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1. Introduction

CODE, the Center for Orbit Determination in Europe, is ajoint venture of
- the Federa Officeof Topography (L+T), Wabern, Switzerland,
- the Federa Agency of Cartography and Geodesy (BKG), Frankfurt, Germany,
- theInstitut Géographique National (IGN), Paris, France, and
- the Astronamicd Institute of the University of Berne (AIUB), Berne, Switzerland.

CODE is locaed at the AIUB. All solutions and results are produced with the
latest version d the Bernese GPS ®ftware [Rothadcher and Mervart, 1999.

Thisreport covers the time period from July 1998to October 1999.1t focuses on
the mgor changes in the routine processng during this period and shows the new
developments and products generated at CODE. The processng strategies used till June
1998 are described in the annual reports of previous years [Rothacher et al., 1995, 1996,
1997, 1998

The rapid solution generated at CODE are based on the extended radiation
pressure model [Springer et al., 1999. The aut-off angle for al solutionsis st to 10°and
the Niell mapping function [Niell, 1994 for the dry atmosphere is used. No tropasphere
gradients are estimated for the officia global solution, gradients are determined,
however, for the European as well as for some global test solutions. 1-day and 2day
predicted Global lonasphere Maps (GIMs) are derived regularly and dHivered weekly to
CDDIS. The ocean loading model according to [Scherneck, 1991 together with the
ocean tide maps from [Le Provost et al., 1994 is used.

For al solutions (except for the ioncsphere solution) the number of stations is
limited to 100. If more stations are available, those with the maximum number of
observations are seleded. Fig. 1 shows the number of stations used in the processng at
CODE. Sincespring 1998 wsually more than 100stations are avail able routinely.
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Figure 1: Number of stations used for the global 1-day solutions computed at CODE.

Numerous receavers in the IGS network, in particular those locaed nea the
geomagnetic equator, severely suffer from the increasing ionospheric activity — well
before the next solar maximum comes within read. Fig. 2 gives a summary of IGS
recever performance under aggravated ionaospheric condtions.
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Figure 2: Average number of GPS satdllites traded by IGS receivers as a function d
geographic latitude for 01:30 (left) and 13301ocd time (right) in September 1998.

The two figures show the average number of GPSsatellit es siccesully tracked
by the receivers as a function d geographic latitude for time intervals of 20 minutes
centered around 0130 and 1330 locd time, respectively. 'Successfully tracked' means
that a maximum one missing measurement epoch per 20 minutes is tolerated. It is
alarming to seethat more or lessall equatorial recavers fail to keep tradk of the satellit es
during the local noon hows. Thisis a dear indicaion that the problem is related to the
ioncsphere. The problem shoud be taken serious because Fig. 2 does nat address the
situation for a particular day but throughou the entire month of September 1998.



2 Changesin the CODE Routine Processing

The major changes implemented in the CODE routine analysis snce July 1998
are listed in Table 1. Modifications prior to this date have dready been reported in last
yea’s annual report of last year [Rothacdher et a. 199§.

Table 1: Modification d processng scheme & the CODE Analysis Center from July

1998to October 1999.
Date Doy/Yea | Description d Change, Impad
16-Jul-98 18798 | New IGS ERP Format adivated (version 2.

20-Aug-98 23298 | Rapid solution naw run wing the new radiation pressure
model [Springer et al., 1999.

27-Aug-98 23998 | Max degree/order of sphericd harmonic expansion for
TEC/differential code biases (DCB) solution increased from
3/3 to 44, i.e, 25 instead of 16 TEC parameters are
estimated per station-day.

04-Oct-98 27798 | New normal equation stadking routine (ADDNEQ) officially
used. Fina orbits are now based on backsubstituted
coordinates and ERP from 7-day (7 3-day) ADDNEQ
combination d coordinates and ERPs.

29-Nov-98 33398 | Change of antenna offsets from 1.0259to 1.0230for the
Block 11/11A and from 1.2053to 0.0000for the Block 1IR.

20-Mar-99 07999 | GIM Zero-differences used as new official CODE TEC
product. New TEC product submitted to CDDIS.

05-Apr-99 09599 | Rapid ioncsphere produwct (including DCB estimates) is
derived from zero dfferences. Station-spedfic TEC models
based on doube differences are generated to improve QIF
ambiguity resolution.

