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Abstract Systematic errors at harmonics of the GPS dra-
conitic year have been found in diverse GPS-derived geo-
detic products like the geocenter Z -component, station coor-
dinates, Y -pole rate and orbits (i.e. orbit overlaps). The GPS
draconitic year is the repeat period of the GPS constella-
tion w.r.t. the Sun which is about 351 days. Different error
sources have been proposed which could generate these spu-
rious signals at the draconitic harmonics. In this study, we
focus on one of these error sources, namely the radiation
pressure orbit modeling deficiencies. For this purpose, three
GPS+GLONASS solutions of 8 years (2004–2011) were
computed which differ only in the solar radiation pressure
(SRP) and satellite attitude models. The models employed
in the solutions are: (1) the CODE (5-parameter) radiation
pressure model widely used within the International GNSS
Service community, (2) the adjustable box-wing model for
SRP impacting GPS (and GLONASS) satellites, and (3) the
adjustable box-wing model upgraded to use non-nominal
yaw attitude, specially for satellites in eclipse seasons. When
comparing the first solution with the third one we achieved
the following in the GNSS geodetic products. Orbits: the
draconitic errors in the orbit overlaps are reduced for the
GPS satellites in all the harmonics on average 46, 38 and
57 % for the radial, along-track and cross-track components,
while for GLONASS satellites they are mainly reduced in the
cross-track component by 39 %. Geocenter Z -component: all
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the odd draconitic harmonics found when the CODE model
is used show a very important reduction (almost disappear-
ing with a 92 % average reduction) with the new radiation
pressure models. Earth orientation parameters: the draconitic
errors are reduced for the X -pole rate and especially for the
Y -pole rate by 24 and 50 % respectively. Station coordinates:
all the draconitic harmonics (except the 2nd harmonic in the
North component) are reduced in the North, East and Height
components, with average reductions of 41, 39 and 35 %
respectively. This shows, that part of the draconitic errors
currently found in GNSS geodetic products are definitely
induced by the CODE radiation pressure orbit modeling defi-
ciencies.

Keywords GPS · GLONASS · Solar radiation pressure ·
Yaw attitude · Eclipse seasons · Draconitic harmonics

1 Introduction

Systematic errors at harmonics of the GPS draconitic year
have been found in diverse GPS-derived geodetic products.
The GPS draconitic year is the repeat period of the GPS
constellation w.r.t. the Sun, which is about 351 days or 1.04
cpy (cycles per year). This period results from the secular
retrograde motion of the right ascension of the ascending
node due to the oblateness of the Earth (i.e. due to the J2
term). The GPS-derived geodetic products in which spurious
signals have been found at 1.04 cpy and its harmonics are the
following:

– Geocenter Z -component (Hugentobler et al. 2006; Meindl
2011; Rodriguez-Solano et al. 2012a; Ostini 2012).

– Station coordinates (Ray et al. 2008; Collilieux et al.
2007; Amiri-Simkooei 2007; Tregoning and Watson
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2009; King and Watson 2010; Santamaría-Gómez et al.
2011; Rodriguez-Solano et al. 2012a; Ostini 2012).

– Y -pole rate (Seitz et al. 2012).
– Orbits (jumps between successive days, Griffiths and Ray

2013).

For other GNSS constellations similar systematic errors
could be expected at harmonics of the respective draconitic
years, e.g., for GLONASS the draconitic year is about 353
days or 1.035 cpy. Meindl (2011) found odd harmonics of
the GLONASS draconitic year in the time series of the Z -
component of the GLONASS-only derived geocenter. For
combined GPS+GLONASS products (like the ones gen-
erated in this study) the system-specific systematic errors
are difficult to distinguish from the low harmonics of the
draconitic years, as the fundamental frequencies are very
close to each other. In the case of other space techniques
such as DORIS, Gobinddass et al. (2009) found artifacts in
the derived geocenter Z -component and station coordinates
related to errors in the solar radiation pressure modeling (for
TOPEX/Poseidon, SPOTs, ENVISAT and Jason-1 satellites).

Systematic errors in the GNSS data or models are expected
to propagate over the whole GNSS solutions introducing
these artificial effects on most products. Diverse error sources
have been proposed to explain these systematic errors.
Hugentobler et al. (2006) and Meindl et al. (2013) relate
the geocenter motion with the orbit modeling parameters, in
particular radiation pressure parameters, due to correlations
between them. The first paper states that the patterns found in
the geocenter Z -component with distinct periods of one GPS
draconitic year should be caused by orbit modeling deficien-
cies and not by geophysical effects. Rebischung et al. (2014)
found that the geocenter coordinates are highly collinear with
the satellite clock and troposphere parameters, so that their
estimation is very sensitive to GNSS modeling errors, like
radiation pressure modeling errors. Ray et al. (2008) give
two possible coupling mechanisms which could generate the
spurious signals at harmonics of 1.04 cpy found in the esti-
mates of station coordinates: (1) Long-period GPS satellite
orbit modeling errors, in particular due to the Sun-satellite
interactions or during eclipse seasons which happen twice
per draconitic year for each orbital plane. (2) Station specific
errors that can be aliased due to the repeating geometry of the
satellite constellation w.r.t. the tracking network to generate
a period of one draconitic year, in particular long-wavelength
(i.e. near-field) multipath or errors in the antenna or radome
calibrations. King and Watson (2010) demonstrated by using
simulated GPS data that multipath errors can produce spuri-
ous signals at harmonics of 1.04 cpy on station coordinates
time series. Tregoning and Watson (2009) and King and Wat-
son (2010) found that if phase ambiguities are not fixed there
is a significant amplification in the expression of the spuri-
ous draconitic harmonics. Tregoning and Watson (2009) and

Tregoning and Watson (2011) suggest that possible errors
in the S1 and S2 tidal models (ocean, atmosphere) which
are at diurnal and semidiurnal periods can contribute to the
low-frequency draconitic signals seen in the GPS solutions.
Griffiths and Ray (2013) introduced errors in the IERS (Inter-
national Earth Rotation and Reference Systems Service) sub-
daily Earth Orientation Parameters (EOP) tide model, which
is used as a priori information in the GNSS solutions, and
found that those errors can propagate to the GPS orbits at the
1st and 3rd harmonics of 1.04 cpy. Finally, Amiri-Simkooei
(2013) focused on the nature of the draconitic errors found
in GPS station coordinates and concluded that these errors
do not likely depend on station related effects such as mul-
tipath but rather on other causes like orbit mismodeling or
atmospheric loading effects.

