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A. Supplementary Tables and Figures
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Figure S1: (a-f) RMS of spatial TWSAs and (g-1) SHCs derived from individual and VCE-CS.
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Figure S2: Linear trend differences of global TWSA derived from various solutions relative to RESDCAE, IGG-SLR-DORIS, and
BNML corresponding to the first to third rows.
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Figure S3: Spatial distributions of 52 major basins over the world, with different colors representing various area scales.



20  Table S1. Details of multi-type data products.

Maximum d/o

Data type Sources Period (Grid resolutions)
GRACE/GFO ITSG-Grace2018 [1] 2002.04-2024.12 60
Swarm IGG-Swarm (2! 2014.08-2021.03 40
TVGES LEO Tongji-LE02021 Pl 1993.01-2004.12
SLR IGG-SLR-UPWR [ 1995.02-2023.11 10
IGG-SLR-HYBRID P! 1993.01-2020.12 60
. IGG_SL[IG{]-DORIS GRACE SHCs/SLR/DORIS 1984.01-2023.12 60
Previous
studies BNML [ NOAH/CLSM 1960.01-2022.12 1°x1°
RESDCAE ¥ GRACE Mascon/SLR/ERAS 1994.01-2021.12 *
CSR RLO6 ! 0.25°x0.25°
Mascon IPL RLOG (101 2002.04-2024.12 3% 30
Ahthermosteric
[11] Time series
Sea level Ahgris, Ahpgs 1900.01-2018.12 (Yearly)
budget [11]
GMSL - -
. . Time series
[12] -
Satellite altimetry 1993.01-2024.12 (Monthly)
CRUV4.09 [13] 1901.01-2024.12 0.5°x0.5°
Precipitation GPCCv2020 ['4] 1982.01-2020.12 1°x1°
TRMM (3] 1998.01-2020.01 0.25°x0.25°
GLEAM [1] 1993.01-2024.12 0.1°x0.1°
Water Evaporation FluxCom ['7! 2001.01-2013.12 0.5°x0.5°
balance P PML-v2 [18 2002.06-2019.08 0.5°x0.5°
equation Global-ET [1] 1993.01-2006.12 1°x1°
G-RUN 2% 1901.07-2019.12
SURFEX-TRIP 2! 05°x0.5°
Runoff W3RA 22 1979.01-2012.12
CNRDv1 31 2001.01-2018.12 0.25°x0.25°
Ice Sheets AIS, GrlS IMBIE 41 1993.01-2020.12 Time series
(Monthly)

B. Iterative process for combining TVGFS

Since the estimated equations for X and S in Egs. (8) and (9) are mutually nested; the estimation process is iteratively

conducted. This process involves updating the variance factors aezl., regularization parameter «, regularization matrix R,

optimal variables of GM model, as summarized in Table S2.

25  The iteration initializes with variance factors (o2

0)
)

i

least-squares solutions (()©® = ;).

. . . . . 0) —
During the first iteration, covariance matrix 22,?3 = (aezi)( )p;1

T -1
(DTQ;O)(QEO)) TTDT) are computed beforehand, where

determined using the minimum MSE criterion 2% 26, Subsequently, (%)™ is updated via Eq. (8), while (§,)® is updated

30  using bi-directional KF (Egs. (10) and (11)), with r, 7, and 62 of GM process determined by minimizing Eq. (12). The

’x\(o)

€k,i

and

=1for i =1,...,qy NSS (8,)© = 0, and parameters obtained from

regularization

represents the spatial expression of ()@ . a(©@ is

®
variance factors (aezki) are updated using bias-corrected VCE 27 with @, R©® and ().
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Q)] T -1
In the hth iteration, Eg’;) = (aezki) P;l and R = (DT?c\gl) (52;’1)) TTDT) ; a™ is determined using the minimum

MSE criterion. Subsequently, (%)"*? is updated via Eq. (8), and (8,)"* is updated via bi-directional KF (Egs. (10) and

)(h‘l'l)

(11)), with 7, 74, and 62 determined by minimizing Eq. (12). The variance factors ( 2

ey are updated using bias-

corrected VCE with a®™, R™ and ()"*.
Finally, the iteration continues until the differences of regularization solutions X between consecutive iterations falls below
. ”Q(h)_’f(h—l)” ) _ ) _
1% (ie., W <0.01 ). The combined  TVGFS Ve =4 X+8, with A, =
2

[1 At, At? sin(2mAt,) cos(2mAt,) sin(4mAt,) cos(4mAt,)|®I.

