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Abstract Global Positioning System (GPS) deformation measurements were combined with groundwater
level data to examine the spatiotemporal variability of groundwater storage in the Lachlan catchment located

in central New South Wales (Australia). After correcting for effects of glacial isostatic adjustment, non-tidal
oceanic and atmospheric loading as well as hydrologic loading using existing models, we show that the seasonal
and interannual variability of ground deformation and hydraulic head level data, extracted using wavelet
time-frequency analysis, exhibits an in-phase behavior, indicating that the observed surface deformation is the
poroelastic response to groundwater pressure change in aquifer system. Combination of GPS displacement

and groundwater level change enables the estimation of elastic skeletal specific storage coefficients, which
were then used for estimating groundwater storage changes. The estimated groundwater storage changes

clearly reflect the four climate events of the Lachlan catchment since 1996: (a) the Millennium drought over
1996-2009, (b) the 2011-2012 La Nina and two significant floods in 2012 and 2016, (c) the drought conditions
from mid-2017 to late-2019, and (d) the return of La Nina conditions since early 2020. We also found annual
and long-term groundwater storage variations of respectively ~ 25 + 2.7GL and ~ —5 + 0.57 GL/yr over

the period 2012-2021. Moreover, we show that groundwater level fluctuations can be predicted from GPS
displacement measurements and storage coefficients with sufficient accuracy (80% correlation and 70% RMS
reduction when compared in terms of seasonal cycle). This study provides essential information that can
contribute to future groundwater planning, management, and control over the Australian continent.

Plain Language Summary Groundwater extraction or recharge changes the height of the Earth's
surface, which can be obtained from displacement measurements derived from Global Positioning System
(GPS). We combined the GPS displacement measurements over the Lachlan aquifer, located in central New
South Wales (Australia), with the groundwater level change to study groundwater storage variation. The
estimated groundwater storage changes reflect the major climate conditions over the area since 1996 such

as the Millennium drought and the significant La Nina events in 2011 and 2020. We further analyze the
aquifer response to the rainfall and found a delay ranging from 3 weeks to 2 months between the rainfall and
groundwater wells levels, depending on the depth of the aquifer.

1. Introduction

As the largest freshwater resource on Earth, groundwater is a critical resource for agricultural irrigation, urban
and regional living, and industrial and mining activities (Alley et al., 2002; Zektser & Everett, 2004). Conse-
quently, an accurate assessment of groundwater changes and availability is crucial as the demand for water
resources increases due to socioeconomic developments and climate change (Doll, 2009). Reliable monitoring
of groundwater storage changes is essential to identify vulnerable areas experiencing groundwater shortage and
to establish a sustainable water management plan, especially in arid/semi-arid areas. The monitoring supports
research on groundwater-dependent ecosystems, defined as ecosystems that require access to groundwater to
meet the water requirements for maintaining the communities of plants and animals, their ecological processes
and ecosystem services (Clifton et al., 2007).

In Australia, an increasingly dry continent with severe climate events (Hobday & McDonald, 2014), the impor-
tance of groundwater is particularly pronounced as it is the driest inhabited continent on Earth. The limited
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surface water availability across most regions affects agriculture, energy generation, cities and ecosystems
(Harrington & Cook, 2014). Increasingly dry climatic conditions, and the consequent reduction in surface water
over the past decades, have caused increasing pressure on groundwater resources. Groundwater is widely used
as the main source of drinking water for many cities on this continent and it is also an important water source
for a wide range of other purposes such as irrigation, agriculture, and industrial use (Magee, 2009). Over the
past 80 years, Australian climate data shows warming over most areas (except the inland north-west), increasing
rainfall over northern, central and north-western Australia, and decreasing rainfall in eastern, south-eastern and
south-western Australia (Barron et al., 2011). From 1996 to 2009, Australia (the southern Murray—Darling Basin,
in particular) experienced a prolonged drought—the so-called Millennium drought. For most areas, the average
rainfall decreased by more than 20% (Chiew & Prosser, 2011; Van Dijk et al., 2013). These severe climate change
events and rapid population growth put tremendous stress on aquifer systems, resulting in groundwater storage
loss in the affected areas (Dol et al., 2012, Famiglietti, 2014).