In this study, we focus only on one of the error sources
proposed by previous authors, namely the radiation pres-
sure orbit modeling deficiencies. In Rodriguez-Solano et al.
(2012a) we tested the impact of Earth radiation pressure on
the draconitic errors present in station coordinates and geo-
center Z -component, obtaining only a reduction (about 38 %)
in the 6th harmonic of the North component of the station
coordinates and just a minimal reduction for the harmonics
of the geocenter Z -component. From that study it became
clear that the modeling of the main non-conservative force
acting on GPS satellites, the solar radiation pressure (SRP),
should also be revised as we used the CODE radiation pres-
sure model (Beutler et al. 1994). In Rodriguez-Solano et al.
(2012b) we developed a new approach to model the SRP
impacting GPS satellites which we called the adjustable box-
wing model. This new model could reduce β0 (Sun elevation
angle above the orbital plane, see Fig. 1) dependent sys-
tematic errors observed in the orbit predictions of GPS-IIA,
GPS-IIR and GLONASS-M satellites (Rodriguez-Solano et
al. 2013). The β0 angle varies with a period of one draconitic
year, the maximum reachable values are given by the inclina-
tion of the satellite orbital plane plus the obliquity of the eclip-
tic (about 23.45◦), i.e., ±78.45◦ for GPS and ±88.25◦ for
GLONASS satellites. The reduction of β0 systematic errors
with the adjustable box-wing model only occurred outside
eclipse seasons when the satellites are fully in nominal yaw
attitude mode. During eclipse seasons when the satellites can
perform yaw maneuvers the systematic errors were increased
(especially for GPS-IIA satellites) with the adjustable box-
wing model. Therefore, in Rodriguez-Solano et al. (2013)
we upgraded the adjustable box-wing model to accommo-
date non-nominal yaw attitude, especially the yaw maneu-
vers performed during eclipse seasons, and with it obtaining
an important reduction of the orbit errors during eclipse sea-
sons for GPS-IIA satellites. This was an important motivation
to start this study, with the reasoning that if we achieved a
reduction of the β0 systematic errors in the orbits, we will
most probably also achieve a reduction of the orbit errors at
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Fig. 1 Relative geometry of Sun, Earth and GPS satellites. Nominal
yaw-steering attitude as a function of the position of the Sun in the
orbital plane. Illustration of DYB (Sun-fixed) and XYZ (body-fixed)
orthogonal frames

harmonics of the GPS draconitic year observed by Griffiths
and Ray (2013). But we also suspected that the draconitic
errors found in other GNSS derived geodetic products could
be reduced since they were computed within the same GNSS
solutions.

In a previous study by Sibthorpe et al. (2011), variants
of the DYB model (Eq. (1), Beutler et al. 1994) were com-
pared against the GPS Solar Pressure Model (GSPM) of Bar-
Sever and Kuang (2004). The comparison between models
was done by means of various internal (GIPSY-OASIS Soft-
ware) and external metrics. The metrics supporting the use
of the GSPM approach are: ambiguity resolution statistics,
orbit overlaps, SLR tracking residuals, station repeatabili-
ties, and GRACE K-band ranging statistics. However, clock
overlaps between consecutive days and LOD (Length of
Day) differences to IERS Bulletin A seem to favor the DYB
approach.

The description of the radiation pressure models used in
this study and the main difference between them are given
in Sect. 2. The reprocessing experiments realized to test the
previous models and details on the power spectrum com-
putation, widely used in this paper to analyze the errors at
harmonics of the draconitic year, are described in Sect. 3.
Finally, the GNSS geodetic products whose draconitic errors
are analyzed in this study are the following: orbits (i.e.
overlap errors, Sect. 4), geocenter Z -component (Sect. 5),
Earth orientation parameters (Sect. 6) and station coordinates
(Sect. 7).

2 Orbit models

2.1 CODE radiation pressure model

The CODE radiation pressure model is an empirical model
to compensate the effect of SRP on GPS and GLONASS
satellites. The model was first introduced by Beutler et al.
(1994) where the extended orbit modeling techniques used
by the Center for Orbit Determination in Europe (CODE) are

described. Up to nine empirical acceleration parameters can
be estimated in a Sun-fixed orthogonal frame (Fig. 1):

D(u) = D0 + DC cos u + DS sin u,

Y (u) = Y0 + YC cos u + YS sin u,

B(u) = B0 + BC cos u + BS sin u, (1)

where D points along the satellite-Sun direction, Y points
along the solar panel beams (for nominal yaw attitude,
explained in the next paragraph) and B completes the orthog-
onal frame. The main argument of the model is u, the argu-
ment of latitude of the satellite. This model is widely used
within the IGS (International GNSS Service, Dow et al. 2009)
community, in particular its 5-parameter version where only
the D0, Y0, B0, BC and BS parameters are estimated. In this
study we also use this last version of the model.

The nominal yaw-steering attitude (the yaw angle � is
shown in Fig. 1) of the GPS and GLONASS satellites is
given by accomplishing two conditions at the same time: (1)
the antennas should be pointing to the center of the Earth to
transmit the navigation signals and (2) the solar panels should
be pointing perpendicular to the Sun to keep a maximum
power supply.

2.2 Adjustable box-wing model

The adjustable box-wing model (Rodriguez-Solano et al.
2012b) was created to compensate the effects of SRP impact-
ing GPS satellites, using an intermediate approach between
the physical/analytical models and the purely empirical mod-
els. The box-wing model is based on the physical interaction
between solar radiation and satellite surfaces, simplifying the
satellite to a box (satellite bus) and to a wing (solar panels).
In addition, nine parameters can be adjusted (estimated) to
fit best the GPS tracking data just as the CODE model does.
The nine parameters are:

1. solar panel scaling factor (1 + ρ + 2
3δ),

2. solar panel rotation lag,
3. Y -bias acceleration (Y0 of CODE model),
4. absorption plus diffusion (α + δ) of +X bus,
5. absorption plus diffusion (α + δ) of +Z bus,
6. absorption plus diffusion (α + δ) of −Z bus,
7. reflection coefficient (ρ) of +X bus,
8. reflection coefficient (ρ) of +Z bus,
9. reflection coefficient (ρ) of −Z bus.

The partial derivatives of the acceleration w.r.t. the previ-
ous parameters are written analytically (for the case of nom-
inal yaw attitude of the GPS satellites) in Rodriguez-Solano
et al. (2012b). The accelerations point towards the D and B
directions for the first two parameters, if nominal yaw atti-
tude is considered. The scaling factor of the solar panels just
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Table 1 Solar radiation
pressure and yaw attitude
models selected for the 8 years
(2004–2011) reprocessing
experiments

aftp://sideshow.jpl.nasa.gov/
pub/GPS_yaw_attitude/
nominal_yaw_rates

# Sol. Solar radiation pressure Yaw attitude

1 CODE 5-parameters Nominal attitude law

2 Adjustable box-wing Nominal attitude law

3 Adjustable box-wing GPS-IIA: nominal yaw ratesa, Bar-Sever (1996)

GPS-IIR: 0.20◦/s yaw rate, Kouba (2009)

GLONASS-M: 0.25◦/s yaw rate, Dilssner et al. (2011)

differs from D0 in the units and the solar panel rotation lag
is a novel parameter which compensates for a small lag of
the solar panels when they follow the Sun, about 1.5◦ and
0.5◦ respectively for the GPS-IIA and GPS-IIR satellites.
Y0 is identical to the same parameter of the CODE model.
The last six parameters are the optical properties, divided
into α + δ and ρ, of the surfaces of satellite bus which are
illuminated by the Sun under nominal yaw attitude condi-
tions, namely the +Z , +X and −Z surfaces as shown in
Fig. 1. For GLONASS satellites we tested adjustable box-
wing models in Rodriguez-Solano et al. (2013), which are
actually cylinder-wing models for the GLONASS (old type)
and GLONASS-M satellites.