Table S2. Pseudocode for iteratively combining TVGFS

The flowchart of fusing time-variable gravity field models

Input:

Yk, and P, for ith institution
initial (62,)” =1, 3@ =0, ®© = %4,
iteration threshold 6 = 0.01
Output:
Combined parameters X
Combined NSS §;

Begin
-1
0 © ~0) (=0T
Egk?i =(c2,) Pgl and RO = (DTxé ) (xé )) TTDT) ;
Determine a‘® on the minimum MSE [25 261,

Update (Y using Eq. (8);

~

Update sfcl) using Egs. (10) and (11) with 7, 7, and 62 of GM model determined by Eq. (12);

Update (aezkli)(l) using bias-corrected VCE 7 with a©®, R z®
h =1,
while true do

h ~(h) (T -t
EE,:)L = (Jezk,i ¢ )P;,ii and RMW = (DTxéh) (xgl)) TTDT) ;
Update a®™ based on the minimum MSE;

Update 2"+ ysing Eq. (8);
Update §§€h+1) using Eqs. (10) and (11) with 7, 7, and 62 of GM model determined by Eq. (12);

Update (Uezki)(hﬂ) using bias-corrected VCE with a®, R®W  z(h+D

2(+1) _z(R)
I

if —
[z,

break;

2 < § then

else

h=h+1;

end if
end while

~ ~ ~ A(h+1
7= x(h+1); § = s;{ ).

s

End
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C. Evaluation Metrics

(1) Sea level budget

TWS contribution to global mean sea level (Ahgys;,) variations is deived by subtracting thermosteric expansion (Aherm)
and mass changes of Greenland (Ahg,s) and Antarctic (Ahys) Ice Sheets from total GMSL 11,

Ahrws = Ahgusy — Ahtherm — Ahgris — Ahars (S
(2) Water balance equation

TWSCs from TVGFS (ATWSCrygrs) computed from TWSAs between two adjacent months can be evaluated by
computing the misclosure with water balance estimates composed of precipitation (P), runoff (R), and evaporation (E) [?%],

ATWSCTVGFS = P - R - E (SZ)
(3) Land-to-ocean Signal-to-Noise Ratios (SNRs)

The SNR at latitude 6; (i.e., SNRy,) is computed using the Root Mean Square (RMS) of mass changes over land

(MASS|anq,6,) and ocean (MASS,cean o,) at the corresponding latitudel*-"),

_ RMS(MASS4, + Erry,)
~ RMS(MASSceang, + Errg,)

SNRg, ($3)

S, cosf;'SNRg.

— ‘£, n indicates the number of
Yi=qCOSO;

The overall SNR is determined using the global latitude weighted average, SNR =

latitude divisions in the global grid.

(4) Degree Power o7

_ Thoo|(ach,)’ + (ash,)’]
B 20+ 1

where, C}, and AS}, are filtered SHCs at degree | and order ml*!]

of

(54

(5) Nash-Sutcliffe Efficiency (NSE)

NSE = 1 — Z?:l(TWSAevaluated (t) B TVVS‘Areference (t))z (55)

Z?:l(TWSAevaluated (t) - TWSAreference)2

where, TWSA derived from various solutions to be evaluated and the references are denoted as TWSAgereq and

TWSA eference 5 TWSA eference 1 the mean value of TWSA cference- NSE approaching 1 means excellent consistency while

negative NSE denotes worse consistency?,
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