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ABSTRACT

The Utility of Particle Precipitation Data as an Input to
Thermospheric Density Models for

Satellite Orbital Analysis

by
Kelly Jon Hand, Master of Science
Utah State University, 1988

Major Professor: Dr. Jan J. Sojka
Department: Soil Science and Biometeorology

4

The purpose of this thesis i{s to determine the relative (compared
to the Ap index) utility.of global hemispheric power (PPE), as
measured by the NOAA/TIROS satellite Total Energy Detector (TED)
system, 1in des;ribing magnetospherically induced upper thermospheric

density perturbations, This was accomplished using satellite
1

geomagnetically active period of March 20th to April 10th, 1979.

The first part of the study used Air Force Geophysics
Laboratory (AFGL) satellite accelerometer thermospheric density data
to determine the correlation between it and the PPE., This was thsn
compared to the density data correlation with the G3€Ei;;:;'Ap.*—;;e
data was scaled to optimize the meaning and linearity of the
correlation coefficients and to emphasize any density fluctuations due

to geomagnetic variations. The time series cross-correlation produced

about a 6-hour lagged response in obtaining maximum correlation. -
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Nn ! This study demonstrated the potential of PPE to be a more useful
'::"‘ parameter than Ap, This conclusion considers the potential
3'4&. operational avaflability of PPE as well as its disadv‘antage in spatial
Ei:‘:. coverage when compared to the global coverage of Ap. 1In spite of the
:f‘ disadvantage, PPE correlated just as well with satellite drag
:‘:;%. perturbations as did Ap., It is suggested that an improved PPE be
‘.& developed by supplementing the NOAA/TIROS PPE data with other PPE type
:E::::. data such as from DMSP., The hypothesis is that the improved PPE
\:: should surpass the Ap as a magnetospheric heat input parameter.

E'E The second part of the study used a semianalytic orbital
1':' ephemeris zeuerator, which used a Jacchia 70 upper atmospheric density
;',: model (binned using Ap), to test the relative usefulness of the Ap and
?E PPE parameters in determining satellite ephemerides. These two

vt
b )

parameters were used as the geomagnetic indices of the density model.

The conclusion reached was that the difference between the two

PO R N, BN

>

q.‘\, parameters was insignificant. This further demonstrated the potential
' of PPE. However, 1t was recommended that a more significant test of
o this potential would be to use a PPE-binned atmospheric model in the
2» drag calculations,
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“ﬁﬂ The purpose of this thesis is to determine the relative (compared
Wl

L‘; to the Ap index) utility of global hemispheric power (PPE), as
b

! measured by the NOAA/TIROS satellite Total Energy Detector (TED)
‘Y

‘5

‘Y system, in describing magnetospherically induced upper thermospheric
o

<
-

L)g;

-

density perturbations. This was accomplished using satellite
1

-

accelerometer, satellite orbital, Gottingen Ap, and PPE data from the

A
Ei geomagnetically active period of March 20th to April 10th, 1979.
:f: The first part of the study used Air Force Geophysics
o)

;_ Laboratory (AFGL) satellite accelerometer thermospheric density data
B
2;3 to determine the correlation between it and the PPE, This was then
;E; compared to the density data correlation with the Gottingen Ap. The
:: data was scaled to optimize the meaning and linearity of the
;'g correlation coefficients and to emphasize any density fluctuations due
E.& to geomagnetic variations. The time series cross-correlation produced
3% about a 6-hour lagged response in obtaining maximum correlation.
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3 This study demonstrated the potential of PPE to be a more useful n
$ parameter than Ap. This conclusion considers the potential s
: operational availability of PPE as well as its disadvantage in spatial ;
:-I: coverage when compared to the global coverage of Ap. 1In spite of the '
: disadvantage, PPE correlated just as well with satellite drag .
: perturbations as did Ap. It is suggested that an improved PPE be 0
.":\ developed by supplementing the NOAA/TIROS PPE data with other PPE type

data such as from DMSP. The hypothesis is that the improved PPE .

So Sy,
-

‘: should surpass the Ap as a magnetospheric heat input parameter, -
a f
~ The second part of the study used a semianalytic orbital ’
R
b
. ephemeris generator, which used a Jacchia 70 upper atmospheric density '
:C model (binned using Ap), to test the relative usefulness of the Ap and 0:
N (5
)
5 PPE parameters in determining satellite ephemerides, These two ¥
v parameters were used as the geomagnetic indices of the density model. )
A
L/
.' The conclusion reached was that the difference between the two "
o parameters was insignificant. This further demonstrated the potential
) \
of PPE, However, it was recommended that a more significant test of ;
", this potential would be to use a PPE-binned atmospheric model in the
\ drag calculations. :
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CHAPTER I
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s I

INTRODUCTION

Yai gy
\.: o
R R

U

In the last twenty years, work in the area of upper atmospheric

modeling has produced an increasing knowledge of the physical

(
: 'J processes which govern the wind, temperature, density, composition,
Kn
,‘:}:} and electrical properties which are characteristic to this region of
‘.'.‘n
‘, space. However, until recently there has been little progress in the
}.::. area of thermospheric density modeling in conjunction with energy
e
?:: input due to magnetospheric processes.
._\.‘,\
® The traditional geomagnetic variable used as input to the various
e~ 2
V..
o~ empirical models has been the Ap (or Kp) index. Recent analysis of
e
o the potential of a new parameter related to auroral particle
o
f deposition energy [Maeda et al., 1984] has demonstrated a much more
1SN
:‘ intimate connection with the physical processes taking place in the
Bt
\_\
j-'\x'} high-latitude thermosphere. The purpose of this study is to determine
&
j the role of this energy input in thermospheric density dynamics
i
k)
,*-q through the study of observed satellite orbital drag data as it
W
-\ relates to perturbations due to atmospheric density fluctuations.
b The hypothesis of this thesis is that particle precipitation
';g energy (PPE) data will improve the modeling of the Earth's upper
(¥ 20
IS
'_sz atmospheric densities as demonstrated through the analysis of actual
)‘Jl
e
@ and modeled satellite orbital drag data,
o )
E';j In order to test this hypothesis, this thesis consists of two
‘.‘"“
1O
}:_‘.‘- general studies.
§8
o The first study compares how well the PPE parameter correlates
K, F‘
el
“ri_ with satellite accelerometer data. This analysis involves a
e
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o
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NN comparison between intensity fluctuations in particle energy
L]

. ! deposition and fluctuations in satellite acceleration due to
EEEEE’ thermospheric density fluctuatioans. The corresponding PPE correlation
;;::E. coefficient will be compared to the Ap correlation coefficient which
:%“ was produced using the same correlation routine., This test will
*?: provide insight into the usefulness of the PPE data as it exists in
::é its current form by comparing it to the utility of the more
é" traditional geomagnetic indices.

V-:‘E In addition, an attenuated Ap index is applied to confirm the
;0. \-: current understanding of the physical and dynamical processes involved
\' in magnetospheric energy deposition to the thermosphere., It is
.:':.. believed that this type of index provides a better representation of
o4

_\Z how the thermosphere actually responds to heat input.

¢ '-i‘ With positive results in this first study, recommendations may
~ include building or rebuilding models based on this parameter rather
E"§ than the current geomagnetic parameters.

W

The second study analyzes the operational utility of NOAA/TIROS
PPE data as applied to Space Command's orbital model data via the
Jachia~-70 upper atmospheric model. This is done by implementing the
appropriate PPE data as a replacement to the Ap index. The utility of
this PPE data input will be determined by comparing its results
(differences between observed and predicted orbital positions) with
the results using the Ap parameter as the model index. The objective
of this comparison is to determine the operational utility of PPE in
its current form. Since densities are effectively integrated over

long path samples, this study would not give as good an indication of

actual temporal and spatial effects of particle precipitation as the

;‘.
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\,:\ first study., Therefore this is mainly an operational applications
f »
f study.
#"‘
’l.l Chapter I1 gives a general background of magnetospheric effects
e
. ::: on the thermosphere and how auroral particle precipitation is related.
'-‘
l.j Section 2.2 describes how disturbances in the magnetospheric system
,X.‘-'
-:E produce corresponding disturbances in upper atmospheric densities.
Ja
P
5:\'; Section 2.3 discusses how these density enhancements are measured,
( with Section 2.4 showing how these measurements are applied to
x
v
,c"' thermospheric density modeling. Section 2.5 provides background
A
e
"
{',5;' concerning geomagnetic parameters which are currently applied in
BAG
i
® modeling studies, with Section 2.6 describing where these indices fall
ks
5: short in their applications., Finally, Section 2.7 introduces the
>
Q’) particle precipitation energy parameter by citing past studies which
'-F,
f indicate its potential as a more physically viable magnetospheric
e
:’ ) parameter.
s
;"' Chapter III deals with the PPE parameter in more detail. Section
W, .
) 3.1 discusses the basic aspects of auroral particle origin and their
|..-
“-_ﬁ acceleration and precipitation processes. Section 3.2 presents the
JQ& instrument used in measuring this parameter and how it measures
oy
S
‘: energetic particles., Finally, Section 3.3 discusses how the raw
1)
l.: .
::( particle data is used to get an estimate of the hemispheric power
ot
4‘:: input due to these precipitating particles.
WUN
o Chapter IV summarizes the density ratio correlation study.
[0 )
,_3:'{: Section 4.1 presents the background, which introduces the hypothesis
)
e
'{5_ that an improved correlation will occur with PPE and how accelerometer
B
.‘:\. data is applied to test this hypothesis. Section 4.2 presents the
>
J
'
v accelerometer instrumentation, Section 4.3 discusses the
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kﬁ: accelerometer data and how density ratio data is obtained from this
e satellite drag data. Section 4.4 and 4.5 show how the Ap and PPE data
,: were treated so as to maximize the correlation. Section 4.6 gives
il detalls of the correlations themselves, and Section 4.7 provides a
conclusion,

*ﬁb Chapter V summarizes an operational study done at Space Command
g@k with the use of their orbital model. Section 5.2 outlines a similar
study conducted by the Directorate of Analysis/Space Command [1983].
&fj This study uses a test which is very similar to the ome applied in
this thesis. Section 5.3 presents the results of this operational
. analysis.

