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ABSTRACT

On 3 April 1995 the MicroLab-1 satellite was launched
into a 750 km and 70 degree inclination orbit carrying
the GPS/Meteorology (GPS/MET) receiver payload. The
mission was a proof-of-concept experiment for sensing

the Earth’s atmosphere using the GPS limb sounding or
radio

occultation method. During an occultation, the GPS
carrier phase signals received on-orbit are bent and
delayed as they graze the Earth’s ionosphere and
atmosphere.  This delay and bending can be inverted
with an Abel integral inversion to obtain accurate
profiles of index of refraction of the ionosphere and
atmosphere with high vertical resolution.  To obtain
accurate Abel inversions, it is necessary to precisely
measure the L1 and L2 phase delay on the occulting link
that is due to the atmospheric delay and bending, a
quantity termed excess atmospheric phase delay.  This
requires precise GPS data processing software with low
earth orbit (LEO) determination capability. The
University Corporation for Atmospheric Research
(UCAR) has developed an automated software system to
process ground and space based GPS observations into
atmospheric and ionospheric profile data.  The orbit
determination and excess phase processing are done with
MicroCosm , a state-of-the-art satellite orbit and
geodetic parameter estimation software package
developed by Van Martin Systems, Inc.

This paper discusses content and precision of the
GPS/MET orbit determination and excess phase
processing done at UCAR. The GPS/MET orbit
estimation is performed with GPS triple difference
measurements (defined as a simple difference of time
consecutive double difference measurements) which
greatly reduces the processing time and memory
requirements over double difference processing. Orbit
overlaps between adjacent days suggest that the average
GPS/MET LEO position precision is ~ 5 cm radial root
mean square (rms) and ~ 15 cm 3D rms and the average
velocity precision is ~ 0.15 mm/sec 3D rms.  Orbit
overlaps with external orbits computed at GFZ show
agreement at the 30 cm 3D rms level.  Currently, the
limiting error source in the excess phase data on the
occulting link is not due to LEO orbit error, but due to
incomplete correction of small scale ionospheric



inhomogeneities which degrade the accuracy of the
atmospheric profiles at high altitudes.

INTRODUCTION

Radio occultation is a technique for sounding the
structure of planetary atmospheres that was pioneered by
groups at the Jet Propulsion Laboratory (JPL) and
Stanford University over 30 years ago [Fjeldbo et al.,
1971]. The Global Positioning System/Meteorology
(GPS/MET) experiment uses radio occultation
observations of GPS satellites to obtain vertical profiles
of electron density in the ionosphere; refractivity, density,
pressure, and temperature in the stratosphere and upper
troposphere; and refractivity, density, pressure and water
vapor pressure in the lower troposphere.

The GPS/MET instrument orbits the Earth aboard the
MicroLab-1 satellite at an altitude of ~730 km with a
period of 100 min. Occultations occur as the instrument
sets below Earth’s horizon relative to any of the 24 GPS
satellites, which orbit Earth at ~20,200 km altitude twice
a day and broadcast signals continuously at 1.2 GHz (L2)
and 1.6 GHz (L1). Approximately 250 such setting
occultations occur each day (the GPS/MET instrument is
capable of tracking rising and setting occultations, but
not simultaneously). However, because of gaps in the
ground tracking network and memory limitations on
board MicroLab-1, the GPS/MET instrument collects
only about 150 soundings per day under optimum
conditions.

When the GPS/MET instrument tracks a GPS satellite as
it is occulted by Earth’s atmosphere, the arrival time of
the GPS signal at the instrument is delayed because of
refractive bending and slowing of the signal (see Figure
1). The GPS/MET instrument records the carrier phase
change on the GPS to low Earth orbiting (LEO)
microwave links 50 times per second with millimeter-
scale precision. After removal of the nominal carrier
frequency, the phase on these links changes for three
reasons: (1) relative motion of the LEO and GPS
satellites, (2) drift of the clocks in the GPS transmitters
and receivers, and (3) refractive bending and propagation
velocity changes in the ionosphere and neutral
atmosphere. As described in more detail below, effect (1)
is removed with precise orbit determination of the GPS
and GPS/MET satellites.  The clock effects of (2) can be
removed by common mode viewing with GPS ground
data. With these effects removed, the excess atmospheric
and ionospheric phase delay on the occulting link
remains. The derivative of the excess phase, “excess
Doppler”, can then be used along with the positions and
velocities of both satellites to calculate the bending angle
of the ray versus ray miss distance (called impact

parameter).  The bending angle versus impact distance
time series can then be inverted with an Abel integral
transform to obtain atmospheric refractivity profiles as a
function of ray tangent (perigee) height above the
surface.The horizontal resolution is about 300 km along
the GPS ray path and about 1.5 km perpendicular to the
path. The predicted maximum accuracy of a GPS radio
occultation system is 1°C or better for a height range of 5
to 40 km [Melbourne et al., 1994; Gorbunov and
Sokolovskiy, 1993]. Earlier studies have shown that
GPS/MET comes close to performing as well as this
prediction by Ware et al. [1996], Kursinski et al. [1996]
and Rocken et al. [1997].