2.3 Yaw attitude models

During Sun–Earth eclipse seasons GPS and GLONASS satel-
lites perform yaw maneuvers at orbit noon and orbit mid-
night, the first one happens in sunlight while the second one
occurs in the shadow of the Earth. In particular, the GPS-
II/IIA, GPS-IIR, GPS-IIF and GLONASS-M satellites per-
form these yaw maneuvers. Additionally, GPS-II/IIA satel-
lites perform yaw maneuvers after shadow exit, usually called
post-shadow maneuvers. Existing models describe precisely
the yaw maneuvers performed by the GPS-II/IIA (Bar-Sever
1996), GPS-IIR (Kouba 2009), GPS-IIF (Dilssner 2010) and
GLONASS-M (Dilssner et al. 2011) satellites. These models
(except the one of GPS-IIF satellites) have been implemented
in a development version of the Bernese GNSS Software
(Dach et al. 2007, 2009).

If the navigation antenna of the satellite has an offset
w.r.t. the satellite rotation axis (which is the case for GPS-
II/IIA, GPS-IIF and GLONASS-M satellites) and the yaw
maneuvers are not correctly modeled, large errors in the
GNSS observations are introduced. Besides these geomet-
rical effects, the SRP for the noon and post-shadow maneu-
vers will be mismodeled if the yaw maneuvers are not prop-
erly taken into account. During shadow maneuvers, Earth
radiation pressure still acts on the satellites and should also
be properly modeled. In Rodriguez-Solano et al. (2013)
we upgraded the adjustable box-wing model to be able to
work with non-nominal yaw attitude. However, the upgraded

model does not have any longer an analytical expression and
has to be computed numerically for any arbitrary direction
of the Sun w.r.t. the satellite surfaces.

3 Data analysis

3.1 Reprocessing experiments

For this study, we extended the first three orbit solutions
computed in Rodriguez-Solano et al. (2013) from 2 years
(2007–2008) to 8 years (2004–2011). This extension of the
solutions allows us to better detect the draconitic errors in
the computed geodetic products. We have computed three
GPS+GLONASS solutions of eight years which differ only
in the SRP and yaw attitude models as described in Table 1.
We started from GPS and GLONASS cleaned observations
and followed the strategy presented by Fritsche et al. (2014)
with only minor differences described in detail in Rodriguez-
Solano et al. (2013). The solutions are double-difference
solutions. During the period 2004-2011 a maximum of 254
ground stations were reprocessed per day. Furthermore, the
solutions computed for this study are individual 1-day solu-
tions with no day boundary constraints applied. All the para-
meters of the CODE (5-parameter) and adjustable box-wing
models (Sects. 2.1 and 2.2) are also estimated once per day.
Together with the satellite orbits we have estimated the appar-
ent geocenter coordinates, i.e., the offset between the instan-
taneous Earth’s center of mass, as sensed by the satellites,
and the reference frame origin (applying a no-net-translation
condition). In Rodriguez-Solano et al. (2013) we computed
five solutions where the last two included the real yaw atti-
tude of GPS-IIA satellites obtained from PPP (Precise Point
Positioning, Zumberge et al. 1997) phase residuals and a spe-
cific pitch attitude model for the solar panels of those satel-
lites. The best orbit results were achieved with the last (fifth)
solution, however, the largest improvements in the errors
observed during eclipse seasons came with the Bar-Sever
(1996) model with nominal yaw rates1. This is the reason
why we only extended the first three solutions of Rodriguez-
Solano et al. (2013) since the largest changes in the orbit

1 ftp://sideshow.jpl.nasa.gov/pub/GPS_yaw_attitude/nominal_yaw_
rates.
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errors occurred within these three first solutions. Therefore,
if exchanging the SRP and yaw attitude models has an impact
on the draconitic errors observed in GNSS geodetic products,
it should be observed within these three solutions.

The individual impact of GPS or GLONASS on the com-
bined GPS+GLONASS solutions has not been evaluated
in this study. This has been done in previous studies, e.g.,
Meindl et al. (2013) studied the impact on the geocenter
while Fritsche et al. (2014) studied the impact on the sta-
tion coordinates, satellite orbits and Earth orientation para-
meters. Nevertheless, the changes introduced by solution 3
are mainly due to changes in the orbit modeling of GPS-
II/IIA satellites only. These satellites showed major improve-
ments in the orbit overlap and prediction errors (Rodriguez-
Solano et al. 2013) with the adjustable box-wing model
upgraded for non-nominal yaw attitude, while GPS-IIR and
GLONASS-M satellites only showed minor improvements.
GLONASS (older block) satellites are unaffected as their
yaw attitude during eclipse seasons is unknown and nom-
inal yaw-steering attitude was used in all solutions. The
changes observed in the geodetic parameters introduced by
solution 2 are due to changes in the orbit modeling of both
GPS and GLONASS satellites. The parameters of the CODE
and adjustable box-wing models are significantly different
(except D0 and Y0, see Sects. 2.1 and 2.2). Consequently
the correlations within the model parameters and w.r.t. other
parameters of the GPS+GLONASS solutions are also differ-
ent. This study focuses mainly on the draconitic errors and
on the changes due to the SRP and yaw attitude modeling.
However, due to the different correlation of the models a
redistribution of the errors into other estimated parameters
or frequency bands cannot be ruled out.

3.2 Power spectrum

The power spectra, widely used in this paper to analyze
the errors at harmonics of the draconitic year, are computed
exactly as described in Rodriguez-Solano et al. (2012a). The
power spectra are based on the Fast Fourier Transform (FFT,
Press et al. 1992) and where data is missing, zero padding
was employed, since GPS-derived daily estimates are evenly
spaced. Moreover, the units of the power spectrum are well-
defined (e.g. mm2). Additionally, to compute the stacked
(mean) power spectrum of the orbit overlap errors or of the
stations coordinates a weighting according to the inverse of
the variance was introduced to ensure that the noisier time
series have a lower contribution. Our time series have a
length of TS = 2,922 days, i.e., 8 years. This means that
one can reliably distinguish between estimated frequencies
that are separated by Δ f = 0.125 cpy. This is in accor-
dance with Eq. (41) of Rothacher et al. (1999) which can
be written as Δ f = 365.25/TS. Therefore, the 1st and 2nd
draconitic harmonics at 1.04 and 2.08 cpy can be hardly dis-

tinguished from the annual and semiannual frequencies at
1 and 2 cpy. The separation of draconitic and annual har-
monics starts to be reliable for the 3rd harmonic, where the
separation of 0.12 cpy between harmonics almost reaches
Δ f . The separation between GPS and GLONASS draconitic
harmonics starts to be reliable only for the 25th harmonic,
i.e., as the respective frequencies are 26 and 25.875 cpy. Fig-
ures 2, 3, 4, 7 and 8 were created using the FFT approach with
the number of tested frequencies equal to 4×212, where 12 is
the next higher power of 2 of 2,922, such that the frequency
interval in the figures is 0.0223 cpy. For the Tables 2, 4, 5
and 6 the numerical values of the power spectra at the dra-
conitic harmonics were extracted from the respective figures
by using a simple interpolation at the desired frequency val-
ues.

