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Present day observation techniques

VLBI and GNSS

GPS GLONASS Galileo BeiDou

I

In 2020 about 100 or slightly more GNSS satellites will be available
to be utilized for ERP determination




Global Network for ERP/EOP Parameter
Determination -> IGS-network

Our processing utilizes data from 130-170 global stations

Relevant Reference Systems

Satellite Orbit Determination -> Quasi-Inertial Frame
Site Positions -> Earth-Fixed Frame
Observations -> Frame invariant
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Relation: Celestial (Inertial) — Terrestrial System

Earth orientation parameters

A + Momentaner
. X X % i Rotations-Pol
are defined as rotation angles, which CIO-Pol
=
connect
the Terrestrial co-rotating reference system

with the  Celestial inertial system
by means of the relationship

7.(t) =P NUXY r(t).

P....... Precession

U...... Rotation (Parameter: UT1-UTC)

X,Y...Polar motion (Parameter: Pole coordinates x,y)
N...... Nutation (Parameter: Nutation offseie,Ady) .~

These 5 Earth orientation parameters are linearly digren
(just 3 rotation angles theoretically independent)

ERPs: Polar Motion + (UT1-UTC) -> LOD, GPSUTC
EOPs: ERPs+ Nutation Offsets

Agenda

* |Introduction / Definition ERP/EOP

e Forcing of Rotation Variations (LOD, UT1-
UTC)

* Project GNSS-EOP

e Geodetic versus Geophysical Excitations

e MGEX Data (GPS+Galileo)

e Amplitude Corrections to IERS Tidal Waves
e Comparisons to VLBI




Accuracy of determined Parameters

GNSS allows for the
determination of ERPs
(ERPs) at the

< 0.1 mas/10 psec level
presupposed a global
observation network and a
complete satellite system

Dependent on temporal resolution of the parameters ->
Low Frequency ->Periods> 1day
High Frequency -> Periods <= 1 day

Earth Rotation (UT1-UTC; LOD)

The Earth rotates — why ?

Linear and angular momentum of gases and dust particles
of the proto-planetary disk; the angular momentum is
transfered due to particle collision




Definitions

dUT1 =UT1 - UTC
Excess Length of Day ALOD= LOD - 86400 Sl seconds

dUT1
ALOD = — ——

dt

AT =TT (ET) - UT

dUT1= UT1 - UTC / Leap seconds

I e e e et ———r MM
D'GL‘ 1 m| I
04 u"\ | "lll* | { t\ , T

Il mli ||'| | l'l .\ .
< U
o A AR
02 ‘i P ll'i\ \ I\ \ l‘ \H
| INERIRNARA
o A N
-06 i “\L | Il'—
-0'8_..i ..... | [rnnr [nririne e | inrnn | Innnnn Lo

1976 1982 1988 1994 2000 2006 2012 2018

Most recent leap-second Jan 1st, 2017 ; UTC-TAI=-37 s




Which effects can alter the angular velocity?
(conservation of angular momentum)

Tidal effects Variation of moments of inertia
(tidal brake,solid earth tides,...) (wind, pressure, ocean currents)

external forces internal forces

Change in Length of Day due to Tidal Brake

Estimate:

Assumption:
Change in LOD per century:

w =-1.6 ms/day /cy
TZ

AT = (1.)7

equates about 30s in T=1 cy

Equates about 8h in T=30 cy

Proofed by LLR measurements: annual increase of lunar distance
about 3.5 cm due to exchange of angular momentum -->
angular momentum of system = constant




Historic Change in Length of Day due to Tidal
Brake (AT =TT (ET)-UT)
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Source: Stephenson, Morrison, 1984 (Trans. Royal Society, London)

Change in Length of Day due to Tidal Brake
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Which effects can alter the angular velocity?

Tidal effects Variation of moments of inertia
(e.g. tidal brake) (wind, pressure, ocean currents)

external forces internal forces

External and Internal Effects on Earth Rotation
(Periods and Amplitudes)- Technical chart

Tickal effects in universal time (QUT1}
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External and Internal Effects on Earth Rotation
(as Lego Cartoon © )

ocean tides

atmosphere non-tidal

core-mantle coupling

Impact of Core-Mantle coupling on Earth rotation

Excess Length-of-Day (LOD): Observed vs. Modeled Core Angular Momentur
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)D (millisecond)
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Impact of El Nino on Earth rotation
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Excess Length-of-Day (LOD): Observed vs
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accuracy of LOD

+ 10 — 15us/day

10



Impact atmosphere (pressure, winds)

How to determine Atmospheric excitation of ALOD

Boreal winter Austral winter
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The whole story in equations©

® Earth rotation observation ® Geophysical Excitation
* Polar motion of the CIP a2 Equatorial effective angular \
pe)=p.(e)-ip,(r) momentum function (EAMF)
= PM of the rotation pole P 1.100-¢ L1608 h _ jmass , smoten
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Tides of Solid Earth (1960-2010)

Major periods:
14 days, 28 days

G
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Solid Earth Tides (zonal) in LOD
7.November 2014 - 7.November 2015

