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Abstract The subtle effects of different Global Positioning
System (GPS) satellite force models are becoming appar-
ent now that mature processing strategies are reaching new
levels of accuracy and precision. For this paper, we tested
several approaches to solar radiation pressure (SRP) model-
ing that are commonly used by International GNSS Service
(IGS) analysis centers. These include the GPS Solar Pres-
sure Model (GSPM; Bar-Sever and Kuang in The Interplan-
etary Network Progress Report 42-160, 2005) and variants of
the so-called DYB model (Springer et al. in Adv Space Res
23:673–676, 1999). Our results show that currently observed
differences between GPS orbit solutions from the various
IGS analysis centers are in large part explained by differ-
ences between their respective approaches to modeling SRP.
DYB-based strategies typically generate orbit solutions that
have the smallest differences with respect to the IGS final
combined solution, largely because the DYB approach is
most commonly used by the contributing analysis centers.
However, various internal and external metrics, including
ambiguity resolution statistics and satellite laser ranging
observations, support continued use of the GSPM-based
approach for precise orbit determination of the GPS con-
stellation, at least when using the GIPSY-OASIS software.

Keywords Solar radiation pressure (SRP) · Satellite
orbits · IGS · Final combination · GPS

A. Sibthorpe (B) · W. Bertiger · S. D. Desai · B. Haines · N. Harvey ·
J. P. Weiss
Jet Propulsion Laboratory, California Institute of Technology,
Pasadena, CA, USA
e-mail: anthony.j.sibthorpe@jpl.nasa.gov

1 Introduction

Significant improvements in the accuracy of precise orbit
determination solutions for the Global Positioning System
(GPS) constellation of satellites have been realized over the
last few years. The use of antenna calibrations (Hurst and
Bar-Sever 1998; Mader 1999; Schmid et al. 2005) for both
the transmitting satellites and the terrestrial receivers has
been especially beneficial. Improved accuracy now makes
it possible to analyze some of the smaller error sources for
our orbital solutions. In this paper, we assess the relative
performance of four approaches to modeling solar radiation
pressure (SRP) on the GPS satellites, focusing on those most
commonly adopted by International GNSS Service (IGS)
analysis centers. Three are pure estimation strategies based
upon variations of the so-called DYB model (Beutler et al.
1994; Springer et al. 1999a,b), while the fourth solves for
small deviations from the GPS Solar Pressure Model (GSPM;
Bar-Sever and Kuang 2004, 2005).

The three DYB approaches that we assess are based on our
interpretation of the estimation strategy summaries provided
by IGS analysis centers.1 They estimate constant accelera-
tions along a direct line from the spacecraft to the Sun (D),
the spacecraft Y -axis around which the solar panels rotate (Y )
and a third axis (B) chosen to complete a right-handed set
of axes (see Fig. 1). In addition, once-per-orbital-revolution
sine and cosine terms are estimated to accommodate unmod-
eled accelerations in the B direction. These periodic terms
are a function of the orbit angle (u), measured between the
projected Earth–Sun line and the position of the GPS satel-
lite in the orbit plane. Of the three axes chosen, only the
Y -axis can be defined as a constant in relation to the space-
craft geometry, while the D-axis ‘tracks’ the Sun and the

1 ftp://igscb.jpl.nasa.gov/igscb/center/analysis/.
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Fig. 1 DYB and XYZ satellite coordinate systems; the B axis is nor-
mal to the DY plane, and can be computed from the cross-product of D
and Y

B-axis completes the right-handed set. The IGS summaries
indicate that the majority of analysis centers, using a DYB-
based approach during the year of our analysis period (2008),
tended to use either no a priori SRP model or an a priori SRP
model developed by the Center for Orbit Determination in
Europe (CODE; Beutler et al. 1994). Recent work (Urschl
et al. 2007) suggests that with a DYB-based approach, there is
little difference between using the CODE a priori SRP model
or no a priori SRP model; therefore, we do not use one here.
In this paper, we consider three DYB-based strategies:

(a) DYBn = nominal, baseline approach as described
above. Although no IGS analysis centers explicitly use
this strategy, it provides a useful benchmark for the next
two DYB approaches, which are variants of it.

