 0.821 0.705| 0.821 0.698
18-1.8 0.862 0.666| 0.861 0.669| 0.861 0.671| 0.859 0.652| 0.860 0.645
18-18 0.855 0.679| 0.855 0.679| 0.855 0.681| 0.831 0.657| 0.831 0.656
18 — 180 0.854 0.681| 0.853 0.684| 0.853 0.684| 0.828 0.661| 0.828 0.660
180-1.8 0.861 0.667| 0.860 0.668| 0.861 0.690| 0.855 0.653| 0.856 0.652
180 — 18 0.853 0.675| 0.853 0.678| 0.853 0.678| 0.843 0.657| 0.843 0.651
180 - 180 0.851 0.678| 0.850 0.679| 0.850 0.683| 0.839 0.662| 0.841 0.658
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Table 3.21: Average CC and RMS Values between Bruinsma Derived Accelerometer
Densities and POE Density Estimates of CHAMP for Low Solar Activity Period. All RMS
values are given in 10*? kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/ballistic
Coefficient | CC |RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(E;m—n)1.8 0.944 0.213| 0.944 0.213| 0.943 0.216| 0.939 0.285| 0.939 0.285
1.8-18 0.942 0.222| 0.941 0.224| 0.942 0.226| 0.932 0.298| 0.933 0.298
1.8-180 0.941 0.231| 0.941 0.234| 0.941 0.232| 0.931 0.300| 0.931 0.300
18-1.8 0.956 0.206| 0.956 0.207| 0.955 0.207| 0.942 0.274| 0.943 0.272
18 -18 0.943 0.217| 0.943 0.218| 0.943 0.219| 0.936 0.289| 0.936 0.286
18 -180 0.942 0.229| 0.941 0.229| 0.942 0.229| 0.935 0.292| 0.935 0.291
180-1.8 0.959 0.199| 0.959 0.201| 0.959 0.202| 0.946 0.271]| 0.946 0.270
180 -18 0.942 0.208| 0.942 0.209| 0.941 0.209| 0.941 0.278| 0.941 0.274
180 - 180 0.939 0.211| 0.939 0.213| 0.938 0.216| 0.934 0.283| 0.936 0.279
Table 3.22: Average CC and RMS Values between Sutton Derived Accelerometer

Densitiesand POE Density Estimates of CHAMP for Low Solar Activity Period. All RMS
values are given in 10* kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - | NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/Ballistic
Coefficient | cC | RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(;3m—ni.8 0.945 0.213]0.944 0.213]0.943 0.216] 0.939 0.285] 0.939 0.285
1.8-18 | 0.942 0.222| 0.941 0.224| 0.942 0.226| 0.932 0.298| 0.933 0.298
1.8-180 |0.941 0.231|0.941 0.234|0.941 0.232| 0.931 0.299| 0.931 0.296
18-1.8 | 0.956 0.206| 0.956 0.206| 0.955 0.207| 0.943 0.274| 0.943 0.272
18 -18 0.943 0.217]0.944 0.218]0.943 0.219| 0.936 0.289| 0.936 0.286
18-180 | 0.942 0.229|0.941 0.229|0.942 0.229| 0.935 0.292| 0.935 0.291
180-1.8 |0.959 0.199(0.959 0.201|0.959 0.202| 0.946 0.271| 0.946 0.270
180-18 | 0.942 0.208| 0.942 0.209| 0.941 0.209( 0.941 0.278| 0.941 0.274
180-180 |0.939 0.211|0.938 0.213| 0.938 0.216| 0.934 0.283| 0.936 0.279
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Table 3.23: Average CC and RM S Values between Bruinsma Derived Accelerometer
Densities and POE Density Estimates of CHAMP for Moder ate Solar Activity Period. All
RMS values are given in 10™ kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - | NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/ballistic
Coefficient | CC |RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(z;m—n)1.8 0.937 0.342] 0.937 0.346 | 0.937 0.344]0.929 0.378]0.929 0.374
1.8-18 [0.931 0.352|0.931 0.358|0.931 0.357|0.924 0.387|0.925 0.385
1.8-180 |0.928 0.387|0.927 0.388|0.927 0.392| 0.920 0.393| 0.923 0.389
18-1.8 [0.939 0.339|0.937 0.341|0.939 0.341|0.931 0.369| 0.932 0.368
18-18 [ 0.936 0.343|0.936 0.345|0.936 0.344|0.928 0.372| 0.928 0.366
18 -180 | 0.933 0.368| 0.932 0.368|0.932 0.371| 0.922 0.381| 0.923 0.380
180-1.8 |0.941 0.324|0.941 0.328|0.940 0.327|0.935 0.359| 0.935 0.357
180-18 |0.935 0.336| 0.934 0.336|0.935 0.337| 0.923 0.360| 0.926 0.359
180-180 |0.934 0.359| 0.933 0.362| 0.933 0.363| 0.919 0.377| 0.921 0.363

Table 3.24: Average CC and RMS Values between Sutton Derived Accelerometer
Densities and POE Density Estimates of CHAMP for Moder ate Solar Activity Period. All
RMS values are given in 10™ kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - | NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/Ballistic
Coefficient | cC | RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(gn—ni.8 0.937 0.342]0.937 0.346] 0.937 0.345] 0.929 0.378]0.929 0.374
1.8-18 |0.931 0.351| 0.931 0.358| 0.931 0.357|0.924 0.387|0.925 0.384
1.8-180 |0.928 0.387|0.927 0.388|0.927 0.392| 0.920 0.393| 0.923 0.389
18-1.8 |0.938 0.339| 0.937 0.341| 0.939 0.341| 0.931 0.369| 0.932 0.368
18 -18 0.936 0.342|0.937 0.345| 0.936 0.344|0.928 0.372| 0.928 0.366
18-180 | 0.933 0.368|0.932 0.368( 0.933 0.371| 0.922 0.381| 0.923 0.380
180-1.8 |0.941 0.324|0.941 0.328|0.940 0.327|0.935 0.359| 0.935 0.357
180-18 | 0.934 0.336|0.935 0.337(0.935 0.337|0.922 0.360| 0.926 0.357
180-180 | 0.934 0.359| 0.933 0.362| 0.933 0.363| 0.919 0.377| 0.920 0.363
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Table 3.25: Average CC and RMS Values between Bruinsma Derived Accelerometer
Densities and POE Density Estimates of CHAMP for Elevated Solar Activity Period. All
RMS values are given in 10™ kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - | NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/ballistic
Coefficient | CC |RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(z;m—n)1.8 0.911 0.542|0.911 0.546|0.910 0.544]0.901 0.556| 0.901 0.552
1.8-18 |0.909 0.578|0.907 0.586|0.908 0.588| 0.898 0.598| 0.899 0.592
1.8-180 |0.907 0.610| 0.906 0.625|0.906 0.627|0.895 0.659| 0.898 0.647
18-1.8 |0.928 0.534|0.928 0.538|0.928 0.537|0.919 0.542| 0.920 0.543
18-18 [ 0.927 0.541|0.927 0.556 | 0.926 0.557|0.916 0.556|0.917 0.555
18-180 |0.921 0.558| 0.920 0.561|0.920 0.559| 0.909 0.588| 0.911 0.583
180-1.8 |0.927 0.525|0.926 0.525|0.926 0.525| 0.913 0.549| 0.913 0.535
180-18 |0.916 0.532| 0.915 0.533|0.916 0.536|0.910 0.595| 0.911 0.593
180-180 |0.914 0.533|0.913 0.535| 0.913 0.537| 0.900 0.607| 0.901 0.598

