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Abstract

The dominant error source in force models used to predict low-perigee satellite trajectories is atmospheric drag. Errors in oper-

ational thermospheric density models cause significant errors in predicted satellite positions, since these models do not account for

dynamic changes in atmospheric drag for orbit predictions. The Air Force Space Battlelab�s High Accuracy Satellite Drag Model

(HASDM) estimates and predicts (out three days) a dynamically varying global density field. HASDM includes the Dynamic Cal-

ibration Atmosphere (DCA) algorithm that solves for the phases and amplitudes of the diurnal and semidiurnal variations of ther-

mospheric density near real-time from the observed drag effects on a set of Low Earth Orbit (LEO) calibration satellites. The density

correction is expressed as a function of latitude, local solar time and altitude. In HASDM, a time series prediction filter relates the

extreme ultraviolet (EUV) energy index E10.7 and the geomagnetic storm index ap, to the DCA density correction parameters. The

E10.7 index is generated by the SOLAR2000 model, the first full spectrum model of solar irradiance. The estimated and predicted

density fields will be used operationally to significantly improve the accuracy of predicted trajectories for all low-perigee satellites.

� 2005 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The High Accuracy Satellite Drag Model was an 18-

month effort completed by the Air Force Space Battl-
elab in August 2002. Its goal was to improve Air Force

Space Command�s ability to meet stringent Space Sur-

veillance Capstone Requirements for satellite trajectory

prediction accuracy. For low-perigee satellites (<600 km

altitude), these requirements are not consistently met,

largely because current atmospheric density models have

errors of 15–20% (Liu et al., 1983; Marcos, 1990). This

can affect missions like maneuver planning, re-entry pre-
dictions, collision avoidance, and finding satellites with

narrow field-of-view sensors. The Space Battlelab
0273-1177/$30 � 2005 COSPAR. Published by Elsevier Ltd. All rights reser

doi:10.1016/j.asr.2004.02.020

* Corresponding author. Tel.: +1 719 556 3715; fax: +1 719 556 3738.

E-mail address: mark.storz@peterson.af.mil (M.F. Storz).
funded this initiative because of the substantial payback

expected. It is also well suited to the Space Battlelab�s
project criteria of demonstrating unconventional ways

of using existing data and technology to meet mission
requirements, and being able to demonstrate this in 18

months or less. This initiative leveraged off an earlier

Space Battlelab project (Marcos et al., 1998) that dem-

onstrated the potential of the basic technique, even

when only one satellite is used to extract the drag effects.

This initiative optimizes the earlier approach by

simultaneously processing drag information from the

trajectories of up to 75 inactive payloads and debris to
solve for a dynamically changing global correction to

the thermospheric and exospheric neutral density. The

thermosphere is the layer of the atmosphere from

90 km to about 600 km altitude. The exosphere is the

layer above the thermosphere. In this initiative, satellite
ved.
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tracking observations (azimuth, elevation, range and

range rate) from the Space Surveillance Network

(SSN) were processed directly to derive the neutral

atmospheric density. Thermospheric density correction

parameters were computed along with the trajectory

states of the calibration satellites in a single estimation
process, known as the Dynamic Calibration Atmo-

sphere (DCA). The density corrections reflect dynamic

changes in the diurnal and semidiurnal variations (He-

din et al., 1980).

The initiative also capitalizes on the new SO-

LAR2000 model developed for the Space Environment

Center by Space Environment Technologies, Inc. (Tob-

iska et al., 2000). This is the first-ever full solar spectrum
model and acts like a data fusion engine, assimilating

many different sources of solar irradiance data. It can

generate various products related to the sun�s electro-

magnetic radiation output. HASDM makes use of the

extreme ultraviolet (EUV) wavelengths. This radiation

is the major heat source in the thermosphere, causing

the neutral density to change several orders of magni-

tude, throughout the 11-year solar cycle (Jursa, 1985).
SOLAR2000 has recently been modified to produce a

3-day prediction of the EUV radiation in the form of

an effective F10.7 index based on the intensity of this

radiation. This new index is known as E10.7, and when

input to existing models requiring F10.7, is designed to

boost their accuracy performance.