(b) DYBa = DYBn with additional constant and peri-
odic once-per-orbit-revolution accelerations estimated
along-track (all constrained to ±0.1 nm/s2, 1-sigma).

(c) DYBi = DYBn with ‘pseudo-stochastic’ impulses
(Beutler et al. 1994), sudden small constrained changes
in velocity estimated at noon UTC (the center of each
arc) for each satellite. We achieve this by estimating a
small motor burn, or delta-V each day, constrained to
100 N (1-sigma).

In practice, the GSPM approach that we evaluate uses the
GSPM model (Bar-Sever and Kuang 2004, 2005) as an a pri-
ori and estimates other parameters. This approach is being
used operationally at the Jet Propulsion Laboratory’s (JPL’s)
IGS analysis center. We note that our GSPM results might
be biased in favor of this approach, as it was developed using
GIPSY-OASIS. However, the US Air Force’s GPS Master
Control Station and Operational Control System have transi-
tioned to GSPM, and use it very successfully in an operational

Table 1 Key stochastic parameter details

Parameter Sigma (process noise) Time

A priori Steady state Update (s) Correlation (s)

Solar scale 1.00% 1.00% 3,611 14,400

Y bias 0.01 nm/s2 0.01 nm/s2 3,611 14,400

Solar scale values are valid for both X and Z parameters

context with completely independent software to compute the
broadcast ephemerides uploaded to the GPS satellites (Creel
et al. 2006). The GSPM a priori model, estimated from sev-
eral years of flight data and composed of block-specific mod-
els, will not be perfectly correct for any given satellite on any
given day. Therefore, in addition to this a priori model, we
estimate a constant Y -axis bias (Fliegel and Gallini 1992) and
a constant scale along the satellite to Sun direction, as well
as small time-varying (stochastic) variations in model scale
along the body-fixed spacecraft Z - and X -axes, and small sto-
chastic changes along the Y -axis. Our methodology can be
regarded as a “reduced-dynamic” approach (Wu et al. 1991),
see Table 1 for details of key stochastic parameter values.
For block IIA satellites, the Z -axis points to the geocenter,
the Y -axis points along the solar panel rotation axis, and the
X -axis resides in the same half-space as the Sun and com-
pletes a right-handed set of axes (see Fig. 1). For block IIR
satellites, Z is the same as for the block IIA satellites, but X
and Y are rotated by 180◦ (Bar-Sever and Kuang 2004). For
eclipsing satellites, both our DYB and GSPM approaches set
solar radiation forces to zero in the umbra, while a shadow
factor is applied for penumbral transitions. Note that although
the shadow factor is applied to the constant Y -axis bias, it is
not used to scale stochastic changes along the Y -axis. In addi-
tion, GSPM provides a set of different block-specific a priori
models for eclipsing satellites (Bar-Sever and Kuang 2005).

Using JPL’s GIPSY-OASIS software, we process data
spanning all of 2008 (GPS weeks 1460-2 to 1512-3) to
produce orbit solutions for the GPS constellation based on
these DYB and GSPM SRP models/estimation strategies. We
evaluate the resulting solutions based on a number of internal
and external metrics:

1. day-to-day orbit overlaps;
2. day-to-day clock overlaps;
3. distribution of double difference carrier phase ambigui-

ties;
4. satellite laser ranging (SLR) residuals;
5. day-to-day orbit differences versus IGS final orbits.

We present results of these tests below. We also apply metrics
to the results of positioning terrestrial and low Earth orbiter
receivers from our GPS orbit and clock solutions:
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6. static receiver point-positioning repeatability;
7. GRACE A/B point-positioning cross-check with K-band

ranges.

However, these positioning results are dominated by other
errors sources, so we provide only a limited discussion of
these metrics.