Table 3.26: Average CC and RMS Values between Sutton Derived Accelerometer
Densities and POE Density Estimates of CHAMP for Elevated Solar Activity Period. All
RMS values are given in 10™ kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - | NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/Ballistic
Coefficient | cC | RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(;3m—ni.8 0.911 0.542]0.910 0.546]0.910 0.544]0.901 0.556| 0.901 0.552
1.8-18 | 0.909 0.578| 0.907 0.586| 0.908 0.588| 0.898 0.598| 0.899 0.592
1.8-180 |0.907 0.610| 0.906 0.625|0.906 0.627|0.895 0.659| 0.898 0.648
18-1.8 |0.928 0.534| 0.928 0.538| 0.928 0.537| 0.919 0.542| 0.920 0.543
18 -18 0.927 0.541|0.927 0.556| 0.926 0.557|0.916 0.556| 0.917 0.555
18-180 | 0.921 0.558|0.920 0.561|0.920 0.559| 0.909 0.588| 0.911 0.583
180-1.8 |0.927 0.525|0.926 0.525|0.926 0.525| 0.912 0.549| 0.913 0.535
180-18 | 0.916 0.532|0.915 0.533| 0.916 0.536| 0.910 0.595| 0.911 0.593
180-180 |0.915 0.533|0.913 0.535| 0.914 0.537| 0.900 0.607| 0.901 0.599
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Table 3.27 : Average CC and RM S Values between Bruinsma Derived Accelerometer
Densities and POE Density Estimates of CHAMP for High Solar Activity Period. All
RMS values are given in 10* kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - | NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/ballistic
Coefficient | CC |RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(z;m—n)1.8 0.903 0.873]0.902 0.873|0.900 0.879| 0.888 0.884|0.899 0.884
1.8-18 |0.897 0.885|0.896 0.886|0.896 0.888| 0.884 0.896| 0.889 0.888
1.8-180 |0.894 0.902| 0.892 0.899|0.892 0.901| 0.879 0.925| 0.881 0.920
18-1.8 |0.910 0.864|0.908 0.865|0.908 0.874| 0.908 0.885| 0.909 0.878
18—-18 | 0.906 0.879| 0.905 0.881|0.905 0.887|0.896 0.895| 0.898 0.894
18-180 |0.898 0.888| 0.898 0.892|0.897 0.898| 0.893 0.909| 0.893 0.907
180-1.8 |0.909 0.845|0.904 0.848|0.904 0.845| 0.905 0.889| 0.906 0.884
180-18 | 0.905 0.865| 0.905 0.875|0.904 0.873| 0.892 0.899| 0.894 0.889
180-180 |0.897 0.872| 0.895 0.874| 0.895 0.879| 0.891 0.904| 0.893 0.900

Table 3.28: Average CC and RMS Values between Sutton Derived Accelerometer
Densities and POE Density Estimates of CHAMP for High Solar Activity Period. All
RMS values are given in 10" kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/Ballistic
Coi]ffiirt]:;ent CC |RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(8—1.8 0.903 0.873| 0.902 0.873| 0.903 0.879] 0.888 0.884| 0.899 0.887
1.8-18 0.897 0.885| 0.896 0.886| 0.896 0.888| 0.884 0.896| 0.889 0.888
1.8-180 |0.894 0.901|0.892 0.899| 0.892 0.901| 0.879 0.925| 0.881 0.920
18-1.8 0.910 0.864| 0.908 0.865| 0.908 0.874| 0.908 0.885| 0.909 0.878
18— 18 0.906 0.879|0.905 0.881| 0.905 0.887| 0.896 0.895| 0.898 0.894
18-180 | 0.898 0.888| 0.898 0.892| 0.897 0.898| 0.893 0.909| 0.893 0.907
180-1.8 | 0.909 0.844|0.904 0.848| 0.904 0.845| 0.905 0.889| 0.906 0.884
180-18 | 0.906 0.865| 0.905 0.875| 0.904 0.873| 0.892 0.899| 0.895 0.889
180-180 | 0.897 0.872| 0.895 0.874| 0.896 0.879| 0.891 0.904| 0.893 0.901
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3.3.2 Summary of the Comparison of POE Derived Density to Sutton and
Bruinsma Accelerometer Derived Densitiesfor CHAMP

Tables 3.15 to 3.30 show the CC and RMS values between
the POE density estimates and the Sutton and Bruinsma acceralassities for
CHAMP. The Sutton and Bruinsma accelerometer densities hauarst€ and RMS
values with the POE density estimates. This indicates thaSukten accelerometer
densities are similar to the Bruinsma densities for CHABIRIlte. The CC and RMS
values for the Jacchia family models are similar with tHRAC72 model performing
the best. The CC and RMS values for the MSIS family modelslagesimilar with
the NRLMSISE-00 model performing the best. The Jacchia famalgels have better

CC and RMS values than the MSIS family models.

The density and ballistic half-life combinations of 180-1.8
min and 18-1.8 min yielded the best CC and RMS values for all salagesomagnetic
activity levels. Also, the CC and RMS values wéstdter for the days with low and
moderate solar and geomagnetic days than for the active and hggidayCC values
ranged around 0.89-0.95 and RMS values around 0.1-0'8xt0n?® for all levels of
solar and geomagnetic activity. Hence, the Sutton and Bruinsma racceier

densities are proven to be similar based on these CC and RMS values for CHAMP.
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3.3.3 CC and RMSvaluesfor the GRACE Satellite

Table 3.29: Average CC and RM S Values between Bruinsma Derived Accelerometer
Densities and POE Density Estimates of GRACE for Quiet Geomagnetic Activity Period.
All RMSvalues are given in 10" kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/ballistic
Coeff_icient CC |[RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(£;m—n?1.8 0.954 0.177| 0.952 0.179| 0.951 0.181| 0.944 0.199| 0.948 0.199
1.8-18 0.951 0.181| 0.951 0.183| 0.952 0.185| 0.941 0.201| 0.945 0.200
1.8-180 |0.950 0.198| 0.950 0.199| 0.951 0.203| 0.933 0.203| 0.937 0.200
18-1.8 0.958 0.171| 0.957 0.176| 0.958 0.181| 0.946 0.195| 0.948 0.191
18 -18 0.949 0.176| 0.949 0.176| 0.945 0.189| 0.941 0.206| 0.945 0.201
18 - 180 0.948 0.187| 0.947 0.189| 0.941 0.189| 0.935 0.208| 0.941 0.207
180-1.8 |0.959 0.169| 0.957 0.171| 0.956 0.187| 0.948 0.193| 0.951 0.189
180 - 18 0.942 0.184| 0.941 0.193| 0.941 0.198| 0.937 0.201| 0.938 0.195
180-180 | 0.933 0.187| 0.932 0.188| 0.932 0.199| 0.938 0.202| 0.939 0.199