This project also included the development of a pre-

diction model that maps the time series of solar and geo-
magnetic indices (including E10.7) to the density

correction parameters estimated by DCA. It also extrap-

olates information from the time series of the density

correction coefficients using discrete Fourier and wave-

let techniques. DCA�s dynamic thermospheric density

correction, together with the 3-day index prediction, sig-

nificantly improves satellite trajectory estimation and

prediction.
2. Background

The goal of this initiative is to estimate an accurate

global correction to the modeled thermospheric neu-

tral density deduced from drag effects on the trajecto-

ries of inactive satellites and orbiting debris, known as
calibration satellites. The greater the thermospheric

density, the faster low-perigee objects spiral inward.

The US Air Force first explored the concept of esti-

mating thermospheric density from satellite trajectories

in 1995 at Air Force Space Command and Air Force

Research Laboratory using Small Business Innovative

Research funds. This led to the earlier Space Battlelab

initiative, the Modified Atmospheric Density Model
(MADM) (Marcos et al., 1998), which was completed

in March 2000.
In MADM, the main parameter used to determine

the density was the estimated ballistic coefficient. In

the orbit determination process, this is a solve-for

parameter, just like the elements of the satellite�s state

vector. The ballistic coefficient is a measure of how

much the object is affected by atmospheric drag. The lar-
ger the ballistic coefficient, the greater effect the atmo-

sphere has on the object (Liu, 1983). The true ballistic

coefficient Btrue and the true atmospheric density qtrue,
together with the speed V of the satellite, determine

the drag acceleration aD through the following approx-

imate expression:

aD ¼ 1

2
BtrueqtrueV

2: ð1Þ

The true density qtrue is generally not known, so the

model density qmodel is used instead. The estimated bal-

listic coefficient Bmodel, varies depending on the error in

the modeled density qmodel. If the model density is low

when compared to the real density, then the estimated

ballistic coefficient Bmodel is larger than its true value.

Conversely, when the model atmospheric density is too
high, Bmodel is smaller than its true value. Therefore,

information about the bias in the atmospheric model is

contained within the values for Bmodel. The ‘‘observed’’

drag acceleration aD has nearly the same value, regardless

of the value of qmodel and Bmodel. Therefore,

aD ¼ 1

2
BmodelqmodelV

2: ð2Þ

This implies that, at every instant, Btrueqtrue @ Bmo-

delqmodel and qtrue @ (Bmodel/Btrue) qmodel. The ratio Bmo-

del/Btrue is referred to as the ‘‘scaled’’ estimated
ballistic coefficient Bscale. Fig. 1 shows that Low Earth
Orbit (LEO) satellites with different orbits generally ex-
hibit similar trends in their Bscale time series (Snow and
Liu, 1991). This indicates that Bscale can be used to cor-
rect the model density globally to obtain a rough esti-
mate of the true density. Once a value for Btrue is
estimated by averaging successive values of Bmodel over
a period of years (Bowman, 2002), then the value for
qtrue may be computed. MADM exploited this informa-
tion from a single calibration satellite to deduce the bias
of the model atmosphere, producing modest results. It
reduced the root mean square (rms) of the epoch error
by �20% and reduced the error for a 1-day prediction
by �10% on average. HASDM reduces the rms of the
epoch error by �32% and reduces the error for a 1-
day prediction by �25% on average (Casali and Barker,
2002).
3. Dynamic calibration atmosphere