Additionally, we assess the translation of the terrestrial ref-
erence frame’s Z -axis and compare Earth orientation param-
eters with values provided by the International Earth Rotation
and Reference Systems Service (IERS).

2 Orbit determination approach

For this investigation, we followed the orbit determination
approach adopted operationally at JPL, with identical input
data, and changed only the SRP force modeling strategy to
assess the relative accuracy and consistency of the resulting
solutions. Measurement data are retrieved for a network of
ground stations and a span of 30 h centered at noon on a given
day, rather than the 24-h span commonly used by other IGS
analysis centers. Stations are first vetted based on a number
of data quality metrics (e.g. detected phase breaks), and 80
of the remaining sites are then selected to provide as evenly
spaced a global distribution as possible. On any given day, the
station and satellite selection is identical for each of the DYB
and GSPM models. We use an elevation angle cutoff of 7◦,
IGS standard ground and satellite antenna calibrations, the
global pressure and temperature (GPT) nominal troposphere
model (Boehm et al. 2007), the tropospheric global mapping
function (GMF) model (Boehm et al. 2006), IERS2003 stan-
dards (McCarthy and Petit 2004), FES2004 ocean loading
and tidal gravity models (Lyard et al. 2006), and a GRACE-
based (GGM02C) static gravity model (Tapley et al. 2005).
Orbit solutions are transformed into the IGS05 frame—the
IGS realization of the ITRF2005 reference frame (Altamimi
et al. 2007; Ferland and Piraszewski 2009). Operationally,

any solutions that produce undesirably large post-fit residuals
for particular stations are re-run with those stations excluded.
Here, however, for simplicity of processing, we just removed
such days (about 15) from all solutions during the 1-year
period.

3 Orbit overlaps

Each of our daily orbit solutions, centered on noon, spans a
30-h arc; hence, any two consecutive days overlap by 6 h.
Differencing orbit solutions during these overlapping peri-
ods provides a direct check on daily orbit repeatability and
consistency. To mitigate edge effects, we consider only the
middle 5 h of each 6-h overlap, differencing positions given
at 15- min intervals. There is a small possibility that these
overlap results are biased in favor of our GSPM strategy due
to the increased number of estimated stochastic parameters.
Any such bias is, however, likely to be limited since the sto-
chastic parameters are tightly constrained (see Table 1).

Figures 2 and 3 show 1D root mean square (RMS) val-
ues of orbit overlap differences, defined as 3D RMS of
differences scaled down by a constant factor (see Eq. 1):

Maximum 1D RMS: 1D RMS of orbit differences for
those GPS satellites with the largest day-to-day overlap
orbit differences.
Median 1D RMS: Median (across available satellites in
the solutions) 1D RMS of day-to-day overlap orbit differ-
ence.

1D = 3D
1√
3

(1)

Our GSPM orbital solutions produce smaller average
day-to-day orbit overlap differences, with less scatter,
than do any of our DYB approaches. Note also that the
DYBn strategy results in the least favorable orbit overlap

Fig. 2 Maximum 1D RMS orbit overlaps. Mean, 1-sigma (cm): DYBn (9.4, 6.5), DYBa (2.9, 2.0), DYBi (3.3, 1.5), GSPM (2.6, 0.6)
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Fig. 3 Median 1D RMS orbit overlaps. Mean, 1-sigma (cm): DYBn (1.8, 0.3), DYBa (1.4, 0.2), DYBi (1.6, 0.2), GSPM (1.3, 0.2)

repeatability, with most of its results actually beyond the
scale of Fig. 2.

4 Clock overlaps

As with the orbit solutions, there is a 6-h overlap between
satellite clock estimates from consecutive daily solutions,
and again we consider differences from only the central 5 h
of overlapping estimates. To minimize the offset effects of
using different GPS pseudorange data and having possibly
chosen different reference clocks on adjacent days, a linear
fit to clock differences for the entire GPS constellation is first
removed. For each SRP strategy, we compute daily RMS of
overlapping clock differences taken at 15- min intervals for
each GPS satellite. Figures 4 and 5 show the maximum and
RMS (across all available satellites) scatter of adjusted clock
differences in each day-to-day overlap for each approach.
The DYBa approach results in smaller mean overlap values,
although with slightly larger scatter than some of the other
approaches. Both DYBi and DYBn produce less favorable
results than GSPM.