Table 3.30: Average CC and

RMS Values between Sutton Derived Accelerometer
Densities and POE Density Estimates of GRACE for Quiet Geomagnetic Activity Period.
All RMSvalues are given in 10*? kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/Ballistic
Coefficient CC |[RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(fr3n|—m1.8 0.954 0.177|0.952 0.179 0.951 0.181| 0.943 0.199 0.948 0.199
1.8-18 0.951 0.181|0.951 0.183 0.952 0.185| 0.941 0.201 0.945 0.200
1.8-180 0.951 0.198| 0.950 0.199 0.951 0.203| 0.933 0.203 0.937 0.200
18-1.8 0.958 0.171|0.957 0.176 0.958 0.181| 0.943 0.195 0.947 0.191
18-18 0.949 0.176|0.948 0.176 0.945 0.189| 0.941 0.206 0.945 0.201
18 - 180 0.947 0.187|0.947 0.189 0.941 0.189| 0.935 0.208 0.941 0.206
180-1.8 0.959 0.169| 0.957 0.171 0.956 0.187| 0.948 0.193 0.951 0.189
180 - 18 0.942 0.183| 0.941 0.193 0.940 0.198| 0.937 0.201 0.939 0.195
180 - 180 0.933 0.187| 0.932 0.188 0.932 0.199| 0.938 0.202 0.939 0.199
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Table 3.31: Average CC and RMS Values between Bruinsma Derived Accelerometer
Densities and POE Density Estimates of GRACE for Moderate Geomagnetic Activity
Period. All RMSvalues are given in 10™ kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/ballistic
Coefficient | CC |RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(E;m—n)1.8 0.911 0.216| 0.909 0.219| 0.908 0.219| 0.901 0.277| 0.902 0.277
1.8-18 0.906 0.219| 0.905 0.220| 0.905 0.220| 0.899 0.278| 0.901 0.277
1.8-180 0.905 0.221| 0.905 0.226| 0.904 0.224| 0.898 0.281| 0.899 0.281
18-1.8 0.918 0.212| 0.918 0.213| 0.917 0.214| 0.910 0.269| 0.912 0.267
18 -18 0.914 0.217| 0.912 0.217| 0.912 0.218| 0.903 0.273| 0.906 0.272
18 -180 0.913 0.219| 0.911 0.219]| 0.911 0.221| 0.900 0.276| 0.906 0.274
180-1.8 0.928 0.201| 0.927 0.203| 0.927 0.205| 0.917 0.265| 0.919 0.264
180 -18 0.924 0.209| 0.921 0.210| 0.922 0.211| 0.916 0.263| 0.916 0.262
180 - 180 0.918 0.216| 0.917 0.216| 0.916 0.219| 0.911 0.256| 0.913 0.254
Table 3.32: Average CC and RMS Values between Sutton Derived Accelerometer

Densities and POE Density Estimates of GRACE for Moderate Geomagnetic Activity
Period. All RMSvalues are given in 10™ kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - | NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/Ballistic
Coefficient | cC | RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(;3m—ni.8 0.910 0.216]0.909 0.219]0.908 0.219] 0.901 0.277]0.902 0.277
1.8-18 | 0.906 0.219| 0.906 0.220| 0.905 0.220| 0.899 0.278| 0.901 0.276
1.8-180 |0.905 0.221|0.905 0.226|0.904 0.224|0.899 0.281| 0.899 0.281
18-1.8 |0.918 0.212| 0.918 0.213| 0.917 0.214| 0.910 0.269| 0.912 0.267
18 -18 0.914 0.217]0.912 0.217|0.912 0.218| 0.903 0.273| 0.906 0.272
18-180 | 0.912 0.219| 0.911 0.219| 0.911 0.221| 0.900 0.276| 0.906 0.274
180-1.8 |0.928 0.201| 0.927 0.203| 0.927 0.205| 0.917 0.265| 0.919 0.264
180-18 | 0.924 0.209|0.921 0.210(0.922 0.211| 0.916 0.263| 0.916 0.262
180-180 |0.918 0.216|0.918 0.216| 0.916 0.219| 0.911 0.256| 0.913 0.253
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Table 3.33: Average CC and RMS Values between Bruinsma Derived Accelerometer
Densities and POE Density Estimates of GRACE for Active Geomagnetic Activity
Period. All RMS values are given in 10* kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - | NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/ballistic
Coefficient | CC |RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(z;n I—n)1.8 0.887 0.477|0.886 0.479|0.886 0.479|0.863 0.484]0.865 0.482
1.8-18 |0.882 0.479|0.882 0.482|0.881 0.482| 0.852 0.488| 0.863 0.486
1.8-180 |0.879 0.481|0.878 0.483|0.878 0.483| 0.851 0.495| 0.862 0.494
18-1.8 |0.891 0.475|0.889 0.478|0.890 0.478| 0.873 0.479| 0.874 0.477
18-18 | 0.885 0.476|0.884 0.479|0.885 0.479| 0.869 0.481| 0.876 0.477
18-180 |0.882 0.478| 0.881 0.479|0.880 0.482| 0.867 0.485| 0.869 0.479
180-1.8 |0.904 0.467|0.904 0.470|0.904 0.470| 0.881 0.473| 0.879 0.471
180-18 |0.893 0.471|0.892 0.474|0.891 0.478| 0.878 0.475| 0.881 0.474
180-180 |0.892 0.474| 0.891 0.479|0.890 0.483| 0.872 0.483| 0.872 0.479

Table 3.34: Average CC and RMS Values between Sutton Derived Accelerometer
Densities and POE Density Estimates of GRACE for Active Geomagnetic Activity
Period. All RMSvalues are given in 10™ kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - | NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/Ballistic
Coefficient | cC | RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(;; I—ni.s 0.887 0.477]0.886 0.479]0.886 0.479|0.864 0.484|0.865 0.482
1.8-18 | 0.882 0.478| 0.882 0.482| 0.881 0.482| 0.852 0.488| 0.863 0.486
1.8-180 |0.879 0.481|0.878 0.483| 0.878 0.483| 0.851 0.495| 0.862 0.494
18-1.8 | 0.891 0.475|0.889 0.478| 0.890 0.478| 0.874 0.479| 0.874 0.477
18 -18 0.885 0.476|0.884 0.479|0.885 0.479| 0.869 0.481| 0.876 0.477
18-180 | 0.882 0.478|0.881 0.479|0.880 0.482| 0.867 0.485| 0.869 0.479
180-1.8 |0.904 0.467|0.904 0.470|0.904 0.470| 0.881 0.473|0.879 0.471
180-18 | 0.893 0.471| 0.892 0.474|0.893 0.477(0.878 0.475|0.881 0.474
180-180 | 0.893 0.474|0.891 0.479|0.890 0.483| 0.872 0.482| 0.872 0.479
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Table 3.35: Average CC and RMS Values between Bruinsma Derived Accelerometer
Densities and POE Density Estimates of GRACE for Low Solar Activity Period. All RMS
values are given in 10*? kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - | NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/ballistic
Coefficient | CC |RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(z;m—n)1.8 0.952 0.203] 0.951 0.203]0.951 0.203] 0.949 0.265 0.950 0.265
1.8-18 [0.951 0.208| 0.950 0.207|0.951 0.209| 0.946 0.273 0.948 0.272
1.8-180 |0.949 0.212] 0.948 0.218|0.948 0.222| 0.943 0.280 0.943 0.280
18-1.8 |0.956 0.185|0.955 0.188|0.955 0.187|0.952 0.254 0.954 0.253
18-18 | 0.953 0.197|0.952 0.199|0.952 0.198| 0.948 0.245 0.949 0.244
18-180 | 0.947 0.201| 0.946 0.202|0.945 0.206| 0.944 0.242 0.945 0.242
180-1.8 |0.961 0.179|0.960 0.182|0.960 0.185| 0.956 0.251 0.959 0.249
180-18 |0.957 0.182|0.956 0.184|0.956 0.184|0.952 0.25§ 0.953 0.257
180-180 |0.954 0.191| 0.953 0.194|0.952 0.194| 0.947 0.263 0.948 0.256