10- LOD tidal variation
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http://hpiers.obspm.fr/eop-pc/models/UT1/UT1R_tab.html
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Oceanic Tides (High Frequency contributions)
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Excitation is composed of contribuion from Weather
and Oceanic Models (AAM+0AM)
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GNSS - EOP:
High frequency determination of the
Earth Orientation Parameters by
GNSS

TU-Vienna , Department for Geodesy and
Geoinformation

Space Research Centre of the Polish Academy
of Sciences at Warsaw, Department of
Planetary Geodesy, Poland (SRC PAS)

Project Goals

* Process high-accuracy GNSS Sub-diurnal ERPs based on GNSS
observation data (GPS, GLONASS, Galileo)

* Compare results to corresponding VLBI data series

* Investigate potential of European VLBI to establish dUT1 time series
comparable to results of a global VLBI network

* Calculate and compare geodetic and geophysical excitation functions
(identify gaps between geodetic and geophysical excitation budget)

 Evaluate the potential of processing Galileo data in addition to
GPS/GLONASS for the determination of EOPs (including nutation rates)

e Derive model for sub-diurnal tidal variations in Earth rotation and
compare to IERS standard.
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Processing of sub-diurnal ERPs

Global GNS$.=kEQP Network

( > -

Processed network: about 170 stations GPS/GLONASS
Reference Frame : ITRF2008 SRP: AIUB 9 Par. ECOM Model
NNR- Minimum Constraints Condition ( 4 parameters constrained,

5 narameters fitted)

Processing of sub-diurnal ERPs

Characteristics of the Solution

oftware Bernese 5.2
Processing Period Jan - May 2014 (doy002 - doy143) and ongoing
ype of Solution 1-Day/3-Day Solution
bservations Phase and Code
priori Orbits and EOP IGS Final Products
tation Position and Station Velocities ITRF2008
bsolute Antenna Model 1GS08
tation Network 174 Sites (NNR -> 81 stations)
Processing Mode Double Differences
IAmbiguity Resolution QIF & WL/NL
Earth‘s Gravity EGM2008_SMALL
Planetary Ephemerides DE405
aprioriSolar Radiation Pressure €061001 (Code Model COD9801, Springer et al. 98)
Subdaily Pole Model IERS2010XY (based on Ray 1994, XY - values)
Nutation Model IAU2000R06
Solid Earth Tide Model TIDE2000 (IERS2000)
Ocean Tides OT_FES2004
Site - specific Correction for Ocean Tidal Loading FES2004
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Processing of sub-diurnal ERPs

GNSS - ERP time series availabe for further investigations

1) Complete year 2008 (established at TU-Vienna)

2) Jan 1-—March 31, 2012 (provided by ETHZ, IGS re-processing)
GPS+GLONASS

3) Jan 2 — December 31, 2014 , established at TU Vienna
GPS+GLONASS

4) Oct 1 — Dec 31, 2015 -> Galileo test

LOD sub-daily time series 2014

3210 = 2014, Doy: 2to 365, parameter timeseries

853% 567 5675 58 5683 569 339

Units: msec; Temporal resolution : 1h

——FIDVE Sy
— X
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LOD minus IERS-LOD

2014, Doy: 2t 365, parameter imeseries

—FDVisy

LOD mimis LERS-LOD sec fday

43
5665 557 537 563 5685 55 5695 57 57%
ek 2004 ot

Estimated subdaily LOD — IERS C04 LOD (linear interpolated)

(LOD —IERS subdaily LOD) Amplitude spectrum

2014, Doy: 2 to 365, Amplitude spectrum

Artefacts from
Units: / data sampling
10 psec I Areaof

interest

FaD_ve_sv

LOD Sec/day

>

Spectra reveal remaining signals in the daily band up to a few p-sec /day and in
the semi-diurnal band up to the 15 p-sec/day level
-> confirmed later on in section model comparison to IERS
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(GNSS dUT1 —IERS subdaily dUT1) Amplitude spectrum

105 2014, Doy: 2 to 365, Amplitude spectrum

F3D ve_sv

whdite JLIJ|.AJA. A el

T 8 B 10 11 12

Spectra reveal remaining signals in the daily and semi-diurnal band
of about 1-2 p-sec. -> confirmed later on in section model comparison to IERS

Investigations concerning GPS UT1 drift

It is well known that UT1-UTC parameters cannot be directly determined by
satellite techniques. Also LOD is correlated with modelled orbital parameters
(especially node). Therefore the integrated LOD (UT1GPS) exhibits a drift
behaviour.

The UT1GPS drift compared to VLBI UT1 estimations is mainly caused by an
unmodeled out-of-plane component in the applied force model. This
model deficiency can be directly related to imperfections of the Radiation
Pressure Model and causes a twice per revolution effect. As the SRP model
improves, this drift decreases.

Various tests have been carried out how to minimize these problems by VLBI
fixes.

17
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GNSS Integrated LOD + Nutation

According to [Rothacher 1999] the relation between LOD and nutation rates
(old notation) and the first time derivatives of the orbital elements: (ascending
node, inclination i and argument of latitude u, reads:

-LOD = —(Q+ cos El]oj/p
A¢ =cosQ [ + sinisinQ [,
Ay $ingy, =—sinQ [ + sini cosQ [T,

From these equations we learn that the determination of LOD and the nutation rates
with GNSS is possible as long as the orbital perturbations e.g. caused predominately
by radiation pressure, are modelled sufficiently accurate.