R3S Chapter VI contains the conclusions and recommendations which

. come from this study.
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CHAPTER II

-

GENERAL BACKGROUND

o
»

2.1 Introduction

PPl s

- HtEn,

Richmond [1982] summarizes the most important processes which

X
-y

?’% contribute to the heating of the earth's upper atmosphere, and
fg& therefore, maintain the density characteristics of the thermosphere:
"~4' (1) global absorption of EUV and X~ray solar radiation, (2) auroral
:"{ zone magnetospheric energy input due to mainly Joule heating and, to a
E lesser extent, particle precipitation, and (3) heating due to
9 turbulence and atmospheric wave dissipation.

.:'::':. This study, since it concentrates on upper atmospheric density
E%: perturbations due to magnetospheric heat input, will concentrate on
;1 ; this important aspect of energy input and its effect on the density‘
3 characteristics of the terrestrial upper atmosphere,

&.!\.;: 1
j’ 2.2 Magnetospheric Effects on Thermospheric Density

&

'\ It has been estimated that 60-707 of the amount of upper
ﬁiﬁ atmospheric heating from magnetospheric processes comes in the form of
"3:"’ Joule heating, with the remaining 30-40% (Evans, private
§:‘§ communication, 1988) coming mostly from particle precipitation energy
'CA and a minor amount from diffuse precipitation.

;q. Joule heating in the upper atmosphere originates from orthogonal
:: geophysical electric and magnetic fields driving ionospheric plasma
o

¥y X
“_%

through a more abundant neutral gas medium, This plasma motion

A
.l

tesults in collisions and therefore the production of heat. The rate
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::,::: of heating is given by [Banks,1980] as Qj = pE", where p is the
' Pederson conductivity, which is dependent upon both solar EUV and
3
X : particle precipitative processes, and E is the applied electric field.
e
: The second major heat input process is that due to direct auroral
48
) particle precipitation. The discrete auroral particles are the most
va
)
:" significant as far as heat input and ionization of the upper
S
:.::' atmosphere is concerned, The particles originate from the plasma
"
( sheet, with their energy (.3 to 20 keV) coming from particle
e
K ',ﬁ acceleration in the near-earth magnetcsphere, Electrons are
Ny
&-\',,: accelerated downward and ions are accelerated upward along the
W
o magnetospheric field lines [NASA, 1984]. During magnetospheric
b
¥ -.i
.:: substorms, the electrons collide with the upper atmospheric
) ',;;
\,.:; constituents producing enhanced ionization and heating.
W
o Mayr and Volland [1973] have discussed the dynamic effect that
e ‘
? 5 magnetospheric storm heat input has on the density characteristics of
(
$ocs
¢
:y:,:u the thermosphere. Specifically, they note that the mass density
re
L' .
A responds to this heat input with a strong global enhancement (about
) fh
,t:: 60%) with an associated phase difference of 2 to 8 hours between the
”
Nt equator and pole,
s _-h
| J
\_‘-. 2.3 Upper Atmospheric Density Measurements
W
i
,.:._ Upper atmospheric density models are developed through
N
o analysis of data produced by a variety of measurement techniques. The
i major measurement techniques used today are satellite drag and mass
\
\
.\_, spectrometer studies, incoherent scatter radar measurements of
~
*
o inferred neutral temperatures, and rocket measurements. These
.
1;:‘:,
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:'t. measurements not only reveal the total mass density but also provide a

&

. knowledge of the compositional profile of the upper atmosphere.

[}

4y

::; Jacchia [1959, 1961] has shown, through the use of satellite drag

R

:: data, that thermospheric densities increase during geomagnetic

L

‘." storms, with these enhancements being reflected in the enhancements of

e"

.\_ Ap and Kp geomagnetic indices, It has also been shown that the
‘: density increases are most pronounced at high latitudes [Jacchia et
A

* al., 1967]. This is understandable, since the majority of

!|'

, magnetospheric energy is input into the polar and auroral regionms.

¥,

"

;‘. 2.4 Upper Atmospheric Density Mcdels
®

:Vf

;; Empirical and analytical models are used to study the effect of
>

: geomagnetic disturbances on upper atmospheric densities.

B 30

1)

N For example, a theoretical thermospheric model has been developed

)“"l

::"!' [Mayr and Volland, 1973] which assumes the magnetospheric energy input

L]

::' described above. This model, consistent with satellite drag

o

".')' measurements, 1s basically a three dimensional, two-component model

'.' which consistently includes heat conduction, advective energy

_," exchange, ion drag, viscosity, and diffusion. This model consists of
6 two components, one which uses atomic oxygen and molecular nitrogen
™

,"l'.: and a resulting temperature profile, and the other which considers He

¥

K) diffusing through a "fictitious"” constituent with a mass corresponding

t'a
p,

§. %4
® to the mean molecular mass of all the other species.

[N

:i:' In the Volland and Mayr model, a representative time for heat
l‘.'

:::' input, corresponding to the heat input which would nominally occur
0'|
.‘ during a geomagnetic storm, is used. In the analysis of the storm
INK
;::: respounse, they concluded that energy and diffusive mass transport play

L)
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the major role in density, temperature, and compositional

perturbations, as seen by satellite drag and compositional studies.

Another important model used in describing perturbations in upper
atmospheric densities due to geomagnetic disturbances is the empirical
model, which is basically a phenomenological description of the
earth's upper atmosphere., Inherent in this characteristic i{s the
simplification of the physical processes which are taking place. They
do, however, provide a good first-order approximation of density as a
function of time and various parameterized conditionms.

One of the most comprehensive and accurate empirical
thermospheric models that exists is the MSIS-86 atmospheric density
model [Hedin,1987]. This model combines information from satellite
drag and composition measurements, incoherent scatter radar data, and
various rocket sounding measurements., Specifically, the atmospheric
response to magnetospheric energy input is described by an 8-to-10
hour exponential decay in thermospheric density and temperature from
storm onset. The latest version of MSIS differs from the earlier ones
in that it includes extra coefficients, which are a function of
magnetic activity and longitudinally dependent seasonal magnetic
activity effects. The model uses a scheme which utilizes a summation
of past Ap indices, rather than the daily or three hourly values
separately,

Another excellent empirical model which can be used for the same
purpose is the Jacchia [1970] model. To represent changing density
profiles due to geomagnetic disturbances, this model utilizes a
geomagnetic latitude function averaged over local time and other

conditions in addition to the geomagnetic Kp index. Input of an
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increasing index results in an increasing exospheric temperature,

according to an empirically constructed temperature function. This
function is then used to construct a corresponding density profile.

The amount of temperature increase as a function of Ap is seen in

Table 2.1 [Jacchia, 1970].

TABLE 2.1 Temperature Increment as a Function of Ap from the
Jacchia Upper Atmospheric Density Model

Ap T (deg) Ap T (deg)
0 0 94 111

15 85 111 210

27 114 132 229

48 145 154 251

67 167 179 279

80 180 207 313

As mentioned above the empirical model oversimplifies and in fact
may ignore some physical processes which take place during a
geomagnetic storm., For instance, the model may be averaging in the
effects that winds have on what appears to be density perturbations
detected in the satellite drag data.

Figure 2,1 illustrates the winds contribution to perturbing the
drag acceleration of a satellite and the apparent density of the upper
atmosphere as determined by the atmospheric-drag equation. This
figure was constructed by using density data obtained from the MSIS-86
upper-atmospheric density model and the latest observations of upper-
atmospheric winds. An increase in geomagnetic activity as measured by
the Ap index (see Section 2.5) corresponds to an increase in density

at 200 km, as indicated by the MSIS model. The Ap is the average
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Fig. 2.1 Satellite acceleration as a function of
wind and density changes.
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value occurring during the preceeding 24 hours. The latitude used was
70 degrees, minimizing the 24-hour factor by the quick response time
of this latitudinal region to auroral-heating processes.

The wind data came from accelerometer experiments and represents
the winds observed relative to storm conditions at high latitudes
Notice that, although wind changes play a role, they still are not as
significant in the drag acceleration equation as density enhancements.

The uncertainty in the description of the density profiles as a
function of geomagnetic activity not only from the fact that they
cannot model winds, but also from the fact that the geomagnetic
parameters themselves are not always indicative of the amount of
magnetospheric heat input, and therefore density enhancement, taking
place., Specifically, the traditional indices used as parameters in
these models are either the Kp or Ap geomagnetic index. The next
section shows why these geomagnetic parameters give an incomplete

plcture of energy input into the upper atmosphere.

2.5 Geomagnetic Indices

The indices most commonly used in studying the amount of
disturbance in the earth's magnetosphere are the Gottingen Kp and Ap
indices. These indices latitudinally and longitudinally average the
amount of disturbance in the Earth's geomagnetic field., All these
indices are based upon the local, ground based, geomagnetic (H,D,Z)
coordinate system or the geographic (X,Y,Z) coordinate system. Figure
2.2 summarizes these two coordinate systems. H is the horizontal
component which lies along the local magnetic meridian, and X is the

horizontal component lying along the geographic meridian. The
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Fig. 2.2 Geomagnetic coordinate systems based upon local
magnetic coordinates (H, D, Z), or based upon local
geographic coordinates (X, Y, Z).
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s

o

e orthogonal horizontal components are D and Y, with ° is the vertical

-.f\-‘ .

( compcnent in both systems.

o The Kp index is a 3-~hour indicator of the amount of disturbance

Ay

'

;'n':. in the geomagnetic field. It is a composite of a system of mid-

e
-

l‘j‘ latitude station measurements of the most disturbed local horizontal
N

i‘f geomagnetic component. This index uses a quasilogarythmic scale
3 -

.,\_’ varying through 28 grades.

)

ut
( The Ap index is a linear representation of the amount of
.‘:L:; disturbance in the geomagnetic field., Ap and Kp are directly
F s

e

"r':.r interchangeable, as can be seen in Table 2.2.

ot

Y

g;c TABLE 2,2 Ap Index to Kp Index Conversion

-

N

D Kp 0 1 2 3 4 5 6 7 8 9

Ap O 3 7 15 27 48 80 140 240 400

E

e T

LIS a0 A

Both Ap and Kp are determined as a function of the number of

»
»

ez ” %

"X NS
-

gamma deviations from an undisturbeu geomagnetic field component as

I's

measured by a ground magnetometer. A qualitative description of the

"

o

«:::- amount of disturbance is summarized in Table 2.3.

o

- The term "active" traditionally means the Ap above which

.;,, noticeable ionospheric effects are detected (see Table 2.3).