Table 3.36: Average CC and RMS Values between Sutton Derived Accelerometer
Densities and POE Density Estimates of GRACE for Low Solar Activity Period. All RMS
values are given in 10*? kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - | NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/Ballistic
Coefficient | cC | RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(g1l—ni.8 0.953 0.203] 0.951 0.203] 0.951 0.204| 0.949 0.265| 0.950 0.265
1.8-18 | 0.951 0.208| 0.950 0.207| 0.951 0.209| 0.946 0.273| 0.949 0.272
1.8-180 |0.949 0.212|0.948 0.218|0.948 0.222| 0.943 0.280| 0.943 0.280
18-1.8 |0.956 0.185| 0.955 0.188| 0.955 0.188| 0.952 0.254| 0.954 0.253
18 -18 0.953 0.197|0.951 0.199| 0.952 0.198| 0.948 0.245| 0.949 0.244
18-180 | 0.947 0.201|0.946 0.202| 0.945 0.206| 0.944 0.242| 0.945 0.242
180-1.8 |0.961 0.179|0.960 0.182|0.960 0.185| 0.955 0.251| 0.959 0.249
180-18 | 0.957 0.181|0.956 0.184|0.956 0.184|0.952 0.258| 0.953 0.257
180-180 | 0.954 0.191|0.953 0.194| 0.952 0.194| 0.947 0.263| 0.948 0.256
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Table 3.37 : Average CC and RMS Values between Bruinsma Derived Accelerometer
Densities and POE Density Estimates of GRACE for Moderate Solar Activity Period. All
RMS values are given in 10™ kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - | NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/ballistic
Coefficient | CC |RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(z;m—n)1.8 0.937 0.341]0.936 0.342]0.936 0.344]0.919 0.368] 0.921 0.363
1.8-18 [0.935 0.352|0.935 0.355|0.934 0.354| 0.913 0.375| 0.917 0.368
1.8-180 |0.931 0.354]0.931 0.353|0.930 0.353| 0.908 0.383| 0.911 0.374
18-1.8 |0.942 0.336]0.941 0.338|0.942 0.338| 0.931 0.359| 0.933 0.358
18—-18 | 0.938 0.338| 0.937 0.339|0.936 0.339| 0.928 0.353| 0.928 0.359
18 -180 | 0.933 0.343| 0.932 0.344|0.932 0.346| 0.925 0.351| 0.926 0.363
180-1.8 |0.948 0.314]0.947 0.318|0.948 0.317|0.940 0.349| 0.941 0.344
180-18 | 0.944 0.326|0.944 0.326|0.944 0.327| 0.933 0.350| 0.934 0.349
180-180 |0.941 0.334| 0.940 0.337|0.939 0.338| 0.931 0.352| 0.935 0.351

Table 3.38: Average CC and RMS Values between Sutton Derived Accelerometer
Densities and POE Density Estimates of GRACE for Moderate Solar Activity Period. All
RMS values are given in 10™ kg/m®

Half Life CIRA - Jacchia - Jacchia - MSISE - | NRLMSISE-
Combinations 1972 1971 Roberts 1990 2000
Density/Ballistic
Coefficient | cC | RMS| CC | RMS| CC |RMS| CC | RMS| CC | RMS
1.(;3m—ni.8 0.937 0.341]0.936 0.342]0.936 0.344]0.919 0.368] 0.921 0.363
1.8-18 |0.936 0.352| 0.935 0.355| 0.934 0.354| 0.913 0.375| 0.917 0.368
1.8-180 |0.931 0.354|0.931 0.353| 0.930 0.353| 0.908 0.383| 0.911 0.374
18-1.8 | 0.942 0.335| 0.941 0.338| 0.942 0.338| 0.931 0.359| 0.933 0.358
18 -18 0.938 0.338| 0.937 0.339] 0.936 0.339| 0.928 0.353| 0.928 0.359
18-180 | 0.933 0.343|0.931 0.344|0.932 0.346| 0.925 0.351| 0.926 0.363
180-1.8 | 0.949 0.314|0.947 0.318|0.948 0.317(0.940 0.349|0.941 0.344
180-18 | 0.944 0.326|0.944 0.326|0.944 0.327|0.933 0.350| 0.934 0.349
180-180 |0.941 0.334|0.940 0.337|0.939 0.338| 0.931 0.352| 0.937 0.351
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3.3.4 Summary of the Comparison of POE Derived Density to Sutton and
Bruinsma Accelerometer Derived Densitiesfor GRACE

Tables 3.31 to 3.38 show the CC and RMS values between the POE
density estimates and the Bruinsma and Sutton accelerometeredefmsitGRACE.
The CC and RMS values between the POE density estimates @ndrBa densities
and Sutton densities are nearly the same for all solar andageetrc activity levels
considered and also for all different combinations of density andoB@lated half-
lives. However, the correlation worsened slightly with increaséhe intensity of
geomagnetic activity level. GRACE doesn’'t have any POR datilable for high

and elevated solar activity levels.

The Jacchia family POE density estimates showed betteéaticorre
when compared with the MSIS family POE density estimates. gntba Jacchia
family models, the CIRA-72 POE density estimates showed bmdteglation with
the accelerometer densities than the Jacchia-71 and JacchiasRBOE density
estimates. For the MSIS family models, the NRLMSISE-00 PQisitjeestimates
correlated better with the accelerometer densities than BKBA90 POE density
estimates. POE density estimates from the Jacchia farnityodels were proven to
have better correlation with the accelerometer densities thaa troa the MSIS

family.

The POE density estimates correlated well with Bruinsmauétiod S
accelerometer densities for higher density half-life of 180anuhfor lower BC half-

life of 1.8 min. The POE density estimates of atmospheric mod#isdensity and
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ballistic coefficient correlated half life combinations of 180-1.8 stiowed the best
correlation. Hence, the Sutton and Bruinsma accelerometer dem@séi@roven to be

similar based on the CC and RMS values for GRACE.

34 Conclusion

The purpose of this chapter is to determine the proximity between
Bruinsma and Sutton densities derived from the accelerometers mhthe&CHAMP
and GRACE satellites. The correlation between these twot@sngras found by
calculating the CC values and the precision between these tsvofsgensities was
found by determining the RMS values. The CC values indicate ra dagelation
between both the sets of values, while the RMS values showed highee ddg
precision at low and moderate periods of solar and geomagnetityatitan the

periods of active and high geomagnetic and solar activity.