5 Ambiguity resolution

Our approach uses the Kalman filter/smoother in GIPSY-
OASIS to estimate a variety of parameters, including
real-valued phase biases. Double difference phase bias ambi-
guities (Blewitt 1989) are then resolved for a more accurate
solution. We assume that:

1. A tighter distribution of phase bias narrow-lane double
differences around integers indicates better unresolved
phase bias estimates.

2. More accurate unresolved phase bias estimates yield
more accurate unresolved position and clock estimates.

3. A more accurate unresolved solution leads to a more
accurate resolved solution.

In our experience, independent cross-checks have shown
that when we produce better position and clock estimates,
double differenced narrow-lane ambiguities (Blewitt 1989)
usually cluster more tightly around integers. Rather than

Fig. 4 Maximum clock overlaps. Mean, 1-sigma (cm): DYBn (10.7, 6.6), DYBa (8.5, 5.0), DYBi (11.8, 4.4), GSPM (10.6, 4.0)
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Fig. 5 RMS clock overlaps. Mean, 1-sigma (cm): DYBn (2.5, 1.1), DYBa (2.3, 1.0), DYBi (2.8, 0.9), GSPM (2.5, 0.9)

rely on standard deviation around the nearest integer, a sta-
tistic dominated by outliers and badly determined double
differences, we chose a more robust statistic to assess clus-
tering: proportion of narrow-lane double differences within
a “reasonable distance” of the nearest integer. We chose
0.10 cycles as a “reasonable distance” because our cur-
rent operational ambiguity resolution settings do not resolve
double-differenced narrow-lanes beyond this threshold. To
avoid obvious problem cases, we only considered narrow-
lanes of double differences for which:

1. All four phase bias arcs overlapped by at least 1 h.
2. We resolved the double differenced wide-lane with high

confidence.

Figure 6 shows the percentage of narrow-lane double dif-
ferences more than 0.1 cycles from the closest integer for
each SRP model. The GSPM solutions consistently produce
a substantially higher proportion of narrow-lane double dif-
ferences closer to integers than DYBn, DYBa or DYBi. It

is worth noting that this is an independent assessment, since
none of the SRP strategies presented here were tuned to this
metric.

Figure 7 shows the standard deviations of these percent-
age values after they have been binned according to the num-
ber of satellites in eclipse. All DYB approaches show greater
dependence on the number of satellites in eclipse than GSPM,
suggesting an explanation for the more periodic behavior of
the DYB approaches seen in Fig. 6.

6 SLR

JPL’s SLR analysis software has been recently updated to
include additional offset (shim) corrections for the center-of-
mass positions of the retro-reflectors on SVN35 (+11 mm)
and SVN36 (+13 mm) (Davis and Trask 2007), and a rel-
atively new model and mapping function for tropospheric
delay at optical wavelengths (Mendes et al. 2002; Mendes
and Pavlis 2004). All orbits were processed using identi-
cal SLR strategies and only points common to all solutions

Fig. 6 Percentage of all narrow-lane double differences further than 0.1 cycles from nearest integer. Mean, 1-sigma (%): DYBn (34.3, 2.7), DYBa
(34.6, 1.8), DYBi (32.3, 1.9), GSPM (27.1, 1.7)
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Fig. 7 Scatter of percentage narrow-lane double differences further than 0.1 cycles from nearest integer according to the number of satellites in
eclipse

Fig. 8 SLR residuals to SVN35 (1,281 observations)

are included in the results. Operational GIPSY-OASIS orbit
processing is configured to delete satellites based on NANU2

information. NANUs for SVN35 caused this satellite to be
deleted for about 9 weeks during August and September
2008. Due to this complication, our IGS final combined orbit
solution SLR results for SVN35 (Fig. 8) and SVN36 (Fig. 9)
have been computed separately, using only those days where
SVN35 and 36 are also present in our solutions. Figures 8
and 9 show results for our different SRP orbit solutions and
also for the IGS final combined solution. It is clear from
these figures that GSPM has the advantage in terms of both
mean and scatter over all the DYB solutions. The IGS final
orbits have the highest mean values, with standard deviations
comparable to GSPM.