R

N

‘ade Table 2.3 Geomagnetic Activity Level

)‘: as a Function of Ap

..;

: .g: 1. Quiet: Ap = 0-7

oy 2. Unsettled: Ap = 8-14

e 3. Active: Ap = 15-29

\.:-';\ 4, Minor Storm Ap = 30-49

."‘ 5. Major Storm Ap = 50-100

e 6. Super Storm Ap = 100-400

a

3 S

g |
M, |
o 1
3

Iy A 0 LN FLAy L% K AN AR G S ARG L T AT MR ND LANANARFATL =0 30 SO AN LA A VA
TS ) A48 R el b y o \!',ON! LAY } LAWY W"\ (‘“\" O RRRR LR Ry

L} WOAT, TR,

.

2

D)
K
[




o

iy

e L4
'. -

;'.t )

o

’

‘ In addition to the Gottingen Ap, the Air Force uses western-
Wi
i hemisphere magnetometer stations to produce a "pseudo-realtime" Ap.
1Y
AN
3:|‘:. This index is required since the Air Force needs a real-time
;'l“.
::'H geomagnetic index for operational use, Statistics are applied to this
otk

1 .

‘Mj index to produce an improved representation of the Gottingen Ap. In
'.»5 addition, the index is weighted to emphasize auroral latitude effects
s

oD

:: [Krause, private communication, 1988].

5
K 2.6 Inherent Problems with Geomagnetic Indices
o

N

I:\
WA The major geomagnetic indices used by empirical models have been
DL

N
. described. Some inherent problems remain when using these geomagnetic

<o
:-.tr‘: indices as parameters to describe the intemsity of a given geomagnetic
B,

-
-\.;r- storm as applied to these models and therefore to describe the

7
' .I
‘ subsequent density perturbation in the earth's upper atmosphere. The
L following is a summary of the limitations of these indices as pointed
el
oy out by Baumjohann [1986].

v
"'), In general, both indices are constructed from measurements by
'-_!
": stations which have uneven spatial distributions. Because of :his it
'

o

,,:: is very difficult to determine the maximum level of disturbance of a
W

;' given geomagnetic storm, and, therefore, overestimation of a storm
o

) could take place.

N

A Also, the Kp and therefore the Ap indices are very poor choices
3.‘k as parameters in describing the amount of heat input to the auroral
r'."
’:::. zones. This is due to the fact that the stations measuring this index
Mgh

\
f:'tés are equatorward of the auroral oval, and, therefore, a given auroral
i'..

'.‘ substorm could be missed.
v

.:s.

1t

i)

o:.:'

L
i L}

PRV

TR T T AR MR LCL O L TR T L CRORV R RPN L LN A AN M AN ttist
W datadinthtn &\" b, 4" i "\‘ DT R ) ,-... 4‘9&‘.3’»! lutlntiodadie .u!h SOOI

Lol
4!




-

{Q;ké

P4

{

-~

s

A
o~

[ £

_N.
5

1@ [2e

N

»FLEEL

x
-0"

SRy

=

St

AL

A,
Ul

e

s,

d

-

]

v

- 4

LA

L

b

‘.L"L L&

k)
l.c.

Wl !’n.l l"'i'a,o

15

Another major problem concerns interpreting Kp or Ap due to the
motion of the auroral oval., This problem results from one of three
possible phenomena. Firstly, it may be possible that there is an
actual increase in the current in the auroral zone. Secondly, the
auroral zone may be moving toward the observatory. Finally, both of
the above processes may be occurring simultaneously.

An additional problem arises with the operational application of
the Ap and Kp indices. As mentioned in Section 2.5, Gottingen Ap
values are not available in real time and are therefore unavailable
for "real time" use., Hence the U.S. Air Force uses a series of
western hemispheric stations in real time and weights this Ap value to
reflect the statistical Gottingen Ap and high latitude processes.
This step obviously compounds an already large error (see above) by
adding a hemispheric gap to the coverage of a particular geomagnetic

event,

It is obvious that the traditional geomagnetic indices, although
connected with the physics of the magnetospheric system, are far
removed from providing a consistent interpretation of what is
happening in the case of heat input into the auroral zone. So what
parameter is available today which may help to fill this gap? This
thesis will examine this question by determining the relative utility

of the particle precipitation energy (PPE) parameter.

2.7 Potential of Particle Precipitation

as a Magnetospheric Parameter

As described in Section 2.2 the majority of heat input to the

upper atmosphere comes in the form of Joule dissipation and the
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remainder in the form of particle energy dissipation. Also mentioned
was that the amount of Joule heat input into the upper atmosphere is
proportional to the Pedersen conductivity and the resultant vector
electric field. Since particle precipitation is not obviously
reflected in that electric field, the only other possibility is to
relate particle precipitation to the Pedersen conductivity. This
connection was mentioned in general in Section 2.1. More
specifically, it arises because the Pederson conductivity is a
function of the ionization rate or the energy deposition rate
associated with auroral precipitation. One can therefore conclude
that Joule heating and particle precipitation are coupled phenomena
[Rees et al., 1983]. If this is true, since Joule heating is the main
heat input source and direct particle precipitation is considered the
second major heat source, there should be a high correlation between
thermospheric density enhancements and particle precipitation energy.

Two excellent studies have been conducted to confirm the
potential of this parameter in describing the effects of
magnetospheric disturbances on upper atmospheric densities.

Maeda et al, [1984] utilized energetic particle observations made
by the NOAA/TIROS polar orbiting satellites as a heat-input parameter
in an empirical model constructed by a combination of Millstone Hill
Incoherent Scatter Radar electric field data and these same particle
observations. In the model the amount of magnetospheric heat input
into the upper atmosphere is governed by a corresponding particle
energy index. To test the model, a seven-day period in which a

geomagnetic storm occurred was used. The results of the study showed
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ﬁr a high correlation between exospheric temperature and the activity

0

Bl level.

\J

“t: In addition to this study, Coster and Gaposchkin [1987] evaluated
.‘l

44 how well the effects of different atmospheric parameters were being
g

aTa

modeled, among these was the NOAA/TIROS particle precipitation index.

J

i:; In their study Millstone and Altair radars were used to track two
.é*; spherical satellites. Their results showed that the precipitation
? ~ index was associated with atmospheric drag acceleration.

i q This thesis proceeds on the possibility that particle
K

S22

precipitation energy may have a greater potential in describing

ol
vas thermospheric density enhancements than the traditional geomagnetic
L J
Aty parameters and therefore may have higher utility in satellite

atmospheric drag applications.
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CHAPTER III

AURORAL PARTICLE PRECIPITATION

This chapter deals with the physics, measurement, and data
associated with auroral particles of energy range .3 and 20 KeV. This
energy range is used because the majority of the energy which is input
into the auroral zones is at least indirectly connected with particles
precipitating with these characteristic energies and is, therefore,
the major contributor to magnetospheric-induced density perturbations

of the upper atmosphere,

3.1 Introduction

This section studies the rudimentary aspects of the
magnetospheric origin, as well as acceleration and precipitation
processes associated with auroral particles. For a more detailed

discussion see Cosmical Geophysics [1973].

3.1.1 Magnetospheric Origin and Acceleration Processes

In general, auroral particles are defined as those particles
which originate in the magnetosphere and possess energies from 100 eV
to 100 KeV. These particles obtain this characteristic energy range
from various acceleration processes, precipitate in the upper
atmosphere, and deposit their energy, producing the various
perturbative phenomena attributed to dynamic magnetospheric processes.

Exactly where do these particles come from? They originate
mainly from corpuscular radiation (mainly electrons and protons) which

emanates from the sun (commonly known as the solar wind) or thermal
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.;. plasma less than or equal to leV from the ionosphere. A small
0

0

- fraction of the solar wind plasma enters the magnetosphere (the exact
o

1% mechanism is not fully understood) through a merging of the
Y

" interplanetary magnetic field with the Earth's geomagnetic field. The
1

) whole system approximates a magnetohydrodynamic generator which has
-

D)

::o. the solar wind as its plasma source and the geomagnetic field as the
i.‘

:o'. interacting magnetic field, with the ionosphere providing a load for

the generator.

More specifically, the region within this “generator” where
f‘ precipitating auroral particles (see Sections 2.2 and 2.7) originate
"' is the plasma sheet of the magnetotail. Figure 3.1 shows how the
;::i": plasma sheet appears within the magnetospheric system.

:‘:?:' The plasma sheet has a "‘quiet" characteristic plasma density of
;‘.‘ about 0.1-10 cm-3. The electron population has a typical energy of
,"’ about 1 KeV and a range between 1 and 10 KeV. The temperature of this

™ :

‘ region approximates a Maxwellian distribution and avefage{ab?ut 10
million degrees Kelvin. The proton‘ population differs from the
E; electron characteristics in that the proton population has a greater
E: maximum energy (by a factor of about 4). For both populations the
7. angular distribution is basically isotropic during undisturbed
: periods.

e

'é:. It has been observed that during disturbed conditions the plasma
.' within the plasma sheet becomes energized to about 1 KeV, but since
% this is not enough to account for the observed energy of auroral
2 particles it is obvious that there are acceleration processes other
)

‘* than kinetic heating taking place., Some of the major processes
3, believed to be involved in this acceleration are (1) neutral region

K) XX )
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Fig. 3.1 Cross section of the magnetosphere.
From Bahnsen (1978).

o l 0) (ESEN .
:‘(.\‘ PL P i)

"ot »
SN T T T S T 330

et N R e O N O A NI NI KA ) 0,30, 90 v
T R O AN SO R OO R ‘o,{.i,‘j.',f.l*fu;y‘._'fw,:ﬁ"'!".tff‘.'a“650\,0.‘,:"‘:’.‘:!.':.“:‘“5:":“.?.‘." o

L [ XN 2 SO




. 21
A:‘:
3
0
k{ acceleration, (2) field line merging, (3) Fermi acceleration, (4)
(N
3
5“ betatron acceleration, (5) transverse electric field acceleration, and
e
f‘ (6) parallel field acceleration [Cosmical Geophysics, 1973].
A
‘et
qp 3.1.2 Precipitation Processes
‘ N
\ i
: ? The two major precipitative mechanisms connected with energy
A
Wy
.{ input into the Earth's upper atmosphere due to magnetospheric
" processes are atmospheric ionization and thermal energization, with a
N
ﬁﬁ relatively minor contributor being atmospheric excitation. The

ijonization and excitation collisional processes store energy electro-

.- n S

el g

chemically or radiate through secondary recombination processes, but

eventually the energy must be either thermally absorbed by the

Y

atmosphere or radiated as electromagnetic radiation (the aurora).