Satellite geodetic observations can be used to monitor groundwater storage variations indirectly. The Gravity
Recovery and Climate Experiment (GRACE; Tapley et al., 2004) satellites mission and its successor GRACE
Follow-On (Landerer et al., 2020), have been measuring variations in Earth's gravity field caused by mass redis-
tribution within the cryosphere, atmosphere, hydrosphere and the solid Earth. These observations, in conjunction
with hydrological models which provide other water storage components such as soil moisture, have been widely
used to study groundwater storage changes (e.g., Famiglietti et al., 2011; Ojha et al., 2019; Richey et al., 2015;
Rodell et al., 2009; Tregoning et al., 2012). However, the main challenges regarding this data set are both the
coarse spatial resolution (~300 km) and the monthly estimates. Interferometric Synthetic Aperture Radar InSAR)
also has been widely used to study groundwater storage changes. InSAR is frequently used to measure surface
deformation over aquifers due to groundwater changes as well as to study the mechanical properties of the aquifer
systems (e.g., Amelung et al., 1999; Bell et al., 2008; Chaussard et al., 2013; Miller & Shirzaei, 2015; Motagh
et al., 2008; Ojha et al., 2018). Global Positioning System (GPS) is another geodetic tool measuring ground
deformation that can also estimate groundwater storage changes when used in conjunction with groundwater level
data (Ojha et al., 2019).

Depending on the mechanisms driving the surface deformation in a region, the 3D surface displacement measure-
ments from GPS may be caused by different processes such as glacial isostatic adjustment, atmospheric loading
and various hydrologic processes. In our study area, after accounting for the effects of glacial isostatic adjust-
ment and non-tidal atmospheric and oceanic loading, one may assume that the remaining deformation derived
from GPS data is associated with two distinct hydrologic processes (see Argus et al., 2017): (a) elastic loading
of Earth's crust due to changes in terrestrial water storage and (b) poroelastic deformation of Earth's surface on
top of aquifers due to variation in groundwater storage. The former is described by Earth's elastic deformation
by surface loads (Farrell, 1972), while the theory of poroelasticity can explain the latter, which relates the pore
pressure change within the aquifer system to the corresponding surface deformation (Poland & Davis, 1969;
Wilson & Gorelick, 1996).

Poroelastic deformation results from fluid pressure change in the aquifer systems due to pumping or recharge
activities. In the case of aquifer recharge, whether natural or through injection, pore pressure increase causes an
uplift of the Earth's surface. In the case of groundwater extraction, such as pumping, land subsidence occurs due
to pore pressure decrease and aquifer system compaction (Poland & Davis, 1969; Wilson & Gorelick, 1996). Note
that this is the opposite sense of the elastic loading effect, which shows subsidence as a response to an increase in
water load and uplift due to unloading (Amos et al., 2014; Argus et al., 2005, 2017; Argus, Fu, et al., 2014; Argus,
Peltier, et al., 2014). This is further explained schematically in Section 4.2 for the case of using GPS vertical
displacement in response to surface loads and groundwater storage changes.

Moreover, while the elastic loading response of the Earth's crust happens at large spatial scales, poroelastic defor-
mation is a much more localized effect and occurs mainly above the aquifer (see Figure 4 of Carlson et al. (2020)
for a comparison of these two processes in the Central Valley, California). Thus, the surface deformation signal
associated with these two hydrologic processes is characterized by distinct spatial features.

GPS deformation measurements have been used extensively to examine and monitor changes in terrestrial water
storage using the elastic loading theory (e.g., Argus, Fu, et al., 2014; Argus, Peltier, et al., 2014; Argus et al., 2017;
Fuetal., 2015; Han & Razeghi, 2017; Horwath et al., 2010; Ouellette et al., 2013; Razeghi et al., 2019; Van Dam
et al., 2007). In these studies, GPS stations that exhibit poroelastic behavior, including those stations directly
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above aquifer systems like Central Valley are excluded from the analysis so that terrestrial water storage vari-
ations causing the elastic loading can be estimated. In principle, if there is access to estimates of groundwater
storage change and aquifer system mechanical properties, one could compute the poroelastic deformation above
the aquifer, remove its contribution from GPS measured deformations and use the GPS residual signal to study
the water storage changes using the elastic loading theory. Conversely, if one is interested in studying ground-
water storage variation using surface deformation data above an aquifer system, the elastic deformation due to
changes in water storage components should first be removed from the GPS time series. This paper deals with
the latter case.