Since 1994, the UCAR GPS/MET program office has
developed an automated software system to retrieve,
process, and archive ground and space based GPS
observations into atmospheric and ionospheric profile
data in support of the GPS/MET mission.  This system is
composed of 70,000 lines of Perl scripts, UNIX Shell
scripts, Fortran programs, C programs and also includes
the MicroCosm  software suite, a state-of-the-art
satellite orbit and geodetic parameter estimation software
package developed by Van Martin Systems, Inc (VMSI).
The MicroCosm  software package is used to perform
the precise GPS data processing for the system. After
significant effort, including fixing software bugs, adding
additional dynamic force model capability, and a lot of
data analysis, decimeter level tracking of LEO satellites
has been achieved with both double and triple difference
GPS data processing. The triple difference observation,
which is a simple difference of two time consecutive
double difference measurements, eliminates the carrier
phase bias parameters and results in much smaller state
vectors and thus shorter cpu processing times and smaller
memory requirements.

The purpose of this paper is to describe the content and
precision of the UCAR GPS specific data processing
software which uses the MicroCosm  software package.
First, overviews of MicroLab-1 and the GPS/MET data
products are provided.  This is followed by a detailed
discussion of UCAR’s GPS/MET orbit determination and
excess phase processing.
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Figure 1. Occultation geometry with double differencing.

The paper then presents statistics of the quality of the
processing, including examination of post-fit residuals,
internal orbit overlaps and external orbit overlaps with
another orbit solution.  The limiting error sources in the
generation of precise excess phases are also discussed.

GPS/MET DATA

This section gives an overview of the GPS/MET mission
and data.   First an overview of the MicroLab-1
spacecraft and operation is provided.  Then some details
regarding the GPS/MET receiver tracking are discussed.
Then a description of the available GPS/MET data
products is given.

MicroLab-1 Overview

The MicroLab-1 satellite built by Orbital Sciences
Corporation (OSC) was launched with a Pegasus rocket
into a 735 km and 70 degree inclination circular orbit
with a primary payload used to detect lightening called
the Optical Transient Detector (OTD) and a secondary
payload being the GPS/MET antenna and receiver.
Table 1 gives a list of the MicroLab-1 orbit configuration
and spacecraft parameters.  The MicroLab-1 satellite is a
gravity-gradient (nadir pointing) stabilized.   Attitude is
maintained with marginal accuracy (5°-10°) by using
three torque rods, six sun sensors, two Earth sensors, and
one magnetometer sensor that is mounted on the boom.

Table 1. MicroLab-1 orbit and spacecraft configuration
parameters.

Orbit altitude 735 km
Inclination 70 degrees
Eccentricity 0.001

Orbit precession rate -2.3 deg/day
Size ~ 1 meter

diameter

Mass ~ 75 kg
Phase center of GPS/MET antenna

with respect to
center of gravity

x = -50.7 cm
y = 3.9 cm

z = -17.8 cm

The GPS/MET antenna is on the side of the spacecraft at
a 0° elevation angle in the local level frame.  For optimal
occultation tracking, the GPS/MET antenna should be
held fixed and be pointed in the anti-velocity direction so
occultations will be tracked in a setting manner.
However, to obtain adequate orbit average power,
MicroLab-1 must use 3 yaw steering configurations
called optimal-yaw steering, inverse-yaw steering, and
fixed-yaw steering.  Which attitude steering
configuration is used depends on the angle between the
sun direction and the orbit plane, a quantity termed the
beta angle, β.

As shown in Table 1, β changes about  3.3 °/day relative
to the sun for MicroLab-1, because the Earth rotates
about the sun at nearly 1 °/day and the satellite orbit
plane precesses about 2.3 °/day in the same direction.
Due to GPS/MET’s occultation tracking constraint, OSC
agreed to fix the GPS/MET antenna in the anti-velocity
direction in a fixed-yaw mode when |β| < 15 throughout
the mission from April 1995 to April 1997.  The 3.3
°/day precession rate gives a precession period of
approximately 55 days.  Thus, from April 95 to April 97,
there exist 13 2-3 week tracking periods which had
favorable spacecraft orientation for occultation tracking.
These 13 tracking periods have been called “Prime
Time” tracking periods and are summarized in Table 2.