R
o a3

3.2 Auroral Particle Measurement Techniques

-
.

22

There are three major techniques used in measuring the

oz

)

?; characteristic energy of precipitating auroral particles: (1) in situ
? rocket and satellite measurements, (2) satellite auroral imagers, and
g\ (3) ground-based optical sensors, Direct measurement is by use of the
e in situ rocket and satellite detector. By integrating the energies of
a@ particles detected by the NOAA/TIROS satellite Space Environment

Monitor (SEM) a method was devised [Evans, private communication,

ol g o= ot

ﬂi 1987] to estimate the amount of power that is being input into the
3‘ Earth's upper atmosphere due to magnetospheric processes. The energy
g: may also be measured more indirectly by use of an auroral imager (eg.
:s Dynamics Explorer, [Frank et al., 1981]) or a ground-based optical
i# sensor (e.g., meridional scanning photometer, [Romick, 1976]).

&:
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0:3:

?ﬁ Since this thesis uses data from the NOAA/TIROS SEM, this section

e

#

;L will be devoted to a discussion of this particular auroral particle

?L monitor. The major aspects of the NOAA/TIROS Space Environment

“ |

k* Monitor (SEM), and in particular the Total Energy Detector on board

o

?’ this series of spacecraft, are presented (for a detailed discussion

LXK

&{ the reader is referred to Seale and Bushmell, [1987]).

l.‘

:§ The TIROS-N SEM measures the near-earth charged particle

[}

it environment. This 850 km altitude satellite system allows sampling of

;i: energetic particles precipitating in the auroral zones. This is done

w

e by way of three SEM monitors, a Total Energy Detector (TED), a Medium

W

:. Proton and Electron Detector (MEPED), and a High Energy Proton and

LI,

fp Alpha Detector (HEPAD)., The TED is the source of the data used in

)

y i this thesis.

§

b The TED measures electrons and positive ions (assumed to be
a

\~: protons) in the energy range of .3 to 20 KeV. Four separate detector

'

b

il units measure these particle populations in two different directions,

"

W

fj. one parallel and the other 30 degrees relative to the magnetic field

¥

.a line at high latitudes.

0

14

N The detector assembly uses a cylindrical-plate

ki electrostatic analyzer with about 137 energy resolution. A

' voltage difference is impressed on the analyzer plates. The

Y polarity of this voltage determines whether positively

L charged ions or electrons a«re detected., The magnitude of

AN this voltage selects a band of particle energies centered at

h. some energy E, for which the particles are passed through

W the analyzer.

® The analysis is followed by a 'spiraltron' type

channel electron multiplier which produces a relatively
large pulse of electrons for input particles of either
positive or negative charge, independent of particle energy.
It does this in an electron avalanche of secondary emission.
Preacceleration fields of appropriate polarity are applied
between the electrostatic analyzer exit and the spiraltron
cathode to ensure that even the lowest energy particles
produce enough electrons at the cathode surface to be
counted, The channel electron multiplier counts those
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o

,: charged particles which have passed through the analyzer.

g [Seale and Bushnell, 1987].

[ 4

! The four analyzers are mounted in pairs, with each analyser pair
't

P

'::: measuring the proton and electron directional flux relative to the two
"

i

m‘ angles previously mentioned, One pair views outward, parallel to an
: earth-centered radial vector, while the other views at an angle 30
§

10 degrees relative to this. In a period of two seconds, the detectors
L,

~

"'\'h alternate sweeping across the electron and proton energy spectrum,

The resulting output is the total directional energy flux integrated

N
Hes
f. for both charge species over the entire .3 to 20 KeV range. For a
),
::‘;:" more detailed discussion of the derivation of the total directional
:-7 energy flux see Seale and Bushnell [1987].
?‘i Since the data is measured at 850 km altitude, the data must be
T
‘(\ manipulated to express what this flux would be at 120 km, the altitude
4
e where the particles precipitate. This is done with a geomaghetic
y
I"‘
0K field model (IGRF). Figure 3.2 is a schematic of the relationship
N
o

8
:: between the field line and the TIROS-N orbit. Since the magnetic
3;’ field lines are not radial, large errors would be introduced if this
;:' were ignored. It is here that the field model is used. The model
oD

: basically traces the field to intersect the spacecraft location and
.,&. then proceeds to intercept the top of the atmosphere at 120 km.
25

M
:.-t Additionally, the model calculates the angle between the geomagnetic
et
h‘: field direction and the look direction of the two detectors. These
@

: two resulting angles are the two respective local pitch angles, To
.
:f:: obtain the pitch angle at 120 km altitude the following relationship
.}t:'
:':.: is used:

o

L sin 150"  \P120/Bgso 517 %gso
L
‘3;‘::

o

L
a5
.:,'u

o 0 v
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Fig. 3.2 Schematic relationship between a magnetospheric
field line and the NOAA/TIROS satellite orbict.
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if

: ) where

l:"
! Agey = pitch angle at the TIROS-N spacecraft at 850 km altitude
re
+ "

;N d150 = pitch angle at 120 km altitude
o,

L)

ﬁa 5850 = geomagnetic field strength at the TIROS-N spacecraft at
B

' 850 km altitude

14y

...l
kﬂ 3120 = geomagnetic field strength at 120 km altitude

)

b

5. The number of particles integrated at the two angles for the two
)
{ charge species is summed to become the total energy flux.
)
.
ji The latitudes which produce the majority of auroral particle flux
e
}: are poleward of 40 degrees, Because of this, this instrument includes
K

® only these high-latitude regions in its sampling. The resulting
7S

¥
% error, due to a field inclined to the horizontal, becomes about 137
Ki

:b* (l-cos 30 degrees) since the maximum inclination to the horizontal is
W
! 60 degrees.

[

1

:

Qﬁ 3.3 Total Hemispheric Power Input Data

i..

»

This section shows how Total Hemispheric Power Input data is i

!:. t
ﬁ' obtained [Evans, private communication, 1987].

v

Ry ~
k: Due to the dynamic nature of auroral morphology coupled with the
' .

[ ] Earth's rotation, the dipole nature of the geomagnetic field, and many
o other complicating factors, obtaining an estimate of a global picture

"

‘ﬁ of auroral precipitative power input from a single orbit pass is a
o nontrivial task. The only way to obtain such an estimate is through
XY

:: statistical correlation. To gain an appreciation of this task,
S

:: consider what it would be like to take a line of meteorological
o

L stations across the 40th parallel at 5 degree longitudinal increments,
-

)

:b and from this limited information try to statistically deduce what the
i

&

[

o

L

W
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continuous weather picture would be over the entire United States.
Fortunately, hemispheric auroral zone dynamics have relatively more
symmetric properties than do weather patterns, but this does not
lessen the difficulty of this statistical procedure.

To accomplish this, Evans [private communication, 1986]
constructed a scheme whereby he ordered energy flux observations over
one degree dipole geomagnetic latitude intervals.

This technique first performs the line integral of the
energy flux (weighted by the cosine of the magnetic latitude
of the individual measurement) along the satellite
trajectory as it passes over the polar regions. This line
integral is then corrected for the manner with which the
satellite would have sampled a statistical auroral zone
during that pass. The validity of this correction assumes
that the pattern of auroral particle precipitation takes on
a 'generic' shape which depends only upon the level of
activity. When done properly, this correction will remove a
variety of effects related to the satellite orbits
(dependences upon the hemisphere being sampled, the
universal time of day that the pass occurred, etc.) and will
yield the 'best’ estimate of the total amount of energy
being deposited into a single auroral zome by the incident
particles, Values of power input range from 1.5 Gigawatts
per hemisphere during quiet times to more than 300 Gigawatts
per during very active times, In the analysis of the
NOAA/TIROS data, these estimates of hemispheric power input
play the role of an activity index, replacing the more
traditional magnetic activity indices.

Estimates of hemispheric power inputs have been
computed for every satellite pass in the historical data
base; 100,000 passes dating back to late 1978, Individual
passes have been sorted into 10 bins depending upon the
associated power input, beginning with passes having power
inputs below 2.5 Gigawatts and continuing up in a geometric
progression to the bin containing the 1% of all passes
having power inputs above 96 Gigawatts., The individual
local measurements of energy flux made during each pass
within a given activity bin, and at the same corrected
magnetic latitude and iocal time location, were averaged
together to create a statistical pattern of the global
particle energy input o, >ropriate to that level of auroral
activity [Evans, private ommunication, 1986].
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N
! This method gives the best estimate of the total amount of energy

that is input into an auroral zone hemisphere from magnetospheric

-

ata
s

processes.

i
LSO
)

-
v
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Although this data is the best data avallable for real time

(4

VNN

Z

application in estimating the amount of heat input into the

£ )l

thermosphere, there are certain factors inherent in the sampling

procedure which limit the accuracy of the estimate. As the estimate

(P IIEP A

7

is based on purely empirical analysis and the energy input to the

e P

ool
*% hemisphere is so dynamic, the estimate is biased as to when and where
:.. the sample is taken.
o
LR Additionally, it assumes that the "normal” spatial distribution
L
':::‘:: of energy flux corresponds closely to a statistical auroral oval
Y
:E:': model. This may not always be the case since large variations may
{W' exist in the spatial structure of auroral particle precipitation,
\; which itself may deviate considerably from a given statistical oval.
:5' Furthermore, assymmetries in magnetic local time are also known to
o) exist, Taking this into account, a one-pass estimate may misinterpret
:::é: the global picture, thus implying that more satellite sampling could
::: improve the parameter.
o
._.. Our current understanding suggests that energy input into the
:?;: auroral zones exhibits symmetry between hemispheres., To show the
~:: degree of intetrhemispheric symmetry, Figure 3.3 shows plots of
,‘: hemispheric power over the period tested for the northern (top panel)
A'E and southern (bottom panel) hemispheres. This plots hemispheric power
:v, input in Gigawatts versus time,
J‘ Notice (especially Day 81) that the ratio between hemispheres is
:{i not always unity. This suggests that either 1) there is some
3:": assymmetry in the system, 2) the dynamics are faster than the sampling
o
.
.f.:
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hemispheric power imput (PPE) in Gigawatts versus Julian
Days (70-102, 1979).
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can keep up with, 3) the statistical oval method is at fault, or 4) a
combination of the above. 1In this study this is partially overcome by
combining the two data sets to produce a more global representation.
In the next two chapters this combined hemispheric power index is used

to accomplish the objective of this thesis.
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CHAPTER IV
ACCELEROMETER STUDY
4,1 Introduction

Marcos et al. [(1977] have demonstrated the enormous potential of
accelerometers in providing an objective neans for the determination
of the utility of geomagnetic parameters as used in various empirical
upper atmospheric density models, These parameters are used by the
models to describe thermospheric density response to magnetospheric
processes. In their particular case study Marcos determined that the
12-hour average of the Kp provided the best estimate of the
description of density perturbaticas.

