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Abstract Groundwater depletion, driven by climate change and increasing extraction for irrigation, has
increased the need for accurate monitoring. Traditional methods, such as in situ water table observations and
pumping tests, are valuable for assessing groundwater availability and aquifer characteristics but are limited in
capturing basin-scale variations. The Gravity Recovery and Climate Experiment (GRACE) enables estimation
of basin-scale groundwater changes, though its observations also include surface water and soil moisture (SM)
in the vadose zone. Therefore, additional data on non-groundwater components are needed to isolate
groundwater variations. In this study, we use the profile SM content for the top 0—120 cm of soil as an estimate
of vadose zone SM, derived using an exponential filtering technique applied to European Space Agency's
Climate Change Initiative for Soil Moisture (ESA CCI SM) and in situ data. This approach addresses limitations
of conventional models, such as their inability to represent non-natural or lateral water redistribution.
Groundwater storage (GWS) changes in southern Victoria, Australia were estimated by subtracting the filtered
SM from GRACE data and validated against in situ groundwater level observations for both unconfined and
confined aquifers. The ESA CCI SM-based estimates showed clear improvements in capturing seasonal and
interannual variability of in situ GWS compared to conventional model-based estimates. The proposed approach
is potentially applicable to GWS estimation at continental scales.

Plain Language Summary Conventional groundwater studies rely on measurements of the water
table in sparsely distributed bore holes, and are suitable for small spatial scales. The Gravity Recovery and
Climate Experiment (GRACE) mission measures total terrestrial water storage over large spatial scales via
changes in gravity. Thus it is necessary to remove surface water and soil moisture (SM) components to separate
the groundwater signal in GRACE observations. Past studies have estimated surface water and SM variations
using numerical models, but here we use satellite SM observations from microwave sensors from the European
Space Agency's Climate Change Initiative. We estimate groundwater changes for the southern region of
Victoria, Australia, and validate them with in situ borehole level change data. Our estimates showed better
agreement with in situ observations than those from conventional model-based approaches, indicating the
potential of this method for continental-scale groundwater storage studies.

1. Introduction

Except for glaciers and ice sheets, approximately 96% of Earth's freshwater resources lie beneath the surface as
groundwater. Groundwater supplies nearly 50% of the world's drinking water and 43% of irrigation water in
agriculture (Smith et al., 2016). There is greater reliance on groundwater, as well, in mid-latitude arid and semi-
arid regions, where large groundwater depletion rates are found in almost every major aquifer (Frappart &
Ramillien, 2018). Moreover, 30% of the world's regional aquifers have shown accelerated groundwater level
decline over the last 40 years (Jasechko et al., 2024). Examples include groundwater depletion in North India
(Dangar et al., 2021), North China Plain (Feng et al., 2018), the High Plains aquifer and the Central Valley of
California in the United States (Konikow, 2015) and Iran (Ashraf et al., 2021). About 1.7 billion people live in
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areas where groundwater depletion is a problem (Gleeson et al., 2012). Accurate assessment and monitoring of
groundwater change are essential to assist in planning sustainable water resource management.

Traditionally, groundwater is monitored by in situ measurement of groundwater levels in combination with
aquifer property assessment through drilling and pumping tests. However, these methods are limited to areas near
the measurement point and may not adequately represent larger areas. A dense monitoring network needed for an
unbiased regional view is rarely available. Satellite gravity observations from the Gravity Recovery and Climate
Experiment (GRACE) mission provides useful and accurate large-scale groundwater storage change information.
The GRACE mission was launched in March 2002 as a joint effort of the National Aeronautics and Space
Administration (NASA) and the German Aerospace Center (DLR). Precise (micrometer-level) measurement of
changing distance between a satellite pair in polar orbit is used to calculate gravitational force changes beneath the
satellites (Tapley et al., 2019). GRACE provided monthly solution for changes in Earth's gravity field until the
mission ended in October 2017.