GPS UTC (integration of LOD)

e The Bernese GNSS solution provides estimates of LOD and dUT1.

e The LOD values are integrated and compared with the raw dUT1
values in the following plots. Notice that both time series are
refered to the IERS C04 values.

e There are three different versions of integration of LOD.
a) the LOD values are integrated and only fixed to zero (IERS C04
value) at the very first value,
b) the LOD values are integrated and fixed to zero every week,
c) the LOD values are integrated and fixed to zero every second
week.

20



Version a) - UT1-UTC (integration of LOD)
fixed to Jan 2, IERS dUTC

2014, Doy: 2to 365, parameter timeseries
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->once up to 200 us
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UT1-UTC (integration of LOD), fixed every second week

— Version c)

2014, Doy: 2to 365, parameter timeseries

P
s &M ¥/ ﬂ“\“‘ I I
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\

TUV- solution
3-days arcs; drift in UT1-UTC about 150 us over 2 weeks
->once up to 250 ps

Processing of sub-diurnal ERPs

Brief conclusions on LOD and GPSUT1 time series

A few outliers in the TUV series are visibible caused by occasional site
data deficiencies. Series are processed several times to identify/correct
network issues.

Spectra of LOD reveal remaining signals in the daily band up to a few p-
sec /day and in the semi-diurnal band up to the 15 p-sec/day level;
the dUT1 series reflect remaining signals in the daily and semi-diurnal
band of about 1-2 p-sec.

Peaks in the spectra at 1/n cycle/day are well-known artefacts. (8h term
still under discussion).

The presented GNSSUT1 series are constrained to VLBI apriori values in
various test cases.
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Polar Motion time series (2014)

2014, Doy: 2to 365, parameter timeseries

Blue:
Estimates

Red: IERS-
model

The retro-grade diurnal band was blocked in data processing of
1h- polar motion estimates- > nutation.

GNSS residual XP - iYP Amplitude spectrum

105 2014, Doy: 2 to 365, Amplitude spectrum
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exle

Spectra reveal remaining signals in the daily and semi-diurnal band
of about 0.02-0.04 mas.
-> confirmed later on in section Comparison to IERS model




Processing of sub-diurnal ERPs

Brief conclusions on processed polar motion series

X-pole and Y-Pole: Spectra reveal remaining signals in the daily and
semi-diurnal band of about 0.02-0.04 mas. Major constituents belong
to the prograde diurnal band while the semi-diurnal band (both
prograde and retrograde) points to

ocean-tide amplitude corrections < 0.02mas.

Remaining peaks in the spectra at 1/n cycle/day are well-known
artefacts.

Space Research Centre
mmish Aca of Sciences

Geodetic and Geophysical
Excitation Functions
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Residual Spectra, X-iY¥ : 2014,2015

FTBPF Spectra x - iy, 6GPS&GLONASS

-60 -40 -20 0 20 40
period (hours)

2015 only 3 months

Comparison of FTBPF amplitude spectra of complex valued x-iy components
determined in 2014 from GPS&GLONASS observations, and 2015 from
GPS&GALILEO observations. Almost consistent in prograde diurnal band,
Galileo series show larger differences in retrograde band.

Spectra,LOD,2014,2015

FTBPF Spectra LOD, GPS&GLONASS

0.04L ‘ | —— 2014— 2015
B
~ 0.02r 1
o 1 1 1 ,
6 12 18 24 30
period (hours)

Comparison of FTBPF amplitude spectra of LOD determined in 2014 from
GPS&GLONASS observations, and 2015 from GPS&GALILEO observations.
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Geodetic excitation functions
vs Geophysical Fluids

Geophysical excitation functions

Atmospheric Angular Momentum (AAM) and Oceanic Angular Momentum
(OAM) for 2012, 2014,2015 data provided by Michael Schindelegger.

AAM Data

3-hourly AAM values were determined from the "assimilated state on
pressure" stream of NASA's GEOS-5 Modern-Era Reanalysis for Research and
Applications (MERRA).

OAM Data

3-hourly OAM values were determined from a barotropic ocean model that is a
derivative of the model described in Schindelegger et al. (2016). It is forced
by 3-hourly pressure and wind stress fields from the MERRA atmosphere and
time steps the shallow water equations on a 30-minute grid.
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GeodeticExcitation Functions

The usual method of studying the perturbations of polar motion begins with
computation of the excitation function from geodetic observations of x, y pole
coordinates using the following formulas [WILSON 1985, BRZEZINSKI 1992]

-i AT
LT
GEOD e cw

X =5 AT p[H%J_ei%pr[ %J &

or if a derivative is

GEOD __ . p(t) |
X(t) = pt)+i available (1b)
Oc
where the complex-valued excitation function x(t) = x,(t) + ix,(t) and the complex-valued polar motion
p(t) = py(t) - ip,(t), with subscripts 1 and 2 corresponding to the x and y components, respectively.
The minus sign expresses the present convention according to which the y component of polar motion is measured positively toward the 90”0 W
longitude, while the y axis of the TRS is oriented along the 90”0 E longitude.