Many studies have analyzed the utility of these traditional
geomagnetic parameters in describing satellite atmospheric drag
fluctuations due to magnetospheric energy-induced density changes and
have concluded that a new parameter is needed that is more physically
connected with the amount of heat input to the upper atmosphere. One
such parameter is particle precipitation energy as measured by the
NOAA/TIROS series of spacecraft (see Section 2.7).

As mentioned previously, the objective of this thesis is to
determine the utility of in situ energetic particle measurements in
describing thermospheric density perturbations. The potential of this
parameter was emphasized because these particles are believed to
contribute 30-40% of their heat directly into the thermosphere and are

believed to be physically connected with the electrodynamic process of
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Joule dissipation, which is considered the major magnetospheric heat

input source to the Earth's upper atmosphere.

If this is the case, then one should see a statistical
correlation between particle precipitation and density perturbations
measured by a satellite accelerometer. Furthermore, if this parameter
is indeed an accurate representation of the whole physical picture,
then one should see a better correlation coefficient with PPE and the
density ratio than with Ap and the density ratio. Also, since this is
a correlative study, the comparison of the correlation coefficients
should provide a viable answer to the relative practical utility of
this new parameter as it exists in its present form.

First, the instrumentation of the accelerometer will be presented
in order to show how density perturbations are detected by a satellite
accelerometer., Next, the density ratio data obtained by the
accelerometer will be described., Then, the particle precipitation
data (PPE) and the Ap data are described in general and then
specifically as to how the data is processed to make a viable
correlation. After all the data is presented, the next section will
describe the main points concerning the derivation and meaning of a
linear-correlation coefficlent. Finally, the specific correlation
studies will be presented along with the conclusion of the thesis of

the relative usefulness of PPE in accessing satellite drag.

4.2 Accelerometer Instrumentation

This section describes the accelerometer instrument and is taken
from Air Force Geophysics Laboratory Technical Regulation 78-0003

[Lange, 1977].
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¢
:" The satellite accelerometer consists of a "proof mass" (center)
%l
N constrained in three axes by electrodes. These electrodes surround
(X
A%
?.::. ’ the mass on all sides and maintain its null or zero acceleration
"'I
il
s, position. The mass is surrounded by an electronic rebalance loop (see
Hd
l_) Figure 4.1), giving an output proportional to the acceleration of the
;v
j:",' mass.,
o
:?l& Accelerations detected are not only the orbit track, but cross
X%
track as well. This is done by sensing the motion of the proof mass
5
’;{.;: with respect to the instrument case. An electrostatic force is then
A
e
5‘*. generated to oppose this motion in the direction of the null position,
? ]
Wi
. This force is generated from a d-c potential proportional to the input
L 2!
Y Y
2-;'* acceleration. This information is converted to a digital output
/ 3
. signal, The signal 1s converted to a pulse rate and each pulse
1% 0
' represents an increment of velocity. The pulses are accumulated in a
e
::2 bi-directional counter for a predetermined period. Subsequently, an
o
M output data word represents the average acceleration over the "sample
!
D time" period., The data output consists of a single 64-bit word, which
-,._":- describes acceleration, direction, and range information of all three
Moty axes.
o
®
B, 4.3 Accelerometer Data
3 .
Koo
5- The accelerometer data used in this study comes from the
»
o Satellite Electrostatic Triaxial Accelerometer (SETA-1) satellite
I"‘
i‘: [Marcos, 1984] which sampled from March through April of 1979.
2
{:': The period used in this study was a twenty-day period between March 20
o
_ and April 10, 1979, The SETA-1 orbit was sun-synchronous, with the
,
'::;, sample data starting at about 20 degrees geographic north at
6
P
)
s
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i
o
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Fig. 4.1 Diagram of the constrainment loop connection to
the electrodes within the mechanical assembly.
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g$; approximately 200 km altitude on the night side, coming around to

[ Xy X

" about 170 km at its lowest position at about 34 degrees north on the

SO0

Sl

;ﬂig day side, and finally ending at the equator on the dayside at about
e

;:{{ 180 km. Straight density plots indicate that this sample takes into

LA

';? account about 85% of all the atmospheric drag taking place around each

'l

dih

X orbit. This is easily understood, as the orbit is slightly

%

\) elliptical, The northern hemisphere sample contains the lowest
'\J

( altitude in each orbit and produces the most drag [Marcos, private

‘0' '

v communication, 1988]. The resulting data show the average density

L™

5&. taken over the individual orbital periods.

oon

=’r* In order to emphasize the affects of magnetospheric variations,
e

i. the densities detected by the accelerometer were divided by a model

S5

ﬁ;& reference density where the Kp was set to O (same as 0 Ap). The
\ !

’ Jacchia 77 [Jacchia, 1977) empirical upper-atmospheric density model

f;‘; was used by AFGL to obtain the needed density ratio. This procedure

EN *’5

gaéﬁ allows one to take into account environmental variations such as solar

“T AT,

:) heating, local time variation, altitude change, etc.

} f" o

;fﬁ Figure 4.2 (bottom panel) shows the entire sample of density
.

Lo

¢§ﬁ ratio data. The first two days are considered geomagnetically

1 'f:‘,

, "quiet" (Ap < 15). The corresponding estimate for a "quiet" density
..

N Y

a ratio level is about .93 to .95. Density ratios vary between ,93

1

"

s

dg* during '""quiet" to more than 1.21 during disturbed conditioms.

KM

’%t The average time between sample periods was 1.488 hours. This

e

izﬁ: time varied throughout the sample period within plus or minus a few

i

YA

W) minutes. Also, the amount of variation between sample regions was
’ negligibly small (plus or minus a few degrees due to orbit
\

&s
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o
"t
% %
s
‘:"!v
ﬂ; perturbation), allowing the correlation to be done as a time series
R
(see Section 4.5).
ol
4..:..
ol
);? 4.4 Ap and Particle Precipitation Data
#
N
f&%- In order to do an appropriate time series correlation between the
Y
mx accelerometer data and the Ap and PPE parameters, the two parameters
)

0..".
:S?n had to be matched to the accelerometer sample times. This was done by
s
( v first matching the Ap values to the appropriate PPE sample times,

A

X f finding the square root (see section 4.5) of these values, and finally
AN

oy
;bl linearly interpolating to the accelerometer sample end times. 1In
54
,.r addition to the density data described above, Figure 4.2 shows the raw
H
éi{ solar flux at 10.7 cm (top panel), particle precipitation energy
V‘ l!‘
:2. (second panel), and the Gottingen Ap index (third panel) during the
;]? entire sample period. Also included are nine days of flux, PPE and Ap
!

h
‘"ﬂ data preceding the sample period. These days are included to provide
LY '.

G
\:'::v adequate parameter history preceding the sample period. Notice in
F%ﬂ particular the relatively quiet magnetospheric conditions preceeding
\
:*¢ and including the first two days of the period of interest.
t‘. ;
'\,',‘!
‘%
3 4.5 Optimization of Parameter Correlations
%: To provide a viable comparison between Ap and PPE as parameters
\.:.
%ﬂ in describing thermospheric density perturbations and to optimize the

y

; physical correlation between them and the density ratio, the
ot
g ; relationship between the two parameters must be determined, and the
O

’ﬁ effect that an increase in the value of the parameters has on the
®

density ratio at the appropriate altitude must be estimated.
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3
,':.\ The first objective, to establish the relationship between the
WL
:‘ . two parameters, was accomplished by correlating Ap with PPE over the
L
)
'::::s. short and long term. Here, short term means over the sample period
L\
'
::v (days 79 through 100, 1979) and long term means over an entire year
-
) (1979). Figure 4,3 shows a scatter plot of scaled PPE versus Ap for
x
‘ 1
ﬁ these two periods along with the corresponding correlation
k;
M
_:,‘j‘_ coefficients., Notice that although the correlation is approximately
oy
{‘ ' linear, the scatter is tremendous; a variation in one does not always
o
.:: describe a variation in the other.
K
:'.:." The second objective, the determination of the effect that
1}
i
o changes in the two parameters have on the density ratio, was
n
I
;%, accomplished using an empirical model (MSIS 86 [Hedin, 1987]) where an
' )]
::'. increasingly intense Ap was input into the model, This served to
‘.‘.'
‘ determine what the resulting density change would be, given a certain
D
ot
:ﬁ level of geomagnetic activity. The corresponding change ic the
s
.:::.' density at 200 km was then computed as a function of increasing Ap
L]
A'..‘
'D) (200 km is roughly the altitude of the satellite accelerometer). 1In
o.' L
18
* this particular case the 10.7 cm flux (solar energy input) was
o
)
," congistent with the average observations during the sample period. The
4
® resulting density was then divided by what the model would expect
‘r U
4y,
;:' based on an Ap of 0, thus providing the needed density ratio. A plot
>
"'
r': 1 was constructed which showed the relationship between the Ap and the
Vgl
o density ratio. From inspection it looked as if the functional
-
j_ relationship was that of a square root; therefore, the plot was made
N
;; with the abscissa being the square root of Ap.
o
'S4
@ Figure 4.4 is the plot of the density ratio versus the square
i)
HaYy
}_': root of the increasing 24-hour average Ap. As one can see from this
l Ll
c ')':
l:,l'
L ]
\;i'
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Fig. 4.4 Density ratio (MSIS 86) versus the square
root of corresponding Ap index at 55 degrees
geomagnetic north latitude, 200 km altitude, at local
noon on Julian day 89.
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figure, the square-root relationship exists up to an Ap of 100, The

figure also shows a lack of .inearity as an Ap of 100 is exceeded.
This fact is ignored in this correlative study as only one three-
hourly value exceeds an Ap of 111, Therefore, because of the
approximate linear relationship between Ap and PPE and the square-root
relationship between increasing Ap and the corresponding density
ratio, this study uses the square root of PPE and Ap when performing

linear correlations with the accelerometer-measured density ratios.
4.6 Data Correlations

This section describes the data-analysis method used to make a
viable comparison between correlation coefficients possible. The
section is divided into two parts. The first study uses the raw
interpolated Ap and PPE data, while the second uses a time-weighted Ap

{Wrenn, 1987].