GRACE data have been used in terrestrial water storage (TWS) research to measure the total of surface water
(river, lake, snow, and other reservoirs on the surface) and subsurface water (soil water and groundwater).
Separating surface water (e.g., lakes and rivers) from TWS is relatively straightforward because it can be observed
directly. However, isolating soil moisture (SM) from TWS is more difficult. There have been considerable efforts
to establish global SM monitoring networks, such as the International Soil Moisture Network (ISMN, https://
ismn.earth/en/), but existing in situ SM monitoring still provides limited spatial and temporal coverage. As a
result, SM estimated by land surface models (LSM) has been employed to separate groundwater storage change
from GRACE TWS observations. As examples, GRACE TWS and LSM SM were used to estimate aquifer
storage changes in the High Plains aquifer (Strassberg et al., 2007), the Central Valley in California (Famiglietti
et al.,, 2011), the Canning basin of Australia (Munier et al., 2012), the Great Artesian Basin of Australia
(Castellazzi et al., 2024), and in Northern India (Rodell et al., 2009). However, most LSMs are limited in their
ability to accurately estimate SM in the vadose zone, primarily because they do not clearly distinguish it from the
saturated zone. Also, a one-dimensional column structure of typical LSMs neglects horizontal flow of both runoff
(without explicitly accounting for routing and re-infiltration) and soil water, leading to potential errors in GWS
estimation (Condon et al., 2021). Moreover, the cited GRACE studies have ignored spatial leakage in GRACE
TWS estimates. Spatial leakage of GRACE signals among basins and from land to oceans may bias TWS esti-
mates resulting in biased groundwater estimates. The leakage problem is particularly important for small basins
and for those adjacent to the oceans.

In this study, we estimate groundwater storage variations in the southern region of Victoria, Australia, using
GRACE data. This region has been affected by a severe “Millennium Drought,” from the 1997 to 2009. The
Millennium Drought substantially influenced subsurface water storage (Fowler et al., 2020; Weligamage
et al., 2023) and runoff, with 37% of watersheds in the region not recovering 7 years after the drought (Peterson
et al., 2021). Understanding groundwater depletion during the drought and recovery afterward will lead to un-
derstanding of changes in runoff, evapotranspiration and long-term effects on the terrestrial water cycle. Previ-
ously, Chen et al. (2016) estimated groundwater variations in this region using GRACE TWS and compared them
with in situ observations. As in similar studies, LSM SM estimates of SM variations were employed. They used
the forward modeling method to correct for spatial leakage, which is effective in suppressing land to ocean
leakage but does not reduce inter-basin leakage.

To address potential limitations associated with using LSM-derived SM for GWS estimation, we separate SM
content from GRACE TWS using the European Space Agency-Climate Change Initiative soil moisture (ESA CCI
SM) product, which combines data from various microwave satellites. ESA CCI SM for the top soil layer (a few
centimeters) is extended to estimate SM of the entire root zone using an exponential filtering technique. Water
beyond the root zone is assumed to drain to the aquifer below. The exponential filtering technique has been
employed extensively to estimate root zone SM content using the top soil layer with in situt SM measurements as
references (Albergel et al., 2008). In this study, exponential filtering applied to the ESA CCI SM is calibrated
using in situ SM measurements to estimate profile SM content. It is assumed that by using the profile SM derived
from microwave surface SM, we can improve the profile SM estimate over the conventional estimates from LSM,
which present limited representation of non-natural or horizontal redistribution of water. In addition, we used
leakage-corrected TWS data derived from constrained linear deconvolution (CLD) (Kim et al., 2024). CLD
provides TWS with higher spatial resolution by suppressing spatial leakage, considering both a priori LSM TWS
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and GRACE TWS data. Addressing coastline and inter-basin leakage is
important in this case because the southern region of Victoria is bordered by

the coastline to the south and the Murray-Darling basin to the north.
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Lastly, previous studies presented limited validation of GRACE-derived
GWS due to sparse ground data with simplified assumptions: consideration
of unconfined aquifers only, an arbitrary choice of specific yield, or uniform
specific yield assumed across the entire basin. In this study, we propose a
method to estimate aquifer parameters using GRACE-derived GWS in
conjunction with dense in situ groundwater level data. This approach enables

verification of the method and robust validation of the resulting GWS
estimates.

- ]
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2. Data and Method

140°E  142°E

Figure 1. Distribution of unconfined and confined aquifer wells within six

sub-basins in southern Victoria.

