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LO1 - Why do we do it?
A motivation for (and an overview of)
VLBI for Geodesy and Geosciences

Axel Nothnagel

Institute of Geodesy and Geoinformation
University of Bonn, Germany



o Outline -

« Geodetic VLBI principles
— Radio sources and radio telescopes
— Data flow and analysis
— Correlation and fringe fitting
— Bandwidth synthesis

 International VLBI Service for Geodesy and Astrometry
— Observing network and operations
— Operational products
— Further results

- VLBI Global Observing System (VGOS)
« Global Geodetic Observing System (GGOS)




Radio sources

Active galactic nuclei, galaxies, quasars
Distance 2 — 8 billion light years
Point sources

NoO proper motions

—>quasi-inertial reference system

13004580 0119+115 0202+149 2243-123
Index: 1 Index: 2 Index: 3 Index: 4

e

Point-like Resolved Extended Very extended
Collioud and Charlot (2009)
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International Celestial Reference Frame (ICRF)
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Radio telescopes ﬂ
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O,Higgins, Antarctica
© BKG

Wettzell, Germany

i €

Effelsberg, Germany
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Correlator
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 Number of correlated bits
determine accuracy
—> large bandwidth
» Data volume of several
TeraByte per day
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* Recording time 20 — 200 s (= 1 scan)
(Integration time for signal-to-noise)

T o Earth rotates
: | e Geometry not stationary
= Ui ud = « Makes group delay determination complicated
« 1 scan produces one group delay/delay rate

_ WETTZELL (Wz) 228 scans
T '--a._‘.‘\\
r

a

* Multiple scans in one observing session
(1hr or 24 hour duration)

 Intermediate step:
Correlation
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FX cross correlation process

X
x —» Delay —ép_, Complex |y Frac. bit

?E'E;:Eﬁr —»Accumulate —> R (o)
5-8 bits)
v x S ) et

Topialy

5-8 bits)
Correlation makes extensive use of a priori o
information (geometry, clocks, atmosphere)to ™" \
limit trial regions £ o

_;g 0.000 5

Fringe fitting = Search for max. correlation TN
amplitude (time lag and fringe rate)

[always near zero]
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Be
Lice Overall goals
« Reference frames and their kinematics
— Celestial
* Quasars and other compact radio sources
» Pulsars

« Spacecraft tracking
» Planetary investigations

— Terrestrial
» Positions and velocities (higher order phenomena)
» Links to other techniques

- Earth Orientation Parameters
— Nutation, daily rotation, polar motion (time derivatives)

- Atmosphere/Troposphere (Climatology)
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8 Data analysis 4
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observed [ radio source position ]
group delay

— Input 200 — 400 group delays
— (precession/nutation }——— ]
—— ionosphere | per baseline per 24 hours

troposphere [a priori telescope coordinates}

_ : ((continental drift F—
—i instrumenta (Earth rotation (3D) }— — —
calibration -
(Earth tides — b . R t . k
(pole tides — T —_— —
thermal - -
expansion (oceanic loading —
(atmospheric loading }— C

(local deformations  }—1

transformation into
SS barycentre
[

[geometry at epoch of observation

model group delay from
SSB geometry (relativistic)

[‘[ime transformation (coord. —> proper)]

corrected o_C
observable

observation equations ‘ " omoeas Lo Least-squares adjustment builds on well

from geometry

| B ' \ known a priori geometry > O - C

normal equation system right hand side . .
, Many geometric and geophysical effects
— telescope coordinates et parfr:;é?c:ssource positions are applled and CorreCtlonS may be
— pole coordinates/UT1-UTC — nutations parameters .
— clock parameters — atmosphere parameters eSU mated
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Fundamental equation with corrections
1 F
Tgeo = —_big Wi - Sij - Qij ki
b 2 b
vi +u; )k vi kg )542(v; -ky v kg
Tohs = Tgeo—Tgeo(( i. Cg_} i 4 (vi.-kq.) (Cé i )(v; ki) n
(b. i )('Ub'k‘ } {b. i }('U‘ _k. j
iV, . P PR s Tl 3 31. i. ) + corrections | e
c 2¢
1 [ *a.6— b6 cosd g - cosa 9
Tobs = ~7 | Ya6—Ue | Wij(zp.up) Si (UT1) Qi (X.Y)- | cosdg-sinay
Za.6 — “b.6 sind 9
. (1 — F(v; , 1?_}) + corrections + e
b; g Baseline components in Earth-fixed system with F Abberation terms
T, Y., Tx components of telescope coordinates
W, j. Rotation matrix for polar motion v Velocity of geocentre
St'_j_ Rotation matrix for daily spin T.-‘b Velocity of telescope 2 w.r.t. geocentre
Q; ]. Rotationsmatrix for precession /nutation o Right Ascension
k; o Unit vector in source directions in sky-fixed system d; Declination
with o , 8, e Observation deviations
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International VLBI Service for Geodesy and Astrometry