GPS/MET Receiver Payload Tracking

The GPS/MET payload on MicroLab-1 is a JPL
developed modified ground-based TurboRogue GPS
receiver with a microstrip patch antenna [Meehan et al.,
1992].  Before launch, UCAR, JPL and AOA worked
together to make modifications to the TurboRogue
receiver hardware design that would enable it  to
withstand the LEO orbiting environment for at least the 6
month mission life.  The GPS/MET receiver is an 8
channel dual frequency which consumes 15 Watts of
power and has a 3 kg mass.  It uses a cross correlation
mode for L2 tracking when the military’s policy of Anti-
Spoof is on.  The L2 codeless data is much noisier than
the code-correlating data, but it is still useful for POD
processing, atmospheric profiling in the lower
stratosphere and troposphere and ionospheric profiling.
The MicroLab-1 satellite and GPS/MET payload have
been operating since April 1995 and are still functioning
as of January 1998.



The GPS tracking software for the GPS/MET payload
was developed at JPL. The main functions of the software
are to 1) maintain a course real-time estimate of the
navigation state vector (position, velocity, and clock) 2)
schedule and track as many POD and occultation
satellites as possible and 3) log all engineering and
science GPS data for POD and occultation processing.
The tracking software must track GPS satellites for POD
processing, and can also be configured to track either
atmospheric occultations and/or  ionospheric
occultations. Occultation tracking parameters determine
what altitude ranges the atmospheric and ionospheric
occultations can occur in and at what tracking rates the
occultations should be sampled.  GPS satellites that are
tracked for POD processing are tracked with 0.1 Hz (10
second) sampling rate, termed Low Rate (LR).  GPS
satellites that occult the atmosphere (and their clock
reference satellites) are tracked at a 50 Hz, termed High
Rate (HR) tracking.  And GPS satellites that occult the
ionosphere from near orbit altitude to the ground at
tracked at 1 Hz, termed Medium Rate (MR) tracking.
The occultation parameters used for the majority of the
“Prime Times” in the mission create high rate
atmospheric occultations from ~ 100 km altitude to the
surface and medium rate ionospheric occultations from
near orbit altitude of 730 km to the surface. The
GPS/MET payload has proven to be quite autonomous
and requires intervention only if the software has hung
and is no longer tracking properly, or if a new software
executable image needs to be uploaded, or if the
occultation tracking parameters need to be changed.

Available GPS/MET Data Products

Since 1994, the UCAR GPS/MET Program Office has
developed an automated software system to retrieve,
process, and archive ground and space based GPS
observations into atmospheric and ionospheric profile
data in support of the GPS/MET mission.  The UCAR
GPS/MET Program Office has just finished a major
effort to reprocess all data from the 13 “Prime Times”
shown in Table 2.

Table 2. List of  13 Prime Time periods.

PrimeTime ID AS Status yy.ddd - yy.ddd
4 OFF 97.033 - 97.054
3 OFF 95.283 - 95.305
2 OFF 95.170 - 95.192
1 OFF 95.108 - 95.130
C ON 95.223 - 95.242
E ON 95.328 - 95.349
F ON 96.022 - 96.042
G ON 96.076 - 96.097
H ON 96.128 - 96.148

I ON 96.186 - 96.207
J ON 96.237 - 96.258
K ON 96.293 - 96.312
L ON 96.350 - 97.005

This effort was undertaken so that the data products from
the 13 Prime Times are processed with the same source
code control version of the software and thus would not
be affected by software changes for any future scientific
applications.  The highest quality reprocessed data occurs
in the 4 prime times when A/S was off.  Data from the
other 9 prime times with A/S on is of much lower quality
due to the high level of L2 carrier data noise.  The
reprocessed GPS/MET database contains meta data for
over 23,000 occultations.The data processing
conveniently divides the data into four levels, level 0 thru
level 3.  Table 3 gives a detailed description of the
available data products that are stored in the GPS/MET
data archive.  Data from non prime time periods are
archived up to level 1 data products.

Table 3. Available UCAR GPS/MET data products.

Data Product File type Level
Raw science data binary 0

Attitude quaternians from OSC binary 0
High rate ground fiducial, 30-1 format

binary
0

High rate ground fiducial
30 second and 1 second

RINEX-2 1

GPS broadcast orbits RINEX-2 1
GPS/MET Low Rate, 10 sec RINEX-2 1

GPS/MET Medium Rate, 1 sec RINEX-2 1
GPS/MET High Rate, 50 Hz Turbobinary 1

GPS/MET navigation solution ascii 1
Atmospheric and Ionospheric

occultation tables
ascii 1

GPS satellite orbit ephemeris SP3 2
GPS/MET orbit ephemeris SP3 2
Atmospheric excess phase ascii 2

Ionospheric excess phase, 10
sec

ascii 2

Ionospheric excess phase, 1 sec ascii 2
Atmospheric profile data,

P,T,RH
ascii 3

Atmospheric comparison data netcdf 3
Ionospheric profile data, 10 sec netcdf 3
Ionospheric profile data, 1 sec netcdf 3

PRECISE GPS/MET DATA PROCESSING

Background



This section describes the GPS specific data processing
software which computes excess atmospheric and
ionospheric phase for each occultation.  This precise GPS
data processing involves: 1) precision orbit determination
(POD) of the GPS and GPS/MET LEO satellites 2)
computation of excess atmospheric phase via double
differencing of the LEO occultation data with
synchronous ground data and 3) computation of excess
ionospheric phase for each occultation.  A high level
diagram of the POD and excess phase processing flow is
shown in Figure 2. The ovals correspond to input data,
the rectangles contain major processing steps, and the
rounded rectangles show output data products.