Table 1

Depth to the Top of Uppermost Aquitard of Each Sub-Basin

144°E

Longitude

146°E 148°E 150°E

2.1. Terrestrial Water Storage (TWS)

We used TWS estimates from GRACE observations after removing spatial
leakage between land and oceans and among basins following the CLD
approach of Kim et al. (2024). To suppress leakage and enhance spatial
resolution of TWS data to 0.5° by 0.5°, GRACE observations are combined
with European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis version 5 (ERAS5) model data
in the CLD. In this study, we used a total of 157 monthly data sets from May 2002 to May 2015 considering the
common period of sufficient data availability with groundwater level in situ data. We calculated the spatial
average of TWS over six sub-basins where groundwater information is available (Figure 1).

2.2. Groundwater In Situ Data

We utilized in situ groundwater level time series data (1 January 2000-31 December 2020) provided by the
Bureau of Meteorology (BoM, http://www.bom.gov.au). Most wells are sampled at 3-month intervals. To select
groundwater data most suitable for our analysis, we first excluded stations with a small number of samples (fewer
than 20). Then, we removed evident outliers with departures exceeding 20 m from the station mean. Finally,
groundwater level data with abrupt shifts or abnormal variations were excluded using visual inspection. These
were likely affected by a pumping test or other local factors. This left 430 of the original 549 wells (bore holes),
south of 37°S within Victoria (Figure 1). There are fewer bore holes in the east due to increasing elevation of the
highland mountains. Data were aggregated to monthly values (3-month intervals) to match GRACE sample times,
to obtain 53 months of data, from May 2002 to May 2015 (Figure S1 in Supporting Information S1).

The 430 wells were separate into those for confined and unconfined aquifers. Confined aquifers depths are typically
deeper than for unconfined aquifers. In southern Victoria, there are three main basins, the Otway, Central coast, and
Gippsland basins. The vertical structure of aquifers and aquitards has been classified by (GHD, 2012) at sub-basin
scales, with average thicknesses at (https://www.water.vic.gov.au/). These estimates were used to set average
depths to the top of the uppermost aquitards (Table 1). We then compared the bottom depths of the selected 430
wells to the aquitard depths shown in Table 1 to classify the aquifers as confined and unconfined. Bottom depths of
unconfined aquifers are shallower than aquitards, while those of confined aquifers are deeper.

We converted the selected monthly groundwater level data to monthly
anomalies for comparison with GRACE data. The observation period varies

Name of the sub-basins

Depth to the top of uppermost aquitard

for each well, so conversion to monthly anomalies requires care to avoid

Tyrendarra embayment
Port Campbell embayment
Torquay basin

Port Phillip basin (North)
Port Phillip basin (South)

Morwell Yallourn

possible biases using mean values determined from different periods. To

178 m address this, we first selected wells with near-complete data coverage
144 m throughout the period from May 2002 to May 2015, with less than one year of
91 m consecutive missing data. From these we calculated average variations within
80 m each 0.5° grid interval near the selected wells, and then used these to correct
33 m remaining well data with shorter observation periods and/or missing data.

Finally, other wells were adjusted to align with the reference wells, assuming

35m . . . . . .
mean values during their common observation period are identical at each
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grid interval. The same process was applied for both confined and unconfined aquifers.

To distinguish between unconfined and confined aquifer wells accurately, we applied an additional filtering
process. For confined aquifer level changes, we excluded wells with a mean seasonal amplitude larger than that of
unconfined wells, based on the general understanding that confined aquifers exhibit smaller annual fluctuations.
This filtering process was performed separately for each of the six sub-basins. As a result, we retained 40 confined
aquifer wells and 284 unconfined wells for the analysis.

2.3. Surface Water

We used the Water Global Assessment and Prognosis (WaterGAP) v2.2d model data (Schmied et al. (2021)).
WaterGAP provides monthly global estimates for all continental areas on a 0.5° grid since 1996, for all surface
water components, including canopy, snow, lake, wetland, and river storage. Among surface water components,
we used the sum of canopy, river, and lake storage from May 2002 to May 2015. Other contributors were either
zero or negligible in southern Victoria. We spatially averaged WaterGAP estimates to match grids used for
groundwater data analysis in Figure 1. The spatially-average WaterGAP data were converted to monthly
anomalies by subtracting mean values for the study period. WaterGAP anomalies were used to correct GRACE
TWS for surface water variations, so uncertainties in WaterGAP estimates will contribute to uncertainty in
groundwater estimates which are the focus of this study.