The IVS is an international
collaboration of organizations
which operate or support VLBI
components

ORGANIZATION OF INTERNATIONAL VLBI SERVICE

I1AG IERS IAU

IVS Directing - o,

§

Fos s ‘:3_ i
Data [t
* Publications Centers h..,...:".:-m ¢
+ Web Site b

* Master Schedule
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oy IVS Observing Sessions Wﬂ

188

— Single baseline/triangle sessions
(1 hr duration)

» Daily sessions for the
determination of UT1-UTC

— Network sessions (24 hr duration)

* R1, R4 for regular Earth orientation
parameter determinations
(8 — 10 telescopes)

T2, OHIG, EUROPE, AQV, for
telescope coordinate determinations
(up to 18 telescopes)

CRF for celestial reference frame
(4 — 7 telescopes)

p—

{frietertion

oo Tl -
~ ey

Forggins

{frietertion

- Iy
"““"} il %

Forggins
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Westford - Wettzell
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Baseline length [m]
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N
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Time Line [Year: DOY]
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Europe - South Africa
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Baseline length [m]

7832322611

7832322584

7832322556

7832322529

7832322502

7832322475

7832322.448

7832322421

7832322394

7832322367

7832322340

Baseline HARTRAO vs. WETTZELL (GSFC)

1950;1 1995;2 2000;3 2005;3
Time Line [Year; DOY]

|~ Regression # Session 4 Error|

VS Combination Centre at BKG 2014-12-08 13:41:13
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{$  International Terrestrial Reference Frame " 4
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Positions and velocities

- - - L T T ¥ rd o - -
-180° _120° 80" o g0" 1200 1®0°

VLBI and SLR define the scale of ITRF2014
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IVS Products 4
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Courtesy T. Artz.

Telescope coordinates (time series)

Quasar positions (ICRF2 - ICRF3)

Earth Orientation Parameters
Polar motion ~2-3x lweek latency 10 — 14 days
Nutation offsets ~2-3x/week latency 10 — 14 days

UT1-UTC 7x Iweek 2x ~3.5 us, latency 10 — 14 days
6x ~15 s, latency 1 — 2 days
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Phase of daily rotation
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UT1-UTC[s]

-0.160

-0.3211

-0.4811

-0.6421

-0.8021

UT1-UTC

0.8021

0.642]

0.481]

0.3211

0.160;

0.0001

1984

1989

1993 1998

Time Line

2002 2007 2011 201

VS Combination Centre at BKG 2016-09-28 17:18:27
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Interactions of System Earth

> ;!Ot'ﬁz Global
i - Vi ion
Lunlsglar solid Earth egetatio
gravitational :
acceleration —> Oc;eanic Ocean Global N
tides currents £ | ground water
¢ ) Ocean Snow P
Atmt(i)jg:enc _Deﬂsity variatLons loading
Int e at_mosp ol | T POStglaCIal
v v ' land uplift
Angular AtMOSPIENC [ deunverererrerresressene|sareeseesesresresnessenns Deformation
torques loading ofthe | =
y v Earth
Angular momentum Tectonic
Angular momentum variation Plate motion
variation of the
of the oceans : Vulcanism 9
atmosphere :
y “| Earthquakes |
\ Orientation _
of the ———p| Poletides
Effects Earth _
from > Precession,Nutation
Earth interior Polar motion
/V Length of day <

According to Schuh and Haas, 1995 (modified)
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#4- Periodic LOD - composition v
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Courtesy Sigrid Bohm, TU Vienna

ocean tides

atmosphere non-tidal

core-mantle coupling
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Polar

motion
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I Periodic polar motion — composition ﬂ
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Courtesy Sigrid Bohm, TU Vienna

call HQH’UC‘{“

l / libration

decadal variations

atmosphere tides

atmosphere non-tidal

Criziriell=2r Weee)=
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dX dy
3.119 1.546
1.559 0.773
0.780 0.387
_ 0.000 0,000
8 -0.780 g
£ £ -0.387
3 1559 5 0773
_2|339 -1.160
-3.118 -1.546
~3.899 -1.933
_4|678 '2.320
1984 1989 1993 1998 2002 2007 2011 201 1984 1989 1993 1998 2002 2007 2011 201
Time Line Time Line
VS Combination Centre at BKG 2016-09-28 17:18:31 VS Combination Centre at BKG 2016-09-28 17.18:33

Residuals of 1AU2000/2006 precession and nutation model

© IVS




T Free Core Nutation

48
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Crust 0-33 km

Upper Mantle 33-670 km

Lower Mantle &70-2%00 km

Outer Core 2900-5150 km

Inner Core 5150-6370 km

http://facweb.bhc.edu
FCN = Free core nutation

FICN = Free inner core nutation




% Water vapor content 4
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Zenith non-hydrostatic delay [mm]
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Zenith refraction delay (wet component) as proxy for water vapor content

Courtesy R. Heinkelmann, GFZ
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 New generation VLBI infrastructure

simulations

- dense sampling of local sky
for optimal estimation of atmosphere parameters

o — WETTZELL (Wz) 228 scans g — WETTZELL (Wz) 1034 scans
e i — - — -.