We also make use of a plot style developed by Flohrer
(2008) to display our SLR residuals, as it allows easier inter-
pretation of the behavior during different eclipse regimes.
The beta angle (β) is the acute angle between the line from

2 http://www.navcen.uscg.gov/gps/nanu.htm.

Fig. 9 SLR residuals to SVN36 (2,145 observations)

the center of the Earth to the Sun and the Earth–Sun line pro-
jected onto the GPS satellite orbit plane, and can be thought
of as the solar elevation angle. The orbit angle (u), defined
above, can be thought of as the solar azimuth angle. Two
charts are presented for each SRP strategy (see Fig. 10). In
the upper plot, SLR residuals are shown as a function of both
β and u. At and near to a value of u = 0◦ the satellites are
at orbit noon, while at and near a value of u = 180◦ the sat-
ellites are at orbit midnight (Bar-Sever 1996). At absolute β

values less than about 14◦, the satellites are in eclipse season.
The lower plot shows a profile of the SLR residuals solely
as a function of u, together with a moving average using a
window size of 100 points. As we have less tracking data
for SVN35, we only show plots for SVN36. The most obvi-
ous differences in Fig. 10 are for GSPM, which has smaller
residuals in the center of its upper plot, a region represen-
tative of satellites in eclipse. Both DYBi and GSPM offer
smaller residuals in the area from u = 0 to u = 90◦. Bearing
in mind that all models use the same yaw attitude algorithm,
the results overall suggest that the GSPM approach provides
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Fig. 10 One-way SLR residuals in millimeters for each strategy
(SVN36): upper plots show residuals plotted against β and u after
removing an average bias; lower plots show the same values against

u only, including a moving average with a window size of 100 points
(solid black line). Standard deviation of moving average ( mm): DYBn
(10.7), DYBa (16.0), DYBi (9.5), GSPM (8.9)

better SRP modeling for eclipsing satellites during 2008 than
any of the DYB-based approaches, perhaps due largely to its
use of different block-specific a priori models for eclipsing
satellites. GSPM also has a flatter moving average curve in
the lower plot, and fewer measurements with high (dark red
or blue) residuals.

7 Orbit differences versus IGS

The IGS is responsible for the coordination, analysis, prod-
uct generation and dissemination of data from more than
350 permanent Global Navigation Satellite System (GNSS)
receivers worldwide. During 2008, eight core analysis cen-
ters (ACs) were responsible for contributing individual
GPS orbit solutions to the IGS analysis center coordi-
nator who combines them into a single IGS final com-
bined orbit product. The idea behind this approach is
that as “[t]he AC’s use a variety of independently devel-

oped software packages, different estimation strategies and
different sets of stations” (Dow et al. 2005), a solution
incorporating output from each AC should be the most
robust.

In this section, we compare our DYB- and GSPM-based
orbital solutions to the IGS final products. To account for
frame differences, we computed and applied a six-parameter
transformation for each of our daily orbit solutions to min-
imize the RMS of orbit differences from the IGS combined
solution. On each day, for each of our SRP strategies, we com-
puted the RMS of orbit differences over all GPS satellites,
and we present Minimum 1D RMS: 1D RMS of orbit differ-
ences for the transformed GPS constellation whose solution
matches the IGS final product most closely.