MADM employed a separate orbit determination

process and a separate density estimation process. In



Fig. 1. Scaled ballistic coefficient histories (Bscale = Bmodel/Btrue).
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HASDM�s Dynamic Calibration Atmosphere (DCA),

these two processes are combined into a single estima-

tion process. This is a weighted least squares differential
correction across all calibration satellites that simulta-

neously solves for global density corrections and a state

vector for each calibration satellite. DCA uses Space

Surveillance Network (SSN) observations directly, thus

avoiding any intermediate step of fitting the density cor-

rection to a time series of estimated ballistic coefficients

Bmodel or energy dissipation rates (EDR). This approach

also optimizes use of the detailed information contained
in the original space surveillance observations. As in

MADM, DCA uses the Jacchia, 1970 thermosphere as

its base model (Jacchia, 1970). While MADM corrected

only two global temperature parameters of the base

model, DCA estimates 13 global density correction

parameters. This global correction not only reduces

the errors in the state error covariance for low-perigee

satellites, but also makes these errors more realistic (less
optimistic). In addition, the sensitivity of orbit accuracy

to fit span length is significantly reduced. Once these

density correction parameters are computed, they are

output to a file so they can be accessed by users to im-

prove orbit determination and prediction for all low-

perigee satellites. DCA was developed by Omitron,

Inc. in Colorado Springs, Colorado.

An important feature of DCA is its segmented solu-
tion approach. Although the state vector of each cali-

bration satellite is estimated for a 1.5-day fit span

interval, the density correction parameters are estimated

on 3-h sub-intervals within the fit span. This approach is

used to extract the time resolution needed to accurately

determine the dynamically changing thermospheric den-

sity (Casali and Barker, 2002). This is especially impor-

tant during geomagnetic storms, when the Joule heating
of the auroral ovals drives rapidly changing density fea-

tures. The observability of the parameters estimated for
each segment is sufficient because of the large number

(�75) of calibration satellites used, and because space

surveillance tasking was increased to include every pass
of each satellite over the sensors with 10 observations

each.

In addition to estimating a density correction, the

plan is to also employ a Segmented Solution for Ballistic

coefficient (SSB). This is a technique whereby the esti-

mated ballistic coefficient (B) is allowed to vary over

the fit span. Fit spans of several days are divided into

1/2 to 3-h segments for which a separate ballistic coeffi-
cient is estimated. The plan is to apply the SSB tech-

nique after the DCA density corrections are applied,

thus further improving the accuracy of the state vector

estimate for the satellite trajectory. This technique may

only be applied if there is sufficient tracking data to pro-

vide the observability needed for the segmented B

estimates.
4. Temperature and density profiles

For this initiative, up to 75 calibration satellites were

used simultaneously to solve for a global density correc-

tion field. This field corrects two local parameters in the

vertical temperature profile leading to a unique density

profile: a low-altitude parameter and a high-altitude
parameter. DCA estimates a new set of parameters

every 3 h. The number of coefficients is given by

(Nlow + 1)2 + (Nhigh + 1)2, where Nlow and Nhigh are the

degree of spherical harmonic truncation for the low-

and high-altitude parameters respectively. The trunca-

tion degrees used in this effort are Nlow = 1 and

Nhigh = 2, for a total of 13 coefficients.

The low-altitude parameter is the so-called ‘‘inflection
point temperature’’ Tx at 125 km altitude. The high-alti-

tude parameter, the exospheric temperature T1, is the



Fig. 2. Temperature profiles (T 0
1=500, 750, 1000, 1250, 1500, 1750,

2000 K with DTx = 0).

Fig. 3. Temperature profiles (T 00
x = 200, 300, 400, 500, 600, 700, 800 K

with T 0
1 = 2000 K).
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asymptotic temperature the profile approaches with

increasing altitude in the exosphere (>600 km altitude).