The complex - valued frequency of the Chandler wobble is described by ad,, = 2/T,_ (1 + i/2Q). Here T,, is the period and Q is the damping
factors of the Chandler wobble.

UT1-UTC or LOD variations are linked fto the axial component of the
excitation function by the linear formula.

ceop _ _ 4LOD

——— +const 1c
$ 864005 2

Spectra GEOD vs AAM + OAM (polar motion)

FTBPF Spectra y +ix, AAM+OAM 2014 FTBPF Spectra xy+ix, AAM+OAM 2014

6 * Matter NIB| 6 Matter NIB]
Matter IB Matter IB
Motjon Motion
g4 g4
£ £
=~ | =~ ]
2 2
OMM_ ot MRS OA-\L‘ A
-60 -40 -20 0 20 40 60 -30-24-18-12 -6 0 6 12 18 24 30
FTBPF Spectra y+ix,, GEOD 2014, 3h  FTBPF Spectra y+ix,, GEOD 2014, 3h
] T
6 GPS&GLONASS 6 e——t— GPS&GL?NASS
|
w4 w4
g g
& &
2 2
0 0
-60 -40 -20 0 20 40 60 -30-24-18-12 -6 0 6 12 18 24 30

period (hours)

Figure 15 FTBPF spectra of x1+i x2 complex-valued components of AAM+OAM
separated intfo mass-non IB, mass IB plus and motion term (top panel) and
geodetic excitation function determined for 2014 (bottom panel).
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Spectra LOD vs AAM + OAM

FTBPF Spectra 3 AAM+OAM 2014 FTBPF Spectra ;3 AAM+OAM 2014

Matter NIB + Motion 6 . Matter NIB 4 Motion
Matter IB + Motion Matter IB + Motion

4

(us)

2

0 “"JLM'N

20 40 60 6 12 18 24 30

FTBPF Spectra LOD 2014, 3h step FTBPF Spectra LOD 2014, 3h step

6 GPS&GLONASS 6 GPS&GLONASS

4 4

(us)
(us)

2 2

0 0
0 40 60 6 12 18 24 30
period (hours) period (hours)

FTBPF spectra of x3 component of AAM+OAM separated into mass-non IB
plus motion and mass IB plus motion term (top panel) and LOD determined for
2014 (bottom panel).

Alternative method to calculate the geodetic excitation
function and AAM+OAM by using a transfer function
method (2 resonances)

The equations below describing the transfer of polar motion to excitation of
polar motion comprise of two parts which are the transfer functions of the
matter (pressure, ocean bottom pressure) term Tp an motion(winds , ocean
currents) Tm term.

Sp(0)=Tp(a)sxP+Tmsx™(0)

1 . ap
O.-0 0,-0

- - 1 am
=0, =0 +
Tp=0% » Tm =0 0.=0 0,-0

3)

Where sp(0) is the polar motion spectrum, sxP sx™ are spectra of the merged
atmospheric plus oceanic excitation functions for matter and motion term,
respectively,0 denotes the angular frequency, o;-Q(1+1/430days) the
observed value of the Free Core Nutation (FCN) angular frequency of
resonance, 0.=Q/433 days is the observed dissipation less value of the
Chandler wobble resonance, Q=7292115x10"!'rad/sec is the mean angular
velocity of the Earth's rotation, and ap=9.2x102, am=55x10* are
dimensionless constants.
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transfer function (TRAN-AOM)

Comparison of the spectra of the geodetic excitation
function and AAM+OAM by using a transfer function
method (2015)

FTBPF Spectra x - iy, 2014

FTBPF Spectra x - iy, 2014

——— GPS&GLONASS

" 6PS&GLONASS
—— TRAN-AOM
. OM
-60-40-20 0 20 40 60 -24-16-8 0 8 16 24
period (hours) period (hours)
FTBPF Spectra x - iy, 2014 FTBPF Spectra x - iy, 2014
T GPS&GLONASS 1 GPS&GLONASS
0.04 —— TRAN-AOM 004 — TRAN-AOM
w @ |
o =}
£ 002 £002
-12-8-4 0 4 8 12
period (hours)

-8-6-4202468
period (hours)

Comparison of spectra of x-iy component of polar motion, (6PS+GLONASS)
with the spectra obtained from atmospheric and oceanic excitation using the
transfer function (TRAN-AOM)

Comparison of the spectra of the geodetic excitation
function and AAM+OAM by using a transfer function

method (2015)

FTBPF Spectra x - iy, 2015

FTBPF Spectra x - iy, 2015

(mas)

-60-40-20 O 20 40 60 -24-16-8 0 8 16 24
period (hours) period (hours)
FTBPF Spectra x - iy, 2015 FTBPF Spectra x - iy, 2015
[ I
———— GPS&GALILE =+ GPS&GALILEQ
0.04 | = TRAN-AOM 0.04 —— TRAN-AOM
g ‘ 5
£ 002 3 £ 002
| |
M, | b
-12-8-4 0 4 8 12
period (hours)

864202468
period (hours)

Comparison of spectra of x-iy component of polar motion GPS+GALILEO) with

the spectra obtained from atmospheric and oceanic excitation using the
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Geodetic excitation functions
vs Geophysical Fluids-Conclusions

 Analyses show considerable variability and a number of peaks in the
spectral range below 12h.