The CIRA-72 POE densities from the Jacchia family of atmiaspher
models and the NRLMSISE-00 POE densities from the MSIS faofilynodels
proved to have better correlation with the Sutton and Bruinsma denégitso, the
POE density estimates obtained using density and ballistidaeetfcorrelated half
life combinations of 18-1.8 min, and 180-1.8 min showed the best correlation wi
accelerometer densities. The overall CC and RMS results obfaioeed the high
level of proximity between the Sutton and Bruinsma accelerordetared densities.
Therefore, Sutton accelerometer derived densities can be ceasifteruse as a

substitute for Bruinsma accelerometer derived densities in future work.
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4, Examination of POE Density Estimates for ICESat and
TerraSAR-X

This chapter examines the POE density estimates obtained using

CIRA-72, and NRLMSISE-00 as baseline density models for the CHABHFACE,
ICESat, and TerraSAR-X satellites. The main purpose of thistehs to study the
behavior of POE density estimates from the ICESat and TerraSA&ellites by
comparing them with the POE density estimates from the CHAM® GRACE
satellites, which possess accelerometers on board. Unlike CHRARSRACE, the
ICESat and TerraSAR-X satellites do not carry on-board a@arekters, so finding
the correlation of POE density estimates with accelerondetesities is not possible
in the case of ICESat and TerraSAR-X. Therefore, the PORtyl@ssimates for all
four satellites are plotted and the variations in density estsmate studied from
those plots. By observing trends in the plots, the behavior and variatiBOBf
density estimates from the ICESat and TerraSAR-X datelire studied and checked
to see whether they follow a similar trend as the CHAMP and@R satellites.
Also, the POE density estimates are compared with the valoestfre Jacchia-71
empirical model. Ref [20], [21], [25] and [49] are used as referior the work

done on CHAMP and GRACE in this chapter.

The estimated POE densities are examined for various Solareanth@netic
activity levels, various density and ballistic coefficient catedl half-lives, and both
CIRA-72 and NRLMSISE-00 as baseline models. The POE densigessimated

for all combinations of 1.8 min, 18 min, and 180 min of density and ballistic
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coefficient half-lives. The subsequent sections in this chapter shdwexplain the

variations in plots for each different case and describe the observed variation.

4.1 Examination of POE Density Estimates for different periods of
Solar and Geomagnetic Activity

This section describes the variation in POE estimated
densities for various levels of solar and geomagnetic activity.cbhgarison plots
are observed to study the variation in density estimates obtaoredtfe atmospheric

models CIRA-72, and NRLMSISE-00.

4.1.1 Low Solar and Quiet Geomagnetic Activity

The days of low solar activity coupled with quiet geomagnetiviactiilo not cause
much variation in the atmospheric density. From the year 2001 to 2008l af
fifteen days with low solar activity (5<75) and quiet geomagnetic activity (Ap<10)
were selected and POE density estimates were obtained usin@IR#&e72,

NRLMSISE-00 models along with the densities from Jacchia-71 model.
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Table 4.1: Selected Days with Low Solar and Quiet Geomagnetic
Activity.

Vear Month Day A Fio7
2005 Oct 28 5 73.1
2005 Oct 29 3 74.1
2006 Oct 26 2 71.9
2007 Apr 08 3 71.1
2007 Oct 09 1 68.7
2007 Oct 28 7 67.5
2007 Nov 02 2 67.9
2007 Nov 04 4 67.7
2008 Feb 20 6 70.9
2008 Feb 25 4 71.4
2008 Mar 02 9 69.2
2008 Mar 16 6 70.3
2008 Mar 20 8 68.4
2008 Oct 05 4 67.4
2008 Oct 17 2 70
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Figure4.1 POE density estimatesof CHAMP, GRACE, |CESat and TerraSAR-X on
October 17, 2008.

Fig 4.1 shows the variation in POE density estimates for Octob&003, which is
chosen as a representative day for the fifteen days examitietbw solar and quiet
geomagnetic activity. All fifteen days selected showed resithilar to Fig 4.1. The
plots of the CHAMP and GRACE satellites show that the CIRA-QE Rlensity
estimates correlate better with the accelerometer densitgen the NRLMSISE-00
POE density estimates. Accelerometer densities correlatest with the Jacchia-71

model densities thus showing the difference between actual medsty values and
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the corrected model density values estimated using POE datdadti@a-71 model
densities are higher than POE density estimates foatellites except ICESat, where
it is low. This difference may be either due to the source &SKI POE data
obtained, which is different from the source of CHAMP, GRACE, andaB&R-X
POE data or it could be due to the difference in the ICESatambigeometry. The
ICESat and TerraSAR-X showed variations in POE density essmsitilar to

CHAMP and GRACE for days of low solar and quiet geomagnetic activity.

4.1.2 Moderate Geomagnetic Activity

Moderate Geomagnetic Activity corresponds to the days having Ap witene
10<Ap<50. The variation in atmospheric density is expected to be someighat
for the moderate period than for quiet geomagnetic activity. A ¢btan days from
the years 2001-2008 with moderate geomagnetic activity weretestland POE

density estimates were obtained for those days.

Table 4.2: Selected Dayswith Moder ate Geomagnetic Activity

Year Month Day A

2004 Mar 01 21
2005 Jun 04 22
2006 Nov 25 15
2007 Apr 01 29
2007 Oct 03 12

2007 Oct 18 17
2008 Feb 28 23
2008 Mar 09 30
2008 Mar 14 16
2008 Oct 11 34
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Figure4.2 POE densty estimates of CHAMP, GRACE, ICESat and TerraSAR-X on
October 3, 2007

Fig 4.2 shows the variation in POE density estimates for Octol#603, which is
chosen as a representative day for all ten days examinednattrate geomagnetic
activity. All ten days selected showed results similar todEg Similar to the case of
guiet geomagnetic activity, the CIRA-72 POE density estimada®late better with

the accelerometer densities for the CHAMP and GRACE getellFor all four
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satellites, the NRLMSISE-00 POE density estimates are high&alue than the
CIRA-72 POE density estimates. The Jacchia-71 model densigeagain higher
than POE density estimates for CHAMP, GRACE, and TerraSAatXllites and are
lower for ICESat. The overall correlation between density vamsened slightly
for days with moderate geomagnetic activity when compared wigs dé quiet
geomagnetic activity. ICESat, CHAMP, GRACE, and TerraSARagwsed similar

trends in the variation of POE density estimates for moderate geomaaptiiiy .

4.1.3 Active Geomagnetic Activity

The days having Aindex more than 50 (#50) are the days of Active Geomagnetic
activity. The atmospheric density varies highly during the periofisactive
geomagnetic activity. Five days with active geomagnetigigcfrom the years 2001
to 2008 are selected and POE density estimates are obtainedserdays. Very few
days experienced active geomagnetic activity from the2@@t to 2008. TerraSAR-

X operational life does not have any days with active geomagnetic activity.