The local temperature profile T(z) as a function of alti-

tude z is uniquely determined by Tx and T1. The local

temperature profile leads to the local density profile

through interpolation of density tables, which were pro-
duced by integrating the hydrostatic equation (from 90

to 105 km altitude) and the diffusion equation (above

105 km) (Hedin, 1991). The local values for Tx and

T1 are both corrected indirectly through a global

parameter known as the ‘‘nighttime minimum exo-

spheric temperature’’ Tc. This is the principal parameter

used in the standard Jacchia, 1970 model to describe the

state of the entire thermosphere in response to solar ex-
treme ultraviolet heating, and is given by the following

expression:

T c ¼ 383þ 3:32F 10:7 þ 1:8ðF 10:7 � �F 10:7Þ: ð3Þ

For the HASDM project, we replaced the F10.7 index

with the new E10.7 index, which is based on the true ex-

treme ultraviolet (EUV) heating of the thermosphere.

B.R. Bowman developed the following empirical for-

mula for Tc as a function of E10.7 and �E10:7:

T c ¼ 214þ 1:88E10:7 þ 4:23�E10:7 � 0:01�E2

10:7 ð4Þ

In the modified Jacchia, 1970 model developed by the

AFSPC Space Analysis Division (Storz, 1999), a DTc

correction is added to the standard Tc value to produce

the corrected value

T 0
c ¼ T c þ DT c ð5Þ
The local exospheric temperature T 0

1 is obtained

from T 0
c in the same way the standard Jacchia, 1970

model obtains T1 from Tc; through multiplying by the

diurnal variation factor D(d,/,k) (a function of solar

declination d, latitude / and local solar time k), and
adding the contribution to T1 due to geomagnetic activ-

ity DTG and the semiannual variation DTS. The associ-

ated equation is as follows:

T 0
1 ¼ T 0

cDðd;/; kÞ þ DTGðapÞ þ DT Sðt; �E10:7Þ ð6Þ
The local value for T 0

x is then computed from the lo-

cal exospheric temperature T 0
1 using the standard Jac-

chia, 1970 expression:

T 0
x ¼ 444:3807þ 0:02385T 0

1 � 392:8292

� expð�0:0021357T 0
1Þ ð7Þ

However, in the modified Jacchia model, the local

inflection point temperature T 0
x is further corrected by

adding a DTx correction to T 0
x

T 00
x ¼ T 0

x þ DT x ð8Þ

The double prime indicates that this inflection point

temperature is corrected twice; once through DTc and

again through DTx. Both DTc and DTx are expressed
in terms of independent spherical harmonic expansions

in latitude and local solar time. Since local solar time

is equivalent to the right ascension relative to the anti-

solar point, it is actually an angular coordinate, not a

time.

When DTx = 0, the temperature profile is identical to
a standard Jacchia, 1970 profile for a given local exo-

spheric temperature. Fig. 2 shows seven temperature

profiles, each corresponding to a different local exo-

spheric temperature T 0
1. These exospheric temperatures

vary from 500 to 2000 K, representing the natural range

of values. All temperature profiles start from a constant

temperature of 183 K at 90 km altitude, the lower

boundary. The temperature increases with altitude,
exhibiting an inflection point at a fixed altitude of

125 km, indicated in Fig. 2 by the solid black vertical

line. The temperature continues to increase and becomes

asymptotic to the local exospheric temperature T 0
1. Fig.

3 shows seven temperature profiles, each corresponding

to a different T 00
x . The inflection point temperatures

shown here range from 200 to 800 K. These T 00
x values

occur along the solid black vertical line at an altitude
of 125 km. To explore the effect of changing T 00

x only,

the exospheric temperature in Fig. 3 was held constant

at T 0
1 ¼ 2000 K. The middle curve is nearly identical

to the standard Jacchia, 1970 temperature profile with

DTx = 0. Changing T 00
x acts to flatten (DTx 6 0) or stee-

pen DTx P 0 the temperature gradient with altitude.
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For DTx values less than approximately �100 K, a sec-

ond inflection point appears at altitudes above 125 km.

However, values for DTx have magnitudes much smaller

than ±100 K, so this second inflection point never oc-

curs in nature.

