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Operational processing

Basic parametrisation

= initial conditions 2X[6]
= accelerometer bias  2x[3]
= accelerometer scaling 2x[3]

parameters per arc 24

Additional parameters
= 15 min PCA per satellite in

> radial 2X[96]
> along-track  2x[96]
> cross-track  2x[96]

parameters per arc 576

- frequently used in the

in daily arcs (30 days):
= 18000 parameters,
= 17280 for the noise model

= + gravity field

Celestial Mechanics Approach

[Beutler et al., 2010]
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Operational processing

Basic parametrisation Additional parameters
= |nitial conditions 2x[6] || = 15 min PCA per satellite in in daily arcs (30 days):
= accelerometer bias  2x[3] > radial 2X[96] = 18000 parameters,
= accelerometer scaling 2x[3] > along-track  2x[96] = 17280 for the noise model
> cross-track  2x[96] =+ gravity field
Eg parameters per arc 24 parameters per arc 576
ug Force models o
§ f Gravity field Internal AIUB static GRACE field Non-conservative forces:
E % Astromomic bodies JPL DE421 (all planets + Pluto) ACT from TUG
?ﬁ Mean pole Linear
Solid Earth tides IERS2010
; Solid Earth pole tides IERS2010
gé’ Ocean tides FES2014b (+ admittances from TUG)
5 Ocean pole tides Desai
5 ; Atmospheric tides AOD RLO6
: gi Atmospheric & oeanic dealiasing AOD RLO6
%j Relativistic effects IERS2010
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Processing - operational solution

N:(ATPA) _ . : Apr.

b=A"PI

v

=N'b

<>

S.2
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Processing - operational solution

N=(A"PA)
b=A"PI

v
R=N

S.2

2021 2020 2019 2018

2022

Feb. Mar. Apr. May Jun.

Aug. Sep. Oct. Nov. Dec.

launch #Ne

e W)—a‘m’. T > :-;—;b
r “\*v"& \,? * ! )) > '\.» Y

- ,—,-s? _.‘ ] . ——— “A

T, -\qiwfw;ﬁ*
""h 4; Tl gl “é;q“',\ h

Facts

= operational since Sepember 2020

= available at ICGEM as
AlUB-GRACE-FO _operational

= continuation of AlIUB-RLO2

= current status: 49 months from
June 2018 until August 2022

Features

= updated background models

= data screening with variance
component estimation

= use of alternative GF2
Level 1B ACT product from TUG

AIUB



Empirical Noise Modelling
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Empirical noise modelling based on post-fit residuals

Least-squares A A A_ a1
? e=1-AX xXx=N b

N=(A'"PA) 102
< T = signal CSR1901
: b=A"PI — 10 — ATUB op 10"
v |E
5 Re 10°
2 A -1 —
= = T g
£ X=N"b 'E 10-° 10! E
g — =
- A 80
T % -8 e
% g % 10 2
£2 E o0
w £ )
L Q0
%% H 1071 | === KBRR residuals w/ PCAs (op)
g5 —0.1-18 mHz
o 10° 100 10°  10° 100 10° 107
2y period [min] degree n
* information in the residuals * information in the parameters

(noise?) (signal?)
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using the Celestial Mechanics Approach
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What do we expect from residuals?

e=I-AxXx

The estimator is BLUE
(best — linear — unbiased) if

- E(X)=x
- E(e|x)=E(e)=0
- D(e|x, 0p)=D(l|o5)= 0, P

=== KBRR residuals w/ PCAs (op) - 03 Qee_ 0(2) Qll
—0.1-18 mHz

1074

—
9
=3

—_
2
oo

range-rate ASD [ms™!/v/Hz]

—_

<
—
(=}

10° 10* 103 102 10 10° 107!
period [min]
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What do we expect from residuals?