Table 4.3: Selected Dayswith Active Geomagnetic Activity

Year Month Day A
2003 Nov 11 61
2003 Nov 13 52
2004 Nov 08 140
2005 May 30 90
2005 Jun 12 54
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Figure4.3 POE densty estimates of CHAMP, GRACE, ICESat and TerraSAR-X on
May 30, 2005

Fig 4.3 shows the variation in POE density estimates for May 30, 2006h is

chosen as a representative day for the five days examinedetitle geomagnetic
activity. All five days selected showed results similar 1@ &i3. The CIRA-72 POE
density estimates correlate well with the accelerondsasities for the CHAMP and

GRACE satellites. The accelerometer densities are obsévvbd highly variable.
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The NRLMSISE-00 POE density estimates are higher than tha-C2RPOE density
estimates for all three satellites. In the case of CHAM® GRACE, the Jacchia-71
model densities are lower than NRLMSISE-00 POE density estimates andtheyhe
CIRA-72 POE densities, which is a different trend than observedoferand
moderate geomagnetic activity periods. This different trend in #ozhih-71
empirical model densities for CHAMP and GRACE may be due tanitrease in
geomagnetic activity, which results in higher atmospheric densdy ICESat the
NRLMSISE-00 POE density estimates have higher values folldyetie CIRA-72
POE densities and the Jacchia-71 model densities. The POE dstsitgtes are
more highly variable for active periods of geomagnetic agtithan the low and
moderate periods. ICESat, CHAMP, and GRACE showed similar trandke

variation of POE density estimates for active geomagnetic activity

4.1.4 Moderate Solar Activity

The days with moderate solar activity have solar flus,; i the range of 75-150.
Ten days with moderate solar activity were selected fronyeghes 2001 to 2008 and
POE density estimates were obtained for those days. Two difffagatwere chosen
as representative days for all the fifteen days to plotdémsity estimates because the
mission lives of ICESat and TerraSAR-X do not have common daysmatterate

solar activity.
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Table 4.4: Selected Dayswith Moder ate Solar Activity

Year Month Day o 7
2003 Feb 24 102.2
2003 Oct 19 120.4
2004 Mar 01 101.8
2004 Nov 12 97.4
2005 Feb 21 94.5
2005 Jun 02 93.3
2006 Feb 28 77.1
2007 Dec 10 86.9
2008 Mar 25 88.6
2008 Jan 06 79.2
CHAMP
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Figure4.4 POE density estimates of CHAMP, GRACE and | CESat on February 28,
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Figure4.5 POE density estimatesof CHAMP, GRACE and TerraSAR-X on March
25, 2008

Figures 4.4 and 4.5 show the variation in POE density estimatdsebyuary 28,
2006 and March 25, 2008, which are chosen as representative days fordalse
examined with moderate solar activity. All ten days selestedved results similar to
Figures 4.4 and 4.5. The variation in POE density estimates for nedsykar
activity is similar to low solar activity. For CHAMP and @RE, the CIRA-72 POE
density estimates correlated better with the acceleromadesities than the
NRLMSISE-00 POE density estimates. However, the closenessrelatmn is not
as good compared to the lower solar activity period. The Jacchiad@él mensities
showed the worst correlation with accelerometer densities akddefsity estimates.
TerraSAR-X exhibited a similar trend in the variation of deesitompared to that of
CHAMP and GRACE. For ICESat, the empirical Jacchia model geesiimates are

lower than the POE density estimates. This is opposite taahd dbbserved for the
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CHAMP, GRACE and TerraSAR-X satellites, which are at aeloaltitude than
ICESat. For all four satellites, NRLMSISE-00 POE densityredes are higher than

the CIRA-72 POE density estimates.

4.1.6 Elevated Solar Activity

Elevated Solar Activity represents the days having Solar Ruké range of 150 —
190 (150<kp7< 190). From the years 2001 to 2008, five days with elevated solar
activity were selected and POE density estimates wereettaAn elevated level of
solar activity causes intense variations in the atmospheric yle@site the elevated
levels of solar activity do not occur very often there are only few daysebpt2001 -
2008 that have elevated levels of solar activity. GRACE and JARaX did not

experience days of elevated solar activity in their orbital life.

Table4.5: Selected Dayswith Elevated Solar Activity

Year Month Day Fo7
2003 Mar 06 150.3
2003 Mar 09 152.7
2003 Oct 21 151.5
2003 Oct 22 153.5
2003 Oct 23 183.2
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Figure4.6 POE densty estimates of CHAMP and ICESat on March 9, 2003.

Fig 4.6 shows the variation in POE density estimates for March @, 2@tich is
chosen as a representative day for all five days with etbwatiar activity. All five
days selected showed results similar to Fig 4.6. The densigtivas are high for
elevated solar activity when compared to low and moderate aciBiiRA-72 POE
density estimates are found to correlate better with thdemoogeter densities for

CHAMP. The Jacchia-71 model densities are found to be lower th&OQtBedensity
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estimates. ICESat exhibits a similar trend in variation wt@mpared to CHAMP
except for large variations between the atmospheric models. ThéVISFSE-00
POE density estimates are higher than CIRA-72 POE densiityates for both

CHAMP and ICESat.

4.1.7 High Solar Activity

The days with solar flux, 157, greater than 190 are considered to be days of high
solar activity. Very few days are found to have high levelsotdr activity from the
years 2001 to 2008. The POE density estimates were obtainedefaiafys with high
solar activity from the years 2001 to 2008 by generating corredtotie CIRA-72
and NRLSMISE-00 atmospheric models. Since the solar flux ishighy the density
variations are highly variable. GRACE and TerraSAR-X do not hays dahigh

solar activity in their mission life.

Table 4.6: Selected Dayswith High Solar Activity

Year Month Day Fo.7
2003 Oct 25 221.5
2003 Oct 26 243.4
2003 Oct 27 257.2
2003 Oct 28 274.4
2003 Oct 29 279.1
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Figure4.7 POE densty estimates of CHAMP and ICESat on October 29, 2003

Fig 4.7 shows the variation in POE density estimates for Octob&0R3, which is
chosen as a representative day for all five selected dalysleitated solar activity.
All five days selected showed results similar to Fig 4.7. adeelerometer densities
for CHAMP in Figure 4.7 are highly variable. The degree of tatio;n between
accelerometer densities and POE density estimates are fobadvorse than any of

the previous cases. High Solar Activity caused extreme flugthgatn atmospheric
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density for this day. As usual, CIRA-72 POE density estimatesved better
correlation with the accelerometer densities. The Jacchia-71 ndedeities are
lower than POE density estimates for CHAMP and ICESat, whidifferent from
the case of low and moderate solar activity but the same as elevateattuoity. For
CHAMP, the Jacchia-71 model densities are lower than POEtgerstimates for
elevated and high solar activity days because of the high solasitgtdéor these
days. The NRLMSISE-00 POE density estimates are highertbeaCIRA-72 POE
density estimates for both CHAMP and ICESat. Overall, theityewnariation for

ICESat is similar to that of CHAMP for high solar activity periods.

4.2  Variation in Density Correlated Half-Life

This section describes the effect of varying density coeeldialf-lives on POE
density estimates of all four satellites. While varying dieasity correlated half-life
the Ballistic Coefficient correlated half-life is kept ctard. The density half-lives
used in this section are 1.8 min, 18 min, and 180 min with BC half-Ige danstant
at 18 min. Plots were made separately for CIRA-72 and NRLMSBIBEOE density

estimates to study the effect for each model.
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Figure 4.9 Effect of varying density correlated half-lives on NRLMSISE-00 POE
density estimates.