4 Impact on the orbit overlap errors

The orbit overlap errors, are an indicator of internal orbit
consistency. Our daily satellite arcs span from 00:00:00 until
24:00:00, therefore our orbit overlaps are simply computed
by taking the difference between consecutive 1-day arcs at
the midnight epoch. The daily orbit overlaps were computed
for the eight years we have (2004–2011) and for all GPS and
GLONASS satellites. We then separated the orbit overlaps by
Space Vehicle Number (SVN) and computed the individual
power spectrum for each satellite as described in Sect. 3.2.
The individual power spectra were stacked separately for
GPS and GLONASS satellites using a weighting with the
inverse of the variance of the orbit overlap errors to create
Fig. 2.

For GPS satellite orbits we find large systematic errors at
harmonics of one GPS draconitic year as already reported
by Griffiths and Ray (2013). As we have expected from the
results of Rodriguez-Solano et al. (2013) where we achieved
significant reduction of the β0 related orbit errors, the dra-
conitic errors in the orbits also decrease with the new solar
radiation pressure and attitude models. This can be seen in
Fig. 2 but Table 2 is much more conclusive, where it can be
seen that there is a general reduction of the errors. Moreover,
if solutions 1 and 3 are compared directly in Table 2, we find
a reduction of the errors for all the draconitic harmonics and
for all the components. With an average2 reduction of 46,
38 and 57 % for the the radial, along-track and cross-track
components.

For GLONASS satellite orbits we find systematic errors at
harmonics of one GLONASS draconitic year, at least for the
first five harmonics as shown in Fig. 2. Here we find a mixture

2 Over all the draconitic harmonics and weighted with the average val-
ues of solutions 1 and 3 such that small draconitic errors also have small
contributions to the final average.
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Fig. 2 Power spectrum of orbit overlap errors (stacked from all GPS
and GLONASS satellites) for the three solutions given in Table 1 and
separated in the radial, along-track and cross-track components. The

power spectra of solutions 1 and 2 have been shifted along the ver-
tical axes to make the details visible. The dotted vertical lines are at
harmonics of 1.04 cpy for GPS and 1.035 cpy for GLONASS

Table 2 Numerical values (mm2) of the GPS (left) and GLONASS (right) orbit overlap errors power spectra (see Fig. 2) at harmonics of 1.04 and
1.035 cpy

Comp. # Sol. 1.04 2.08 3.12 4.16 5.20 6.24 7.28 8.32 9.36 1.035 2.07 3.105 4.14 5.175

Radial 1 4.71 9.66 8.90 3.71 2.69 1.34 1.05 0.82 0.37 0.76 0.98 0.96 0.95 0.63

Radial 2 3.10 2.80 6.84 2.37 1.80 0.86 0.76 0.78 0.28 0.67 1.38 1.24 1.10 0.51

Radial 3 2.95 2.88 6.43 1.70 1.56 0.44 0.64 0.46 0.27 0.57 1.53 1.11 1.12 0.47

Along 1 8.14 6.53 7.12 3.11 3.17 1.18 1.00 0.73 0.64 9.37 16.29 2.28 2.89 1.84

Along 2 5.26 2.69 4.91 3.15 1.69 0.71 0.87 0.58 0.42 8.23 18.56 2.36 3.69 2.98

Along 3 4.90 2.31 5.46 2.79 1.55 0.56 0.72 0.48 0.34 5.88 16.90 2.43 2.55 2.43

Cross 1 12.03 4.80 6.24 2.25 3.13 1.62 1.20 0.59 0.39 1.54 1.41 0.86 0.68 0.49

Cross 2 3.84 2.28 3.41 1.69 1.31 1.26 0.74 0.43 0.36 1.51 0.38 0.43 0.22 0.22

Cross 3 3.51 1.95 3.34 1.48 1.09 0.83 0.70 0.32 0.34 1.55 0.35 0.42 0.20 0.20

Italic indicates an improvement w.r.t. the previous solution while bold indicates a degradation

of improvement and degradation in the errors when using the
new solar radiation pressure and attitude models, see Table 2.
We obtain an average2 reduction of the errors of 5 and 39 %
for the along-track and cross-track components, while in the
radial component the errors are increased in average by 16 %.
Mainly the cross-track component shows a general improve-
ment, in all but the 1st harmonic which is slightly degraded.

In Rodriguez-Solano et al. (2013) the cross-track component
was also the one with the highest improvements. The fact
that the draconitic errors in the radial and along-track com-
ponents are almost not improved or even degraded (contrary
to GPS) suggests that the adjustable box-wing models for
GLONASS satellites could be further improved. For exam-
ple, the parameter constraints which were initially selected
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Fig. 3 Same as Fig. 2 for solution 1 but extended until 50 cpy for GPS
and until 182.625 cpy (Nyquist frequency) for GLONASS. Addition-
ally, the differences of the power spectra of consecutive solutions are

shown, the last ones have been shifted along the vertical axes. Nega-
tive values (below the green lines) indicate an improvement w.r.t. the
previous solution while positive values indicate a degradation

for GPS satellites (Rodriguez-Solano et al. 2012b) may be
less appropriate for GLONASS satellites.

The power spectra of the orbit overlap errors were also
stacked separately (not shown) for GPS-II/IIA, GPS-IIR,
GLONASS (older block) and GLONASS-M satellites. There
are no large differences between the power spectra of GPS-
II/IIA or GPS-IIR satellites (except for few peaks) and the
power spectra shown in Fig. 2 correspond essentially to sim-
ple averages of the two power spectra. For GLONASS satel-
lites the situation is very different, the power spectra (and
the orbit overlap errors) of all components are larger for
GLONASS (older block) than for GLONASS-M satellites.
Due to the weighting with the inverse of the variance used for
stacking the power spectra of the satellites, the GLONASS
(older type) satellites have a small contribution to the power
spectra shown in Fig. 2. Furthermore, the draconitic errors
in the along-track component of the GLONASS (older type)
satellites are in general increased (especially for the 2nd har-
monic) with the adjustable box-wing model.