MicroCosm is used to perform the above data processing.
The GPS satellite orbits are estimated from the IGS final
GPS orbit ephemerides. GPS triple difference phase
observations were formed from a network of ~ 35 IGS
ground stations and from the GPS/MET receiver and
were used to estimate the position and velocity of the
GPS/MET LEO orbit.  Measurement differencing is
required by MicroCosm  to remove receiver and satellite
clock errors. Triple difference processing was used
because it results in much smaller state vectors and
substantially shorter processing times.  High rate (1 Hz)
data from a subnet of the IGS network  were used to
remove GPS/MET receiver and GPS satellite clock errors
from the occultation phase data. After a quick overview
of MicroCosm , the remainder of this section discusses
the details of each major processing step.

IGS Tracking Data 
and  Products 

(RNX, SP3, ERP)

GPS Satellite  
POD 

High Rate Excess  
Phase Processing 

Inversion Software

Level 3  
Atmospheric and 
Ionospheric  Data 

P,T,e,Ne

Level 2 Excess  
Phase Files

LEO   
GPS /MET 
Tracking 

Data

High Rate Ground 
Fiducial GPS Data

LEO GPS/MET 
Satellite POD 

Level 2 GPS 
Orbit Files  

Level 2 LEO 
Orbit Files  

Ground Site 
Troposphere 
Estimation

Correlative Data

Figure 2. Diagram of POD and Excess Phase Processing

Overview of Microcosm

The MicroCosm  state-of-the-art satellite orbit and
geodetic parameter estimation software system developed
by VMSI is a limited implementation of the GEODYN II
Version 8609 software package.  It possesses high fidelity
dynamic force and measurement modeling capability
which enables the precise estimation of orbit and
geodetic parameters of interest.  A  Bayesian least
squares algorithm is used to estimate the orbit and
geodetic parameters from a wide variety tracking data
types including GPS, Satellite Laser Ranging (SLR),
TRANET and DORIS Doppler, instantaneous spacecraft
elements, and others.  A large number of geodetic and
orbit parameters can be estimated including: the orbit
state vector, once per orbit revolution time dependent
empirical accelerations, measurement and clock biases,
tracking station coordinates, polar motion, gravitational
coefficients, and many others. MicroCosm uses Cowell’s
method to numerically integrate of the satellite equations
of motion in rectangular coordinates.  This integration is
performed in an inertial coordinate system which is the



true of date coordinate system evaluated at some
reference epoch for the satellite.

GPS Orbit Model Determination

As shown in Figure 2, the first stage of the precise
GPS/MET data processing is to establish the orbit models
of the GPS satellites within MicroCosm.  This is
achieved by fitting GPS orbit model parameters to the
International GPS System (IGS) final GPS orbit
ephemerides.  The IGS final orbits are believed to
provide the location of the center of mass of the GPS
satellites accurate at the 5 cm 3D rms level and are
available in a timely manner [Kouba and Mireault.,
1996].  The model parameters are fit to 36 hours worth
(3 GPS orbits) of IGS data centered around a day of
interest.  Polar motion and UT1 modeling is tightly
constrained to the IERS EOP 1-day series consistent with
ITRF94 in this stage and throughout the data processing.
Because all the data processing was performed in ITRF94
coordinates, it was necessary to rotate IGS orbits for days
before GPS week 0830 in ITRF93 coordinates to ITRF94
coordinates with the published rotation parameters as
shown in IERS Technical Note 21 [McCarthy, 1996].

The GPS satellite force model used in this analysis
includes the Earth’s geopotential, the solid Earth and
ocean tidal potentials, gravitational perturbations due to
the sun and moon and planets, solar radiation pressure,
and constant and one cycle per revolution (1-cpr)
empirical accelerations.  The Joint Gravity Model - 3
(JGM-3) upto degree and order 12 was used to model the
Earth’s geopotential [Tapley et al., 1995].  The ROCK42
BLOCK II - T20 radiation pressure model [Fliegel,
Gallini & Swift, 1992] was used to model the solar
radiation pressure forces on the GPS spacecraft.
Additionally, constant and 1-cpr empirical accelerations
were used to provide a very flexible GPS orbit model that
would best fit the IGS orbit ephemerides data.  The
estimated state vector model for each satellite consisted
of Kepler elements, a solar pressure scale parameter, plus
constant and once per orbit revolution empirical
accelerations in each of three orthogonal directions as
defined by the GPS satellite orbit and the sun. The
constant and 1-cpr accelerations are modeled in any
direction as

  
r  
X = a + Ca cos(u) + Sa sin(u)

where, a, Ca, and Sa are solved for parameters and u is
the argument of latitude of the satellite in the orbit.  The
three GPS satellite directions, [X Y Z]T, are defined
relative to the GPS satellite orbit and the sun direction as
follows
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where,