In this study, vertical GPS displacement over the Lachlan catchment (located in central New South Wales,
Australia) and groundwater level variations are used to study groundwater storage changes. Poroelastic deforma-
tion due to groundwater storage changes in the aquifer systems is isolated from GPS vertical deformation measure-
ments by removing effects such as non-tidal atmospheric and oceanic loading, deformation due to soil moisture
changes above the aquifer systems, glacial isostatic adjustment, and elastic loading caused by hydrologic surface
loads outside the aquifer system (denoted as the “far-field” loading effect). The residual vertical displacements
are combined with groundwater level changes to calculate the storage coefficient and specific storage over the
aquifer. Groundwater storage change during different climate events across the Lachlan catchment are assessed
using the estimated storage coefficient and observed groundwater level fluctuations. We also investigate the
ability of the method to predict hydraulic head level fluctuations in both time and space domains from GPS
deformation estimates.

This paper is structured as follows. Section 2 describes the study area. Data sets used in this study are introduced
in Section 3. The methods for estimating the mechanical properties of aquifer systems and groundwater storage
changes from GPS deformation and hydraulic head level measurements are presented in Section 4. Results and
numerical experiments are presented in Section 5. We investigate various issues such as groundwater recharge
from precipitation, groundwater storage changes over specific climate events such as La Nina, prediction of
groundwater level changes, and dependence of the storage coefficient variability to the distance between GPS
stations and groundwater wells. Discussion and conclusions are presented in the last two sections.

2. Study Area

The Lachlan catchment (indicated by the blue border in Figure la) is located in central New South Wales,
Australia. It includes a semi-arid river system, west of the Great Dividing Range (green line in Figure 1d), and
forms part of the Murray-Darling Basin (yellow area in Figure 1d). It covers around 90,000 km?, which is about
8% of the Murray—Darling Basin, stretching across four States—Queensland, New South Wales, Victoria, and
South Australia, and contributes substantially to Australia's agricultural production. Wyangala Dam (indicated by
WD in Figure 1a), on the Lachlan River (east to west dashed line in Figure 1a), is the Lachlan Valley's major water
storage facility and provides water for town water supplies, irrigation, stock and domestic use, industry, and envi-
ronmental flows. The Lachlan River begins in the Great Dividing Range, flows north-west into Wyangala Dam,
and streams nearly 1,400 km across western NSW. The Lachlan River system and its floodplain are the main
topographic features of the Lachlan catchment. Its elevation decreases from east to west from 1,400 to 1,465 m.
The catchment experiences a considerable temperature gradient from east (cooler and wetter) to west (hotter and
drier), varying from — 9°C in winter to + 46°C in summer. The average annual rainfall of the catchment varies
from 860 mm in the eastern part of the catchment to around 300 mm in the western part (Kolstad, 2018).

Based on the Murray—Darling Basin Plan in 2012 (MDBA, 2012), the Lachlan Alluvium Water Resource Plan
area shown by red border in Figure 1a is composed of three resource units: the Lower Lachlan Alluvium (indi-
cated by LL in Figure la), the Upper Lachlan Alluvium (Figure 1b) with an area of ~28,000 km?, and the
Belubula Alluvium (Figure 1c) covering ~180km?.

The Belubula Alluvium is comprised of clay, silt, sand and gravel to a depth of less than 40 m. Its groundwater is
generally unconfined/semi-confined and is hydraulically connected to the Belubula River (the dashed line within
Belubula in Figure 1¢). The dominant recharge processes are direct rainfall infiltration, leakage from the Belubula
River and overbank floodwaters through infiltration (Kolstad, 2018).
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Figure 1. (a) Catchment boundary (blue border) and its groundwater unit resources Upper Lachlan and Belubula (red
border). WD and LL indicate Wyangala dam and Lower Lachlan, respectively and the east to west dashed line is the Lachlan
River. (b) Upper Lachlan groundwater resource within the catchment. (c) Belubula groundwater resource within Lachlan
catchment. The dashed line within Belubula region is the Belubula River. (d) Study area (red rectangle), Murray-Darling
Basin (yellow area), and Great Dividing Range (green line) within Australian continent.