While the main focus of this paper is on the low draconitic
harmonics, we consider important to include here also the
power spectra of orbit overlap errors at higher frequencies
(Fig. 3). In particular for GLONASS, there are some striking
patterns in the power spectra of the orbits, like the clusters of
peaks around 47, 94 and 140 cpy. At the moment we do not

have an explanation for these features but the first frequency
is close to eight sidereal days or 45.8 cpy, the repeat period
of the GLONASS ground tracks. Besides these features it is
interesting to note in Fig. 3 that the power spectra are gen-
erally decreased when using the adjustable box-wing model,
in particular for the cross-track component. From Table 2
one cannot affirm that the adjustable box-wing model brings
a general improvement in the radial and along-track com-
ponents of the GLONASS orbits, but this can be affirmed
looking at Fig. 3 and at Table 3. For GPS orbits most of
the power concentrates at the low frequencies, besides the
draconitic harmonics we find high peaks between 20 and 50
cpy, most probably related to errors of the sub-daily EOP tide
model as discussed by Griffiths and Ray (2013). As shown in
Fig. 3, some of these peaks are amplified and some reduced
especially for the cross-track component and between 20 and
30 cpy when the adjustable box-wing model is used. Beyond
50 cpy (not shown for GPS) there is only white noise, with
just a small degradation in the radial component at very high
frequencies when the adjustable box-wing model is used.
Nevertheless, the new models reveal a general improvement
in the GPS orbit overlap errors as shown in Table 3. For the
other GNSS geodetic products analyzed in this paper, i.e.,
geocenter Z -component, Earth orientation parameters and
stations coordinates, we did not find significant differences
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Table 3 RMS of the orbit overlap errors (mm) over all GPS and
GLONASS satellites, weighted with the inverse of the variance of each
satellite

Component # Sol. GPS GLONASS

Radial 1 32.20 66.93

Radial 2 31.07 67.71

Radial 3 30.05 62.13

Along 1 37.17 163.78

Along 2 34.04 147.59

Along 3 33.34 140.50

Cross 1 30.04 83.32

Cross 2 26.74 62.68

Cross 3 25.67 61.57

Italic indicates an improvement w.r.t. the previous solution while bold
indicates a degradation

in the power spectra of the solutions given in Table 1 at high
frequencies. Therefore, we did not include such figures in
this paper.

5 Impact on the geocenter Z-component

The geocenter Z -component estimated with the CODE (5-
parameter) radiation pressure model shows large variations
that can be (visually) correlated with the β0 angle of the dif-
ferent orbital planes as shown in Fig. 4. This correlation is
particularly strong with the GLONASS β0 angles in the last
years of the time series. The power spectrum of the geo-
center Z -component shows strong draconitic errors at odd
harmonics of 1.04 cpy. In comparison, the draconitic errors
of the geocenter X and Y components (Fig. 5) are much
less significant. We cannot make a distinction between the
specific GPS and GLONASS draconitic errors as the funda-
mental frequencies of the harmonics (1.04 and 1.035 cpy)
are very close to each other, see also Sect. 3.2. Exchang-
ing the CODE (5-parameter) radiation pressure model by the
adjustable box-wing model results in a significant reduction
of the geocenter Z -component variations and of the associ-
ated draconitic errors (solutions 1 and 2 in Fig. 4 and Table 4).
The possibility that the CODE model can cause these prob-
lems in the geocenter was already discussed by Meindl et al.
(2013) as follows:

“Having said that orbit parametrization plays an impor-
tant role one might conclude that the problems encoun-
tered in this article are uniquely caused by the CODE
orbit model (5), (6). This is not true, however: Alterna-
tive models, like, e.g., box-wing models, cannot live
without model parameters, which have to be deter-
mined in the parameter estimation process. Our theory
asks that each empirical acceleration standing behind
such a free parameter has to be decomposed into the

(R, S, W )3-components-along the lines presented in
Sect. 2.2. As soon as W -components with non-zero
means over a revolution result, there is the danger of
generating artifacts.”

We agree with the previous paragraph and indeed our
adjustable box-wing model does have model parameters that
have to be estimated in the orbit determination process as
mentioned in Sect. 2.2 of this paper. However, those parame-
ters with exception of D0 and Y0 are significantly different
from the CODE model parameters. The D0 acceleration has a
non-zero mean in the W -component while Y0 does not have
one. In what follows we will analyze the box-wing model
parameters which could have a W -component.

The solar panel rotation lag acceleration points in the B-
direction (see Fig. 1) and has a main dependency on sign(ε̇),
given in Eq. (15) of Rodriguez-Solano et al. (2012b), which
can be approximated as sin(μ). Where μ (see Fig. 1) is the
orbit angle formed between the spacecraft position vector
and orbit midnight, growing with the satellite’s motion (Bar-
Sever 1996). According to Eq. (16) of Meindl et al. (2013),
the W -component of a constant B acceleration can be written
as:

WB = B
− sin 2β0 cos μ

2
√

1 − cos2 β0 cos2 μ
. (2)

Multiplying the last equation with sign(ε̇) or sin(μ) results
in a twice-per-revolution term with zero mean accelera-
tion. Meindl et al. (2013) noted that the once-per-revolution
empirical parameters in the Y -direction of the CODE model
[Eq. (1)] result in a superposition of a constant and a twice-
per-revolution term in the W -component which can be very
problematic for the geocenter estimation. However, in that
paper it was not noted that it is the same case for the once-
per-revolution empirical parameters in the B-direction of
the CODE model [Eq. (1)], which can perfectly generate
a cos(μ) term that multiplied with Eq. (2) also results in a
superposition of a constant and a twice-per-revolution term.
This coincides with the results of Rebischung et al. (2014)
who found that the simultaneous estimation of the D0, BC

and BS from the CODE (5-parameter) radiation pressure
model slightly increases the estimation problems of the geo-
center Z -component.

The absorption plus diffusion parameters of the adjustable
box-wing model show large correlations to other box-
wing parameters if they are freely estimated. Therefore, as
described in Rodriguez-Solano et al. (2012b) those parame-
ters are tightly constrained in the orbit determination process
and consequently should have a minimal impact on the geo-
center estimation. However, the reflection parameters are
estimated with loose constrains. The +Z and −Z directions

3 The RSW components are defined as: radial (R), along-track (S) and
cross-track (W ).
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Fig. 4 Time series of the daily estimated Z -component geocenter for
the three solutions given in Table 1. On the right, the power spectrum of
the corresponding time series is shown. The dotted vertical lines are at
harmonics of 1.04 cpy. In the background of the time series of solution
1, the Sun elevation angle above the orbital plane (β0) of all GPS (light

gray) and GLONASS (dark gray) satellites is displayed. In the back-
ground of the time series of solution 2, the number of GPS block II and
IIA in eclipse season is displayed. During the time period from 2004
until 2011, a maximum number of 8 GPS block II and IIA satellites
were simultaneously in eclipse season

are parallel to the radial direction, such that the only para-
meter which could have a cross-track component is the one
pointing along the +X direction, see Fig. 1. This parame-
ter has a main dependency on sin2(ε), given in Eq. (12) of
Rodriguez-Solano et al. (2012b), which can be written as:

sin2 ε = 1 − cos2 β0 cos2 μ. (3)

The W -component of a constant X acceleration can be writ-
ten as:

WX = X
sin β

√
1 − cos2 β0 cos2 μ

. (4)

Multiplying the last equation with sin2(ε) results in a twice-
per-revolution term with non-zero mean acceleration.