The local density profile is computed from the local
temperature profile by integrating the hydrostatic and

diffusion equations subject to the lower boundary condi-

tions at 90 km altitude. Fig. 4 displays neutral density as

a function of altitude and T 0
1. Fig. 5 displays neutral

density as a function of altitude and T 00
x . The key to

understanding the relationship between the density pro-

files and the temperature profiles is to recognize that the

thickness of a particular density interval (color band)
measured along a horizontal (constant temperature)

line, is proportional to the scale height (Jursa, 1985).

Although the scale height is dependent on several things

(temperature, mean molecular weight, diffusion coeffi-

cient and gravity acceleration), it is strongly propor-

tional to the local temperature at a given altitude.

Therefore, to a first approximation, the vertical density

gradient is inversely proportional to the local tempera-
ture. The horizontal solid white line in Fig. 5 indicates
Fig. 4. Density versus altitude and exosph

Fig. 5. Density versus altitude and inflection
the standard value ðT 0
1 ¼ 487 KÞ when DTx = 0 for an

exospheric temperature of T 0
1 ¼ 2000 K. Above

�250 km altitude, changing T 00
x has an effect similar to

multiplying the model density by a constant factor, or

equivalently, shifting log10(q) by a constant without sig-

nificantly affecting the scale height, thus behaving like a
thermospheric density �constant bias term�. On the other

hand, changing T1 alters the scale height as well as the

density at all altitudes, thus behaving like a thermo-

spheric density �slope term�. Both terms are necessary

to produce an accurate fit to the true density profile.
5. Density prediction technique

We make use of the 3-day prediction of the geomag-

netic index ap as well as a 3-day prediction of E10.7, pro-

duced by the SOLAR2000 solar irradiance model. This

model was developed by Space Environment Technolo-

gies Inc. for the Space Environment Center and other

agencies (Tobiska et al., 2000). SOLAR2000 is the

first-ever empirical full solar spectrum model. Its spec-
tral resolution is 1 nm and extends from X-rays through
eric temperature T 0
1 (with DTx = 0).

temperature T 00
x (with T 0

1 = 2000 K).
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the infrared (IR) spectrum. The temporal resolution ex-

tends from minutes to a full solar cycle (�11 years). It

acts like a data fusion engine designed to ingest data

from ultraviolet (UV) and extreme ultraviolet (EUV)

sensors, ground-based optical sensors and total irradi-

ance sensors and imagers. E10.7 is based on the total so-
lar irradiance integrated over EUV wavelengths

affecting thermospheric heating and is averaged over

the past 24 h. The resulting EUV flux was plotted versus

the simultaneous F10.7 indices and a curve was fit to the

points. This curve is used to translate the integrated

EUV flux to the E10.7 index. A similar procedure was

used to generate an �E10:7 corresponding to the 81-day

centered mean �F 10:7. When E10.7 and �E10:7 are used in-
stead of F10.7 and �F 10:7, they act to increase the accuracy

of the thermospheric density model, even if that model

was constructed using the F10.7 indices. Currently, SO-

LAR2000 produces a now-cast and 3-day prediction of

the E10.7 and �E10:7 indices.

The density correction coefficients from the Dynamic

Calibration Atmosphere (DCA) are predicted out 3 days

into the future using a prediction filter that relates these
coefficients to the time series for E10.7, �E10:7 and ap, as

well as an extrapolation of the past time series of the

coefficients themselves (Tobiska, 2002). All of the

DCA coefficients are expressed as a separate function

of the time series of their past values, as well as the pre-

dicted indices (E10.7, �E10:7 and ap). This density predic-

tion filter extrapolates the recent (last �27 days)

behavior of the time series of the DCA density correc-
tion coefficients. The behavior is deduced through dis-

crete Fourier analysis of the frequency, phase, and

amplitude of the coefficients as well as discrete wavelet

analysis for short-term prediction of the transient part

of the signal. The behavior of the coefficient time series

is tied to the solar/geomagnetic heating indices. There-

fore, the extrapolated time series is adjusted according

to the values of the predicted indices. In this way, we
can leverage off existing space forecast expertise in pre-

dicting the indices. This prediction filter significantly

boosts the prediction accuracy of the HASDM thermo-

spheric density model.
Fig. 6. Estimated ballistic coefficient (B) v
6. Satellite trajectory improvement