11-Apr-99 10199 | All available stations are used to derive the final ioncsphere
product (Z1 solution). For the station-spedfic TEC maps and
DCBs (Z1N solution), up to 100 station are used. For this
reason, the maximum degree of the sphericd harmonic
expansion was reduced from 4 to 3.

04-Jul-99 18599 New recever and antenna names used.

01-Aug-99 21399 | Switchto ITRF97. The new set of reference stations consists
of abou 50 stations. The complete ERP time series, going
badk to day 200 d 1993, was recomputed using ITRF97
coordinates and velociti es (see IGS Mail 2422).

24-Aug-99 23699 | Download also GZ RINEX observation files from JPL data
archiveif necessary.

26-Sep-99 26999 | 12 rew sites added: ARTU, BAKO, CORD, DAEJ, KUNM,
PIMO, RIOG, RIOP, SYOG, URUM, YKRO, YSX. For
RIOP and SYOG no dhtais currently avail able.




3. Product Quality and Results
3.1 lonosphere

The time series of global TEC parameters avail able through CODE now covers
more than 4.5years. Fig. 3showsthe evolution d the mean global TEC together with the
trend function determined from the time series. The increase of ionospheric adivity
acompanies the solar activity reading its maximum in abou two yeas. A daily updated
version d Fig. 3 may be found onthe WWW page http://www.cx.unibe.ch/
aiub/ionosphere.html.

CODE GIM time series from day 001, 1995 to day 313, 1999
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Fig. 3. Evolution d the mean global TEC computed by CODE since January 1, 1995.

Fig. 4 shows the anplitude spedrum of the sedorial coefficients C,, and S, of
the global TEC expansion into sphericd harmonic functions. Very prominent is a line
close to 15 dhys reminding us of the revolution period o the Moon. As our global TEC
representation is longitude-orientated towards the Sun, the so-cdled synodicd month, the
time it takes from new moon to new moon, is the relevant lunar revolution period. A
synodcd month equals to approximately 29.5306 dys. The time the Moon reeds from
one maximum elongation to the next corresponds therefore to 29.53062 [0 14.77 @ys.
This corresponds well with the period we seein ou amplitude spectra of the low-degree
sedoria sphericd harmonic coefficients. Computations lving for this period yield
estimates which agree with the true value to within 0.01 days. We have thus
demonstrated that there is a significant lunar impact on the Earth's ionosphere [Schae,
1999.
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Figure 4: Amplitude spedra of the sedoria sphericd harmonic coefficients C,; (top) and
S,, (bottom) for periods below 40 days.

These perturbations are probably indirectly caused by atmospheric pressure
variations associated with lunar gravitational tides as postulated by [Rishbeth and
Garriott, 1969. These tidal waves, considered in an Earth-fixed frame, respond to the
well-known tidal cycle of about 12 hours 25 minutes. Another piece of evidencehasto be
sean in the fact that the influence of the Moon onthe ionasphere is not only confirmed by
the particular period d 14.77days but also by the wefficient-spedfic phases themselves,
which are in agreement with the lunation cycle. Small phase shifts offer a basis for
further investigations.

3.2 Earth Rotation Parameters

In April 1994 CODE started to estimate nutation rate @rrections in longitude
and oliquity relative to the IAU 1980theory of nutation (which is used as a priori model
in ou processng). The series of nutation rate estimates covers by now atime interval of
more than 5 years. Results of a detailed analysis of the time series was presented at the
IGS Analysis Workshop in Darmstadt, 1998[Rothacdher and Beutler, 1998. They show
that GPSmay give asignificant contribution to nutation in the high frequency range of
the spetrum (periods below 20 days). The nutation coefficients estimated from GPSrate
series fiow an overall agreement of abou 10 pas with the most recent nutation models
by Souchay and Kinashita[Rothacher et al., 1999.

Internally, CODE uses a 2-hou resolution since January 1995 to accourt for
polar motion and LOD. Each comporent of this high-resolution pdar motion series (and
the arrespondng integrated LOD series) is approximated by a linea function within
eat 2-hour sub-interval and continuity is enforced at the interval boundxries. The sub-



daily variations of poar motion and UT correspond \ery well to models derived from
oceanography using altimetry data.

