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. Assessing), groundWwater storage changes is a key component of water
Revise Date resources managementiyThe launch of GRACE satellites in 2002 (Tapley et

03 September 2026 al., 2004) and the development of Mascon products brought a major advance

in monitoring total water storage changes regionally; however, each GRACE
cell covers an area of several hundred to several thousand square kilometers,
limiting its direct use at the aquifer scale. To address this, downscaling
methods have been developed, including that of Fakourian et al. (2025),
based on linear regression and the mass balance principle, which showed
\suitable performance in data-limited regions. The Sefidrud River Basin has
not yet been examined using an integrated GRACE Mascon—-SWAT
\ approach. In this study, by integrating GRACE total water storage with
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Downscaiing. Sl AT Model SWAT water balance components, a relationship between storage changes

];]eeftz dGrZZJuZivzjif\ljfgt’i; and net recharge was developed at the cell scale and applied for downscaling

Aquifer to the Zanjan aquifer, validated using data from 66 piezometric wells. The
novelty includes adapting the method to Sefidrud's data structure, its first
integrated GRACE-SWAT application in this basin, and independent
validation in the Zanjan aquifer.
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Materials and Methods

This study downscaled GRACE-derived groundwater storage changes to grid-cell and Zanjan aquifer scales
within the Sefidrud Basin, in four stages. (1) Data preparation: Monthly GRACE Mascon data (0.5°
resolution, 42 cells) were overlaid on the basin. SWAT outputs (runoff, soil moisture, recharge) were area-
weighted to the GRACE cell scale using subbasin cell overlap. Annual aquifer withdrawal data (2002—
2016) and the spatial distribution of well withdrawals (reference year 2009) were used to allocate
withdrawals per cell. Net recharge (recharge minus withdrawal) was computed and cumulated; actual
monthly total water storage changes were derived from GRACE anomalies by removing soil moisture and
runoff, then cumulated. (2) Basin-scale linear equation: cumulative net recharge was regressed against
cumulative GRACE storage changes, and annual error was calculated. (3) Residual-area linear equation:
assuming similar water-balance behavior between the aquifer-free area and the whole basin, the basin-scale
coefficients were applied to this residual area. (4) Final downscaling: using the fitted'coefficients from both
scales, cumulative groundwater storage changes for each cell or the Zanjan aquifer wer@ealculated as (Eq.

1):

M

a

(ﬂgn— “H) x [AGWS, — dg]l [dg — di] \

where n and d are the slope and intercept of the basin-scale (g) and residual-area (R) fits. This was applied
for two purposes: (a) downscaling to the 0.5° cell scale, to validate the method; and (b) downscaling to the
Zanjan aquifer scale, for comparison with piezometric well data.

Results and Discussion

Evaluation of the downscaling method at the GRACE cell seale showed that the estimated cumulative
groundwater storage changes closely matched the'reference /G E values in most cells across the study
area, with coefficients of determination exceeding 0.95,in thé\%jorlty of cells and exceeding 0.99 in some.
In a limited number of cells (six), model performance was weakéry with coefficients of determination
ranging from —0.991 to 0.068, some of which were'negative. This‘reduced performance was attributed to
hydrogeological heterogeneity, the asymmetric distribution of SWAT subbasins within cells, a constant
spatial withdrawal pattern assumed throughout the study period, and insufficient data in boundary cells.
Nevertheless, approximately 76% of the cells (32 of42) exhibited coefficients of determination greater than
0.95. Analysis of the,temporal trend also showed that the estimated time series aligned well with the actual
trend in most cells, and the method reconstructed the onset of decline, the direction of change, and the long-
term declining \trend “of groundwater storage with acceptable accuracy. At the Zanjan aquifer scale,
comparison of the estimated eumulative time series with actual values derived from 66 piezometric wells
over the 20022016 period showed that both seties exhibited a similar declining trend, with a coefficient of
determination of 0.846, indicating that approximately 85% of the cumulative groundwater storage variation
was reproduced by theimodel. The estimated trend slope (—55.31 million cubic meters per year) was slightly
steeper than the actual slopey(—42.47 million cubic meters per year), indicating that the model somewhat
overestimated the/severity of the decline; the largest discrepancies occurred during periods of intense
storage depletion. Nonetheless, the overall agreement between the two trends confirms that the downscaling
method emplOge\dis capable of effectively transferring GRACE-derived information to the aquifer scale

Conclusion

The downscaling method employed in this study, based on GRACE data and the SWAT model,
demonstrates'a high capability for reconstructing groundwater storage changes from the regional to the local
scale. The performance evaluation of the model at both the GRACE cell and aquifer scales showed that the
coefficient of determination exceeded 0.95 in most grid cells, while at the aquifer scale, a coefficient of
determination of 0.846 was obtained, indicating the model's suitable capability in reconstructing the time
series of groundwater storage changes. Although discrepancies between the estimated and reference values
were observed in some cells, particularly during periods of severe groundwater decline, these discrepancies
were mainly attributed to local factors such as heterogeneity in hydrogeological properties, changes in
withdrawal patterns, differences in aquifer recharge, and the limited spatial resolution of GRACE data and
the local SWAT model. Despite these limitations, the model was able to reconstruct the long-term declining
trend of groundwater storage with acceptable accuracy and effectively transfer satellite-derived information
to the local scale. Therefore, the method used in this study can serve as a reliable approach for monitoring
groundwater storage changes particularly in basins and aquifers facing a shortage of observational data and
can be applied in groundwater resources management and planning.
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Fig 3. Comparison of actual and downscaled cumulative annual groundwater storage changes (AGWS)

across GRACE cells.
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conditions.
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Fig 6. (a) Line plot of cumulative annual actual groundwater storage changes versus net groundwater
recharge within the aquifers, (b) annual groundwater storage changes within the entire river basin, (c)
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determination (R?) between actual and downscaled values for the Zanjan aquifer from 2002 to 2016.
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