F'. LR

0 30 o0 %90 o0 30 O 0 30 e 90 60 30 O
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g Concept of VGOS 4
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 New generation VLBI infrastructure | "
—dense sampling of atmosphere

—agile telescopes
- small (12 — 13 m) 12%sec

—up to 2 observations per minute
(2880/day)

1
AiA> B

=> Large bandwidth needed
— wide band receivers (2 - 14 GHz [3 - 18])

GTOC

— Flexible frequency allocation

— Dual linear polarization

32
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VGOS Frequencies

Frequency (GHz)

Courtesy B. Petrachenko
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: VGOS Telecopes ﬂ

Wettzell (DE)

Ishioka (JP)Courtesy Y. Fukuzaki

GGAO (US)
Zelenchukskaya (RU) Courtesy A. Niell
Courtesy
A. Ipatov

Badary (RU)

Courtesy
A. Ipatov




VGOS World 4
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ko Ny Alesund E

® Commissioning/operational
© under construction

lizusawa

i W i
vel g ® funded
~ 5@ . Kashima 11 “

‘oksv Park

r' ! Koganei
Mauna Kea (

® upgrade phase

- o
| VlrﬂﬂiﬂEli. Parke® -
Concepeion, || =] . Warkwo
"i' i Tidbinbiliak
i S
obart /,,',"‘ a5

Fivs site

Cooperating VLBI Site
E’Future IVS Site I'
.-g;’i'o'ngulus

| Courtesy H.Hase/VPEG,
NS | based on available information
e oo oo .| December 2018
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_'f"‘,": VGOS Tests: Precision Assessment ﬂ
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Accuracy evaluation from first observations

g

Niell et al. (2018)
WRMS residual of 1.6 mm




+ Global Geodetic Observmg System v
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http Fwerwrw .9 g o

IVS = VGOS - GGOS

Global Geodetic Observing System
of the International Association of Geodesy (IAG)

Contribution to GGOS

— Global distribution =-> Well-designed network

— Continuous - Economic operations

— Stable over decades = Monitoring of telescopes and local ties

— 1 mm/0.1 mmly - Improved technology, better modeling
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o Global Geodetic Observing System
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15 20 25
geostrophic surface current [om/s]




Global Geodetic Observing System 4

MR EDCIT AT
UNIVERSITAT

':r1l:'1-_=rrmt:m}¢tl Associationiof Geodesy

_Global Geodetic Observing System

s,

VGOS is part of GGOS

180° 240 300 0 60° 120° 180°

90

-60° f— At
DTRF2008
| ——=25 mm/yr GPS
790’, ] _— —_— _— I ’ ] ] _— | _— I _-

180 240 300 0 60 120 180 :;':‘—-...-‘i International
s A
s=9%\ Association of
[E.'_Cé Geodesy

150 years
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5 Geodetic Observatory Wettzell A

UNIVERSITAT ERI

Courtesy T. Schuler (2016)
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Backup
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Time derivative of rotation phase
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LOD [s/d]

Excess Length of Day (LOD)

0.004 1

0.0031

0.0031

0.0021

0.0021

0.0011

0.001;

0.000;

-0.001

-0.001

-0.0021

T

1984 1989 1993 1998 2002 2007 2011 201
Time Line

IV5 Combination Centre at BKG 2016-09-28 17:18:29
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Galactic abberation
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g Galactic abberation %
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=0 a0
5 masfyr h . ' 5 pashyr
GO . G0 =
_30f 30t .
s | g \
2’ -
& i N
0y # " s} . gy P
—60f 50}
-0 1 1 1 1 1 Ty L L L L I
0 60 120 180 240 300 360
Right Ascension () 0 60 12DRigr'rt A; [.':.%EDH con ;'zam 300 360

1) Geodetic VLBI: range of 6 estimates: [5.2 - 6.4] pas/yr

mean = 5.7 pas/yr ; Standard deviation of estimates = 0.47

2) Stellar astronomy: range of 6 estimates: [4.8 - 5.4] pas/yr

mean = 5.0 pas/yr ; Standard deviation of estimates = 0.21




$4 Annual signal in station heights ﬂ

A Height [mm]
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WETTZELL
6 ] ] ] | ] | ] ] |
[ BKG DGFI GSFC IGGB SHAO USNO |
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