2.4. Soil Moisture

The ESA CCI SM v8.1 combined product is a blend of scatterometer and radiometer observations, providing daily
surface SM at a spatial resolution of 0.25° globally from 1 November 1978 to 31 December 2022 (Dorigo
et al., 2023). We averaged daily solutions to monthly values. CCI SM provides volumetric moisture content
(m3/m?) for about the top 2 cm layer. To estimate the moisture content in the entire root zone, we used an EF
method widely used to estimate root zone SM content from surface SM content. It was originally proposed by
Wagner et al. (1999) and refined in the recursive form by Stroud (1999) and Albergel et al. (2008). The original
EF approach assumes a single soil layer and does not account for depth-dependent soil properties. To address this
limitation, Pasik et al. (2023) modified the EF by employing a multi-layer root zone model, where SM in each
sub-surface layer is estimated independently from the surface SM using the EF. In our study, we further improved
this multi-layer EF method by implementing the EF sequentially across adjacent layers to ensure more gradual
propagation of SM response between them. The multi-layer EF used in this study is:

SWIi = SWIL_| + K{(SWI™' — SWI_)), 1)

i _ Ki i
K= e @
where i is soil layer index (i = 1,...,n) that increases from the top (i = 1) to the bottom layer (i = n). SWI? is the
remotely sensed surface SM. The assumption in the above equations is that water flux between two adjacent
layers is proportional to the difference in moisture between the layers. K, is a time-varying gain ranging between
0 and 1, Atz the sampling interval (typically 1 day), and T a constant parameter for smoothing. Depending on SM
data availability, Az can exceed 1 day at some grid points, with a maximum of 7 days in our study.

SWI;' (m3/ m3) estimated via Equations 1 and 2 needs to be rescaled for root zone soil water content (SWCﬁ) using

additional information about the minimum (SWC' . ) and maximum (SWC’_ ) values of SWC' as:

'min max

SWIi — SWI' . . .
i - m;n X (SWC:‘I‘IHX - chinin
SWI_— SWI

min

SWCi = )+ SWC! 3)

min

where SWI*_ and SWI

. .. l .
max Imin are maximum and minimum values of SWI', respectively.

Three parameters (7', SWC' . and SWC! ) required to convert from SWI to SWCi were estimated by mini-

min max

mizing the difference between SWC! and in situ soil water content, SWCH"*" (m3/m?), obtained from root
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(a) T ! s P T zone SM stations across the study region (Figure 2a), operated by Agriculture
New South [ Victoria (https://extensionaus.com.au/soilmoisturemonitoring/). Of the 15
34°S | 30°s 1 . .. . . .
Wales stations originally available, 3 with less than one year of data and 1 showing
highly irregular vertical profiles were excluded from the analysis. The
o remaining 11 in situ data, available daily at 10 cm depth intervals, were used
E 36°S Victoria for EF calibration at each depth. For Hamilton and Bolac stations, where the
= first depth layer was at 30 cm, calibration began at 30 cm and continued in
— Otway basin Melbourne basin * . . . .
“Eavnton e 10 cm increments. in situ SM observations from sensors are assumed to
Hamilt .R Iﬁ dhicor T ' represent the soil layer corresponding to the depth of each sensor.
38°S | Dartir lac trq ! o
W o J\ \ LKoordoman - In situ soil water content, SWC;’"’_S"“, is estimated based on in situ sensor
‘ Fostet].Yarram P observational data (OBS! (m*/m?)) via:
100 km & >
50 mi y | . . . . .
: : i) o : SWCP"™™ = OBS; - PAW' + PWP' )
140°E 142°E 144°E 146°E 148°E 150°E
Longitude

Sensor depth

105

115

Root 300
Zone 258
!

ESA CCI Sopil Moisture Observation

in which PAW' is plant available water and PWP' is permanent wilting point,

both of which are constant values defined by the soil texture of each soil layer.
PAW represents the amount of water required for plant growth which ranges

Dartmoor Station  In-sltu observation between 0 and 1. When OBS! is zero, SWC"~* becomes PWP', the amount

(mmho,wrey TOtal Root Zone Soil Moisture Estimation

of SM when plants start to wilt, and OBS! = 1 means SM content has reached
the field capacity of soil. The in situ station provides information on the re-
gion's investigated soil type along with PAW and PWP values.