Summarizing, the CODE (5-parameter) radiation pres-
sure model has the D0, BC and BS parameters which could
cause problems for the geocenter estimation, while for the
adjustable box-wing model the problematic parameters are

the solar panel scaling factor and the reflection coefficient of
the +X bus surface. Therefore, according to the theory devel-
oped by Meindl et al. (2013) the differences in the geocenter
estimates between solutions 1 and 2 in Fig. 4 should mainly
result from replacing the once-per-revolution B parameters
by the +X reflection parameter. Both type of parameters gen-
erate twice-per-revolution with non-zero mean cross-track
accelerations. However, with the fundamental difference that
the acceleration generated from the once-per-revolution para-
meters in B-direction is purely empirical while the acceler-
ation due to +X reflection results from the physical interac-
tion between the Sun and the +X surface. Moreover, with
the adjustable box-wing model we obtained improvements
in the cross-track components of the GPS orbits and espe-
cially of the GLONASS orbits as shown in Sect. 4. This
parametrization difference is, from our point of view, the
explanation of the improvement obtained in the geocenter Z -
component estimation with the adjustable box-wing model.
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Fig. 5 Power spectrum of the geocenter X and Y components for solu-
tion 1. Additionally, the differences of the power spectra of consecutive
solutions are shown, the last ones have been shifted along the vertical
axes. Negative values (below the green lines) indicate an improvement
w.r.t. the previous solution while positive values indicate a degradation.
The dotted vertical lines are at harmonics of 1.04 cpy

Table 4 Numerical values (mm2) of the geocenter power spectrum (see
Fig. 4) at odd harmonics of 1.04 cpy

Component # Sol. 1.04 3.12 5.20 7.28 9.36

Z 1 2.30 2.97 2.14 1.45 0.13

Z 2 1.00 0.25 0.94 2.00 0.14

Z 3 0.37 0.08 0.13 0.13 0.02

Italic indicates an improvement w.r.t. the previous solution while bold
indicates a degradation

We do not have an explanation about why the CODE radi-
ation pressure model generates draconitic errors in the geo-
center just at odd harmonics. However, we believe to have an
explanation on the largest (7th) harmonic observed on solu-
tion 2, computed with the adjustable box-wing model with
nominal yaw attitude. Solution 2 has mainly large orbit errors
during eclipse seasons, which as mentioned in the Introduc-
tion happen twice per draconitic year. The GPS system, the
one contributing the most to the geocenter computation as
shown by Meindl et al. (2013), has six orbital planes equally

30 50 70 90 110 130 150
0

100

200

300

N
um

be
r 

of
 d

if
fe

re
nc

es

β
0
 zero crossing differences [days]

 

 
GPS
GLONASS

Fig. 6 Histogram of differences in days between β0 zero crossing
points (β0 = 0◦, see also Fig. 4) of consecutive orbital planes during
the time period 2004–2011, separately for GPS and GLONASS

spaced along the equator. Thus one would intuitively expect
the largest draconitic harmonic to be at the 6th harmonic,
obviously this is not the case when looking at Fig. 4. Why
the largest peak is at the 7th and not at the 6th harmonic may
be explained through Fig. 6 which shows the histograms of
differences in days between consecutive GPS orbital planes
along the ecliptic (not the equator). The peak of this his-
togram is at about 50 days which would correspond to the
7th draconitic harmonic. Sun–Earth eclipses last at maxi-
mum 1 h for a GPS satellite orbital revolution, and a satellite
is in eclipse season around 73 days (average over 6 orbital
planes) during 1 year. While these time periods seem small,
the complete arc for an eclipsing satellite may be degraded.
Moreover, the GPS consists of six different orbital planes,
which increases the probability that for any day at least one
GPS-II/IIA satellite is in eclipse season. This is shown in the
background of the time series of solution 2 in Fig. 4. More-
over, one or few of the satellites with worse orbits than others
can have a negative impact on a global GNSS solution and
consequently on the geocenter estimation. As we would have
expected, solution 3, which reduces the orbit errors during
eclipse seasons mainly for GPS-IIA satellites, reduces very
significantly the 7th draconitic harmonic when compared to
the previous solution as shown in Fig. 4.

Finally, as in the case of the GPS orbits (Table 2), for
the geocenter Z -component there is an overall reduction of
the draconitic errors when the new SRP and yaw attitude
models are used. The less significant draconitic errors in the
X and Y components (Fig. 5) show mainly a reduction in
the 1st and 2nd harmonics of the X -component and in the
2nd harmonic of the Y -component when using the adjustable
box-wing model. When comparing solutions 1 and 3 (Fig. 4;
Table 4) it can be observed that the errors almost disappear for
all the draconitic harmonics of the geocenter Z -component,
with an average2 reduction of 92 %.

The geocenter Z -component from geodetic estimates and
geophysical models show a predominant annual signal with
an amplitude of 3–5 mm (see e.g. Wu et al. 2012). This annual
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Fig. 7 Power spectrum of the Earth orientation parameters (minus
IERS 08 C04 time series) for JPL SPACE2011 and the three solutions
given in Table 1. The power spectra of JPL SPACE2011 and solutions
1 and 2 have been shifted along the vertical axes to make the details
visible. The differences between JPL SPACE2011 and IERS 08 C04 are

at the level of 10−7 mas2/day2 for the pole rates. The dotted vertical
lines are at harmonics of 1.04 cpy. The power spectrum of UT1-UTC is
not shown since in our GNSS solutions these values are fixed to IERS
08 C04 at the beginning of each day

signal is not visible for solution 3 in Fig. 4. The time series of
the geocenter Z -component from our best solution (3) still
have a noise much larger than 5 mm. The respective power
spectrum shows a peak close to the annual period but signifi-
cant power can still be found at other frequencies. We fitted a
harmonic signal with annual period to the time series, but the
standard deviation of the time series minus the fit just showed
a minimal decrement compared to the standard deviation of
the time series. These findings suggest that despite the large
reduction of the draconitic errors obtained for the geocenter
Z -component, corresponding estimates are still subject to
remaining modeling errors. Inherent problems of the GNSS
technique to estimate the geocenter coordinates, like the high
collinearity with the estimated satellite clock and troposphere
parameters (Rebischung et al. 2014), could be limiting fac-
tors to further reduce the errors found in the GNSS-derived
geocenter Z -component.