The Upper Lachlan Alluvium includes sands and gravels within the alluvial sediments. It comprises two main
aquifer systems: a shallow aquifer system to depth of between 35 and 60 m, and a deep aquifer system up to a
maximum of 150 m depth. The shallow aquifer system is in a hydraulic connection with the Lachlan River. The
dominant recharge processes are direct rainfall infiltration, leakage from the Lachlan River and overbank flood
waters through infiltration (Kolstad, 2018).

The Lower Lachlan Alluvium is comprised of sands and gravels within the alluvial sediments. It is divided into
two main aquifer systems: a shallow aquifer system to depths of between 55 and 90 m, and a deep aquifer system
up to a maximum depth of 400 m. Groundwater flow direction in the deep aquifer is generally toward the west.

This study focuses only on the Belubula and Upper Lachlan, due to a sparsity of observations for the Lower
Lachlan in terms of both GPS stations and groundwater wells.

3. Data Sets

We use the daily vertical GPS displacement time series provided by the Nevada Geodetic Laboratory (Blewitt
et al., 2016). The displacements due to solid Earth tide and ocean tide loadings have already been removed from
these measurements. Offsets due to non-geophysical and geophysical causes are corrected by fitting a linear
trend, annual and semi-annual sinusoids, and a Heaviside step function applied at the offsets' epochs (http://
geodesy.unr.edu/NGLStationPages/steps.txt). GPS stations' information including their 4-character ID and the
corresponding coordinates are listed in Table S1 in Supporting Information S1.

To isolate changes in vertical surface deformation due to poroelastic aquifer compaction/expansion, changes
induced by other effects must be removed from the observed GPS displacement. In our case study, corrections
are applied to account for deformation caused by the following effects: (a) change in soil moisture load across
the catchment, (b) non-tidal atmospheric and oceanic loading, (c) glacial isostatic adjustment, and (d) far-field
loading effect due to terrestrial water storage changes beyond the catchment.
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For the soil moisture loading correction, we use root zone soil moisture data (down to one m) provided by
NASA Global Land Data Assimilation System (GLDAS) Catchment Land Surface Model (CLSM). This model
is obtained from an assimilation of GRACE gravity measurement into GLDAS-2.2 CLSM, and simulations are
available from 1 February 2003 (Li et al., 2019). The displacements due to soil moisture loading have been esti-
mated using the Green's functions of elastic deformation from Farrell (1972).

The second correction is computed using non-tidal atmosphere and ocean geopotential coefficients, GAC RL06
(Dobslaw et al., 2017). The data are given in terms of spherical harmonics coefficients of geopotential, and
the corresponding displacement has been calculated based on Load Love Numbers using elastic loading theory
(Farrell, 1972).

We used the RLO6 Center for Space Research (CSR) GRACE/GRACE-FO mascon data product for the
far-field effect. Save et al. (2016) used level-1B data to construct a high-resolution global mascon solution from
GRACE/GRACE-FO data. The mascon solutions provide total water storage (TWS) changes expressed in terms
of Equivalent Water Height, and they are corrected for GIA using the ICE-6G_D (VM5a) model (Argus, Fu,
et al., 2014; Argus, Peltier, et al., 2014; Peltier et al., 2015, 2018) and include ocean bottom pressure (GAD prod-
uct) for oceanographic studies. We removed the GAD product from the CSR mascon solutions (to make them
consistent with the GPS displacement in terms of signal content) and used the TWS data for the area beyond
our catchment of interest. We considered a box containing the Lachlan catchment with approximately three
degrees buffer as the “near-field,” and the Australian continent beyond this box as the “far-field.” Then, vertical
elastic deformation was computed from TWS changes over the far-filed area using the Green's functions of verti-
cal displacement and load Love numbers from Preliminary Reference Earth model (PREM) (Bevis et al., 2016;
Farrell, 1972; H. Wang et al., 2012). Using a box of approximately six degrees to distinguish between the near-
and far-field resulted in less than ~5% difference in residual vertical displacement. Due to a dry climate and
limited sources of surface water, the area relies mostly on groundwater (Kolstad, 2018). Therefore, soil moisture
has been considered as the only hydrology signal for the near-field and loading from surface water has been
treated as a negligible effect. However, using TWS changes in the far-field helps to remove the elastic loading
deformation caused by all the hydrological signals beyond the catchment.