e=I-AxXx

The estimator is BLUE
(best — linear — unbiased) if

- E(X)=x
- E(e|x)=E(e)=0
- D(e|x, 03)=D(I|

1074

—
9
=3

sing the Celestial Mechanics Approach

—_
2
oo

Team Meeting,, 18 October 2022

range-rate ASD [ms™!/v/Hz]

nation from GRACE Follow-On data u

3 107" | === KBRR residuals w/ PCAs (op)

g —0.1-18 mHz
i3 10° 10'  10° 100 100 10° 107!
22 period [min]
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What do we expect from residuals?

e=I-AxXx

The estimator is BLUE
(best — linear — unbiased) if

- E(X)=x
- E(e|x)=E(e)=0
- D(e|x, 03)=D(I|

1074

—
9
=3

sing the Celestial Mechanics Approach

—_
2
oo

Team Meeting,, 18 October 2022

range-rate ASD [ms™!/v/Hz]

nation from GRACE Follow-On data u

3 107" | === KBRR residuals w/ PCAs (op)

g —0.1-18 mHz
i3 10° 10'  10° 100 100 10° 107!
22 period [min]
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What do we expect from residuals?

e=I-AxXx

o The estimator is BLUE
@ (best — linear — unbiased) if
= A

i Z 10 - E(X)=x

+ E(elx)=E(2)=0

g 10

- Dlelx, 02)=D(I]0}
Z e a0

5 =]

éé £ 1010 | — KBRR residuals w/ PCAs (op)

£3 —0.1-18 mHz

%g 10° 10* 10° 102 10! 10 10!

%;é’ period [min]

*=N"'p unbiased

;f 2 T -1 .

C..=0,(A PA) biased

5.4 AIUB



M. Lasser et al.: Time-variable gravity field determination from GRACE Follow-On data using the Celestial Mechanics Approach

extended by empirical noise modelling, GRACE Follow-On Science Team Meeting,, 18 October 2022

What do we expect from residuals?

e=I-AxXx

The estimator is BLUE
(best — linear — unbiased) if

- E(X)=x

1074

1076

=)
S
~
TUJ
El . 102
A _ = signal CSR1901
z . E(3|X)—E — AIUB op 10!
@ 10°° 10°
- - D (6| X, O-?)) q
& -1
- 107,
H 1071 | === KBRR residuals w/ PCAs (op) 10-2 ;b:o
—0.1-18 mHz =
* ' -3 T
10° 10 10° 10> 100 10° 107! 10 3'@
period [min] 104 &
x=N"'b unbiased e T 107
2( AT 1 : 10
C..—=0O (A PA) biased 0 24 48 72 96
XX 0 degree n
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Auto-covariance function

" =1-AX (post-fit residuals)
E A A
=z cov(At,)= e(t.)e(t.+At,)
z 10 =0
o
[p)
<
o 10°°
=
g
3

107" | === KBRR residuals w/ PCAs (op)
—0.1-18 mHz

10° 10* 10° 10? 10! 10° 10!
period [min]

M. Lasser et al.: Time-variable gravity field determination from GRACE Follow-On data using the Celestial Mechanics Approach

extended by empirical noise modelling, GRACE Follow-On Science Team Meeting,, 18 October 2022

5.6 AIUB



Auto-covariance function

10°*

1076

108

range-rate ASD [ms™!/v/Hz]

107" | === KBRR residuals w/ PCAs (op)
—0.1-18 mHz

10° 10* 103 10? 10 10° 10!
period [min]
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=I-AX (post-fit residuals)

A

cov(At,)= e(t)e(t+At,)
=0

= stationarity assumed
= biased estimation of auto-covariance
— covariance matrix nondegenerate

S.6
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Auto-covariance function

multiples per
0.1 revolution
0.05 /4 * b\ e=I-AX (post-fit residuals)
0 p~——A——A ~ cov (At,)= e(t,)e(t,+At,)
=0
-0.05
0 1000 2000 3000 4000 : :
epoch At = stationarity assumed

