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Time-variable gravity field
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Combination “motivations” in literature

References Input data Basic principle Limitations

COST-G GRACE(-FO), multi-center VCE, parameter domain single mission
combination

Single-mission combination Gap filling Multi-satellite combination Hydro-meteorological reconstruction
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Combination “motivations” in literature

References

Input data

Basic principle

Limitations

COST-G

Yi and Sneeuw, 2021
Weigelt et al., 2024
Grombein et al., 2022

GRACE(-FO), multi-center
combination

GRACE(-FO)
Multi LEO satellite & SLR
Multiple LEO satellites

VCE, parameter domain

SSA in SH domain
VCE based combination

VCE based combination

single mission

limited resolution & explicit filtering

limited resolution & explicit filtering

Single-mission combination

Combination of TVG / multi-satellite d:

Multi-satellite combination

993-2024

Hydro-meteorological reconstruction




Combination “motivations” in literature

References Input data Basic principle Limitations
COST-G GRACE(-FO), multi-center VCE, parameter domain single mission
combination
Yi and Sneeuw, 2021 GRACE(-FO) SSA in SH domain =
Weigelt et al., 2024 Multi LEO satellite & SLR VCE based combination limited resolution & explicit filtering
Grombein et al., 2022 Multiple LEO satellites VCE based combination limited resolution & explicit filtering
Locher et al., 2025 SLR, DORIS, GRACE GRACE spatial modes + satellite precision information ignored,
temporal modes accuracy degrades away from GRACE
era
Chen et al., 2022 Multiple DORIS-orbit observations Gravity field inversion limited resolution & explicit filtering
Single-mission combination Gap filling Multi-satellite combination Hydro-meteorological reconstruction
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Combination “motivations” in literature

References

Input data

Basic principle

Limitations

COST-G

Yi and Sneeuw, 2021
Weigelt et al., 2024

Grombein et al., 2022

Locher et al., 2025

Chen et al., 2022

Humphrey et al., 2019

Gentner et al., 2026

Saemian et al., 2026

GRACE(-FO), multi-center
combination

GRACE(-FO)
Multi LEO satellite & SLR
Multiple LEO satellites

SLR, DORIS, GRACE

Multiple DORIS-orbit observations

Precipitation, temperature

Climate RA & anthropogenic indicator

Global hydro-meteorological + RA

VCE, parameter domain

SSA in SH domain
VCE based combination

VCE based combination

GRACE spatial modes + satellite

temporal modes

Gravity field inversion

Regression

CNN/LSTM

ML ensemble

single mission

limited resolution & explicit filtering

limited resolution & explicit filtering

precision information ignored,
accuracy degrades away from GRACE
era

limited resolution & explicit filtering

climate oriented, no anthropogenic
effect

input data accuracy limited

model quality dependent

6, Genova

Single-mission combination

Gap filling

mbination of TVG / multi-satellite d:

Multi-satellite combination

993-2024

Hydro-meteorological reconstruction




Our objective

A new time series of monthly gapless gravity field solutions up to d/o 60 from
January 1993 to December 2024 that

directly integrates multi-satellite observations without relying on external
hydro-meteorological model inputs;

simultaneously performs combination and denoising without requiring
additional explicit filtering;

incorporates covariance matrices of both observation errors and signals.
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Methodology 1/3

Functional model — collocation

y,lc'zl = a{,’j} + all',',-’Atk + alz'fAtlf
+ aé','i‘ sin 2 Aty + af{,'l? cos 2 Aty

+ aé’f} sin 47wty + alg,'} cos 4 Aty

im Im
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ith model, kth month

si"l’ - non-seasonal signal (NSS)
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Methodology 1/3
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, _ [ Ak,
Functional model - collocation A, = | Ak
k= :
stacking all SHCs of all months for each model into yg :
_Ak,qk_
Yk = Apx + Bsy + e ) B
k,1
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Methodology 1/3