Figure 2b shows SM estimates derived using the EF alongside in situ SM
observations (m?/m?) at the Dartmoor station. The in situ SM sensors at
the station are installed at 10 cm depth intervals, ranging from depths of
10-80 cm. The root zone depth in the Dartmoor station area is approximately
120 cm, as reported by Schenk and Jackson (2009). Soil layers without
sensors (at depths of 90, 100, 110 cm) in the root zone are assumed to have the
same value as the sensor depth of 80 cm. This assumption stems from the

Depth 002

Figure 2. (a) Soil moisture (SM) in situ monitoring stations in southern
Victoria. Grids are divided into three basins based on the GHD's study
(GHD, 2012). (b) Schematic illustration of the SM measuring sensors at

Dartmoor station.

T
2004

T
2006

T
2008

T
2010

2012 2014 2016 2018 2020 2022 observation that variations in SM at greater depths are comparatively smaller
than those at shallower depths (Tromp-van Meerveld & McDonnell, 2006).
The black line at the top represents daily ESA CCI SM (SWI?) and the shorter
colored lines (SWCf’i"’S"“) at sensor depths indicate in situ observations.
Parameters of 7', SWC’ . and SWC'  were estimated during the common
period of each in situ SM (color lines) and ESA CCI SM (black line at the
top). The three parameters were used to estimate the root zone SM (SWCi) via EF from 1 January 2003 to 31
December 2021 (black lines at sensor depths). Total root zone SM estimation (blue line at the bottom of
Figure 2b) is the sum of actual water storage variation (kg/m?) of each layer, derived via multiplying each SWC,
by water density and layer thickness (10 cm).

We applied the same EF approach to 10 more stations and acquired EF parameter sets for each location (7,
SWC! . and SWC!

min max Values for each sensor depths). The estimated EF parameters and SM for all 11 stations are

provided in Supporting Information S1 (Table S1 and Figure S2). The EF approach was applied to all grid cells of
the ESA CCI SM to compute root zone water storage. We categorized all gridded areas into three basins based on
hydrogeological characteristics defined in the GHD survey (GHD, 2012). These basins are visually distinguished
by different colors in Figure 2a. For each basin, we applied a uniform EF parameter set, derived as the average of
EF parameters calibrated at the in situ stations within that basin, along with the average root zone depth obtained
from Schenk and Jackson (2009). The root zone depths applied to each of the three basins (Otway, Melbourne,
and Gippsland basin) are 115 cm, 125 cm, and 125 cm, respectively. These values represent the average root zone
depths derived from the one grid interval data set provided by Schenk and Jackson for the regions corresponding
to the three basins (118.1 cm, 128.0 cm, and 125.1 cm, respectively).

To evaluate the robustness and accuracy of our method, we estimated the SM profiles at the Dartmoor and
Chicory station locations using the EF approach and compared them with ground truth observations. The EF-
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based estimates showed superior performance compared to ERAS (Muiioz Sabater, 2019) and Global Land Data
Assimilation System (GLDAS) SM (Beaudoing & Rodell, 2020) products. Detailed results and explanations are
provided in Supporting Information S1 (Figure S3).

2.5. Groundwater Level and Storage Change

Groundwater storage change (AGWS) can be estimated from GRACE TWS change (ATWS), SM change (ASM),
and surface water change (ASW) data:

AGWS = ATWS — ASW — ASM. (5)

ASW and ASM were obtained from WaterGAP and ESA CCI via the EF, respectively, as noted above. AGWS
can also be estimated using groundwater level data (i.e., hydraulic head, A%) in confined and unconfined aquifers,
and their respective capacity to produce water for a given Ah, that is, specific storage (S) for confined and
specific yield (S,) for unconfined aquifers. Specific storage (S,) is defined as “the volume of water that is released
from or taken into storage per unit surface area of a confined aquifer or a confined aquifer layer per unit change in
hydraulic head” (Batu, 1998). Unlike specific yield (S,), which is dimensionless, specific storage depends on the
depth (b) of a confined aquifer. In fact, many aquifer systems are multi-layered, including both unconfined and
confined zones. For a composite aquifer system, total volume of water (AV) released or extracted can be rep-
resented as the sum of unconfined (AV, = S, - Ah;) and confined (AV, = S;b- Ah,) aquifers:

AV =S, - Ahy + S;b- Ah,. 6)
Multiplying water density (p) by Equation 6, it becomes groundwater storage change (AGWS):
AGWS =S8, -p-Ahy + S;b-p - Ahy. @)

S, and S,b were estimated using generalized least squares based on the estimated AGWS and in situ groundwater
changes, Ah; and Ah,, as described in Equation 8. The estimated S, and S;b values can be considered repre-
sentative aquifer parameters for the study area. The plausibility of these values further supports the validity of the
results.

m=[G"G|"'G"d ®)

Here, m consists of two elements, S, and S;b. G is a kernel matrix including Ak, and Ah, at each row. d is a row
matrix of AGWS/p. Uncertainties in estimated S, and S;b can be obtained from the covariance matrix, C,,
(Menke, 2012):

1
-M

oh ~ ele ©)

N
C,=d3[G"G]™ (10)

where e is prediction error, defined as e = d — Gm. N (=53) are the number of observations and M (=2) the
number of model parameters.

3. Results and Discussions
3.1. Mean Groundwater Level Variations

Figure 3 shows mean in situ groundwater level variations of unconfined (red) and confined aquifers (blue) in
southern Victoria. Unconfined aquifers show evident seasonal and inter-annual variations. Annual level fluctu-
ations in confined aquifers tend to be smaller than unconfined. Unconfined aquifers are directly influenced by
atmospheric pressure and precipitation, whereas confined aquifers, under high pressure from overlying layers, are
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mtesf‘:g?oeemc Victoria South Mean Groundwater Level Change less susceptible to these external influences. Specific examples for individual
SR wells can be found in Figure S4 in Supporting Information S1.
E
§ W“e'_“"'el For 2002-2010, part of “The Millennium Drought”, mean groundwater levels
£ e for both confined and unconfined aquifers show a decline, followed by re-
2 W&l (Unconfined) . . .. .
6 covery between 2010 and 2011 with increased precipitation caused by a strong
Conting lyer | - = Unconfined La Nifia (http://www.bom.gov.au/climate/history/enso/). After 2011, both
(m) -e- Confined confined and unconfined experienced a gradual decline, likely due to
Aduifer Ah, decreased precipitation and a second drought (http://www.bom.gov.au/

Well (Confined)

climate/drought/knowledge-centre/previous-droughts.shtml). More increasi

Aquitard ng and decreasing trends are seen for unconfined aquifers.
Confining layer
-0.6 T T T T T T
2002 2004 2006 2008 2010 2012 2014 2016 3.2. GRACE Derived GWS
Figure 3. Schematic illustration of unconfined and confined aquifer In Figure 4a, the black line shows ATWS estimated from GRACE data after

groundwater level changes in southern Victoria, respectively.

leakage correction via the CLD method. Annual peaks are observed during
winter mainly due to the annual cycle of precipitation. The green line shows
variations of surface water (ASW), derived from the WaterGAP model data, and the orange line shows variations
of SM (ASM), from ESA CCI SM and the EF. The annual amplitude of ASM is much larger than ASW, implying
a greater contribution to ATWS and its importance in understanding AGWS with ATWS. The summer low and
winter high are the same as other terms because of the precipitation change. Estimated AGWS obtained from
ATWS — ASW — ASM, the blue line in Figure 4a, exhibits similar variations to the groundwater level change in
the unconfined aquifer (red line in Figure 3). This finding aligns well with the previous study conducted for the
entire Victoria region (Chen et al., 2016).

We validate our AGWS data by comparing them with in situ groundwater level data shown in Figure 3. To
convert groundwater level data to groundwater storage in mass (kg/m?), the S, and S;b values obtained from
Equations 8 and 10 were used. Estimated S, and S;b and their uncertainties with 95% confidence intervals are
0.095 + 0.022 and —0.003 =+ 0.023, respectively. Both S, and S;b showed reasonable values, with groundwater
changes primarily influenced by the unconfined aquifer. Since there are no data available for S, in this region, we
compared it with the Murray-Darling Basin value (~0.1) (Leblanc et al., 2009) near the study area. Our value for
S, (=0.095) is similar, giving us confidence in the AGWS estimate for southern Victoria. A minor difference

would be expected for different regions (southern Victoria) versus the entire

GRACE(TWS)

Surface Water

&
o Soil Mglstqte

-100 | TV VNN

Groundwater

Murray-Darling Basin. Due to the coarse spatial resolution of GRACE data,
this study is limited estimating aquifer parameters averaged over the entire
study region. Estimations of S, and S;b at six sub-basins shown in Figure 1
would be plausible with finer spatial scale TWS change estimated with a
revised CLD incorporating in situ SM data (Kim et al., 2025).