= biased estimation of auto-covariance
— covariance matrix nondegenerate

ravity field determination from GRACE Follow-On data using the Celestial Mechanics Approach

extended by empirical noise modelling, GRACE Follow-On Science Team Meeting,, 18 October 2022

M. Lasser et al.: Ti
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Auto-covariance function and weight matrix

S.6

0.1

0.05

-0.05

multiples per
revolution
/4 $ b\ e=1-Ax (post-fit residuals)
A ~ cov(At,)= e(t)e(t+At,)
=0
1000 2000 3000 4000 : :
epoch At = stationarity assumed

= biased estimation of auto-covariance
— covariance matrix nondegenerate

]
block o
Toeplitz '
matrix 0.06
= P
0.02
0
3h -0.02
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function - examples

-covariance

Auto

I-AX

107!

10! 10°

10
period [min]

== KBRR residuals w/ PCAs (op)

N
an i
g |~
[e 0]
i
= |5
o | —
_5
o
—

i hi i
) S S
— i i

10—10

[ZH A/ sw] SV 9jer-o8uel
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Auto-covariance function - examples

10~

106

1078

== KBRR residuals w/ PCAs (op)
1070 | wmmm empirical model
—0.1-18 mHz

range-rate ASD [ms™!/v/Hz]

10° 10* 10° 102 10! 10° 107!
period [min]
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function - examples

-covariance

Auto

=I-AX

AIUB

>
Q (D]
— ()
— & o
= c
O N
[ Y—
~~
[N —
7
o
—
f=]
Py [
o, —
o
M —
O S —
& g
~
/W A
0 — md
w3 .S
£ 3
FEH |z &
o
B E o
mpi -
g | o
M3 o | =
117
)i )i i 2 -
|
= S = S

[ZH A/ sw] SV 9jer-o8uel

—
~c
Y~
) <
+
-z -
—_ S—
— <
=~ X
~ —
=2 T
> =]
o Nz.m o)
< )

2202 420320 8T “‘Suljaan Wea 92UaIdS UQ-MO||04 IIVYD ‘Suljjapow asiou [edriduwa Ag papuajxe
yoeouddy so1ueydai [ensala) ay3 Suisn ejep UQ-mo||04 JDVYD WOJ) UOLeUIWLISIBP PlaYy ANABIS S|qelIeA-aWI] '|e )2 JasseT ‘A



M. Lasser et al.: Time-variable gravity field determination from GRACE Follow-On data using the Celestial Mechanics Approach

extended by empirical noise modelling, GRACE Follow-On Science Team Meeting,, 18 October 2022

Auto-covariance function - examples

S.9

range-rate ASD [ms™!/v/Hz]

10~

106

1078

== KBRR residuals w/ PCAs (op)

1070 | wmmm empirical model

—0.1-18 mHz

10°

10

102 10> 10!
period [min]

100

107!

truncation at d/0o=60
(artefact — bias) is
reflected

=== KBRR residuals w/ PCAs (
m— empirical model
—0.1-18 mHz

10° 10* 10° 102 10!
period [min]

10°

1074
N
=
‘_‘\
|
—6 wn
10 é
A
N
<
10°° g
[as]
—
)
<Y0]
=]
10-10 £
1071
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Results of empirical modelling - gravity field

S. 10

geoid heights [m]

102
10!

10°

— = = = =
< 9 9 9 9
[S2 = w no —

—_
i
[=2}

solution for Jan. 2019

= signal CSR1901
m— ATUB op

= formal errors too
optimistic compared to
the assessed noise

24 48 72 96
degree n
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Results of empirical modelling (K-band) - gravity field

S.10

geoid heights [m]

102
10!

10°

— = = = =
< 9 9 9 9
[S2 = w no —

—_
i
[=2}

solution for Jan. 2019

m—— signal CSR1901
= ATUB op
= emp K-band

24

48 72 96
degree n

formal errors
reflect assessed
noise very well

including features of
resonance orders
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Results of empirical modelling (KIN) - gravity field

S.11

geoid heights [m]

102
10!