» It is necessary to note that the amplitudes of spectra obtained
using the transfer function are still about one order smaller than
the spectra computed from the x and y component determined from
the GNSS observations. The known geophysical excitations are
much too small to explain the estimated ultra-rapid ERP variation
amplitudes derived from GNSS as well as from VLBI data.

Finally: Phase diagrams for polar motion. Units: pas.
Comparison : VLBI: in red, GNSS: in green

PM prograde e h PM pmgrade 8h PM prograde 12 h PM prograde 24 h

120 /‘\@\60 4ﬁ\eo 12 ﬁ 60
10 , t w
o 18 o
/
21
zﬁ\\v/ 00 240 ~— 300 240"~ 00

W~ oo
PM relragrade 6h PM relrogmde 8h PM relrogmde 12h

~

120//wu 12— 4 60 12 40 60
30 30 30 \
15 Y 50 30 15?/ 20 \30 15 20 30
1 10 \ i 10 4 10 \
18 B 0 18&&\ A 0 18 1 0
21 /su 21 /30 21 30
/ //

240300 240300 240300
270 270 270

The phase diagrams of the (x-iy) component computed from the
VLBI and the GNSS data are pretty consistent in the case of the
amplitudes (except the prograde and the retrograde 6 hr and the
retrograde 12 hr ).

However the phases are quite different, especially for diurnal
prograde band.
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Current MGEX Stations Network tracking also
Galileo

Network nformation

gggggg

Options »>>

Observation-Data used for processing

Data of about 80-100 stations available in MGEX CDDIS
directories for 2015

Considerable overlap to IGS network stations

Establishing homogeneous GPS+Galileo Network from
IGS+MGEX directories

Observation data of 37 IGS MGEX stations was retrieved mainly
from the CDDIS directories. To establish a homogeneous
GPS+Galileo Network we kept the network already processed in
2014 as a backbone, replaced 19 GPS+GLONASS data by
GPS+Galileo data at sites with an also active multi-GNSS
receiver (offering also Galileo data). In addition 18 new stations
with GPS+Galileo data were added to the station pool.
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Additional MGEX Stations with Galileo
observations

Additional MGEX Galileo Stations

19 ,old* GPS+Galileo stations (red); 18 ,new' MGEX Galileo stations (blue)

Galileo Orbit Fit

Precise ESA GPS+Galileo orbits received for 2014/2015
as well as later on for Jan —June 2016

Orbits cover a considerable amount of Galileo data (>=7 sats )
from October 2015 onwards; before usually (4,5 sats)

We agreed during last Technical Meeting in June to focus on
Oct-Dec 2015 time period

GPS+Galileo Orbits were fitted to the ESA orbit SP3 Files
SRP: 5 parameters fitted on top of ECOM2 Model
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Galileo orbital daily orbital fit (October-December 2015)

sigma daily orbital fit

Galileo fit
about +/-4cm

GPS fit
about +/- 2cm

Note: satellites
E14,E18 in incorrect
orbit

See also E19

2015

ECOM?2 apriori + 5 parameters fitted (DO, YO, X0, Ys, Xs)

RMS of estimated EOP Parameters ( 3-days Solution)
formal errors

RMS/Parameter GPS&GaIiIeo

RMS XP [arcsec]  0.00004 0.00004

RMS YP [arcsec]  0.00004 0.00004

RMS UT1-UTC [s] 0.000003 0.000002 -
RMS Delta 0.00005 0.00005

Epsilon [arcsec]

RMS Delta Psi 0.00005 0.00005

[arcsec]

RMS LOD [ms/D]  0.0089 0.0070 -
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Time derivatives of the Keplerian elements computed from the
perturbing accelerations (R,S,W)

. cosu

na

.2
a=— S
n

sinu
" nasini

Uy = ﬁ R —cosi1+ 1.5n/a (t-to) a

Nutation rate estimates are very sensible to along-track (S) and out-of
plane (W) deficiences of the RPR-model (or correlated to RPR-model
estimates) ; LOD is sensitive to out-of-plane RPR deficiences ;

Our approach for Galileo: apriori model by Montenbruck, but solve-for
parameters of ECOM

LOD/ GPS versus GNSS

Differences at the 0.3 msec/day level
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LOD amplitude spectrum / GPS versus GNSS

Noise floor of combined spectrum clearly smaller; artefacts remain
Correction to IERS2010 in semi-diurnal band smaller than for GPS

X,Y-Pole /| GPS versus GNSS

2015, Doy: 275 to 334, y-Polar motion timeseries

T | M%
Y .m«*.wwwluf".%eﬂ»m,w WM‘WM \,& W:www y

il ’
S i &

i
5,
5720 573 5731 5732 5733 5734 5735 573

(red) GPS alone series — several outliers
(blue) GPS+Galileo
(yellow) — filtered GPS+Galileo series (high-pass, 72 hours )
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X,Y-Pole amplitude spectrum /
GNSS versus filtered GNSS

ot 2015, Doy: 275 to 334, Polar motion, Amplitude spectrum

GNSs
fitered GNSS

Xp-iyp

Same results with exception at long wavelengths due to filtering

X,Y-Pole amplitude spectrum /
GPS versus filtered GNSS

2015, Doy: 275 to 334, Polar motion, Amplitude spectrum
Clear improvement
in noise level

| as well as in
I residual amplitudes

XP-yP
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Conclusions Galileo Tracking Data