The magenta line in Figure 4b represents AGWS estimated from unconfined
aquifer and confined aquifer level variations multiplied by S, and S;b

2002 2004 2006

2008

2010 2012 2014 2016 respectively, and water density. While the spatial interpolation used in the

(b) 150 o P A groundwater data set introduces smoothing that limits the detection of high-
100 frequency signals, the GRACE-derived results show strong consistency

—~ 50 with the data at lower frequencies.
% 0 The AGWS estimate for 2002-2010, overlapping the Millennium drought,
50 shows that groundwater storage decreased by about 100 kg/m? (or 10 cm
100 equivalent water thickness), and recovered to its previous level within the
In-Situ GWS (AGWS = p-Sy-Ah,+p-S,b-Ahy) period 2011-2012. After peaking in 2012, it decreased until May 20135, during
2002 2004 2006 2008 2010 2012 2014 2016 the second drought period. Groundwater storage changes from in situ levels
(magenta line) closely follow long-term variations in AGWS providing
Figure 4. (a) Time series change of total water storage (ATWS), surface confidence in our approach to combining GRACE and ESA CCI SM. AGWS

water (ASW), soil moisture (ASM), and estimated groundwater storage

change (AGWS). Vertical offsets were added to the lines to enhance the clarity

variations, on the other hand, differ in seasonal variations, due possibly to the

of comparisons. (b) AGWS estimated from ATWS — ASW — ASM and influence of seasonal barometric pressure to water level of unconfined
groundwater level multiplied by S, (estimated from Equation 8) and p. aquifer.
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Figure 5. (a) Soil moisture and Groundwater storage (GWS) in southern
Victoria. (b) GWS using Gravity Recovery and Climate Experiment
terrestrial water storage and ERAS, Global Land Data Assimilation System,
and European Space Agency's Climate Change Initiative for Soil Moisture.
Vertical offsets were added to the lines to enhance the clarity of

comparisons.

3.3. Comparison With GWS Estimates Using Model Soil Moisture Data

Many previous studies of groundwater variations with GRACE ATWS
employed SM estimates from LSM (e.g., Strassberg et al. (2007), Rodell
et al. (2009), Leblanc et al. (2009), Famiglietti et al. (2011), Munier
et al. (2012), Shamsudduha et al. (2012), Chen et al. (2016), Khaki
et al. (2018), Li et al. (2019) and Ali et al. (2021)). GLDAS and ERAS5 have
been commonly used for this purpose. However, these models have difficulty
distinguishing between unsaturated and saturated zones, potentially leading to
overestimations of SM and subsequent errors in groundwater storage esti-
mates. Figure 5a shows AGWS (gray) derived from in situ data and ASM
from ESA CCI and EF (orange), GLDAS (green), and ERAS (blue). The gray
lines are identical but placed separately to compare with each ASM. Long-
term variations in both GLDAS and ERA5 ASM closely agree with those in
groundwater storage, indicating LSM ASM would include groundwater
contributions. Figure 5b shows AGWS variations obtained using GRACE
ATWS and various ASM from ERAS (blue), GLDAS (green), and ESA CCI
incorporating EF (orange), respectively. It aligns best with in situ derived
AGWS (gray) when ESA CCI SM is used. The scatter plots and the R-squared
values for each case are provided in Supporting Information S1 (Figure S5).