Although small in magnitude, we remove any glacial isostatic adjustment deformation in our study area using
the ICE6G-D GIA model developed by Peltier et al. (2018) to be consistent with the far-field deformation effects
derived from the GRACE CSR mascon solutions. We refer to Riddell et al. (2020) for a comprehensive study of
GIA effects and the corresponding land motion over the Australian continent.

For the piezometric level observation, the study uses data from both the Bureau of Meteorology (BoM) of
Australia, and Water New South Wales (WaterNSW). About 300 groundwater wells are available at both organ-
izations over and around the study area. Groundwater level information are presented in terms of standing water
level which is measured from the reference point on the bore (e.g., the top of casing) to the groundwater level.
Positive values are below the reference point and negative values are above the reference point. The sample rate
varies between the wells, from days to sub-seasonal observations, and they are available mainly from 1980.

4. Methods
4.1. Groundwater Storage Changes Using Ground Deformation and Hydraulic Head Level Data

The theory of poroelasticity relates pore fluid pressure change to the deformation of the elastic skeleton. Changes
in the volume of water residing within the pore spaces can cause changes in effective stress, which manifests as
aquifer compaction/expansion and land surface deformation (Poland & Davis, 1969; Wilson & Gorelick, 1996).
The resultant deformation can be elastic and/or inelastic, with elastic indicating the recoverable component and
inelastic resulting when the new effective stress is larger than that of the previous maximum or the so-called
pre-consolidation stress. This type of deformation (compaction) is permanent.

In an aquifer system, total stress (o) in any depth is (Helm, 1978):

or =0+ P, ey
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GPS Loading: Unloading: where o, is the effective stress and p is pore pressure. Assuming the weight of
Receiver Subsidence for GPS Uplift for GPS

' _Earth Surface

Figure 2. (a) Surface deformation response to Earth surface and underground

W

overlying sediment is constant over time, we have (Terzaghi, 1925):

'''' do. =dp=pgdh, @
where p is the density of the pore water and g is the acceleration due to gravity.
This means that the changes in effective stress can be determined by meas-
uring or simulating hydraulic head (dA) variations (Poland & Davis, 1969).

Aquifer compressibility « is defined as:

Aquifer extraction: Aquifer recharge:
Subsidence for GPS Uplift for GPS

o= dH _ dH 3
do.b  dhpgh’ &

where dH is the vertical change of ground deformation and b5 is the aquifer
thickness. We use this component to estimate two important aquifer system
coefficients, namely, specific storage .S

Sy = pga, “

which is the unit volume of aquifer water released from storage for a unit

changes: (b) Global Positioning System (GPS) reflects subsidence in response decline in the hydraulic head level (Lohman, 1970) or the capacity of the
to Earth surface loading, (c) GPS shows uplift when the load is vanishing, aquifer to release water from or take water into storage when water level

(e) GPS response of subsidence due to aquifer extraction or pumping, and (f)

changes, and storage coefficient Sy

GPS reflects uplift due to aquifer recharge. Panes (b and c¢) are associated with
the elastic hydrologic loading of Earth's crust (which the black arrows are S, = S.b )
representing the direction of the load), while panels (e and f) are related to the o

poroelastic deformation due to groundwater storage changes above aquifers.
Note that the presented deformations are not to scale.

which is volume of water taken into or released from storage per unit decline
in hydraulic head, per unit area (Todd, 1980) or the percentage of pore space
in the aquifer. By substituting Equations 3 and 4 into Equation 5, the storage
coefficient is derived to be the ratio of ground deformation due to aquifer
change to groundwater level change of the corresponding aquifer:

dH

Sk=a.

(6)
The water being exchanged is derived from two processes; expansion or compression of the material that results
from a change in effective stress and expansion or compression of the fluid caused by a change in pore-fluid pres-
sure. The fluid responses will be translated from the hydraulic head of groundwater wells and the corresponding
response on the surface height can be measured using GPS vertical displacement (Sneed & Galloway, 2000).

The groundwater storage (or volume) variation dV is then estimated using the storage coefficients by Davis (1982):
dV = AXdhx Sy =AxXdhXxSsb, @)

where A represents the area associated with d/ over the aquifer. Note that once we compute the storage coefficient
from ground deformation and groundwater level change (Equation 6), the groundwater level data alone can be
used to estimate groundwater volume change (Equation 7).