The primary objective of this effort is to improve the

satellite trajectory accuracy at epoch and throughout the

3-day prediction. A related measure of success is en-

hanced realism of the satellite state error covariance
over the same interval. A third criterion is the reduction

in density error as reflected by reduced variation in the

estimated ballistic coefficient (B). Assuming the true bal-

listic coefficient is roughly constant, reduced variation in

estimated B indicates how well atmospheric density was

corrected. All three metrics generally improved signifi-

cantly with HASDM over the test period (January 15

to July 15, 2001).
Figs. 6 and 7 show the standard deviation (std) of the

estimated ballistic coefficient (B) expressed as a percent-

age ½stdðBÞ=�B� � 100%, where �B is the mean of the esti-

mated B over the 180-day HASDM test period. The

highest percentages in these bar charts represent current

operations. The middle percentages represent the fluctu-

ations in estimated B after the DCA density corrections

are applied. At epoch, using E10.7 does not lower the B

fluctuations relative to F10.7. The lowest percentages

(Solution Sigma) represent the error in estimating B

due to observation errors. Fig. 6 shows the values for

60 of the calibration satellites, while Fig. 7 shows the

values for 40 evaluation satellites, a set of satellites not

used as calibration satellites by DCA. For Fig. 6, the

percentage reduction in estimated B variation is

½DstdðBÞ=stdðBÞ� � 100% ¼ 74%, where D represents
the operational std minus the std after applying the

DCA density corrections. For Fig. 7, the percentage

reduction is 53%. When combined, these percentages

indicate an average reduction of about 65% as (see Table

1).

Figs. 8 and 9 show the root mean square (rms) of the

vector magnitude (VMAG) error. VMAG is the distance

of the predicted satellite position from its reference orbit
position. The numerical scale for VMAG was removed

for public release, but the figures show the relative de-

crease in VMAG when DCA density corrections are

applied.
ariability for 60 calibration satellites.



Table 1

Percentage reduction in errors due to HASDM

Error type Formula Epoch 6 h 18 h 36 h 72 h

Position accuracy
DrmsðVMAGÞ
rmsðVMAGÞ � 100% 32% 43% 30% 8% 12%

Covariance realism
DrmsðdS=rS Þ
rmsðdS=rS Þ � 100% 46% 77% 31% 14% 7%

B Consistency
DstdðBÞ
stdðBÞ � 100% 65%

Fig. 8. Six-hour prediction error (VMAG) for 60 calibration satellites.

Fig. 7. Estimated ballistic coefficient (B) variability for 40 evaluation satellites.

Fig. 9. Six-hour prediction error (VMAG) for 40 evaluation satellites.
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The highest values represent current operations. The

middle values represent the values after DCA is applied.

Note that, for prediction, use of E10.7 typically reduces
the VMAG slightly when compared to use of F10.7.

The lowest values represent the VMAG error from the

reference orbit error covariance matrix based on obser-

vational error. Fig. 8 shows the values for 60 of the cal-
ibration satellites, while Fig. 9 shows the values for 40

evaluation satellites.

For Fig. 8, the percentage reduction in VMAG error
is given by [Drms(VMAG)/rms(VMAG)] · 100% = 46%

where D represents the operational rms minus the rms

when the DCA density correction is applied using

E10.7. For Fig. 9, the percentage reduction is 40%. When
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combined, these percentages indicate an average reduc-

tion of about 43% (see Table 1).