3.4. Comparing Results Using GRACE Mascons

In this study, GRACE ATWS was estimated via the CLD method to suppress
spatial leakage. Mascon solutions (Save, 2020; Save et al., 2016) are nomi-

nally free of such leakage. ATWS from Mascon and CLD (Figure 6a) appear similar but in situ groundwater level

changes reveal significant differences. Applying the same approach to the Mascon solution ATWS, estimated S,
and S;b and uncertainties with 95% confidence intervals were 0.052 £+ 0.019 and —0.019 + 0.021, respectively. In
this case, S,b is negative but not significantly so. Furthermore, the estimated S, (0.052 + 0.019) is about half the

previous in situ estimate (Leblanc et al., 2009). The estimated AGWS based on Mascon ATWS (green line in

Figure 6b) shows different annual variations with reduced inter-annual variability relative to AGWS using CLD

to estimate TWS (black line in Figure 6b). This shows the importance of inter-basin leakage correction in GWS

studies with GRACE TWS.

(a) 150

50 A
04
-50
-100 A

= Mascon
100+ — CLD

2002

2004 2006 2008 2010 2012 2014 2016

(b) 150

50+
0
-50
-100 -

= GRACE(Mascon)-derived GWS
100 4| = GRACE(CLD)-derived GWS

2002

Figure 6. (a) ATWS provided by Mascon solutions (green) and constrained

2004 2006 2008 2010 2012 2014 2016

linear deconvolution (CLD) (black). (b) AGWS estimated from Mascon

solution (green) and CLD (black) ATWS after correction of ASW and ASM.

4. Summary and Conclusions

GRACE is a valuable space-based observational platform for estimating
groundwater storage changes (AGWS) providing other terrestrial water
storage (ATWS) sources are accounted for, in particular SM (ASM). ASM
from LSM has been widely employed for this purpose without robust vali-
dation. Uncertainties in LSM likely limited the quality of AGWS variations in
previous studies. Here, SM for the top 2 cm layer is taken from observations
(ESA CCI), with extrapolation to root zone depth via an EF. The original EF
approach by Albergel et al. (2008) is based on a one-layer estimation. As
pointed out in recent studies by Sehgal et al. (2024) and Ouaadi et al. (2025),
the EF parameter may vary considerably depending on soil characteristics. To
address this, the present study applies a multi-layer EF method to account for
depth-dependent variations in soil properties. The comparison between SM
estimated using the revised EF method and observations from in situ stations
confirms the robustness of the multi-layer EF method (Figures S2 in Sup-
porting Information S1). The estimated ASM differs notably from those
of LSM.

Our method of AGWS estimation, which depends solely on the observed
ATWS and ASM from space, was tested in the southern Victoria region of
Australia where extensive in situ groundwater monitoring data is available.
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Our method showed clear improvement of AGWS estimates in reproducing both seasonal and interannual
variability of in situ GWS over the analysis period when compared with conventional estimates from ERAS and
GLDAS SM. Particularly, GWS recovery from the end of the Millennium Drought, 2010, was found only in the
estimate from CCI SM. In addition, comparison of A GWS from GRACE and in situ measurements enabled
estimation of mean storage coefficients in the study region. The estimated S, for unconfined aquifers and S;b for
confined aquifer were 0.095 =+ 0.022 and —0.003 £ 0.023, respectively. Close alignment of the estimated storage
coefficients with in situ observations supports the robustness of our estimated GWS variations.

Anomalous variations of AGWS and ASM forced by climate warming were reported in many regions. In
particular, as warming persists, continuous groundwater depletion is expected and the connection between ASM
and AGWS would be altered. This study would be potentially useful to understand such changes in hydrological
response to a warming climate in major aquifers. Recent studies report long-term decline of TWS, mainly in SM
(Seoetal., 2025) and groundwater (Seo et al., 2023). Long-term decline of TWS poses serious risks in sustainable
water management and demands timely development of adaptation strategies guided by regional to global scale
water resources monitoring. However, current LSM show limited capability of reproducing long-term trends of
TWS, particularly changes in groundwater (Forootan et al., 2024). The method developed in this study can make
important contributions to improve current practices of groundwater accounting and management policies, which
have so far relied on sparse monitoring wells and simple hydrological models. This is particularly important for
heavily managed large basins, such as the Colorado River Basin of the US and the Murray Darling Basin of
Australia where non-natural redistribution and lateral transport of water exerts strong influence on sub-basin-
scale water balance.

Lastly, continuing studies on improving spatial resolution of GRACE observations (e.g. (Kim et al., 2024; Kim
etal., 2025),) and longer monitoring records in coming years will eventually broaden their applicability to smaller
catchments and enable more robust climatological assessment of the groundwater storage from GRACE.
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