4.2. GPS Response to Surface Loads and Groundwater Storage Changes

GPS measures the surface deformation response due to surface loading and poroelastic deformation above the
aquifer systems. In the case of Earth elastic response to surface loads (e.g., atmospheric, oceanic, and hydrologic
loading), surface deformation represents a subsidence signal due to load (Figure 2b). When the load is removed,
the surface uplifts in response to the unloading (Figure 2c). In the case of groundwater storage changes, if an
aquifer is experiencing water extraction (water pumping), pore pressure decreases and the aquifer will undergo
compaction. The surface deformation response to compaction is subsidence (Figure 2e). In the case of aquifer
recharge, pore pressure increases and the surface will uplift due to the corresponding expansion (Figure 2f).
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Figure 3. Data set location: 15 Global Positioning System (GPS) stations and ~300 groundwater wells over and around the
Lachlan catchment, Upper Lachlan and Belubula groundwater resources. Narrandera, GFEL, and CNDO stations will be
analyzed in Section 5.1 and Griffith (GFTH) station will be used in Section 5.3.

To isolate the poroelastic deformation from GPS vertical displacement in our study area, we need to remove the
other effects as follows:

dzpor = dzgps — (dZela + dzyis) ®)

where dz,,, is poroelastic deformation due to groundwater variation, dzgps is GPS vertical displacement meas-
urement, dz., is the elastic loading deformation (which includes the non-tidal atmospheric and oceanic loading,
hydrologic loading due to soil moisture in the near-field, and the elastic loading due to TWS changes in the
far-field), and dz.; is viscoelastic deformation attributed to GIA.

5. Results

Figure 3 shows the location of 15 GPS stations (black triangles) and ~300 groundwater wells (purple circles) over
and around the study area. 8 GPS stations available over Upper Lachlan and Belubula (red boundary) within the
Lachlan catchment (blue boundary) are used for estimating the groundwater storage changes. GPS deformation
estimates mostly date from 2012 while groundwater levels are available from 1980.

5.1. Poroelastic Deformation

As discussed above, it is necessary to isolate the vertical displacement associated with poroelasticity from the
total measured deformation. Figure 4 shows the result of this analysis for the Narrandera (NDRA) GPS station:
GIA-corrected vertical displacement measurements (blue) and vertical displacement due to non-tidal atmos-
pheric and oceanic loading (red), soil moisture loading in the near-field (yellow), and TWS loading in the far-field
effects (purple). The total correction used to isolate the poroelastic deformation from GPS vertical displacement
is represented by the green time series in Figure 4. The cyan time series represents the residual deformation after
applying the total correction indicating poroelastic deformation due to groundwater changes. While seasonal
behavior mainly characterizes the total correction from elastic loading models, the residual deformation repre-
sents seasonal and interannual variability which are likely caused by groundwater level changes in the aquifer
systems. In the remainder of the paper, we refer to the residual deformation as the poroelastic deformation.

We compared the original GIA-corrected deformation and poroelastic deformation time series with nearby
groundwater level data (~20-30 km away from the GPS station) for the case of three GPS stations in Figure 5:
NDRA, GFEL, and CNDO. The GIA-corrected deformation measurements and poroelastic deformation are
shown in blue and cyan, respectively, and groundwater level changes are shown in red. The spatial maps on the
right-hand side of Figure 5 show the location of corresponding GPS stations and wells in blue rectangles. Positive
values in groundwater level fluctuations indicate higher hydraulic head levels and vice-versa. As can be seen,
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Figure 4. Isolating poroelastic deformation in Narrandera vertical Global Positioning System (GPS) displacement. Blue
time series is GIA corrected vertical displacement measurement, red is displacement due to non-tidal atmospheric and
oceanic loading, yellow shows the displacement due to the soil moisture loading in the near-field, and purple time series is
the displacement due to total water storage loading in the far-field. Total correction in green is the summation of timeseries
shown in the second panel from top. Cyan timeseries is the residual deformation obtained after removing the total correction
from GIA-corrected GPS deformation. The residual displacement represents the poroelastic deformation due to groundwater
changes.