 ̂r = unit inertial spacecraft position vector
 ̂s = unit inertial sun vector
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To improve the fit to the IGS ephemeris data
considerably, the empirical accelerations are estimated
every orbit.  The post-fit rms of this fitting process, a
good measure of the precision of the orbit modeling,
decreased from nearly 18 cm 3D rms to less than 5 cm
3D rms when the empirical accelerations were estimated
every orbit.  The fits to the IGS orbit data improved
slightly from the prime time 3 period (October 1995) to
the prime time 4 period (February 1997).  On a day in
October 1995 daily values of the 3D post-fit rms for
eclipsing and non-eclipsing satellites were 9.4 cm and
5.1 cm, respectively.  In February 1997, the 3D post-fit
rms values were 4.7 cm and 3.7 cm for the eclipsing and
non-eclipsing, respectively.

After estimating the GPS satellite orbit models with the
IGS final orbit data, they are tightly constrained for the
remainder of the data processing.  This is done in order
to estimate the troposphere parameters, LEO orbit
estimates, and the excess atmospheric phases in the
ITRF94 reference frame as defined by the IGS orbits.

Station Troposphere Determination

The next stage of the processing is to estimate the zenith
troposphere parameters for each IGS ground site used in
the GPS/MET LEO orbit determination. This is required
because the troposphere above the IGS ground sites
perturbs the double difference observations used in the
GPS/MET orbit determination processing.  This
processing stage estimates 3-hour troposphere zenith
scale parameters for each station over a 36 hour arc
(centered on the day of interest) from GPS station/station
triple difference ionosphere-free phase observations
formed from two ground station GPS receivers.  The
ionosphere-free phase observations are formed by linearly
combining the dual frequency GPS phase measurements.
The triple difference observations (double difference
average range rates) are formed as simple differences of
successive double difference measurements every 5
minutes.  Increasing the averaging interval from 30
seconds to 5 minutes helps to decrease the triple
difference measurement noise. Antenna phase corrections
due to elevation dependence are also applied to the
ground data.  The primary reason to use triple difference
observations is to reduce data processing time.  This
occurs because the triple differencing removes the carrier



phase bias parameters present in double differences and
thus shrinks the size of the estimated state vector.
However, some data strength is lost (due to an increase in
noise) in this differentiation of observations and thus
requires that the station coordinates not be estimated with
the troposphere parameters.

All stations coordinates were held fixed throughout the
orbit determination data processing.  Polar motion and
UT1 modeling is also tightly constrained to the IERS
EOP 97 C04 1-day series throughout the data processing.
The 13 IGS core station coordinates and plate motion
velocities were held fixed to generate a realization of the
ITRF94 ECEF terrestrial reference [Kouba and Mireault,
1996].  The remaining ~ 22 station coordinates and
velocities used in the orbit processing were determined
from coordinate solutions from 1995 and 1997 using
double difference phase observations. As mentioned in
the previous section, the GPS orbits are tightly
constrained to the estimates obtained from the fit to the
IGS final orbit data.

A typical post-fit weighted rms for a 3-hour troposphere
solution using GPS triple difference observations is
approximately 0.033 mm/sec when A/S is off and 0.037
mm/sec when A/S if on.  This number , however, does
not give an estimate of the precision with which the
troposphere parameters have been estimated.  Internal
comparisons did show that zenith troposphere scale
parameters estimated both from double differenced
observations and triple differenced observations agreed
on average better than the 0.5 % level (2-3 cm).  Once
estimated, the 3-hour zenith troposphere scale parameters
are passed on and held fixed in the GPS/MET LEO orbit
determination process along with the GPS satellite orbit
state and the ground stations coordinates.

GPS/MET Orbit Determination

The next stage of processing is to estimate the GPS/MET
LEO position and velocity.  Errors in the GPS/MET
orbit, in particular the GPS/MET velocity, translate
directly into Doppler or bending angle uncertainty and
are potentially a large source of error in the atmospheric
inversion process at high altitudes.  The GPS/MET orbit
is estimated from GPS station/satellite triple difference
ionosphere-free phase observations over a 30 hour arc
centered on the day of interest.  This process also uses as
input the previously computed GPS satellite orbit model
and the 3-hour troposphere zenith delay scale parameters
for the ground GPS receivers.  The initial conditions for
the GPS/MET orbit are estimated by fitting them to the
navigation point position solutions (computed in real-
time by the receiver) which is typically done at the 50
meter 3D rms level.