Combination of GPS+Galileo Data Processing has slightly
improved the formal errors of the estimated ERPs

Combination of GPS+Galileo Data Processing clearly reduces
the noise level of ERP amplitude spectra and reveals smaller
corrections to IERS2010 apriori model than GPS alone

The full influence of Galileo to a combined GNSS ERP
estimation could not be fully exploited as the Galileo observation
data amount was still less than 10% compared to GPS

Some of the improvements in the GPS+Gallileo series might also
refer to the more stable network in the southern hemisphere
than used for GPS alone

Due to the short data period (3 months 2015) and due to project
time limitations we did not succeed in determing amplitude
corrections for tidal waves with the GPS+Galileo series

Comparison of estimated tidal waves to IERS model

2014, Doy 210 308, paracratnt Urmasarion

X-pole residuals with respect to IERS2010 model for period
2014. Original data series (blue); Corrected data series
(orange).

WWWMMMMW'“W

Y-pole residuals with respect to IERS2010 model for
period 2014. Original data series (blue); Corrected data
series (orange)
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GNSS-based Amplitude corrections to x-pole tidal terms
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GNSS-based Amplitude corrections to y-pole tidal terms
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Corrections to the IERS Model up to 15 pas
Major constituents in the diurnal band : Q1, Chil, K1 ,T1,S1
but also in the semidiurnal band L2, S2
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GNSS-based Amplitude corrections to LOD tidal terms

LOD
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GNSS-based Amplitude corrections to dUT1 tidal terms
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UT1-UTC - Residual amplitudes VLBI — IERS2010XY

Universal time w.r.t. IERS2010

o1 diurnal ° semidiurnal
VieVSsp2
2 VieVScd2
Vievsgs1
) s1 Panafidina (2012)
;‘ — Artzetal. (2011)
221 5+ o M2
£ il |
ERE s2
% P1 ?
i i
i
e R

UT1-UTC - Residual amplitudes of 3 TUV-internal empirical VLBI
solutions as well as 2 external VLBI solutions (Panafidina,2012; Artz
et al. 2011); again O1, M2, S2

Polar Motion - Residual amplitudes VLBI -IERS2010XY

Polar motion w.r.t. IERS2010

o0 diurnal wog,adcm A semidiurnal " semidiurnal
. prograde j retrograde
%5 VieVSsp2
e VieVScd2 M2
2 sal VieVSgs1
g s S 2
%15 ¢
T
2 qol wo P2 3
9] P "
it b b
: | i 9 (
i T[%Im vWT”ﬁﬁﬂﬂ el TmeﬂTﬂ&ﬂ il %ﬂﬁ i

Polar Motion - Residual amplitudes of 3 TUV-internal empirical
VLBI solutions as well as 2 external VLBI solutions
(Panafidina,2012; Artz et al. 2011)
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Conclusion on Model Corrections

An inspection of the prominent peaks both in the VLBI solutions as well
as derived from our GNSS 2014 solution reveals that

The polar motion residual wave amplitudes of the VLBI solutions
w.r.t. to the IERS2010 model are reasonable larger than those of the
GNSS. Nevertheless O1, K1, S1, S2 remain to dominate the
corrections in both solutions. On the other hand the M2 wave
derived from GNSS data does not show any deviation from the IERS
model numbers.

The UT1 residual wave amplitudes of the VLBI and GNSS solutions
w.r.t. to the IERS2010 model show a quite nice consistency. 01, M2
and S2 dominate both solutions identifying quite consistent
deviations from the IERS model. The K1 wave correction visible in
the VLBI solution does not show up in the GNSS solution. Also the
S1 correction is quite larger for VLBI but the VLBI models deviate
very strongly with respect to S1.

Outlook

We received further Precise Orbit Data for Galileo- and
GPS satellites covering the period until mid 2016.

New series have been calculated including a reasonable
number of active Galileo satellites at least doubling the
amount of Galileo data.

RPR modelling for Galileo satellites is more demanding
than for GPS.

A working group has been established to improve the
IERS subdaily pole model.
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Thank you for your attention

Allan Deviation in IOV-Production

0 rm
Averanging Time in seconds

Comparison of estimated tidal waves to IERS model
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GNSS UT1-UTC minus IERS-dUT1 C04

2014, Doy: 210 365, parameter timeseries

LOD integration starts from previous day Oh UT

14.09.2016 GNSS-EOP FR Meeting 14

Subdaily GNSS X-pole minus IERS-X-pole (C04)
Initial Approach

2014, Doy: 210 365, parameter fimeseries

ph WWW»M -

3685 B B 5 5
wesk 2014 «to?

Differences at the 0.2 mas level + outliers
Most outliers due to unstable south-hemisphere stations.
See for corrected series in section on estimation of tidal waves

14.09.2016 GNSS-EOP FR Meeting 18
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GNSS X-pole —IERS subdaily X-pole model
Amplitude spectrum

