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Combination “motivations” in literature

References Input data Basic principle Limitations

COST-G GRACE(-FO), multi-center
combination

VCE, parameter domain single mission

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

Löcher et al., 2025 SLR, DORIS, GRACE GRACE spatial modes + satellite
temporal modes

precision information ignored,
accuracy degrades away from GRACE
era

Chen et al., 2022 Multiple DORIS-orbit observations Gravity field inversion limited resolution & explicit filtering

Humphrey et al., 2019 Precipitation, temperature Regression climate oriented, no anthropogenic
effect

Gentner et al., 2026 Climate RA & anthropogenic indicator CNN/LSTM input data accuracy limited

Saemian et al., 2026 Global hydro-meteorological + RA ML ensemble model quality dependent

Single-mission combination Gap filling Multi-satellite combination Hydro-meteorological reconstruction
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Our objective

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

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

2 simultaneously performs combination and denoising without requiring
additional explicit filtering;

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

Functional model – collocation

𝑦 𝑙𝑚𝑘,𝑖 = 𝑎𝑙𝑚0,𝑖 + 𝑎𝑙𝑚1,𝑖Δ𝑡𝑘 + 𝑎𝑙𝑚2,𝑖Δ𝑡2𝑘
+ 𝑎𝑙𝑚3,𝑖 sin 2𝜋Δ𝑡𝑘 + 𝑎𝑙𝑚4,𝑖 cos 2𝜋Δ𝑡𝑘
+ 𝑎𝑙𝑚5,𝑖 sin 4𝜋Δ𝑡𝑘 + 𝑎𝑙𝑚6,𝑖 cos 4𝜋Δ𝑡𝑘
+ 𝑠𝑙𝑚𝑘,𝑖 + 𝑒𝑙𝑚𝑘,𝑖

(1)

𝑖th model, 𝑘th month

𝑠𝑙𝑚𝑘,𝑖 – non-seasonal signal (NSS)
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Methodology 1/3

Functional model – collocation
stacking all SHCs of all months for each model into y𝑘

y𝑘 = A𝑘x + B𝑘s𝑘 + e𝑘 (2)

[yT𝑘,1 yT𝑘,2 … yT𝑘,𝑞𝑘]
T

A𝑘 =
⎡⎢⎢⎢
⎣

A𝑘,1
A𝑘,2
⋮

A𝑘,𝑞𝑘

⎤⎥⎥⎥
⎦

B𝑘 =
⎡⎢⎢⎢
⎣

B𝑘,1
B𝑘,2
⋮

B𝑘,𝑞𝑘

⎤⎥⎥⎥
⎦

Hotine-Marussi 2026, Genova Combination of TVG / multi-satellite data / CCM / 1993–2024 5 / 17



Methodology 1/3

Functional model – collocation
stacking all SHCs of all months for each model into y𝑘

y𝑘 = A𝑘x + B𝑘s𝑘 + e𝑘 (2)

B𝑘,𝑖 = [I𝑀𝑘,𝑖 O𝑀−𝑀𝑘,𝑖]

A𝑘,𝑖 =

⎡⎢⎢⎢⎢⎢⎢⎢
⎣

1
Δ𝑡𝑘
Δ𝑡2𝑘

sin 2𝜋Δ𝑡𝑘
cos 2𝜋Δ𝑡𝑘
sin 4𝜋Δ𝑡𝑘
cos 4𝜋Δ𝑡𝑘

⎤⎥⎥⎥⎥⎥⎥⎥
⎦

T

⊗ B𝑘,𝑖

[yT𝑘,1 yT𝑘,2 … yT𝑘,𝑞𝑘]
T

A𝑘 =
⎡⎢⎢⎢
⎣

A𝑘,1
A𝑘,2
⋮

A𝑘,𝑞𝑘

⎤⎥⎥⎥
⎦

B𝑘 =
⎡⎢⎢⎢
⎣

B𝑘,1
B𝑘,2
⋮

B𝑘,𝑞𝑘

⎤⎥⎥⎥
⎦

𝑀𝑘,𝑖 & 𝑀 denote monthly SHCs from 𝑞th model
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Methodology 1/3

Time evolution of signal
Multi-order Markov process

s𝑘 =
𝑘−1
∑
𝑗=𝑘−𝑟

Φ𝑘,𝑗s𝑗 +w𝑘

𝑟 – model order

𝜏𝑠 – correlation factor

𝜎2𝑠 – variance factor

Φ𝑘,𝑗 = exp (−(𝑡𝑘 − 𝑡𝑗)
𝜏𝑠

) ⊗ I𝑀

Q𝑘 = 𝜎2𝑠 [1 −
𝑘−1
∑
𝑗=𝑘−𝑟

exp (−2(𝑡𝑘 − 𝑡𝑗)
𝜏𝑠

) ⊗ I𝑀]
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Methodology 2/3

Constrained least squares collocation solution

x̂ = [
𝑛
∑
𝑘=1

A𝑇
𝑘 Σ−1𝑒𝑘 A𝑘 + 𝛼R]

−1
[

𝑛
∑
𝑘=1

A𝑇
𝑘 Σ−1𝑒𝑘 (y𝑘 − B𝑘 ŝ𝑘)]

̄s𝑘 =
𝑘−1
∑
𝑗=𝑘−𝑟

Φ𝑘,𝑗 ŝ𝑗

ŝ𝑘 = ̄s𝑘 + K𝑘 (y𝑘 − A𝑘 x̂ − B𝑘 ̄s𝑘)

mutually nested estimation of x̂ and ŝ𝑘
iteration

solving meta parameters: variance factors 𝜎2𝑒𝑖 , regularization parameter 𝛼 , regularization matrix R,
model order 𝑟 , time constant 𝜏𝑠 and variance component 𝜎2𝑠 of GM-model
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Methodology 3/3
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Results
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Results – spatial domain

CCM-CS – Constrained Collocation Model for Combined Solution
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Results – spectral domain

CCM-CS – Constrained Collocation Model for Combined Solution
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Validation

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

external
3 models: IGG-SLR-DORIS (Löcher et al., 2025), REDSCAE (Uz et al., 2024), BNML
(Mandal et al., 2025)
mass anomalies GrIS, AIS vs. IMBIE
catchment level TWS anomalies
water flux balance
sea level budget
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Validation, e.g., absolute trend differences

CCM-CS – Constrained Collocation Model for Combined Solution
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Validation, e.g., water balance: 𝑃 − 𝐸𝑇 − 𝑅 = d𝑀/d𝑡

CCM-CS – Constrained Collocation Model for Combined Solution
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Conclusions

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 constrained
collocation model can solve for a long gapless combined
time-variable gravity field model with consistent spatial
resolution.
Using SLR, GRACE/GRACE-FO, Swarm, and LEO satellite
time-variable gravity field models, a monthly gravity field
model of 𝐿max = 60 for 1993–2024 is constructed, with a
longer series length and higher accuracy than any individual
gravity field model.

CCM-based TWS change better closes the water flux
balance, global TWS anomaly shows stronger consistency
with the sea level budget, and ice-sheet mass-change trends
agree more closely with IMBIE.

Open access paper

Zenodo dataset
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More results

Hotine-Marussi 2026, Genova Combination of TVG / multi-satellite data / CCM / 1993–2024 17 / 17



More results

Hotine-Marussi 2026, Genova Combination of TVG / multi-satellite data / CCM / 1993–2024 17 / 17


	Bonus slides