4.6.1 Correlations Using Interpolated

PPE and Ap Data

Particle precipitation data was obtained for a period of 24 days
[Evans, Private Communication, 1986]. The range of this period covers
the entire density sample, with an overlap of a few days either side
of the density ratio sample period (see Figure 4.2). Ap data was
obtained from Solar Geophysical Data over that same period plus the
period back to January 1, 1979 (see Figure 4.2). In this test the Ap
and PPE data used in correlation was available from 22.3 hours (15
sample periods) preceding day 79, which was the first day of the

density ratio data,

]
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‘; Since the first test was to determine the amount of correlation
N

between the two parameters and the density ratio, the data had to be

P,

ﬁ': linearly interpolated to the end time of the accelerometer sample
::-: period., 1In effect this put the two parameters on an equal time base
..‘ to simplify the comparison, Furthermore, linear interpolation was
.

3 applied because Ap is a linear representation of geomagnetic activity,
)

‘;.' and since the highly scattered PPE to Ap relationship is approximately
(L linear (see section 4.1), we relate PPE linearly to geomagnetic
"_,; activity.

: -‘: Once the interpolation was complete the two parameters were
: correlated with the density ratio. As they stood, for the entire
“;:': sample period (79/0233 UT - 100/2150 UT, 1979), the Ap and PPE gave
'i:\ linear-correlation coefficients of .47 and .42 respectively.

V" These somewhat low correlation coefficients were expected, since
physically the upper atmosphere does not respond instantaneouysly to
::: magnetospheric heat input (eg. Mayr and Volland, 1973) but acts as a
’3) slowly responding heat sink. Evidence has mounted over the years
::_E which demonstrates that a phase lag introduced to empirical models
b

:_. provides the best description of density changes as a result of
;P: varying geomagnetic conditions [eg. Marcos et al, 1977].

.-

. With this in mind, a program was run to correlate time-.agged
~; parameters to the density ratio. The program was set up to step back
." or forward in time in order to determine the amount of time lag which
:E would produce a maximum correlation coefficient. Due to the
‘; characteristic response time of the upper atmosphere to magnetospheric
f' heat input, as described above, some sort of time lag to obtain a
:\; maximum correlation was expected.

e’
"l‘!‘l‘!‘i’!'n..h' "

¥ () O " ! .
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A
e
o' The correlation plots of the first test are shown in Figures 4.5-
3

A
(\. 4,8 and the results are summarized in Table 4.l. In each of the
...
;::ﬂ figures, the correlation coefficients are plotted as a function of
)
) ,
:: sample period (approximately 1.5 hours). Also fincluded are the first
™
'l‘

\ two standard deviations of the correlation coefficient (shaded region)
$ which resulted from random numbers being linearly correlated with the
X : same density ratio data within each sample period (this was done with
'
( the same correlation program, calling a random number generator for
‘,:: each sample). Also, to represent the uncertainties in the data, an
L

N

:\ error bar at maximum correlation showes two standard deviations of the
8

y linear~correlation coefficients where 50% gaussian random noise was
L
Q introduced into the three data sets. The reason 507 was chosen was
I

:' because it is difficult to define the uncertainty in the PPE and
")

’l
( density ratio computations, and 507% was considered a reasonable
K.Y
:$ estimate for this particular study (Marcos, Evans, private
k)
:: communication, 1988).
o
g) Table 4.1 provides the correlation coefficient (r) for both the
o

-

2 Ap and PPE parameters at a lagged time to where the coefficient was a
\.

o

.rb maximum., The "Lag" refers to the specific time which produced the
N

® maximum correlation coefficient (in all cases the maximum correlation
::i occurred between the density ratio and a parameter value from a time
g
"J

:: preceding (lagging) the sampled data). Additionally, included in Table
2

® 4.1, is the probability "P" of obtaining such a coefficient from a
s

.:: completely uncorrelated popuiation (for the FORTRAN program used see
o

*

\ }
! W Bevington [1969]).

Figure 4.5 represents the entire sample period for test 1. The

D
::j correlation coefficients for Ap remains somewhat larger than PPE
~

~

e

"
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and both PPE and Ap, as a function of 1.5
hour increments.

s5¢§1.~

aat o

\:'i:\
P

Ay
w_X
A

,
T ®
P

\
e
‘I .

LR i
) O ot Vi 0 O ", s - - - . }

e RN OCR TR NN » DS : ‘ g A ; ;
R B R




o
44

A

SR
ey

*l:‘,

) L INERR-CORRELATION COEFFICIENT
o , PERIOD: ©3/@489 UT. - 89/1227 UT Ne 103

',".':SI:  1.80

( 9.80- X ap

yy 8. 704 O PPE

I 0.60- Ll
:
ot 8.50 x X

®
P
X
X
BX ~ = = e e e e

.}0‘ .

O TR 5%
A

L}

-
L

TIME LAG (1.5 HOUR INCREMENTS)

-.

AKX

AL,
22

Fig. 4.6 Correlation coefficients for the first
geomagnetically active period (1979 Julian days)
between the density ratio, and both PPE and Ap,
as a function of 1.5 hour increments.

T T 5
SRR

S

@ e

# ~ - - - -
RO f Vs . 0K, O A : 3 , ,
S0, %0,.0% 4 0) () P ¢ &) W D \Vf\(‘ U X s -~ W e v .
RO ) eatud Forebads® ! 3 -
ahatiatiudtiatn s, ey et e i ot *.‘c i GROOINEALA NI iy QO .‘::!'0‘!‘“‘;".: .a".!‘:" :‘.’2:,.:"& SN l‘a‘ ‘ ':.:'a'l' :




\
M
o
e 45
-
Lo
‘!’
';..
i
e
b L INEAR-CORRELATION COEFFICIENT
o PERIOD: 96/1336 UT - 94/1342 UT N= 65
£ 1.088- .
v : !
. i
0.906
l
9.88-
) 88 | X RP
2.70; v : 0 PPE
{. 0.60- X x}; f
l. . X ] I
)
4G Q U] :
- 0.504 X
(] o
)
it 2.40
. 2.30
N
0 8.28
?.
3 8.10
i :
14
A « g.98
, 4
K¢
?: -8.12
kS
¥ -9.20
-8.30
g
- -98.49 »
N |
%' -0.50 TIME LAG (1.5 HOUR INCREMENTS! 5
[X'n
o
o
f
[/
y
o Fig. 4.7 Correlation coefficients for the second s
® geomagunetically active period (1979 Julian days) '
b between the density ratio, and both PPE and Ap, .
' as a function of 1.5 hour increments. f
Pal
»
3
1
»
o
v
v
W
1 {3
o

n)

s o ” . ,
ettt adnntitn RIS R R AR R




5 46
532'«.

‘j LINERR-CORRELATION COEFFICIENT

o8 . PERIQD: 79/8233 UT - 81/8450 UT N= 34
1.88-

\
) : 2,904
F) »
5:'03 2.884

nee 2.7e

@ PPE

»x 2.60

!
I
1
t
{ X Rf
l
{
1
|
|

- e o g,
&

N 3.508+

® e TIME LRG 1.5 HOUR INCREMENTS)

::4' Fig. 4.8 Correlation coefficients for the geomagnetically
..:':: quiet level period (1979 Julian days) between the

oy deasity ratio, and both PPE and Ap, as a function of

" 1.5 hour increments.

v
r-"

pprp . -~
-'f 0' o _l 3 o' v' 0't l't.c Ot l:' .c"‘c.l‘ Y "l “t‘. DAYy -‘bt' ettty !'o -':“'5"5‘!‘. !h’«’t‘.' "’t"‘:"‘d‘"- ":‘.ﬁ '0 “' “'h ,'.“! i‘c'!.c.




;‘|‘|: throughout the period, but the sensitivity of the data at two standard
A
e deviations makes the two parameters indistinguishable in degree of
‘.‘

‘,‘_ correlation. Maximum peaks for Ap and PPE (.66 and .59 respectively)
W

ﬁ: nearly correspond in time. An interesting feature of the PPE graph is
*

L
Zj the double peak. This behavior could be purely statistical or may be
Ry
Wb
’%l:;: due to different characteristics which exist between geomagnetic

)
Ay
;:.'. storms. One further explanation may be the different response
e
M
{ characteristics of direct heat input versus indirect ionization
:;::: effects.
{ ~~i
:§,“ TABLE 4.1 Results of Density Ratio Correlations with Ap and PPE of
the Periods Tested, Showing the Linear-Correlation Coefficients

Fea (r), Lag Time (Lag) of the Maximum Correlation, and the

-«"n{: Probability (P) that r Could Come from a Completely
P Random Sample Population
Ny
4
v
ol Period r Lag P T Lag P

At
f».’ Ap (hours) PPE (hours)
S
‘Sh
R
t|. j All .66 6.0 7(-11) .59 6.0 6(-11)
:‘) Active 1 .54 1.5  4(-9) .38 7.5 7(-5)
: Active 2 .62 7.5  4(-8) .56 9.0 1(-6)
gty
R

o
:‘, In conclusion, the correlation coefficients of PPE compared to Ap
| J
|;l; are statistically indistinguishable. Therefore, PPE is no better than
It
.‘.2 Ap in describing the density fluctuations, at least in this particular
Lol
e
-\,ﬁx period. However, the relative utility question is not yet answered by
:‘ this result, when considering PPE is potentially available in real
-I“'-

Y
§$ time [Evans, private communication, 1988), and this parameter has a
Wl

Ae
?’C definite disadvantage in spatial coverage when compared to the
o .
‘:;o Gottingen Ap. These characteristics seem to indicate the potential of
B

a3

v.l . s B )
. ) Oy > T (! 0 0 Q \ K ' 0
Mﬂmmﬂﬁ’*%.&ﬁﬁﬁkmmmnax' ‘m&m" wa&»m %'Mr' .y' IR OS)
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A

i:é:' this parameter, or an improved PPE parameter in surpassing the Ap as
'.!‘“ an index of magnetospheric activity., Furthermore, it was demonstrated
‘. that a time-delayed Ap or PPE provides a better parameter for
. describing the thermosphere's response to magnetospheric heat input,
3‘ compared to the parameter without time delay. The time delay of the
-

:‘::; thermosphere's response is about 7.5 hours for this general period.
:: However, the peak is very broad with a 4-nour spread, making this
'

{! difficult to determine exactly.

g’:: Figure 4.6 represents the first isolated active period (Ap of 15
f; and above), from Day 83/0409 UT to Day 89/1227 UT. This first active
' period ranges from an Ap of 15 to a maximum Ap of 111, with PPE
.-\. varying from 7 to 152 Gigawatts. 1In this period the relative
\ 3 comparison between the Ap and PPE correlation coefficients showed Ap
;‘ y to be the more highly correlated parameter (r = .55) than PPE (r =
:,:';.::: .38). Notice how much more complex and fluctuating the hemispheric
Wb

H‘::':‘.‘: power input throughout this active period is as compared to the Ap
0

o variability (see Figure 4.4).