2014, Doy: 2to 365, Amplitude spectrum

[—RR]

Spectra reveal remaining signals in the daily and semi-diurnal band

of about 0.02-0.04 mas
-> confirmed later on in section Comparison to IERS model

14.09.2016 GNSS-EOP FR Meeting 19

Subdaily GNSS Y-pole minus IERS-Y-pole (C04)
Initial Approach

2014, Doy: 2to 365, parameter timeseries

——F0%6.8V

662 5695 57 5705
ek 2014 o

Differences at the 0.25 mas level + outliers

14.09.2016 GNSS-EOP FR Meeting 20
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GNSS Y-pole —IERS subdaily Y-pole model
Amplitude spectrum

2014, Doy: 2 to 365, Amplitude spectnim

Spectra reveal remaining signals in the daily and semi-diurnal band
of about 0.02-0.04 mas.
-> confirmed later on in section Comparison to IERS model

14.09.2016 GNSS-EOP FR Meeting 21
GNSS minus VLBI, dUT1
§= i
| H‘ i Ty |
3} "ﬁ'ﬁmmiu \”Wi MH','” I ;Ml' ﬂ |
CONT14
The graphic shows matching epochs and the gaps in the
VLBI observations; the estimates correspond at the +/-40us
level.
14.09.2016 GNSS-EOP FR Meeting 34
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GNSS minus VLBI, dUT1

2014, Doy: 2to 365, GNSS minus VLB

mean difrence=27856:05", sgna=t 4069605, ms=4 4138205

Same as above, but without gaps

14.09.2016 GNSS-EOP FR Meeting 35

GNSS minus VLBI, X-pole

2014, Doy: 210 365, GNSS minus VLBI

een ifrence=- 8756505' signa=D 00062264, 170 00062624

il 'Il‘,‘hf’.‘lp\ Tt H'l““h‘"h"' 'lvllll!‘ l'ﬂiﬁhwl \'l |

14 | I I
14 565 ) 5605 51 51
10*

The graphic shows matching epochs and the gaps in the
VLBI observations; the estimates correspond at the
+/-0.7mas level.

14.06.2016 GNSS-EOP FR Meeting 36
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GNSS minus VLBI, Y-pole

0? 2014, Doy: 21o 365, GNSS minus VLBI

| \"i"'wli'\! W'immﬂﬂ|\v.~o -luW" | Hm'M |
4 |

CONT14
1 1 | 1

5655 537 5576 56 5685 360 555 57

The graphic shows matching epochs and the gaps in the
VLBI observations; the estimates correspond at the
+/-0.7 mas level.

14.09.2016 GNSS-EOP FR Meeting

GNSS minus VLBI, X-pole

All corresponding epochs are plotted in a sequence

ol 2014, Doy: 2to 365, GNSS minus VLBI




GNSS minus VLBI, Y-pole

All corresponding epochs are plotted in a sequence

2014, Doy: 2t0 365, GNSS minus VLBI

VLBI data series were passed to SRC PAS for detailed
investigations

14.09.2016 GNSS-EOP FR Meeting 39

GNSS Nutation

According to [Rothacher 1999] the relation between LOD and nutation
rates (old notation) and the first time derivatives of the orbital elements:
(ascending node, inclination i and argument of latitude u, reads:

-LOD = —[Q+ cos moj/,o
A¢ =coQ [ + sinisinQ [,
Ay [Bingy =-sinQ [ + sini cosQ [T,

From these equations we learn that the determination of LOD and the nutation
rates with GNSS is possible as long as the orbital perturbations e.g. caused
predominately by radiation pressure, are modelled sufficiently accurate.
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nutation rates processing 2014 (GPS alone)

Characteristics _of the Solution

oftware Bernese 5.2
Processing Period Jan - May 2014 (doy002 - doy143) and  ongoing
ype of Solution 1-Day/3-Day Solution
bservations Phase and Code
priori Orbits and EOP IGS Final Products
tation Position and Station Velocities ITRF2008
bsolute Antenna Model 1GS08
tation Network 174 Sites (NNR -> 81 stations)
Processing Mode Double Differences
mbiguity Resolution QIF & WL/NL
Earth’'s Gravity EGM2008_SMALL
Planetary Ephemerides DE405
C061001 (Code Model COD9801, Springer et al.
aprioriSolar Radiation Pressure 98)
ubdaily Pole Model IERS2010XY (based on Ray 1994, XY - values)
» Nutation Model IAU2000R06
olid Earth Tide Model TIDE2000 (IERS2000)
cean Tides OT_FES2004
ite - specific Correction for Ocean Tidal
Loading FES2004
14.09.2016 GNSS-EOP FR Meeting 66

Integrated nution rates (1)

Nutation rates were processed for 2014, testing various
constraints on the apriori model

integrated celestial pole offset rates

CPO [microsec]

-400

-500
Oct Nov Dec

2014

Series w.r.t. IAU2000R06 model

Period: October - November 2014

Nutation model ,loosely* constrained to 0.1 mas

Rate estimates every 6 hours, retro-grade diurnal polar motion blocked

14.09.2016 GNSS-EOP FR Meeting o




Integrated nution rates (2)

integrated celestial pole offset rates

CPO [microsec]
o

-100
Qct Nov Dec

2014

Series w.r.t. IAU2000R06 model
Period: October - November 2014
Nutation model, constrained to 0.05 mas