Fig. 5 shows the amplitude spedrum of the diurnal and semi-diurnal tidal
frequency bands for UT1 generated from the sub-daily ERP series. The noise level is of
the order of 0.5-1.0 us which enables us to clearly see d the mgor tidal terms. The
spedra of these GPS series demonstrate the potential of the technique. The series is 4ill
far too short, however, to give insight into the sidebands of the major tides. For more
detail s we refer to [Rothadher, 1999.
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Figure 5: Amplitude spedra of the diurnal and semi-diurna tidal frequency bands
generated from the entire sub-daily ERP series. The mgjor tidal terms are labeled. The
spedra were computed from the UT1 rate etimates and subsequently converted to
spedrain UT1.

3.3 Orbit Validation using SLR

The SLR observations of the GPS (and GLONASS satellit es provide aunique
oppatunity to validate the quality of the IGS (and IGEX) orbit determination wsing an
independent method. For a comparison all observations aqquired by 25 SLR stations to
the two GPSsatellites PRN 5 and PRN 6, that are equipped with retroreflectors were used
[Springer, 1999. The SLR station paitions were taken from the ITRF redization, the
satellite orbits from the CODE analysis center. The tropospheric delays are modeled
using the Marini-Murray model [Marini et a., 1973.

Figure 6 shows the differences between the observed and computed ranges using
all SLR observations of the GPS satellit es over the time span from January 1995to July
1999.0utliers were removed using a 50 outlier criterium.

Two interesting results emerge from Fig. 6: First, we see & average bias of —55
mm between the observed and computed ranges. The negative sign indicaes that the
observed SLR ranges are shorter than the cwmputed ranges. A range bias of similar
magnitude and the same sign is observed also for GLONASS satellit es [Springer, 1999.
The occurrenceof this biasis unexpeded and asks for explanations.
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Figure 6: Range residuals of the SLR observations from GPS satellites PRN 5 (crosss)
and PRN 6 (triangles).

Seoondy, the RMS of the residuals, aroundthe mean, is as low as 55 mm. This
result implies that the two independent techniques, microwave and SLR, agree a the
level of afew centimeters. Most importantly it also shows that the (radia) orbit error of
the IGS orbitsis at maximum as snall as 55 mm. This corresponds quite well to the RMS
statistics of the weekly 1GS orbit combinations. On the other hand, the 55 mm RMS is
well above the noise level of the SLR normal point observations.

Intensive tests to routinely combine GPS and SLR observations for the
generation d the CODE products were arried ou. The impact onthe GPSonly resultsis
small, however, because of the sparsenessof SLR data. No obvious improvements could
be observed. For more detail s we refer to [Springer, 1999.

3.4 GLONASS Processing

On October 19, 1998, a the beginning of the International GLONASS
Experiment (IGEX-98) [Slater et al., 1999, CODE started to compute precise orbits for
all adive GLONASSsatdllit es. The processng of the IGEX network is dore on aroutine
basis and predse ephemerides are made avail able through the global IGEX Data Centers.
For the combined processng of GLONASS and GPS data the enhanced Version 4.1 &
the Bernese GPS Sftware is used [Rothadher and Mervart, 1996,Habrich 1999.

The anaysis is dore by fixing both, the GPS orbits and Earth rotation
parameters to CODE's final 1GS solution. The number of avail able sites within the IGEX
network (abou 35 sites) would na allow to estimate these parameters with an accuracy
comparable to the IGS solutions. The orbital parameters of the GLONASS satellites are
estimated using doule difference phase observations (including doule differences
between GLONASS and GPS satellites). The processng of the IGEX network is dorne
withou fixing the anbiguiti esto their integer values.



Six initial condtions and rine radiation pressure parameters are determined for
eah saelite and arc. So far only receivers providing dual-frequency GPS and
GLONASS data or dual frequency GLONASS data are included in the processng
procedure. The fina precise orbits gem from the middle day of a 5-day arc. In order to
align the IGEX network to the terrestial reference frame the aordinates of seven sites are
constrained to their ITRF 96 coordinates [Ineichen et a., 1999.

In order to ched the internal consistency of our GLONASSorhits, we perform a
long-arc fit for each processed week. For eadh satellite, ore orbital arc is fitted through
the seven conseautive daily solutions of the week. The RMS valuesliein general between
5 and 20cm. These small values indicate that the adopted orbit model is well suited to
describe the motion d the GLONASS satellit es over a time period o severa days. An
independent chedk of the orbit acaracy is given by the range residuas of SLR
observations showing aRMS of 13 cm [Springer, 1999.