Functional model — collocation
stacking all SHCs of all months for each model into y

Vi = Arx + Bisi + e (2)

Bi = [, Om-py ]

_ _T
1
Aty
At}
Ag; = | sin27Af; | ® By;
cos 27 Aty
sin 47w Aty
| cos 4 Aty |

h

My ; & M denote monthly SHCs from ¢! model

Combination of TVG / multi-satellite da




Methodology 1/3

Time evolution of signal

Multi-order Markov process ~( — 1)
Dy j = exp (—) @Iy
k-1 Ts
Sk = Z Dy jsj + Wi
j=k=r k-1
., =2t — t))
Qu=0f|1- ), exp M

m 7 — model order j=k—r Ts

m 7, — correlation factor

m o2 - variance factor
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Methodology 2/3

Constrained least squares collocation solution

-1
n n

x = | YA A +aR| | D) ATS! (i — Bidy)
k=1 k=1
k_
Sk = Z k,jSj
j=k—r
Sk = S+ Kp(yx — Ak — Bisy)

m mutually nested estimation of X and §;
m iteration

m solving meta parameters: variance factors 0'321,, regularization parameter a, regularization matrix R,
model order r, time constant 7, and variance component o2 of GM-model
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Methodology 3/3

INPUTS
Observations

YVi,is Pck‘,

Initial state Threshold

a2 =1, 8,0, % = i §=0.01

ITERATION LOOP
(1)

Covariance X,

i
Regularization matrix R
— g2 p-1
Eek,x - o-ek,lpek,l

R = (DT%,2517DT)™"

OUTPUTS

!

(2] o (4]

Regularization parameter « Optimal Update NSS 3, Update vari;mce
Parameters X GM model factors gz, ;
™ r.z.02 o ) .
a: Minimum MSE criterion . Bi-directional KF Bias-corrected VCE
Grid-search; (Egs. 10-11) (Xu et al., 2006)
x: Regularization (Eq. 8) ML (Eq. 12)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, .
1
1
e — |2+ — 2, e H
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2
Combined %, NSS 3, ; 9, = A X + §
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Results — spatial domain
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Results — spectral domain
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(¢) IGG-Swarm
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Validation

internal (see above)
® 5 input data sets
m VCE-based combination

external

m 3 models: IGG-SLR-DORIS (Locher et al., 2025), REDSCAE (Uz et al., 2024), BNML
(Mandal et al., 2025)

m mass anomalies GrlS, AlS vs. IMBIE
m catchment level TWS anomalies
m water flux balance

m sea level budget

n of TVG / multi-satellite data / CCM / 1993-2024



Validation, e.g., absolute trend differences
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CCM-CS - Constrained Collocation Model for Combined Solution
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Validation, e.g., water balance: P — ET — R = dM/dt
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Conclusions

m Monthly SH coefficients are modelled by trend parameters and
time-variable signals. Using gravity field models with different
time spans, degrees/orders, and accuracies, the

m Using SLR, GRACE/GRACE-FO, Swarm, and LEO satellite
time-variable gravity field models,
is constructed, with a
longer series length and higher accuracy than any individual
gravity field model.
m CCM-based TWS change

, global TWS anomaly shows
, and ice-sheet mass-change trends

Combination of TVG / multi-satellite data / CCM / 1993-2024
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More results

Global TWSA (annual-scale) ossea level budget misclosure

' ' ' " [mcovcs

Al 07| e ™ 0,66
[ BNML

y -(‘ 0.6 0.57
" )
NP7
' N a
£ 04
v
B N S

1= COMCs
~—#—IGG-SLR-DORIS
2f RESDCAE
—#—BNML

-3 [ _=====Mascon

! Sea level (GMSL-Steric-Ice) > Sea-level budget balance

1 L f s

1995 2000 2005 2010 2015 2020

Combination of TVG / multi-satellite data / CCM / 1993-2024



More results
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