Figure 11 plots the minimum 1D RMS for each daily orbit
solution. Although our DYBn approach fares worst in this
test, our DYBa and DYBi solutions match IGS final products
substantially more closely than do our GSPM solutions, espe-
cially after the obvious step change on November 23, 2008
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Fig. 11 Minimum 1D RMS orbit differences with respect to the IGS final combined solution. Mean, 1-sigma (cm): DYBn (1.8, 0.4), DYBa (1.6,
0.4), DYBi (1.4, 0.1), GSPM (1.7, 0.1)

Fig. 12 IGS05 sites used for
PPP station repeatability tests

(day of year 328). On day 328, the GeoForschungsZentrum
(GFZ) IGS analysis center changed their SRP model from a
unique combination of ‘GSPM + noon impulse’, to a close
relative of DYBi (Gerd Gendt, pers comm). During and after
2008, between five and six of the eight IGS core analysis cen-
ters were using a DYB formulation to account for the effects
of SRP, of which one to two were not using an a priori radia-
tion pressure model. Results below are closely matched with
operational results for final GPS orbits as reported by the IGS
analysis center coordinator.3

8 Station repeatability

For each day of 2008, we conducted precise point positioning
(PPP) (Zumberge et al. 1997) without integer phase ambigu-
ity resolution using fixed GPS orbits and clocks from each

3 http://acc.igs.org/.

SRP strategy for 106 IGS05 frame definition sites. After 3-
sigma filtering per station, we calculated position repeata-
bilities in east, north and up (ENU) relative to the IGS05
station positions (Ferland and Piraszewski 2009) at epoch.
Points filtered from any one strategy were eliminated from
all strategies before further processing. Per station standard
deviations in ENU were then calculated for any station hav-
ing a minimum of 30 days of PPP results. This processing
chain left us with 94 stations, as shown in Fig. 12.

We report median standard deviations of station repeat-
ability in Fig. 13. Differences between each strategy are
admittedly small (0.1–0.2 mm), but they are consistent;
with DYBa showing the worst repeatabilities in all three
directions, DYBn and DYBi are identical at the tenth of a
millimeter level, while GSPM shows marginally better rep-
eatabilities in all three directions.

This metric is not completely independent of the orbit
solutions. The set of 80 stations used to generate the orbit
solutions, a subset of which is aligned (fiducialized) to the
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Fig. 13 Station repeatability—median standard deviation in ENU
( mm)

IGS05 reference frame, changes daily and, over a year it
is uncommon to find a station not included in the daily
orbit solutions at least once. On average, for any given day,
55% of the stations included in the PPP analysis were also
used to estimate the orbit. However, Bertiger et al. (2010)
report very similar station repeatability values for 6 months
of JPL’s operational orbits, suggesting that biases resulting
from any such inter-dependence are mitigated by long-period
averaging.

9 GRACE K-band comparison

The GRACE tandem mission (Tapley et al. 2004) consists
of two satellites flying in near identical orbits at an alti-
tude of just under 500 km. The inter-satellite distance, main-
tained at between 170 and 220 km, is measured at the
micron level by K-band ranging systems onboard each satel-
lite. The GRACE satellites also carry advanced dual-fre-
quency “BlackJack” GPS receivers for precise orbit deter-
mination. Comparing K-band ranging (KBR) measurements
to independent GPS-based orbit solutions for the GRACE
satellites—determined from data referenced to each of our
GPS orbit solutions—allows us to independently assess the
accuracy of our orbit solutions for the GPS constellation.
Because the sensitivity of this test was uncertain, we only
compared solutions for DYBi, the model most closely repre-
senting that used by most IGS analysis centers, and GSPM,
across the first half of 2008. In Fig. 14, we show daily KBR-
GPS standard deviations, with summary statistics given in
Table 2. As with the station repeatability results, the dif-
ferences are not only small, but also show marginally bet-
ter performance from the orbit solutions that use the GSPM
strategy.