Rate estimates every 6 hours, retro-grade diurnal polar motion blocked

GNSS-EOP FR Meeting
14.09.2016
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Nutation rates per day (complete year 2014)

2014, Doy: 2to 340, parameter timeseries

obliquity / deps

56 568 56

2014, Doy: 2to 340, parameter timeseries

longitude / dpsi o

05

5685, 567 5675 56 569 5695

Series w.r.t. IAU2000R06 model, Period: Janﬁglry- December 2014
Nutation model, constrained to 0.05 mas
Rate estimates every 24 hours, retro-grade diurnal polar motion blocked

14.09.2016 GNSS-EOP FR Meeting 100
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Galileo versus GPS Nutation rates per day (October-
November 2015)

2015, Doy: 275 to 334, DEPS ratesiday

obliquity / deps

i?%

longitude / dpsi

Series w.r.t. IAU2000R06 model, Period: October- November 2015
Nutation model, constrained to 0.05 mas

Rate estimates every 24 hours, retro-grade diurnal polar motion blocked

14.09.2016 GNSS-EOP FR Meeting 101

Amplitude spectrum of the nutation rate estimates
determined over 2014

14, Doy: 2 t0 339, Amplitude spectrum

| ‘
'
"l

Spectrum between 2-36 days both in the prograde and retrograde
band. Distinct peaks well above the noise level are visible at 14
days and close to 30 days. No visible correction to 7.11 days term.
Up to now no nutation wave amplitude corrections were
determined

14.09.2016 GNSS-EOP FR Meeting 102
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Short Characterization of AAM and OAM data

AAM and OAM data provided by Michael Schindelegger -

3-hourly AAM values were determined from the "assimilated state on
pressure” stream of NASA's GEOS-5 Modern-Era Reanalysis for
Research and Applications (MERRA). (-> 2015 MERRAZ2)

3-hourly OAM values were determined from a barotropic ocean model
that is a derivative of the model described in Schindelegger et al.
(2016). It is forced by 3-hourly pressure and wind stress fields from the
MERRA atmosphere and time steps the shallow water equations on a
30-minute grid.

14.09.2016 GNSS-EOP FR Meeting 51

GNSS vs VLBI-Conclusions

The phase diagrams of the (x-iy) component computed from the VLBI and
the GNSS data are pretty consistent in the case of the amplitudes (except
the prograde and the retrograde 6 hr and the retrograde 12 hr ).

However the phases are quite different, especially for diurnal prograde band.

Oscillations of the excitation functions determined from the GNSS
observations dominate spectra in the spectral range up to 10 hours while
those computed from the VLBI became larger below 4 hours.

22.11.2016 GNSS-EOP — GSAC Presentation &
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Zukunft der Uhrqualitat

Eine Uhr lauft umso stabiler je schneller ihr ,Pendel’ schwingt ->
Pendelfrequenz => Resonanzfrequenz

a) GALILEO Hydrogen Maser

Frequenz Stabilitdt Galileo —~Wasserstoffmaser besser als 10 E-14
Resonanzfrequenz 1.4 GHZ

. How many seconds the clock keeps 1ns Allan Deviation in IOV-Production

1E-12

PHM

10 ® Mini PHM —|

1E-13 |

igigtia

1E-14

Mass of the clock in kg

=

100 1'000 10000 100'000 1'000'000 1E-15

10 100 1'000 10000 100'000
Averanging Time in seconds

seconds

Graphics — Source : Spectra Time Company (2009)

G6NSS vs VLBI Comparison

In the context of this project also a data series of ERPs with hourly resolution
derived from all available 24h VLBI sessions has been established at TUV.
This data series covers the period from begin of 2012 until end of 2015.

In contrast to GNSS, 24h VLBI sessions are not carried out on a daily basis,
which causes gaps in the series of up to a few days.

We focused on the comparison between the VLBI and GNSS data for polar
motion for the year 2014, as this period is the only year when we had both
types of data available.

The following data sets provided by TUV were investigated:
%

+ GNSS (6NSS_EOP2014 txt) A =
+ VLBI (total_val_detailed.txt) p N\

// \

N’

s’

2014 20141 20142 20143 20144 20145 20146 20147 20148 20149 2015
year
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Passive Hydrogen
Maser

18 Kg mass

70 W power

On-board Atomic Clocks

Rubidium Atomic
Frequency Standard
3.3 Kg mass

30 W power

Navigation P/L:
130 Kg / 900 W

Types of Atomic Clocks

Rubidium Clock

« Cheaper and Smaller

« Better short-term stability
(European RAFS s=5.0*10" at
10000 sec)

« Subject to larger frequency
variation caused by environment
conditions

H-Maser Clock

« outstanding short-term and long
term frequency stability (1015)

« frequency drift

Caesium Clock

« Better long-term stability (10-14)
« shorter life time

« not used in Galileo

Commonly used observation data:

IGS-network

Our processing utilizes data from 130-170 global stations
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