6 Impact on the Earth orientation parameters

Seitz et al. (2012) found draconitic harmonics in the Y -pole
rate of GPS minus VLBI (Very Long Baseline Interferom-
etry) time series. High peaks in the power spectrum were

present at 50 and 70 days corresponding to the 7th and 5th
harmonics of the GPS draconitic year. In the power spectrum
of the X -pole rate the 5th and 7th peaks were also present
but with a much lower magnitude. In this study we compared
the GNSS-derived EOP (Earth Orientation Parameters) with
external sources like the IERS 08 C044 (International Earth
Rotation and Reference Systems Service, Bizouard and Gam-
bis 2009) and the JPL SPACE20115 (Jet Propulsion Labora-
tory, Ratcliff and Gross 2013) time series, as the draconitic
harmonics of the solutions alone were not clearly visible.
When subtracting IERS 08 C04 or JPL SPACE2011 the dra-
conitic harmonics become visible. However, the interpreta-
tion of the results is difficult as the IERS 08 C04 and JPL
SPACE2011 time series contain GPS data which may also
include draconitic errors. Moreover, the IGS Analysis Cen-
ters6 contributing to the EOP combinations use different SRP
models.

Figure 7 shows the power spectra of the three solutions
computed in this study (Table 1) minus the IERS 08 C04

4 ftp://hpiers.obspm.fr/iers/eop/eopc04.
5 ftp://euler.jpl.nasa.gov/keof/combinations/2011.
6 The analysis strategy summaries can be found at: ftp://igscb.jpl.nasa.
gov/pub/center/analysis/.
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Table 5 Numerical values of the Earth orientation parameters power spectra (w.r.t. IERS 08 C04, see Fig. 7) at significant harmonics of 1.04 cpy

Component # Sol. 1.04 2.08 3.12 4.16 5.20 6.24 7.28 8.32 9.36

X -pole 1 0.16 1.55 0.81 0.51 0.20 0.44

X -pole 2 0.56 0.25 0.70 0.06 0.01 0.22

X -pole 3 0.71 0.11 2.25 0.34 0.80 0.09

X -pole rate 1 0.91 0.52 0.13 0.01

X -pole rate 2 0.16 0.27 0.06 0.06

X -pole rate 3 0.22 0.29 0.08 0.08

Y -pole 1 0.72 0.60 0.48 0.32
Y -pole 2 1.37 0.24 0.25 0.49

Y -pole 3 0.76 0.18 0.30 0.41

Y -pole rate 1 0.58 0.13 0.63 0.07 0.57 0.61 0.47 0.07 0.17

Y -pole rate 2 0.74 0.07 0.35 0.05 0.15 0.08 0.27 0.02 0.11

Y -pole rate 3 0.63 0.15 0.20 0.01 0.15 0.04 0.02 0.01 0.07

Length of day 1 3.04 1.52 0.11

Length of day 2 1.55 0.77 0.40

Length of day 3 1.64 0.73 1.35

The units are 10−5 mas2 for pole values, 10−3 mas2/day2 for pole rates and μs2/day2 for LOD. Italic indicates a decrement w.r.t. the previous
solution while bold indicates an increment

time series. Additionally, the power spectrum of the JPL
SPACE2011 minus IERS 08 C04 time series is displayed
for comparison purposes. The power spectrum of the differ-
ence of these two external EOP time series sets a lower limit
for the comparison of our solutions w.r.t. IERS 08 C04. Dra-
conitic harmonics amplitudes above this limit can be inter-
preted as significant (i.e. as an error in our solutions) while
below or close to this limit the amplitudes can be interpreted
as insignificant as they also exist between other EOP time
series. Figure 7 shows that the draconitic errors in the X and
Y pole as well as in the LOD (length of day) are generally
close to this lower limit with some harmonics exceeding it.
Table 5 shows a similar number of cases with improvements
and degradations in the draconitic harmonics when compar-
ing solutions 1 and 3 for the X and Y pole as well as for
the LOD. We obtain an average2 increase of the errors of
115 and 149 % for the X -pole and LOD, while the errors
in the Y -pole are reduced in average by 15 %. The main
contributor to the increase of the draconitic errors in the X -
pole is the 5th harmonic while for the LOD it is the 6th
harmonic. We do not have, at the moment, an explanation
for the increase of the amplitudes of these particular har-
monics. For the X and Y pole rates the draconitic harmon-
ics are very significant, as shown in Fig. 7. Here the dif-
ferences between JPL SPACE2011 and IERS 08 C04 are
at the level of 10−7 mas2/day2, i.e., four orders of magni-
tude smaller than the differences between our solutions and
IERS 08 C04. Table 5 shows that there are more cases with
improvements than degradations in the draconitic harmonics
of the X and Y pole rates. With an average2 reduction of the

errors between solutions 1 and 3 of 24 and 50 % for the X
and Y pole rates.

We also computed the power spectra of the pole and
pole-rates separately for prograde and retrograde motions
(not shown) obtaining the highest differences to IERS 08
C04 at draconitic harmonics for the prograde motion rate.
However, we decided to show here the pole and pole-rates
for the X and Y components since the draconitic harmon-
ics in the X -pole and Y -pole rate are much more domi-
nant than in the Y -pole and X -pole rate, see Fig. 7 and
Table 5. This asymmetry suggests a possible relation with
the distribution of GNSS ground stations over the Earth, as
the X and Y components are given in an Earth-fixed sys-
tem.

7 Impact on the station coordinates

The power spectra of GPS-derived station coordinates show
spurious signals at harmonics of one GPS draconitic year
as first noted by Ray et al. (2008). At least until the 9th
harmonic these spurious signals are visible as shown in the
power spectra of our GNSS-derived station coordinates in
Fig. 8. Rodriguez-Solano et al. (2012a) obtained a reduction
of 38 % only in the 6th harmonic of the North component
when introducing the Earth radiation pressure in the compu-
tation of GPS satellite orbits. In this study, the 6th harmonic
of the North component is reduced (after subtracting a noise
floor of 0.00069 mm2, see Table 6) by 32 % when using the
adjustable box-wing model for GPS and GLONASS satel-
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Fig. 8 Power spectrum of daily station coordinates (stacked from
around 290 ground stations) for the three solutions given in Table 1
separately for the North, East and Height components. The power spec-
tra of the solutions have been shifted along the vertical axes to make the
details visible. The dotted vertical lines are at harmonics of 1.04 cpy.
The sloped lines have a power law behavior of 1/ f (i.e. flicker noise),
the dashed lines represent approximate noise floors

lites. Another 53 % (see footnote7) reduction (w.r.t. solution
2) is achieved with the upgraded version of the model based
on non-nominal yaw attitude. In total, comparing solutions

7 This reduction may not be easily seen in Fig. 8 due to the logarithmic
scale, but it can be computed from the numerical values given in Table 6.