10 Consistency and accuracy of the reference frame
and earth orientation

10.1 Reference frame: non-fiducial to IGS05

Our orbit determination strategy begins with a fiducial-free
approach, which simultaneously estimates station
coordinates (1-m a priori sigma) and satellite positions. In
a subsequent step, fiducial solutions are computed by align-
ing a sub-set of stations to their IGS05 positions. A seven-
parameter Helmert transformation is used to describe the
transformation between the station estimates from the non-
fiducial solution with respect to the IGS05 reference frame.
We focus on the recovered Z -axis translations (geocenter
motion) as they are almost an order of magnitude larger than
those along X or Y , and because Haines et al. (2004) showed
that orbit centering along the Earth’s Z -axis is significantly
affected at the centimeter level by SRP model scale differ-
ences as small as 7%.

Figure 15 shows the difference between weekly aver-
ages of GPS-derived Z -axis translation components, required
to fiducialize our free solutions, and independent weekly
Z -axis translations derived from SLR measurements
(Minkang Cheng, pers comm, see also Cheng et al. 2010),
after carefully accounting for sign conventions. Strong agree-
ment can be seen among all the DYB solutions, which col-
lectively disagree with GSPM by up to 20–30 mm. The DYB
solutions display a bias and a strong annual and/or possi-
bly draconitic signal, while the GSPM solution has a larger
bias and a smaller scatter. These results suggest that limiting
error sources affect all strategies, and the annual amplitude
for each is almost an order of magnitude larger than that
expected from geocenter motion (Bouille et al. 2000; Moore
and Wang 2003; Lavallee et al. 2006; Kang et al. 2009).
Although a longer time series is outside the scope of this
paper, the orbit centering issue and its relationship to SRP
modeling certainly warrants further investigation.

10.2 EOPs: X /Y polar motion and length of day (LOD)

The IERS currently provides Earth orientation estimates with
the highest available accuracy and precision, drawn from
observations made by Very Long Baseline Interferometry
(VLBI), SLR, GPS and Doppler Orbitography and Radio-
positioning Integrated by Satellite (DORIS). We directly
difference our estimates of X -pole, Y -pole and LOD with
IERS Bulletin A (IAU2000) Earth orientation values, as
these parameters are sensitive to systematic GPS orbit mod-
eling errors (Lichten et al. 1992; Ray 1996; Gross 2009). In
Figs. 16, 17 and 18, we show moving averages of all dif-
ferences using a window size of 10 points to reduce visual
clutter; statistics given in the figure captions always refer to
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Fig. 14 Daily standard deviations of GRACE KBR–GPS ranges, following a 3-sigma edit

Table 2 Inter-satellite range differences between GPS orbit solutions

Mean ( mm) Stdev ( mm) #obs

DYBi 3.4 0.9 160

GSPM 3.2 0.7 160

The GSPM standard deviations are smaller than the DYBi standard
deviations for 63% of the observations retained (iterative 3-sigma edit
applied, same points deleted from both solutions)

the raw data. For reference, 1 µs is equivalent to ∼31 µm
when expressed as a distance at the surface of the Earth.

The GSPM approach yields a slightly reduced mean and
a smaller scatter for X -pole. Apart from one or two excur-
sions, DYBa, DYBi and GSPM display a very similar trend;
DYBn is markedly different, though not necessarily worse.
The amplitude of the differences between the IERS values
and our X -pole estimates are at the level of a few millime-
ters, though in general results from individual SRP strategies

differ from each other only at the level of a few tenths of a mil-
limeter. The situation is very similar for Y -pole, although an
annual signal is discernible for all strategies. For LOD, DYBn
has the smallest mean and DYBi has the smallest scatter rel-
ative to the other solutions. It seems likely that values for
GSPM have been unduly affected by the excursions around
days of year 20 and 250, which are still under investigation.