10°

— = = = =
< 9 9 9 9
[S2 = w no —

—_
i
[=2}

solution for Jan. 2019

m—— signal CSR1901
= ATUB op
e ep KIN

24

48 72 96
degree n

formal errors
reflect assessed
noise very well

basically the
formal error
curve is shifted
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Results of empirical modelling (KIN & K-band) - gravity field

S.12

geoid heights [m]

102
10!

10°

— = = = =
< 9 9 9 9
[S2 = w no —

—_
i
[=2}

solution for Jan. 2019

m— signal CSR1901
= ATUB op
m emp KIN & K-band

24

48 72 96
degree n

formal errors
reflect assessed
noise very well

including features of
resonance orders
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Results of empirical modelling - formal errors

solution for Jan. 2019

102
m— signal CSR1901
0

10¢ m— ATUB op op
3 e emp KIN & K-band 24
8 10° i
8 =) 48
£ = 10-1 -
: z 10 72
88 % 1072 96
£3 - 96 72 48 24 0 24 48 T2 96
g8 < 103
£ S
5 T
g1 12 115 11 105 -10
£E )
10-°
i 10°°
EE 0 24 48 72 96
gy degree n
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Results of empirical modelling - formal errors

solution for Jan. 2019

102
m— signal CSR1901 0
10¢ m— ATUB op op
= ep KIN & K-band 24
10° i
E) 48
S -
g 1 72
=
.%0 102 96
~ 9% 72 48 24 0 24 48 72 96
= 10°°
8
&0
104 emp
1075
10°°

P

96 72 48 24 0 24 48 72 96

<@ [

-12 -11.5 -11

degree n
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Results of empirical modelling - RMS over the ocean
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Results of empirical modelling - RMS over the ocean

m—— CSR, === ATUB op TUG s emp

S. 14
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Results of empirical modelling - summary

S. 14

m—— CSR, === ATUB op TUG s emp

g1
0
> > N N ~
Ny Ny N N N
S N S > 5
N < N o N

= possible on any (stationary) residuals time series

= additional parameters can be reduced as stationary behaviour can be absorbed

= formal errors much more realistic and show resonance orders (if correlation length > 3 h)
= no constraints needed

= no/few a priori knowledge needed

= jterations required (might be time consuming)
= memory consumption and inversion time dependent on length of auto-covariance function
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Performance in COST-G - RMS over the ocean
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Combination Service for Time-variable Gravity Models

Combining time-
variable gravity field
solutions to provide
for a product of
improved quality,
robustness and
reliability

— CSR TUG = AIUB op GFZ — JPL LUH —— GRGS

&
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Performance in COST-G - RMS over the ocean
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Performance in COST-G - RMS over the ocean

COST-@ v stz

Combination Service for Time-variable Gravity Models URIVTRNTAT Fovsoam
s

Combining time-
variable gravity field
solutions to provide
for a product of
improved quality,
robustness and
reliability

Ty Ccnes téf’é
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Universitit
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>
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2
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Performance in COST-G - RMS over the ocean

i R, ...
COST@ | “ = WAl ¢cnes HIER

Hapbmhairs Jenr
Combination Service for Time-variable Gravity Models Porsoam

Combining time-
variable gravity field
solutions to provide
for a product of
improved quality,
robustness and
reliability

= Combination not at the level of the best individual solutions
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Performance in COST-G

b
( :OS I @ u GFZ ﬁ 17 1 | vLeibniz

‘ = 2 iversitit
e L é cnes [

ime-variable Gravity Models | uwwumuar 000 Parsoam

Combining time-
variable gravity field
solutions to provide
for a product of

= (Combination not at the level of the best individual solutions)

mproved qualty, 1= Combination significantly improved by the new processing
reliability scheme of one analysis centre
3
2.5
2
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Thank you for your attention
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