1 and 3, a reduction of 68 % (see footnote 7) is achieved
for the 6th harmonic in the North component. However, in
this study with the new radiation pressure and yaw attitude
models not only this peak is reduced but we achieve a gen-
eral reduction of the draconitic errors in the station coordi-
nates as shown in Fig. 8. In fact, when comparing solutions
1 and 3 in Table 6, it can be observed that all the draconitic
harmonics (except the 2nd harmonic in the North compo-
nent) are reduced in the North, East and Height components.
We obtain an average reduction over all the draconitic errors
between solutions 1 and 3 of 41, 39 and 35 % (see footnote
7) for the North, East and Height components after subtract-
ing the approximate noise floors given in Table 6. Moreover,
the weighted RMS over all station coordinates (Table 7) also
shows a decrement in the North, East and Height components
with the new models.

The impact of the new radiation pressure and yaw atti-
tude models on the station coordinates can also be analyzed
by looking at the time series of station coordinates. We did
not look at the time series of individual ground tracking
stations, but we computed the RMS of the differences of
daily station coordinates (between one solution and the pre-
vious one) as a function of time as shown in Fig. 9. It can
be noted that the adjustable box-wing model has a higher
impact on the station coordinates (especially in the North
and East components) than its upgraded version for non-
nominal yaw attitude. However, this last model causes a very
systematic behavior, namely a nearly vanishing RMS differ-
ence when there are no GPS-II/IIA in eclipse seasons, see
also Fig. 4. The RMS difference is not exactly zero since
solution 3 includes the yaw bias for GPS-II/IIA satellites
(Bar-Sever 1996) which also acts outside of eclipse seasons,
as well as specific yaw attitude models for eclipsing GPS-
IIR and GLONASS-M satellites (Table 1). When GPS-II/IIA
satellites are in eclipse season large differences appear in the
station coordinates. Obviously one or few of the satellites
with degraded orbits can have a negative impact on a global
GNSS solution and consequently on the station coordinates.

8 Conclusions

Part of the draconitic errors found in GNSS geodetic prod-
ucts are definitely induced by orbit modeling deficiencies,
in particular those related to the radiation pressure model-
ing. We have shown that by changing the radiation pressure
models also the draconitic errors show important changes.
By exchanging the CODE (5-parameter) radiation pressure
model (Beutler et al. 1994) by our adjustable box-wing
model (Rodriguez-Solano et al. 2012b) orbit related system-
atic errors with a β0 (Sun elevation angle above the orbital
plane) dependency are reduced outside eclipse seasons for
GPS-IIA, GPS-IIR and GLONASS-M satellites as shown by
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Table 6 Numerical values (mm2) of the station coordinates power spectra (see Fig. 8) at the harmonics of 1.04 cpy

Component # Sol. 1.04 2.08 3.12 4.16 5.20 6.24 7.28 8.32 9.36

North 1 0.08639 0.01413 0.00378 0.00479 0.00221 0.00328 0.00170 0.00152 0.00095

North 2 0.07365 0.01865 0.00296 0.00333 0.00187 0.00244 0.00166 0.00116 0.00085

North 3 0.07330 0.01858 0.00294 0.00309 0.00136 0.00152 0.00107 0.00097 0.00063

North η/ f 0.00413 0.00207 0.00138 0.00103 0.00083 0.00069 0.00059 0.00052 0.00046

East 1 0.03796 0.01655 0.00611 0.00269 0.00291 0.00150 0.00190 0.00082 0.00078

East 2 0.03300 0.01569 0.00310 0.00257 0.00163 0.00146 0.00112 0.00075 0.00063

East 3 0.03248 0.01636 0.00281 0.00240 0.00165 0.00146 0.00100 0.00065 0.00055

East η/ f 0.00394 0.00197 0.00131 0.00099 0.00079 0.00066 0.00056 0.00049 0.00044

Height 1 0.54979 0.10067 0.04660 0.03263 0.01362 0.01259 0.01012 0.00823 0.00674

Height 2 0.49564 0.09628 0.02588 0.03140 0.01073 0.01222 0.01033 0.00727 0.00639

Height 3 0.48429 0.09339 0.02298 0.02883 0.00920 0.01017 0.00765 0.00692 0.00561

Height η/ f 0.03250 0.01625 0.01083 0.00812 0.00650 0.00542 0.00464 0.00406 0.00361

Italic indicates an improvement w.r.t. the previous solution while bold indicates a degradation. Additionally, the value of the power law η/ f (i.e.
flicker noise) with η = [0.0043, 0.0041, 0.0338] is included, representing approximate noise floors (dashed lines in Fig. 8) for the respective
components

Table 7 RMS over all daily station coordinates (mm), weighted with
the inverse of the variance of each station

Component # Sol. WRMS

North 1 2.10

North 2 2.05

North 3 2.02

East 1 1.88

East 2 1.84

East 3 1.82

Height 1 5.69

Height 2 5.60

Height 3 5.55

Italic indicates an improvement w.r.t. the previous solution

Rodriguez-Solano et al. (2013). However, the orbit errors
during eclipse seasons are increased especially for GPS-IIA
satellites if the yaw maneuvers of these satellites are not prop-
erly taken into account. In Rodriguez-Solano et al. (2013) we
upgraded the adjustable box-wing model to use non-nominal
yaw attitude, i.e., to use the Bar-Sever (1996), Kouba (2009)
and Dilssner et al. (2011) yaw attitude models. With this an
important improvement of the orbits (in particular for GPS-
IIA satellites) was achieved during eclipse seasons. These
improvements in the orbits, especially because related to

the β0 angle, were expected to reduce the draconitic errors
observed in diverse GNSS geodetic products. In this study,
we show that this is in fact the case. With the new radia-
tion pressure models (Rodriguez-Solano et al. 2012b, 2013)
we obtained a reduction of the draconitic errors in the orbits
(overlap errors), in the geocenter Z -component, in the X and
Y pole rates, and in the station coordinates. The draconitic
errors for the X and Y pole as well as for the LOD are not that
significant as for the pole rates and the results are not con-
clusive when using the new models. In Rodriguez-Solano et
al. (2013) we showed that there are still β0 systematic errors
present in the GPS and GLONASS orbits, even after using the
new models. Therefore, a large potential to further reduce the
draconitic errors in the GNSS geodetic products exists if the
β0 systematics in the orbits can be further reduced. The dra-
conitic errors observed in the geocenter Z -component tend
to disappear with the new radiation pressure models and it
can be concluded that the observed odd harmonics were intro-
duced by the CODE 5-parameter model. However, we cannot
conclude that only radiation pressure orbit modeling defi-
ciencies contribute to the draconitic errors observed in the
station coordinates, in the Earth rotation parameters or in the
orbits themselves. Other error sources like multipath or mis-
modeling of sub-daily signals could be contributing to the
observed draconitic errors. These other error sources cannot
be ruled out by the results of this study.
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Fig. 9 RMS of differences of daily station coordinates (between one solution and the previous one, Helmert transformation not applied) over all
available stations. The mean RMS values (mm) for the 8-year period are given in the upper right corner of the plots for each component
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