The diff erence between the GLONASSand GPSsystem times was st up as one
additional parameter for each station and sesson. The results show that this time system
difference is recaever dependent. Fig. 7 shows the estimated system time diff erence for
the Z18 (upper band) and the JPSrecevers (lower two bands). The time differences for
other recavers are of the order of one microsecond.
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Figure 7: Differences between GPS and GLONASS system times for Z18 (upper band)
and JPSrecevers (lower two bands).

GPS and GLONASS broadcast orbits are given in dfferent reference systems.
The seven parameters of a Helmert transformation were determined using precise
GLONASS orhits in the ITRF 96 reference frame and the broadcast GLONASSorbits in
the PZ-90 reference frame. For eat day one set of parameters (threetrandations, three
rotations, and ore scde factor) was established. The accuracy of the daily Helmert
transformations (RMS between 3 m and 6 m) indicae the GLONASS broadcast orbit
quality.

Fig. 8 shows the time series of the rotation parameters. A rotation d —350 mas
aroundthe z-axis is foundto be highly significant and hes to be taken into accourt when
processng combined GLONASSand GPSdata using broadcast orbits. The values of the
other rotation parameters as well as the trandlation and scd e parameters are limited by the
broadcast orbit accuracy.
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Figure 8: Daily rotation parameters of the Helmert transformation between broadcast
orbitsin the PZ-90 system and CODE's predse orbits in the ITRF 96 system.

3.5 Timeand Frequency Transfer using GPS

In 1991a ommon pojed of the Federal Office of Metrology (EAM) and
CODE/AIUB was initiated to develop time transfer terminals based on geodetic GPS
recavers. The goal is the comparison d time scales with sub-nanosecond accuracy and
frequencies with an accuracy of 10™ over one day for two or more (GPSexternal)
clocks.

Three prototype Geodetic Time Transfer terminals (GeTT terminas) were
developed. They are based onmodified Ashtech Z-12 receversinstalled in a temperature
controlled container. More information abou the time transfer project and the GeTT
terminals may be foundin [Schildknedt et al., 1990,0Overney et a., 1998,Dude 4 4.,
1999.

After careful cdibration o delaysin cables, temperature-dependent delays, etc.,
two GeTT terminas were deployed on two European baselines (EAM-NPL, PTB-
NPL(UK)). Since July 1998two terminals are located in the time laboratories of PTB in
Braunschweig, Germany, and USNO in Washington, USA, on an intercontinental
baseline with alength of 6’275 km. In bah laboratories other time transfer equipment is
available, such as GPS Common View (GPSCV) or Two Way Satellite Time ad
Frequency Transfer (TWSTFT) alowing a mmparison with the geodetic time transfer
method onthe sub-nanasecond level.

The data from a permanent time and frequency comparison retwork is processed
routinely at CODE using the zero differencing cgpability of the Bernese GPS Sftware
and wsing the IGS final products such as precise orbits, tropasphere and ionasphere
parameters. In Fig. 9 the time diff erence between PTB and USNO is shown as measured
by GeTT, TWSTFT, and Circular T, the officia difference determined by the Bureau
International des Poids et Mesures (BIPM) based on GPSCV which relies on pue GPS
code measurements. Fig. 10 shows the difference between the GeTT and the TWSTFT
measurements. The reason for the systematic variations of the difference between the two
methods is nat yet understood and is discussed within the time transfer community. It has
to be pointed ou that acairacy-wise, geodetic time transfer with GPSis the only method
competing with TWSTFT onintercontinental baseli nes.
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Figure 10: Difference between the dock differences between PTB and USNO as
measured by geodetic GPS (GeTT) and TWSTFT. The systematic variation d the
diff erence between the two methods is not yet understood.

4 Outlook

A number of questions have to be studied in more detail in the nea future such
as the oorrelation between satellite antenna phase centers, tropasphere, and GPS scde;
andthe ‘y-shift’ of the geocenter observed when introducing stochastic parameters for the
orbit modeling [Springer, 1999. For the European solutions the ait-off angleis st to 5°
and tropasphere gradients are estimated. The rrespondng time series cover already
several years. The goa is to implement these dhanges for the global solutions. We ae
aiming at integrating the routine IGEX solution into ou IGS solution. Following the
trend to generate ultra-rapid solutions we intend to replace the rapid solution by an utra
rapid solution at some point in the future.
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