{“ Active Period 2 (Figure 4.7), which is from Day 90/1336 UT, to
E,::, Day 94/1342 UT seems to behave more as expected, in contrast to the
“ first active period. The range for the Ap index within this period is

15 to 207, with PPE ranging from about 8 to 160 Gigawatts. The lag

-
.A.)l.‘.&i':.l

ro? times of maximum correlation of the two parameters virtually coincide,
e
St

P with maximum occurring at the 7 to 8 hours. The maximum correlation
'.'i
:.'0' coefficient for Ap is .62, and PPE is .56, The difference in
W
:o:": correlation coefficients is not as dramatic as in the previous case.
!.'

\

.\' Figure 4.8 represents the only quiet (Ap < 15) period (79/0233 UT
P ;.'

:: - 81/0450 UT) tested. The sample size of this period was only 34,
D",
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and, therefore, there is no meaningful correlation between the
parameters and the density. Since this study has statistically
insufficient data points for quiet-time periods, no attempt will be
made to describe the relative utility of the two parameters during

quiet periods, Table 4.1 summarizes the results of this first test.

Table 4.2 Time in Hours as a Function
of Geometric Attenuation

Time

T (hours)
0.00 0.0
0.50 4.3
0.75 10.4
0.90 28.8

4.,6.2 Correlations Using Time Weighted Ap

To provide a more physically meaningful representation of heat
input into the thermosphere, it would be helpful to weight the
parameters to make them more representative of how the atmosphere
responds to heat input. As mentioned previously Marcos et al., [1977]
have shown the L2-hLour average of the Kp to be a better first-order
approximation for this response characteristic than the nonaveraged
value.

In this study further processing of Ap data was done, which Wrenn
[1987] has shown to be helpful when describing ionospheric responses
to changes in Ap. In his study, he presents a time-weighted Ap through

the use of a three-hour attenuation multiplier T (0 < T < 1) applied

O

"‘.‘ )
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to a geometric progression. In producing such a geometric attenuation

he introduces the factor (1-T) as a normalization factor since

AP(T)=(1-T)[Ap + (T)Ap_, + (T9)Ap_, + ...]

The application of T is equivalent to increasing the weight of
the most recent index, while at the same time causing values to drop
by a factor of l/e in a time period which corresponds to the values
listed in Table 4.1. For three-hour index values, Table 4,2
represents the time which corresponds to the attenuation factor T.

This attenuation was applied to the Ap data of 1979 by using the
recurrence formula described by Wrenn [1987]. Figure 4.9 shows the
effect that the weighting factor has on the Ap index throughout the
20~day test period, as well as days preceding and following this
period. The first through the third panels represent the weighted Ap
values which correspond to the 4.3, 10.4, and 28.8-hour attenuation
listed in Table 4.2. This procedure filters the index to contribute a
geometrically weighted effect into the future.

Figures 4,10 to 4,12 represent the time-weighted Ap correlation
to the density ratio. On these graphs three weighted Ap indices are
plotted, the unattenuated index, the Ap(T) with the T that produced

the highest correlation, and an Ap(T) with T=.90 plotted on each graph

to show the trend that the weighting introduces to the correlation.

—

From Figure 4,10 it appears that the introduction of a weighting

function is advantageous. The improvement in the correlation over the

entire period is about .08 (.74 verses .66) better than when using the

Syaay

unattenuated time-lagged value. This seems physically logical, since
the upper atmosphere slowly responds to fluctuating magnetospheric

heat input. Over the entire period, the optimum response time of the
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Fig. 4.9 The effect of geometric time weighting upon Ap. The
first through third panels show attenuations of
approximately 4,3 hours, 10.4 hours,
and 1.2 days respectively.
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stmosphere uses a T of ,675 or 7-9 hours. The improvement is
significant.

Figure 4,11 confirms the complexity of the first active period.
The improvement of the correlation is not as significant as for the

overall period.

Figure 4.12 represents the second active period. The correlation
is optimized with a T = .7 giving an r = .74. This shows a .14
improvement in the correlation coefficient over the maximum raw Ap

coefficient., Table 4.3 summarizes the results of this second test.

TABLE 4.3 Results of Density Ratio Correlation with Ap(T), Showing
the Attenuation Factor (T) Which Produced the Maximum Correlation
(r) at the Lag Time (Lag) of the Maximum Correlation, and the
Probability (P) that r Could Come from a Completely
Random Sample Population

Lag
Period T (T) (hours) P
All 675 .74 1.5 less than 10(-11)
Active 1 400 .58 1.5 2(~10)
Active 2 .700 .74 7.5 less than 10(-11)

4,7 Conclusion

In conclusion, the first test shows that the current PPE has no
better correlation to density ratio changes than the current Ap
parameter (see Section 4.6.1 and Table 4.2), Over the entire period,
and including the lagged values, the Ap index showed a slightly better
correlation coefficient than did the PPE; however, sensitivity tests
of the data showed there was no statistically significant difference.

Upon breaking the data down into statistically significant active
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periods, the Ap correlated slightly better than the PPE in the first
active period, but in the second active period no statistically
significant difference was found.

All of this information shows that, in its present form and
during this sample period, the PPE index was not any more useful than
the Ap index in describing upper-atmospheric density perturbations due
to magnetospheric processes.

That is not to say that the PPE index does not have the potential
to become a better index than Ap. On the contrary, this study
indicates that this type of index has such potential. This is due to
the very nature of the PPE data itself. As mentioned previously (see
Section 3.3), the PPE data comes from a single-line integral of
particle precipitation and an empirical determination of what is
happening globally. This fact puts the data at a definite
disadvantage when it comes to spatial coverage, as compared to the
global coverage of the Ap index. Additionally, the Gottingen Ap is an
after-the-fact (many days until all the data is collected) geomagnetic
index, giving it further advantage over the "real time" PPE data.
Finally, in spite of all of these disadvantages, the PPE still has a
comparable correlation coefficient (only a .07 difference over the
entire sample period) relative to the Ap.

A further optimization of the correlation was the subject of the
second test. In order to test the response characteristics of the
thermosphere to magnetospheric energy input, a more physically
representative time weighted index was introduced (Ap(T)). This
geometrically time-weighted parameter showed a consistent improvement

in linear-correlation coefficients over all three samples (Table 4.3).
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This test reaffirms the physical response characteristics of the
thermosphere. This assertion is made not only because of the enhanced
correlation coefficient, but also because "lag'" time was dramatically
decreased by maximizing the correlation coefficient. This means that
the physics of the situation is better described with this type of

time weighting than with the raw lagged parameter.
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CHAPTER V

ORBITAL ANALYSIS STUDY
5.1 Introduction

This chapter is a presentation of a study carried out at Space
Command in Colorado Springs, Colorado, in the fall of 1987. The study
focused on the utility of hemispheric power input (PPE) as compared to
the Air Force's Ap geomagnetic parameter for use in operational
satellite orbital analysis.

The Air Force's Ap differs from the Gottingen Ap in that it
utilizes only western hemisphere stations. It has an inherent
statistical weighting factor to make it more representative of the
Gottingen Ap and weights the data to emphasize high-latitude
geomagnetic perturbations [Krause, personal communication, 1988]. The
reason this Ap is used rather than the Gottingen Ap index is that it
is available in "real time" and thus adds to the operational
objectiva,

The test involves the use of a semianalytic orbital ephemeris
generator [Liu, 1979] which uses an empirical upper-atmospheric
density model in describing the state of atmospheric drag. This
chapter begins with a description of the test conducted by the Space
Command Astrodynamics group [Liu et al., 1982], which evaluated the
operational utility of various empirical upper atmospheric density
models as applied to the '"real world" environment. The chapter
concludes with a discussion of the same type of test applied to the

two geophysical parameters, Ap and PPE.
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5.2 Empirical Atmospheric Density Model

Applications Study

To insure the accuracy of the state of the atmosphere at various

altitudes, satellite orbital models utilize state-of-the-art empirical

density models. 1In an operational evaluation of such density models

Liu et al. [1982] conducted practical tests of various upper

atmospheric density models through the use of orbital mechanics. More

specifically, the orbital models used to test the upper atmospheric

density models consisted of the semianalytic integration method [Liu,

1979] as well as special perturbation theory. It was pointed out that

although the test was not intended for scientific purposes, the study

did reveal the practical applicability of various density models in a

U.S. Air Force Space Command environment. In other words, the test

emphasized the practical usefulness of density models to provide the

most effective and efficient means of providing upper-atmospheric

density information to a numerical orbital generator.

In order to make objective comparisons of the operational

applicabilities of the various density models, a standard testing

procedure and criteria from which to base the evaluation was

developed.