Figures 4.8 and 4.9 show the effect of varying density correlatédifeatn CIRA-
72 and NRLMSISE-00 POE density estimates for a day (Oct 17, 2008y cfolar
and quiet geomagnetic activity. A total of 6 days were salewtth different levels

of solar and geomagnetic activity and POE densities were éstirbg varying both
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the density and BC correlated half-lives. The results obtainegiyyng BC half-life
are presented in the next section. All six days selected sh&wdar results and Oct
17, 2008 was chosen as a representative day. The POE densityesstieeased as
the density correlated half-life increased. Density correélat@f-life with 180 min
has the lower density estimates and 1.8 min density correlatelifdalds the higher
density estimates. The same trend is observed for all the &beltites CHAMP,
GRACE, ICESat, and TerraSAR-X and for both the atmospheric tgemsidels
CIRA-72 and NRLMSISE-00. For CHAMP and GRACE, the acceleronusesities

correlated better with the higher density half-lives of 18 min and 180 min.

4.3 Variation in Ballistic Coefficient Correlated Half-L ife

This section describes the effect of varying ballistic coeffit correlated half-lives
on POE density estimates. While varying the ballistic caefiiccorrelated half-life
the density half-life is kept constant. The BC correlated hatlused in this section
are 1.8 min, 18 min, and 180 min with the density correlated half-lifedastant at

18 min.
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Figure 4.10

Effect of varying Ballistic Coefficient correlated half-lives on CIRA-72

POE density estimates.
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Figures 4.10 and 4.11 show the variation of POE density estimatedift@rent BC
correlated half-lives for Oct 17, 2008. Figures, 4.10 and 4.11 show th&Qke
density estimates increase with increase in BC correlatiidife. This is opposite to

the trend observed in the case of density half-life variatioh. félr satellites
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CHAMP, GRACE, ICESat, and TerraSAR-X, and both the atmospheric tgensi
models, CIRA-72 and NRLMSISE-00 exhibit a similar trend in vamatof POE
density estimates. The accelerometer densities of CHAMPGRWCE correlated

better with lower BC correlated half-lives of 1.8 min and 18 min.

45 Conclusion

As already mentioned, the main purpose of this chapter is talstuelyects
of solar activity, geomagnetic activity, density, and BC corrdlaif-life variation
on POE density estimates for the ICESat and TerraSAR-#lliteg. Previous
research in ref [1], ref [2] showed the effects of these &@iesvion POE density
estimates of CHAMP and GRACE. In this chapter the POE deastiynates are
calculated for more days for all four satellites. The POE ityeastimates obtained
from the CIRA-72 and NRLMSISE-00 atmospheric density models areegldbr
each satellite. The trends in the variation of these densityagss for ICESAT and
TerraSAR-X are compared to those of CHAMP and GRACE to chexkimilarity
in density variation. For nearly all the cases plotted above tlked@@sity estimates
for both ICESat and TerraSAR-X exhibited a similar trend to ¢thatHAMP and
GRACE for NRLSMSISE-00 and CIRA-72 density models. The residtained for

each case of activity is summarized in the following sections.
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45.1 Solar and Geomagnetic Activity

For all the periods of Solar and Geomagnetic Activity and fofoalt satellites, the
NRLMSISE-00 POE density estimates were higher than CIRA-7E Eénsity
estimates. For CHAMP, GRACE, and TerraSAR-X the Jacchia-ddehdensities
are higher than NRLMSISE-00 and CIRA-72 POE density estimatas trend is
observed only for low and moderate solar activity, and quiet geomaggirdy.
For active geomagnetic activity, the Jacchia-71 densities wWewer than
NRLMSISE-00 POE density estimates but higher than CIRA-72 RIBESIty
estimates. In the case of elevated and high solar activityJabehia-71 densities
were lower than POE density estimates. For CHAMP and GRAGECIRA-72
POE density estimates correlated well with the accelerometeatidensherefore, the
POE density estimates generated by correcting the CIRA-72tydemsdel can be
considered better than the POE densities generated by cayréde NRLMSISE-00

model.

45.2 Density and Ballistic Coefficient Correlated Half-life Variation.

Varying density and ballistic coefficient correlated hale$ resulted in similar
variations of POE density estimates for all four satellifdge increase of density
correlated half-life resulted in the decrease of POE denstity&es. The increase of
BC correlated half-life resulted in the increase of POE iterestimates. For
CHAMP and GRACE the POE densities correlated well with tbeelarometer

densities for higher density half-ives and lower BC half-lives.
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5 SUMMARY, CONCLUSIONSAND FUTURE WORK

51 Summary

The atmospheric density varies continuously in the upper atmosphety mai
due to changes in solar and geomagnetic activity. The existingsplrric density
models cannot account for the sudden changes and extreme variations in the
atmospheric density. As a result, the density values frone thiesospheric models
are not accurate enough for calculating the estimatesagf acting on a satellite,

which in turn results in an inaccurate prediction of the satellite orbit.

The work done in this research made corrections to existing atmosphe
models by using precision orbit ephemerides (POE) data froiCHfeat, TerraSAR-
X, CHAMP, and GRACE satellites. The POE data obtained fronsakslites were
run in an orbit determination scheme which performs a sequentgglsithoother to
process the measurements and generate corrections to the atimosioels and
estimate density. These densities have greater accuracy tleweuncorrected
atmospheric model densities and can be used to calculate accagtestimates

resulting in improved satellite orbit determination.

The validation of corrected atmospheric densities was done by ammpari
them with accelerometer derived densities for those saselitdich have
accelerometers on-board. The comparison is done by finding the coos$ation
(CC) and root mean square (RMS) values between corrected ieenaitd

accelerometer densities. Previous research used the POE ttetaCbiallenging Mini
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Satellite Payload (CHAMP) satellite to find the correciéehsities. Later, the
corrected densities were compared to the accelerometer eemditCtHAMP derived
by Sean Bruinsma from CNES, Department of Terrestrial andefley Geodesy,
France. Similar to the Bruinsma densities, we have accelerometedregedsrived by
Eric Sutton from the University of Colorado. In this researble, ¢onsistency of
Sutton densities was checked by comparing them with the accelerodensities

derived by Sean Bruinsma.

The consistency of Sutton derived densities was checked for tWibesate
CHAMP and the Gravity Recovery and Climate Experiment (GRA®E different
levels of solar and geomagnetic activity. The consistencychvsked by finding the
CC and RMS values between Sutton derived densities and Bruinsmadderive
densities. The CC and RMS values were found for several daysHheogears 2001
to 2007 comprising all different levels of solar and geomagnatitvity. The
consistency was also checked by finding the CC and RMS valuegdretPOE
density estimates, which were obtained as a result of domecgenerated to the
atmospheric models, and the accelerometer densities derived bgrBauand Sutton
separately. The comparison was made for the POE densitiemenbtimom the
corrections made to all five different atmospheric models, CIRAJacchia-71,
Jacchia-Roberts, MSISE-90, and NRLMSISE-00 using nine differemsitgeand
ballistic coefficient correlated half-life combinations (1.8-1.8, 1.8-18, 8@ -18-1.8,

18-18, 18-180, 180-1.8, 180-18, 180-180) for both CHAMP and GRACE. The CC
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and RMS values thus obtained were tabulated separately for Beusrsd Sutton and

compared to check the consistency between them.