the original deformation measurements and groundwater level changes do not show a notable common behavior,
particularly in terms of phase. In contrast, the poroelastic deformation show an in-phase behavior with ground-
water level fluctuations. The uplift (subsidence) signal is associated with an increase (decrease) in groundwater
level. In addition to the clear in-phase seasonal signal, we also observe good agreement between the interannual
variability in poroelastic deformation and hydraulic head level changes. For example, note the long-term subsid-
ence and the associated drop in groundwater level from 2017 to late 2019 in the case of NDRA station. This could
be related to severe drought that impacted Australia over this period (NSW Department of Planning, Industry
& Environment, Lachlan Valley Snapshot 2017 to 2020 Drought). Note that although the level of agreement
between poroelastic deformation and groundwater level changes is different for the three GPS stations shown in
Figure 5, it is always the case that after applying the corrections, the correlation between GPS vertical deforma-
tion and groundwater level changes increases.

5.2. Time-Frequency Analysis of Seasonal Deformation and Groundwater Level

Since the time series of poroelastic deformation and hydraulic head level fluctuations (see Figure 5) are mainly
characterized by seasonal behavior, we examined the agreement between the two signals at the seasonal times-
cale. The seasonal amplitude of deformation and groundwater level changes appear to vary from year to year,
which cannot be adequately assessed using a conventional Fourier analysis. Instead, we used the continuous
wavelet transform (CWT; Torrence & Gilbert, 1998) to examine the time-variable seasonal cycle in the poroe-
lastic deformation and hydraulic head level data. Figure 6 presents the wavelet time-frequency representation
(known also as spectrogram or scalogram) of the NDRA GPS station's poroelastic deformation and groundwater
level changes from two nearby wells (~20 km distance between the wells and the GPS station). The wavelet
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Figure 5. Comparison of vertical displacement measurements (original deformation: blue time series with 4-character ID
indicating the Global Positioning System (GPS) station name; poroelastic deformation: cyan time series with 4-character
ID-R) with groundwater well level change in red. The maps in the right-hand side show the location of GPS stations and the
wells. The poroelastic deformations represent in-phase and similar behavior with groundwater level fluctuation.
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Figure 6. Time-frequency representation of (a) poroelastic deformation from Narrandera (NDRA) Global Positioning
System stations and (b and c) head level changes from two nearby wells, obtained using the continuous wavelet transform.
Note that all timeseries indicate a clear and large annual signal.

time-frequency representation shows that the maximum power of the signals happens at the annual timescale
consistently for deformation and groundwater level data.

Applying an inverse CWT using wavelet coefficients corresponding to the period of 0.8—1.2 years (which is
where the maximum power can be seen in Figure 6), we extracted the annual cycle of poroelastic deformation
and hydraulic head level signals. Figure 7 compares poroelastic deformation (left panels) and its annual compo-
nent extracted by inverse CWT (right panels) with hydraulic head level fluctuations from two nearby wells
(GW040862 and GW036369) in top and bottom panels. The time-variable annual amplitude of both deformation
and head level time series is identified using the wavelet time-frequency analysis and shows near-perfect agree-
ment in terms of phase. Since the annual cycle of deformation and hydraulic head level changes constitutes most
of the signal power and also significantly reduces the high-frequency noise (particularly in deformation time
series), we used the extracted annual cycle to study the stress-strain relation between the fluid and solid varia-
tion (i.e., hydraulic head level changes vs. deformation). The results shown in Figure 7 (middle panels) reveal a
relatively linear response of poroelastic deformation (obtained after applying the elastic loading corrections) to
groundwater level fluctuation. The slope of the best-fitting line in this analysis represents the storage coefficient
S (see Equation 6). The storage coefficients derived from coupling the GPS station with the two nearby ground-
water wells differ by less than 3%. In the next subsection, we investigate the sensitivity of the estimated storage
coefficient to the distance between GPS stations and groundwater wells and the corresponding uncertainty of
different coupling scenarios.

5.3. Model Uncertainty

The aquifer system storage coefficients are estimated from pairs of GPS stations and groundwater wells using
Equation 6. Depending on the distance between GPS station and the groundwater well, the variation in mechani-
cal properties of the aquifer system over such distances results in different storage coefficients and, consequently,
groundwater storage estimates. The uncertainty introduced by this effect (denoted as model uncertainty) is exam-
ined here.