The GPS triple difference measurement model is formed
as a simple time difference of successive doubly
differenced (using ground receiver and GPS/MET
receiver) phase observations. The triple difference
observations used in this analysis were formed by
averaging the double difference observations over a 2
minute time interval to minimize the average range rate
data noise.  The MicroCosm triple difference
measurement model includes the effects of:  tropospheric
delay and bending at the ground site, GPS satellite
antenna phase center to center of gravity variations due
to attitude motion, ground site GPS antenna phase center
variations due to elevation angle changes, motion of
ground sites due to ocean loading, and others.  The
motion of the GPS/MET antenna phase center relative to
the CG of MicroLab-1 was modeled as fixed (no yaw
steering) and pointing in the anti-velocity direction.  This
is not optimal as MicroLab-1 yaws even when in a fixed
mode by as much as +/- 20°, with rates as high as 0.5
mm/sec.  In order to improve the GPS/MET phase center
model, attempts were made to incorporate OSC’s time-
tagged quaternian file into MicroCosm, but this provided
no improvement in the quality of fit.  This mis-modeling
of the GPS/MET antenna phase center motion with
respect to the CG of MicroLab-1 is the largest
measurement model error at a magnitude of
approximately .2mm/sec.

The GPS/MET satellite force model used in this analysis
includes the Earth’s geopotential, the solid Earth and
ocean tidal potentials, gravitational perturbations due to
the sun and moon and planets, atmospheric drag, solar
radiation pressure, and constant and 1-cpr empirical
accelerations.  The Joint Gravity Model - 3 (JGM-3) was
used to model the Earth’s geopotential.  The acceleration
due to atmospheric drag is computed using a “spherical
or cannon ball” model with atmospheric densities derived
from the Jacchia 71 revised density model [Jacchia,
1971].  Observations of the 10.7 cm solar radio flux and
the Earth’s geomagnetic flux were used to better
determine the atmospheric density at 735 km altitude.
The solar radiation pressure model used in the analysis
also assumes a spherical spacecraft body.  Fortunately for
this simplistic force model, the strength of the GPS
tracking data allow the estimation of time dependent 1-
cpr accelerations which absorb much of the dynamic mis-
modeling.

The GPS/MET estimated state vector for each daily
solution consisted of position, velocity, solar radiation
pressure scale parameter, constant plus a 1-cpr time-
dependent (every orbit) accelerations in the transverse
(along-track) orbit direction, and 1-cpr time-dependent
(every orbit) accelerations in the orbit normal (cross-
track) direction.  Typical weighted rms values of the



post-fit residuals were approximately 0.25 mm/second
with A/S both on and off.  This post-fit rms of the
measurement residuals is dominated by the measurement
mis-modeling due to the apparent MicroLab-1 yaw
motion and dynamic mis-modeling due to gravity error.
Fortunately, the geometric strength of the GPS data
smooths through the higher frequency content of this
measurement error is high enough that it does map into
GPS/MET orbit error.  Once the GPS and GPS/MET
orbits are computed they are passed on with the high rate
data to compute precise excess phases for the tracked
occultations.

Excess Atmospheric Phase Calibration

In order to compute a refractivity profile from occultation
data, it is necessary to precisely calibrate the 50 Hz L1
and L2 phase observations on the occulting links to
obtain excess atmospheric phase. These observed phases
on the GPS-LEO occulting link are a function of the
relative motion of the GPS and LEO antenna phase
centers, the transmitter and receiver satellite clock errors,
measurement noise, ionospheric delay, and the excess
tropospheric delay and bending.

The  LEO and GPS satellite clock errors are removed by
double differencing the LEO GPS phase data with
synchronous ground GPS data (see Figure 1). The ground
data consist of 30-second full code and phase tracking
and 1-second ionosphere-free phase data from 5-6 ground
fiducial stations.  After correcting for receiver time tag
error, the 1-second ionosphere-free ground observations
are interpolated to 50 Hz and then doubly differenced
with the 50 Hz GPS/MET data to obtain precise double
differenced observations.  The relative phase center
motion of the two GPS transmitters and two GPS
receivers are then removed by subtracting the computed
double differenced orbit model from the observations.
The computed double difference observations are derived
from the GPS satellite orbit and attitude model, the
GPS/MET orbit and attitude model, and precise
knowledge of the GPS ground site locations.  The
ITRF94 positions and velocities of the high rate ground
sites were held fixed throughout this reprocessing effort.
The ionospheric delays on the ground links are calibrated
with the traditional linear combination of dual frequency
phases.  However, the ionospheric delay on the
GPS/MET reference link is calibrated with a spline
regression smoothing of the L1 minus L2 (L1 - L2) phase
which is then used to correct the original L1 phase.  This
modified reference link ionospheric correction was used
because it reduced the propagation of L2 reference link
noise into the excess phase of the occulting link.