Ice, Cloud and Land Elevation Satellite (ICESat) and Terrah&int
Aperture Radar X-Band Satellite (TerraSAR- X) were twteotsatellites analyzed in
this research. Unlike the CHAMP and GRACE satellites, ICES8dtTerraSAR-X do
not possess on-board accelerometers. The main interest in #scresvork is to
check how the POE density estimates of ICESat and TerraSARBry, when
compared to the POE density estimates of CHAMP and GRACEPTte density
estimates of all four satellites were obtained by generating tonedo two different
atmospheric models, one from the Jacchia model family (CIRA-ii@)tle other
from the Mass Spectrometer Incoherent Scatter (MSIS) madelyf (NRLMSISE-
00). The density values from the Jacchia-71 empirical model Wwepecampared

with the corrected POE densities.

A few days from the years 2001 to 2008 were selected and PQ#y dens
estimates were obtained for those days. These days areiethssiflow, moderate,
elevated, and high solar activity days and quiet, moderate, and gebmagnetic
days depending upon their solar flux values andimices. The POE density
estimates obtained from each corrected atmospheric model wéeri@s curves for
all four satellites. The plots for the ICESat and TerraSABa¢llites were compared
with those of CHAMP and GRACE to check how the density estinvaigsfor each

atmospheric model. Comparison was done for different levels of soldr
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geomagnetic activity and also by varying density and balliefficient correlated
half-lives. All these comparisons helped to determine the trende imariations of
POE density estimates for the ICESat and TerraSAR-Xligadednd also to know
how these trends differ from those of the CHAMP and GRACE #esISince, the
actual densities from the empirical Jacchia-71 model are also shownpiothalong

with the POE density estimates, the difference among the densities canrvechbse
5.2  Conclusions

The following conclusions were made as a result of the work dahesi

research.

1. For both CHAMP and GRACE satellites, the CC values betBe#ion and
Bruinsma accelerometer densities ranged between 0.97- 0.98, whikMiBe
values were around 0.1 — 0.3 kd&nlL2 for all the selected days from the year
2001 to 2007. This indicates that a good correlation exists betweearsiBaui

and Sutton densities.

2.  The correlation between Bruinsma and Sutton densities shghitbened during

high periods of solar and geomagnetic activity for both CHAMP and GRACE.

3.  The correlation between Sutton and Bruinsma densities is H@h&RACE

than for CHAMP.

4. The CC and RMS values of the POE density estimates cainparthe

Bruinsma and Sutton densities are nearly the same. The differenc€
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values was around 0.0001-0.0005, and 0.001-0.003 °Eglh for RMS

values, which indicates the closeness between Bruinsma and Sutton densities.

The Sutton and Bruinsma densities have better correlationh&iPOE density
estimates generated using the Jacchia based models thatmagighgenerated

using the MSIS based models.

The Sutton and Bruinsma densities correlated better with @te d&nsity
estimates generated using atmospheric models with higher dealitife and
lower ballistic coefficient half-life. The correlations provedthe best for the
density and BC correlated half-life combinations of 18-1.8 min and 180-1.8

min.

A similar trend in correlations is observed between @ &ensity estimates
and the Sutton and Bruinsma accelerometer densities for all EHvetdar and

geomagnetic activity.

The accelerometer densities derived by Sutton are nebmhfidal to the
Bruinsma densities. Therefore, Sutton densities can be considered astatsubsti

for the Bruinsma densities in future work.

For the satellites ICESat and TerraSAR-X the B@isity estimates generated
using the NRLMSISE-00 model are always higher than those dedaraing

the CIRA-72 atmospheric model.
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10.

11.

12.

13.

CIRA-72 and NRLMSISE-00 POE density estimates are not well cedelsih
the density values obtained using the Jacchia-71 empirical modal fevels
of solar and geomagnetic activity, thus showing the difference eeeatw

corrected atmospheric model density values and empirical model density values.

For ICESat, the Jacchia-71 model densities were always tbamre the POE
density estimates for all levels of solar and geomagnetiwitgc For
TerraSAR-X, they were always higher than the POE denditpaes for low,
quiet, and moderate levels of solar and geomagnetic activity.SPdReX did
not experience the days with active, high, and elevated solar and gyeziina

activity during its operational life.

An increase in the density half-life for an atmospheric mieeillts in lower
POE density estimates, while an increase in BC halfdigailts in higher POE

density estimates.

Since the mission life of GRACE and TerraSAR-X do not hays dath
elevated or high solar and active geomagnetic activity, the eha¥iPOE

density estimates for these satellites for those days cannot be observed.

14. The POE density estimates generated using the CIRA-72 owrdahted better

than the NRLMSISE-00 POE densities with the accelerometeritidsnsf

CHAMP and GRACE.
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15. For CHAMP and GRACE, the POE densities correlated betidr the
accelerometer densities generated using atmospheric modelsgign density

half-life (180 min) and lower BC half-life (1.8 min).

16. The POE density estimates generated using the CIRA-72 anSIBE-00
atmospheric models for ICESat and TerraSAR-X satellites ghasimilar
trends in variation when compared with those of CHAMP and GRACHlffor
levels of solar and geomagnetic activity and for all densityB@dcorrelated

half-lives.

5.3 FutureWork

5.3.1 Considering Sutton Derived Accelerometer Densities

The work conducted in this research showed that the accelerdereted
densities by Sutton are nearly identical to the accelerondetesities derived by
Bruinsma for both the CHAMP and GRACE satellites. Thereforeafgr further
research on CHAMP and GRACE, Sutton’s densities can be usesuaistaute for
Bruinsma densities to validate the POE density estimates generated nssgleric

models.

5.3.2 Examination of POE Density Estimatesfor ICESat at L ow Altitudes

In this research, POE density estimates were obtaind@ES&at for many
days beginning from its operational life on January 13, 2003 to 2008. Adtéaiture

of the last laser on ICESat, it was retired in February 20it0later decommissioned
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on August 14, 2010. Before decommissioning, ICESat was lowered in orbitipgepa
for orbital decay. The POE data obtained from the GPS onboard tHaesdtaing
this period can be used to study the variation of atmospheric detsitywer

altitudes.

5.3.3 Considering More Satellitesand Additional Days

This research focused on CHAMP, GRACE, ICESat, and TerraSAR-X, all of
which have different orbits and altitudes. To study more about thatieariof
atmospheric density, more satellites at different orbits antudds are to be
considered in future. Satellites such as ANDE (Atmospheric Bleudensity
experiment), Jason-1, and Tandem-X have available POE data and esantiaed
for future work. This research work considered the days only up to 2@&S.
Especially for ICESat and TerraSAR-X, additional days after 2868 to be
considered for better understanding of the POE density estimates.

5.34 Considering Different Density and Ballistic Coefficient Correlated
Half-Lives and Atmospheric Models

This research utilized the density and ballistic coefficiemelated half-
lives of 1.8 minutes, 18 minutes, and 180 minutes. The POE density estimat
generated using these values of half-lives showed wide varibgbmeen them.
Smaller increments between half-lives results in POE demsiiynates that could
have better correlation with the accelerometer densities. foherefuture work

should consider the usage of half-lives having smaller increnbetigeen them to
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better understand the POE density estimates. Other than trerfiespheric models
used in ODTK, new models such as Jacchia-Bowman 2008 should also be ednsider
for work in future. Using more efficient models can result in mareurate POE

density estimates.
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