The most conspicuous behavior comes from DYBa’s
LOD estimates, which contain a clear semi-annual signal,
indicating that LOD estimation is problematic for DYBa. The
effect is probably due, in large part, to the close relationship
between the along-track component and the satellite orbital
nodes; any nodal net rate of change directly affects LOD
(Ray 1996). To test the sensitivity of LOD to the constraints
we placed upon the along-track estimates, we ran an addi-
tional year of orbit solutions with essentially the same model
as DYBa but without a priori constraints for the constant
and periodic once-per-orbit-revolution along-track accelera-
tions; we call this model DYBa_free. Although it might be

Fig. 15 Weekly delta Z translation components recovered from the
transformation between free and fiducial (IGS05) solutions with respect
to SLR. Vertical error bars are 1-sigma values for the SLR data. Mean,

1-sigma (mm): DYBn (−7.8, 11.3), DYBa (−7.3, 11.4), DYBi (−8.1,
10.5), GSPM (−11.4, 8.1)
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Fig. 16 Delta X -pole moving average with respect to IERS A, window size of 10 points. Mean, 1-sigma (µs): DYBn (42.9, 56.3), DYBa (41.3,
53.9), DYBi (47.5, 54.1), GSPM (37.9, 54.8)

Fig. 17 Delta Y-Pole moving average with respect to IERS A, window size of 10 points. Mean, 1-sigma (µs): DYBn (−56.3, 54.0), DYBa (−44.9,
50.0), DYBi (−44.1, 49.4), GSPM (−47.8, 49.2)

Fig. 18 Delta LOD moving average with respect to IERS A, window size of 10 points. Mean, 1-sigma (0.1 µs/d): DYBn (−69.1, 152.2), DYBa
(−332.1, 228.8), DYBi (−109.6, 136.3), GSPM (−89.9, 206.3)

possible to further tune this along-track parameter, Fig. 19
demonstrates that the a priori sigma of the along-track accel-
eration is strongly linked with estimates of LOD. In fact,
contamination of GPS LOD estimates by additional SRP
parameters has been previously documented (Springer et al.
1999a).

11 Conclusions

In this paper, we tested four SRP parameterizations for the
GPS constellation that are at present commonly adopted by
most IGS analysis centers. The parameterizations included
a stochastic GSPM-based approach (GSPM) and three
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Fig. 19 Delta LOD for DYBa and DYBa_free. Mean, 1-sigma (0.1 μs/d): DYBa (−332.1, 228.8), DYBa_free (−787.9, 457.2)

dynamic DYB-based approaches (DYBn, DYBa and DYBi).
JPL’s IGS contributions currently use the GSPM approach,
while most IGS analysis centers use a DYB-based strat-
egy. We evaluated 1 year of precise orbit and clock solu-
tions, generated using each of these strategies, with a range
of internal and external quality metrics. Our results show
that by adopting a DYB formulation we achieved much
closer agreement between our GPS orbit solutions and IGS
combined final products. However, the various metrics we
present here suggest that doing so (at least within the
GIPSY-OASIS software package) would not produce more
accurate orbit solutions. A comparison of ambiguity resolu-
tion statistics strongly supports our GSPM-based approach.
Taken together, orbit overlaps, SLR tracking residuals, sta-
tion repeatabilities, and GRACE K-band ranging statistics
also suggest that we produce more accurate solutions with
our GSPM-based approach, while clock overlaps and LOD
favor DYB-based approaches.

Our results show that solutions from most of the IGS anal-
ysis centers have achieved sufficient accuracy to uncover
systematic differences due to SRP modeling strategies. A
majority-voting scheme is used to generate the IGS com-
bined products. As such, differences between products from
individual analysis centers with respect to the IGS combined
products systematically favor the DYB-based approaches
used by most analysis centers. Accordingly, the small-
est differences do not necessarily reflect the highest accu-
racy.

Our GSPM-based approach employs a different SRP
parameterization as well as stochastic instead of dynamic
parameter estimation. Based on several years of flight data,
the a priori GSPM model has the benefit of representing, to
some degree, the secular and higher frequency signals of radi-
ation pressure effects on actual GPS satellites. Our tightly
constrained stochastic parameter estimation is designed to
complement this foundation by additionally determining low

frequency errors in the SRP model. However, the relative
contribution of the a priori GSPM model versus the tightly
constrained stochastic parameter estimation to the improved
orbit accuracy is unclear. As such, a hybrid approach that
adopts the DYB strategy with stochastic parameter estima-
tion merits future investigation.
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