The output of this processing is a Level 2 excess phase
files for each ~ 1-minute long occultation event.  The
data columns in the files are stored at 50 Hz and include:
receive time, signal to noise ratios of the L1 (from C/A
and P code) and L2 P carriers, GPS satellite position and
velocity at transmit time, GPS/MET LEO position and
velocity at receive time,  excess atmospheric phase on the
L1 carrier, excess atmospheric phase on the L2 carrier,
and ionosphere-free (from a linear combination of phase)
excess atmospheric phase.  No cycle slip detection or
correction was performed on the high rate occultation
data.

Excess Ionospheric Phase Calibration

Excess phase measurements from GPS/MET can also be
used to profile the Earth’s ionospheric electron density
from orbit altitude to the ground.  There exist two
methods of inverting ionospheric occultation data: 1) a
single frequency method which requires double
differencing with ground data and GPS/MET POD to
calibrate the L1 or L2 excess ionospheric phase data and
2) a dual frequency method which uses the difference of
the L1 and L2 (L1-L2) GPS/MET phases to remove
clocks and orbits and obtain calibrated ionospheric excess
phase.  In the single frequency method, the impact
parameter and bending angle are computed from excess
ionospheric Doppler on one frequency and are then
inverted with the traditional Abel inversion algorithm to
obtain index of refraction verses altitude.  The advantage
of the single frequency (L1) method is that it provides
more precise results than the dual frequency method
when A/S on, because the noisier L2 data is not used.
The advantages of the L1-L2 dual frequency method are
that it does not require the tracking a clock reference
satellite, precise LEO orbit determination, or double
difference processing.  UCAR chose to reprocess
ionospheric data with the dual frequency method
because: 1) throughout much of the mission the receiver
was not configured to track clock reference satellite and
2) it was shown to give results that are indistinguishable
from the single frequency method.

The output of this processing are Level 2 excess phase
files for each ~ 5-minute long ionospheric occultation
event.  The excess phase values in the files are corrupted
by clock error, so the L1-L2 method of processing must
be used to process these data. Ionospheric excess phase
files are generated from both the 1-second medium rate
data and the 10-second low rate data. The 10-second low
rate occultation data was processed because it was
available for every day of the 13 prime time period. The
data format of these files is identical to the formatting of
the atmospheric excess phase files.



GPS/MET ORBIT PRECISION

Oribt overlap comparisons can be used to evaluate orbit
precision.  Internal overlaps can be computed by
differencing the orbit ephemerides of two adjacent
solutions from the same software.  External overlaps,
orbit differences between two agencies’ software, are also
a good of measure of orbit precision.  The following
sections discuss the results of GPS/MET internal and
external orbit overlap comparisons.

Internal Orbit Overlap Precision

The UCAR orbit determination software is set up to
compute orbit overlaps between solutions from two
adjacent days.  The overlap interval is 100 minutes, one
orbit period, and centered on the midnight UTC
boundary.  The average orbit overlap statistics for 3
prime times are shown in Table 4.  The average 3D rms
differences for the prime times vary from 14 to 19.5 cm
for position and 0.12 to 0.16 mm/sec for velocity.  A/S
was off for the 97.033-047 and 95.283-95.298 prime
times and on for the 96.293-305.  Three days from the

above 3 prime time periods were not included in the
statistics due to large post-fit rms and day to day overlap
values and will be inverstigated in the future.

External Orbit Overlap

Preliminary external orbit overlaps between UCAR and
GeoForschungsZentrum (GFZ) were also computed for
three days 97.034, 97.035, and 97.036.  A Helmert
transformation was performed to remove any coordinate
system inconsistencies.  The 3D rms differences were
computed for each day and are shown in Table 5.  The
differences are close to 30 cm 3D on average for the three
days.  This is a factor of two greater than the internal
overlap comparison presumably due to modeling

Table 4. Summary of Internal Orbit Overlap Results
Prime
Time

Radial
Pos
(cm)

Transverse
Pos
(cm)

Normal
Pos
(cm)

3D RSS
Pos
(cm)

Radial
Vel

(mm/sec)

Transverse
Vel

(mm/s)

Normal
Vel

(mm/s)

3D RSS
Vel

(mm/s)
97.033-047 4.7 9.0 9.3 14.0 0.05 0.06 0.08 0.12
95.283-298 5.3 10.6 12.0 17.4 0.06 0.07 0.1 0.15
96.293-305 6.7 12.6 13.2 19.5 0.05 0.12 0.1 0.16

differences between the two software packages.  Since the
spectrum of the orbit error is predominantly a once per
revolution, the 30 cm position difference can be scaled to
give a velocity difference of about 0.3 mm/sec. These
results are based on a small sample, and additional inter-
agency comparisons will be completed in the future to
provide a better estimate of the GPS/MET orbit precision.

