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Supplementary Fig. 1. Single-month Spearman rank correlation coefficient (CC) with GRACE satellite observations. The correlation is computed, for every month separately, between the model’s TWSA of that calendar month across all years and the corresponding GRACE TWSA.
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[bookmark: _Hlk208397799]Supplementary Fig. 2. Spatial patterns of TWSA from GRACE observations and multiple model-based datasets for four representative months (March, June, September, and December), capturing seasonal hydrological variations.
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Supplementary Fig. 3. Spatial comparison of multi-source TWSA at the randomly selected month (2010-06).
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Supplementary Fig. 4. Statistical performance metrics and distributional patterns of multi-source TWSA products across climate zones.
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Supplementary Fig. 5. TWSA change trends discrepancies from multi-source datasets to GRACE observations.
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Supplementary Fig. 6. Multi-source and multi-scale comparison of TWSA in representative large (a), medium (b), and small basins (c) with poor spatiotemporal consistency.
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Supplementary Fig. 7. Multi-source and multi-scale comparison of TWSA in representative large (a), medium (b), and small basins (c) with poor spatial consistency but good temporal consistency.
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Supplementary Fig. 8. Spatial distribution of CC differences between multi-source TWSA and ENSO index relative to GRACE reference data across global multi-scale basins.
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Supplementary Fig. 9. Temporal variation for ENSO index and TWSA/precipitation across six continents over out-of-phase basins (2003.02-2019.12).
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[bookmark: _Hlk208411397]Supplementary Fig. 10. ENSO index dynamic change with date range from 2002 to 2022.
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[bookmark: _Ref193537447][bookmark: _Hlk208411553]Supplementary Fig. 11. Global distribution of selected basins across multiple spatial scales (LBs, MBs, SBs), with 51 LBs numerically labeled.
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Supplementary Fig. 12. Flowchart illustrating the comprehensive evaluation framework proposed in this study.
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[bookmark: _Hlk208411824]Supplementary Fig. 13. The schematic diagram of latitude weighting.


[bookmark: _Ref199409045]Supplementary Table 1. Statistical metrics of multi-source TWSA time series (2004.01-2014.12).
	
	Max (mm)
	Min (mm)
	Mean (mm)
	Trends (mm/yr)
	Lag (month)

	GRACE
	33.42
	-34.17
	-3.30
	-1.71
	-

	Noah v2.1
	47.57
	-38.42
	-2.13
	-1.60
	1

	VIC v2.1
	43.55
	-39.40
	-1.25
	-1.37
	1

	CLSM v2.2
	25.21
	-33.04
	-4.68
	-1.87
	1

	WGHM
	30.92
	-30.86
	-2.47
	-1.24
	1

	PCR-GLOBWB
	30.85
	-50.76
	-7.66
	-3.09
	0

	CLM 5.0
	53.14
	-32.08
	2.25
	0.54
	0

	ERA5-Land
	37.05
	-28.53
	-0.89
	-0.80
	1



[bookmark: _Ref199335324]Supplementary Table 2. Spatial performance metrics of multi-source TWSA trends compared with GRACE.
	
	CCs
	RMSE (mm/yr)
	RE
	SSIM

	WGHM
	0.16
	35.74
	0.26
	0.45

	PCR-GLOBWB
	0.32
	27.71
	0.52
	0.52

	ERA5-Land
	0.48
	18.75
	0.14
	0.60

	Noah v2.1
	0.30
	20.54
	0.17
	0.53

	VIC v2.1
	0.33
	18.42
	0.52
	0.57

	CLSM v2.2
	0.73
	12.93
	0.08
	0.75

	CLM 5.0
	0.34
	19.82
	0.20
	0.47


[bookmark: _Ref193621700]
Supplementary Table 3. Detailed information about the datasets used in the study.
	
	Products
	SR
	TR
	Time
	Variables

	LSMs
	Noah v2.1
	0.25°×0.25°
	monthly
	2002.04-2022.12
	SM, SWE, PCWS

	
	VIC v2.1
	1.0°×1.0°
	monthly
	2002.04-2022.12
	SM, SWE, PCWS

	
	CLM 5.0
	0.95°×1.25°
	monthly
	2002.04-2014.12
	TWSA

	GHMs
	WGHM
	0.50°×0.50°
	monthly
	2002.04-2019.12
	TWSA

	
	PCR-GLOBWB
	0.083°×0.083°
	monthly
	2002.04-2015.12
	TWSA

	AP
	CLSM v2.2
	0.25°×0.25°
	daily
	2003.02-2022.12
	TWSA

	RP
	ERA5-Land
	0.10°×0.10°
	monthly
	2002.04-2022.12
	SM, SWE, PCWS

	GRACE
	CSR
	0.25°×0.25°
	monthly
	2002.04-2022.12
	TWSA

	
	JPL
	0.50°×0.50°
	monthly
	2002.04-2022.12
	TWSA

	
	GSFC
	0.50°×0.50°
	monthly
	2002.04-2022.12
	TWSA

	
	HWSA V1.0
	0.05°×0.05°
	monthly
	2002.04-2022.12
	TWSA

	Extreme events
	ENSO index
	─
	monthly
	2002.04-2022.12
	ENSO 3.4, ENSO 4, MEI V2, ONI

	
	CRU
	0.50°×0.50°
	monthly
	2002.04-2022.12
	Precipitation

	AD
	KGCC
	0.50°×0.50°
	─
	1991-2020
	Climate classification


Notes: SR: Spatial Resolution, TR: Temporal Resolution, LSMs: Land Surface Models, GHMs: Global Hydrological Models, AP: Assimilation Product, RP: Reanalysis Product, GRACE: Gravity Recovery and Climate Experiment, AD: Auxiliary data, SM: Soil Moisture, SWE: Snow Water Equipment, PCWS: Plant Canopy Water Storage.
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