For current operations, the ratio of the empirical

in-track error dS to the theoretical in-track error rS
(based on observation error) is typically significantly

greater than 1. If the theoretical error covariance
were modeled perfectly, this ratio would be exactly

1. Although no figures were provided, the percentage

reduction in the ratio [Drms(dS/rS)/rms(dS/rS)] ·
100% indicates the improvement in covariance real-

ism due to DCA density corrections as shown in

Table 1. Again, D represents the operational rms

minus the rms when the DCA correction is applied

using E10.7

DCA provides significant improvement over current

operations for prediction times of 0–18 h, and exhibits

diminishing returns after 36 h. DCA does not reduce

epoch accuracy to the level achieved using the Seg-

mented Solution for Ballistic coefficient (SSB) refer-

ence orbits, despite showing a substantial

improvement in comparison to the operational accu-

racy (lying about halfway between the two). There-
fore, to maximize operational benefit, it will

probably be necessary to use SSB in conjunction with

DCA for moderate to high-energy dissipation rate

(EDR) satellites to reduce satellite-specific errors.
7. Conclusion

Atmospheric density models for computing drag

forces on satellites are a major source of inaccuracy in

trajectory predictions for low-perigee satellites. This

deficiency can result in serious errors in the predicted

position of satellites, especially those with perigees be-

low 600 km altitude, the layer known as the thermo-

sphere. Many of these objects are of high interest to

Space Control missions.
Current thermospheric density models do not ade-

quately account for dynamic changes in atmospheric

drag for orbit predictions, and no significant opera-

tional improvements have been made since 1970. Lack

of progress is largely due to poor model inputs in the

form of crude heating indices, as well as poor model

resolution, both spatial and temporal. The High Accu-

racy Satellite Drag Model (HASDM) initiative uses
the Dynamic Calibration Atmosphere (DCA) algo-

rithm to solve for thermospheric neutral density near

real-time from the observed drag effects on a set of

low-perigee inactive payloads and debris, referred to

as calibration satellites. Many different calibration sat-

ellites with different orbits may be exploited to recover

a dynamically varying global density field. The greater

the number of calibration satellites, the better the
accuracy. For this initiative, we used up to 75 such

satellites.
There are four major innovations within this initia-

tive that contribute to improvement in the way satellite

drag is determined and predicted:

� Dynamic calibration atmosphere (DCA): This algo-

rithm estimates a dynamic global density correction
that models the true density to within a few percent.

It estimates this density correction every 3 h.

� EUV index (E0.7): This index is generated by the new

SOLAR2000 model, the first full spectrum model of

solar electromagnetic radiation. Not only does this

index better represent the true heating of the thermo-

sphere due to solar extreme ultraviolet (EUV) radia-

tion, but also can be more accurately predicted out 3
days or more.

� Prediction filter for DCA corrections: This density

prediction filter extrapolates the recent (last �27

days) behavior of the time series of the DCA density

correction coefficients. The behavior is deduced

through wavelet analysis and Fourier analysis of the

frequency, phase, and amplitude of the coefficients.

The extrapolated time series is adjusted according
to the values of the predicted solar and geomagnetic

indices.

� Segmented solution for ballistic coefficient (SSB):

This is a technique whereby the estimated ballistic

coefficient is allowed to vary over the fit span. Fit

spans of several days are divided into 1/2 to 3-h seg-

ments for which a separate ballistic coefficient is esti-

mated. For operations, the plan is to apply the SSB
technique after the DCA density corrections are

applied, thus further improving the accuracy of the

satellite trajectory estimates.

A fair amount of success has come from previous

efforts using spherically symmetric density corrections

(Marcos et al., 1998; Nazerenko et al., 1998). How-
ever, HASDM�s horizontally and temporally varying

correction produces a significantly more accurate den-

sity solution. The estimated spherical harmonic coef-

ficients may be readily used to specify and predict

a corrected global density field which can be applied

to special perturbations orbit determination and pre-

diction for any low-perigee satellite. Accuracy

requirements for all Space Control missions should
be met at a much better rate. This initiative can also

provide a useful neutral density database for basic

research.
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