Table 5. Summary of Orbit Overlaps with GFZ

yy.ddd 3D RSS Position (cm)
97.034 35
97.035 27
97.036 32

EXCESS PHASE PRECISION

Since the computation of bending angle uses excess
Doppler (and not excess phase), errors in the time rate of
change of phase are much more degrading to
atmospheric retrievals than errors in absolute phase. This
section attempts to put a bound on the magnitude of
velocity error sources present in the excess phase data.

The significant excess phase rate error sources include
GPS/MET orbit error, attitude rate mis-modeling,
incomplete cancellation of Selective Availability (SA),
local multipath on the satellite and at ground fiducial
sites, and incomplete calibration of the ionosphere.

Table 6 gives estimates of the magnitudes of these error
sources in units of mm/sec.  The GPS/MET orbit velocity
error can be conservatively bounded at 0.3 mm/sec level
given a 30 cm 3D position precision and the one cycle
per revolution nature of the error.  The mis-modeling of
the attitude rate is estimated to be between 0.1 and 0.2
mm/sec with excursions as high as 0.5 mm/sec as seen in
the OSC attitude quaternian data.  Incomplete
cancellation due to Selective Availability (SA) occurs
with double differencing in an occultation geometry
because the GPS signal can take as much as 0.01 seconds
longer to reach the LEO spacecraft.  Because SA dither
can have accelerations of approximately 0.004m/s2, this

differential light travel time can result in as much as 0.04
mm/sec of incomplete cancellation for one GPS satellite
[Kremer et al., 1990].  This error should stay below the
0.1 mm/sec level even when using two satellites for



double differencing.  Changes in local multipath in the
GPS/MET and ground receiver environments also can
contribute sizable errors.   The spacecraft local multipath
can have magnitudes of as much as 1 cm and frequencies
as high as 0.01 Hz which in a worst case could lead to
phase rate errors of much as 0.5 mm/sec [Kursinski,
1997]. Incomplete ionospheric calibration due to the
large ionospheric structures results in a DC (mean) error
in bending angle which is smooth function of time but
not constant throughout one occultation.  The DC
component of the error is caused primarily by the
separation of the L1 and L2 carriers as they descend
through the atmosphere.  The maximum magnitude of
this error has been estimated to be ~ 0.7 mm/sec during
solar maximum daytime conditions [Kursinski, 1997].

In principle, the sum of excess phase rate errors could be
estimated (and thus eliminated) at those altitudes where
they overshadow the variations of excess Doppler
resulting from the neutral atmosphere. Unfortunately,
this estimation/calibration of a gross velocity error is
degraded by the presence of variations (oscillations) of
Doppler resulting from the smaller-scale ionospheric
inhomogeneities that are not completely eliminated after
the ionospheric correction.  The magnitudes of these
Doppler (and bending angle) oscillations are dependent
on the applied filter bandwidth which may differ for
various applications (weather or climate studies). After
filtering with a 1 Hz bandwidth (which corresponds to ~
2 km vertical resolution for the typical descent rate in a
MicroLab-1 orbit), the average magnitude of these
bending angle variations is about 2e-6 radians, which is
equivalent to 4 mm/sec.  This bending angle error is an
oscillating function of tangent point altitude with typical
periods of ~ 2 km.  Reducing the filter bandwidth can
reduce the this error somewhat, but it is still the
dominant error source  and is limiting the accuracy of
high altitude atmospheric retrievals above 40 km
[Rocken et al., 1997].

Table 6. Phase rate errors and estimated magnitudes.

Sources of Phase Velocity Error Magnitude
(mm/sec)

GPS orbit velocity error < 0.02
GPS/MET orbit velocity error < 0.3

MicroLab-1 yaw rate error < 0.2

Local spacecraft multipath < 0.5
Incomplete SA cancellation < 0.1

DC ionosphere error < 0.7
AC ionospheric error < 4.0

CONCLUSIONS

The UCAR GPS/MET program has developed an
automated software system to process ground and space
based GPS observations into atmospheric and
ionospheric profile data.  The MicroCosm software
package was used to perform the GPS/MET LEO orbit
determination and to generate precise excess phase data
which are inverted into atmospheric and ionospheric
profiles.  The GPS/MET orbit determination is performed
with GPS triple difference phase observations and is
precise at the 30 cm 3D rms (and 0.3 mm/sec 3D rms)
level as estimated from internal and external orbit
overlap comparisons.  The use of triple difference data
for orbit determination processing results in an order of
magnitude reduction in cpu processing time and required
memory as compared to double difference processing
without loss of orbit precision. The excess atmospheric
phase throughout an occultation is computed with GPS
double difference phase observations. The limiting error
source in the atmospheric retrievals is incomplete
calibration of the ionosphere due to small-scale
ionospheric inhomogeneities.
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