The data base used for the study consisted of a collection of

radar observations of satellite range, range rate, azimuth and

elevation measurements,
The orbital ephemeris generator determined to perform most
efficiently and effectively was the semianalytic theory model. This

model describes the atmospheric drag and the second through fourth
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'*f.: zonal harmonics of the Earth's gravitational potential. These two
whe
y" forces are combined into singly averaged equations of motion and
s L
:: subsequently numerically integrated to produce the required ephemeris.
s
'}" The specific test cases chosen were satellites which had high
e
b
A3
) density observational data bases., The orbits chosen were to be
v
1
,:.':' approximately twenty days prior to decay, which would provide samples
) \
D)
t‘l:o' with a maximum amount of atmospheric drag.
¢
( The test procedure applied to these cases was set up to emphasize
por,
o) how well the various density models performed in orbit determination,
e
-..’: short-term prediction, and lifetime estimation when used by the
]
. ,f: )
P ephemeris generator.
s
fb The test used six singly averaged initial orbital elements along
BN
LA N
. with the appropriate ballistic coefficient and the classical least
b
)
; .1 square differential correction technique [ADCOM, 1977] in order to fit
[ "l:: the observational data (see Appendix for a general explanation of the
LAl
g
) _;-J differential correction method),
P
3} After orbit initialization, a short-term prediction was made
o
\:,-. using a given density model. The resulting prediction was then
AN
a“" o~
::::- qualitatively evaluated in terms of the root mean square {(RMS) of the
e
2 position differences in km, and the difference at the end of the
e
td?.\. predicticn span. The study concluded that Jachia 70 [1970] upper-
L
:C"\ atmospheric density model had the best overall performance.
M,
,‘n!\
®
A 5.3 Parameter Study
A
A
e
:;{ In this study, basically the same test was performed as was
B
SN
® discussed in 5.2. The difference is that there was only one density
"
::-.'j model used, the Jachia 70 [1970), and the test was to determine
o
R
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whether or not the introduction of the PPE index improves the RMS
positional accuracy of the end time positional differences when
compared to a run using the Air Force's Ap index. The hypothesis is
that if this parameter were better in describing heat input to the
thermosphere than the Ap index, the RMS of the positional difference
would be lower for PPE than the Ap.

The particular test cases chosen for this study had high
inclinations so as to emphasize auroral zone effects. They were also
chosen because of their fairly low peregees, so as to maximize the
drag effects,

Table 5.1 summarizes the initial condition ephemeris of the three

test cases,

Table 5.1 Initial Ephemeris Conditions for
Orbital Analysis Study

Sat No. Apogee Perigee Inclination Period

(km) (km) (deg) (min)
11285 1010 509 74 100
11161 971 430 83 98
7337 1921 414 83 108

Table 5.2 is a summary of the RMS value to where the differential
correction converged. This simply means that this was where the
residual of the predicted position versus the observed position was
found to be minimum. The smaller the RMS the more useful the density

model i{s to the orbital model in making orbit determination.
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o
2
::: As this table shows, of the satellites tested all three had their
'0
404
{" lowest RMS with Ap rather than PPE as the geomagnetic index. The
[
K consistent difference shows that the Ap may be the better parameter,
»
e
o
X X and indicates that PPE in its present form is probably not as useful
W
| in orbital analysis as the Ap.
I‘
! L]
& TABLE 5.2 Summary of RMS Residual from Orbital
A Analysis Study of the Operational Utility of
2 Ap and PPE Magnetospheric Parameters

o P - o

ot
‘o Satellite No. PPE Ap
19 4
i
Py 11285 2.969 2.614
s 11161 5.973 5.215
oy 7337 2,976 1.800
v
'*‘
'* One must be very careful to qualify this statement, since what is
4
N
’: being tested is a parameter (PPE) within an empirical model which has
r'J
‘N
:.‘ been built upon a different parameter (Ap). However, the test may be
B
D valid since the density model tries to track heat input through
‘.l
1 tracking an increase in the Ap index. If PPE is a valid physical
‘l
"‘\:: parameter for the amount of heat input into the atmosphere, then it is
)
‘\
: possible that it could improve the model's performance as applied to
:‘,,: orbital analysis, and it is in this context that the test was made,
Y
' »
Q Additionally, the RMS results are consistent with the
|
;! accelerometer study conclusions, and may be further evidence that the
LK
',:' PPE is no more useful in describing upper atmospheric density
)‘.
'::v perturbations due to magnetospheric energy input than the currently
vy
; used "Ap" index. However, the PPE results were favorable, and it may
V)
I
!“
k2

-
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:',v be more fair to compare a PPE binned empirical model with other Ap

‘ binned models.
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§ : CHAPTER VI
%
i
g.\ CONCLUSIONS/RECOMMENDATIONS
,'“
::‘.‘ The accelerometer study demonstrated the potential of global
0
X
) hemispheric power (PPE) as measured by the NOAA/TIROS satellite as a
P
s‘a‘ more useful parameter than Ap. This conclusion considers the
!|'
LR
:%::t potential operational availability of the PPE, as well as its
L]
W
disadvantage in spatial coverage (see Section 3.3), when compared to
DO .
‘,i:‘::', the Gottingen Ap. Even with the inherent difficulty in spatial
!
::',%: coverage, the PPE and the Ap had statistically indistinguishable
PO
PY correlation coefficients when correlated with the accelerometer
)
N density data.
‘T":"
':',0. In view of this excellent performance it is suggested that an
i
LN
r investigation of the operational implementation of this parameter be
;‘.‘
;:' o conducted. Furtnermore, realizing the l0-year PPE data base which is
3 g
l. 3
available, it is advised that an empirical model be built using this
l"
LD) rather than the Ap data base.
P
R~ Additionaly, it is recommended that an improved PPE be developed
.
g% 0g8
b by supplementing it with other auroral sampling satellite instruments
'."“ such as DMSP or other new PPE-type satellite instruments. It is this
:: author's hypothesis that an improved PPE would surpass the current Ap
0. »
)
"'s index in utility, as applied to modeling magnetospheric heat input to
i)
6‘" the thermosphere. This hypothesis could be tested through the same
o
:::2. test employed in this study.
3
::' " Additionally, since this study demonstrates the potential of a
¢
Lhy!
)
® more physically representative magnetospheric parameter, it seems only
¥
:::§ logical to suggest the use of an auroral imager as an alternative to
oS
]
iy
3
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g
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N

\.; the problem of having many satellites to provide adequate coverage of
o
e
' auroral processes.
[

(
:n.: This study also provided a look at a time-weighted Ap parameter,
P>

e
::‘.. which improved not only the magnitude of the correlation coefficient
" (]

(
’:% but also significantly decreased the time lag to the maximum
N
'\*" correlation coefficient. This supports the theory that the
BVt
SR
!:n::" thermosphere responds in an integrated, rather than instantaneous,
Q'.
PO

) fashion to magnetospheric heat input. This observation could motivate

p P

\"
,\': a further investigation of this type of weighting to current
JYoanly]
-?‘; geomagnetic indices or possibly the development of a new PPE type
) Py
i

. index, as they both apply to neutral upper atmospheric density
::-': modeling.

2l

~

S

s Finally, this study showed that there may be an upper limit to

. y
By -
{ ‘ the capability of a magnetospheric parameter to model perturbations in
:’.\i‘. satellite drag, because current models do not contain wind and
2

chemistry-induced affects., Additionally, due to the complicated

e

,_.,
[ S NS 8

magnetospheric system, a single magnetospheric parameter probably is

C

;}.'.‘: incapable of precisely modeling Joule dissipation.
‘._\:
:J- The second study demonstrated that, in the cases tested, the
O
W
'.“ operational applicability of the PPE index in its present form is no
B0
v:z better than the Air Forces real time Ap index. However, caution must
o
M
)
":’ be applied to this conclusion since the empirical model to which the
340
." PPE was entered and which was used by the orbital model was binned
.
:_‘.z;- using the Ap index. Even with this disadvantage PPE still obtained
e
(e
& favorable results, Additionally, to make the test more fair, it is
<y
*‘.
'Y recommended that an empirical model based upon PPE be tested in the
l ‘::
) same manner.
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The following is a summary of the recommendations of this

{ research:
§:E: l. Investigate the implementation of the PPE parameter for
‘:?:E operational use.

h

E:' 2. Build new empirical upper atmospheric density models based
?t s.: upon the existing 10-year PPE data base.
:5 3. Develop an improved PPE parameter by supplementing NOAA/TIROS
P~

data with other auroral particle instruments (e.g., DMSP).

Y el

o

:: 4, Test this new model against Ap-binned models in other orbital ‘
:: model studies. v
&

;' 5. Investigate thermospheric density modeling using improved

.r: existing parameters (e.g., time-weighted Ap).

:;_: 6. Use imaging satellites to improve spatial coverage of

{' magnetospheric energy input, and develop models based on this new data

L base. :
~ :
',;- 7. Further investigate the limit of the optimization of

, magnetospheric parameters associated with the affects of winds, ..
. \
::: chemistry, and Joule heating as these phenomena relate to satellite
:E: drag modeling.

~
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Appendix: General Summary of the
Differential Correction Method

The following summary is taken out of Fundamentals of

Astrodynamics by Bate et al. [1971], and is intended to give the

reader a general outline of the differential correction method and the

concept of residuals.

Differential correction utilizes the concept of residuals. A
residual is defined as the difference between an actual observation
and what that observation would have been if the satellite traveled
along a theoretically nominal orbit, Due to the fact that satellite
sensors have inherent errors in tracking, or because of uncertainty in
the original observing station's geographic location, the station
downrange may pick up different data than what was predicted.

Suppose one breaks a satellite's initial position r, and velocity

i

v, into its resulting three dimensional components, and these six

i

components describe the preliminary orbital elements of this satellite

this epoch time t Now assuming that a theoretical prediction is

i.
made as to the future position of this satellite at six different

times, say t and t,, This prediction assumes that the

RRPRAS RRARIY 6
initial observations were correct.
Furthermorc, suppose that a downrange station makes observations

of range rate at these same six prediction times and computes the

residuals in the six age rates as

AOI, Apz! 603’ Apay AO5’ and Ap6.

PN

'@ Assuming the residuals are small the following six tirst order
- equations may be written:

~
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Where I, J, K represent orthoganal coordinates.
Assuming that the partial derivatives in this equation may be
evaluated, this equation may be represented by a set of six
simultaneous linear equations in six unknowns, ArI, ArJ, ArK, AVI,
AV, AVK. Using matrix methods this equation can be solved for
correction terms which are then added to the initial prediction terms
to produce an "improved" set of orbital elements

[rI AT, Tp AT e,V

% k T avel

These corrected values are then used to produce a new "updated"
prediction of six new range rates. The resulting residuals from this
new prediction are the used in the same process until convergence to a
smallest value residual is obtained. This then is basically an six
dimensional iterative technique where trial and error is used to
determine the orbital elements which would reduce the residual to
zero. For further information on the general differential correction
technique see Bate et al [1971]. For information concerning the

specific technique used by Space Command Astrodynamics see ADCOM DCD8,

[1977].
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