We first considered the Griffith (GFTH) and NDRA GPS stations, separated by ~80 km, and the eight nearby
groundwater wells to examine the sensitivity of storage coefficients to the pair of GPS stations and groundwater
wells used for estimating them (Figure 8). Figure 8a shows the storage coefficient for each well estimated using
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and poroelastic deformation, with the red line indicating the best linear fit obtained using least-squares. Slope of the linear fit represents the storage coefficient .Sy (see

Equation 6), which is very similar for the two groundwater well data.
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groundwater wells; (a) estimated storage coefficient for each pair of groundwater well and GPS station, (b) locations of GPS stations and groundwater wells.
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the poroelastic deformation from either GFTH (red line) or NDRA (blue line) GPS station. Despite varying
distances from 20 to 60 km between the pairs of wells and GPS stations, we see that the estimated storage coef-
ficients are very similar and differ by less than 10~'* difference (except for well #3).

As the next step, we considered four different scenarios to couple each groundwater well with one or more nearby
GPS stations: (a) Using the nearest GPS station to each well or using all the GPS stations within (b) 45 km, (c)
55 km, and (d) 65 km distance from each well. Note that in scenarios (b—d) the number of estimated storage
coefficients for each well is equal to the number of GPS stations considered. The storage coefficient estimated
for each well in scenario (a) and the average of storage coefficients in scenarios (b—d) were then used to compute
groundwater storage variations. We investigate the robustness of this approach to study groundwater in the Lach-
lan catchment by examining the differences among the four sets of storage coefficients and groundwater volume
changes.

We estimated the storage coefficient associated with each groundwater well for the four scenarios and obtained
the spatial map of storage coefficients on a regular grid of size 0.05° using a Delaunay triangulation technique
combined with linear interpolation. We assumed a constant head level change of +4 m for all wells. The head
level change multiplied by the corresponding storage coefficient for each well was similarly interpolated onto the
same regular grid as above. Groundwater storage change was then computed by multiplying this value with the
area of each grid cell (see Equation 7). Figure 9 shows the spatial maps of storage coefficients (middle panels)
and groundwater storage changes (right panels). Note that the first row of Figure 9 (middle and right panels)
shows the storage coefficients and groundwater storage changes for the “nearest” scenario and the last three rows
represent the spatial maps of the difference between the “nearest” and other scenario. We also show the number
of GPS stations used to estimate the storage coefficient for each well for different scenarios (left panels).

We see a significant variability in the number GPS stations associated with each groundwater well for different
scenarios. Most of the groundwater wells in scenarios (b), (c), and (d) are coupled with 1, 2, and 3 GPS stations,
respectively. Despite such notable differences among designed scenarios, the total groundwater storage variation
of Upper Lachlan and Belubula for scenarios (a) to (d) are 340.88, 350.89, 345.88, and 381.00 GL, respectively,
indicating a difference of ~10%.

We also computed the standard deviation of the storage coefficient for each groundwater well from the values
estimated for different scenarios and propagated them to obtain an error estimate of the groundwater storage
change. The result illustrated in Figure 10 shows a maximum error of ~ 0.2 GL, which accounts for ~10% of the
signal (similar to the difference among various scenarios presented above). These results demonstrate the robust-
ness of the method employed in this paper to study groundwater storage variation in the Lachlan catchment. For
the analyses presented in the remainder of the paper, we used scenario (a) (i.e., using the closest GPS station to
each well) to estimate groundwater storage change and estimated the corresponding model uncertainty based on
the standard deviation of storage coefficients obtained from the four scenarios.

5.4. Storage Coefficient and Specific Storage in the Lachlan Catchment

Combining the groundwater level fluctuations with poroelastic deformation from the nearest GPS station, aquifer
system storage coefficient can be estimated using Equations 5 and 6. Figure 11 shows the spatial maps of the
storage coefficient (top panel) and specific storage (bottom panel) of the Upper Lachlan and Belubula within the
Lachlan catchment. To estimate specific storage, the study uses corresponding alluvium thickness, varying from
15 to 400 m, provided by Kolstad (2018) as part of a governmental report explaining the national plan for ground-
water resources of Lachlan catchment. The storage coefficient shows significantly larger values in the southern
region of the catchment relative to the northern part, likely indicating, among others, different mechanical prop-
erties of the aquifer system in these regions (Kolstad, 2018).

5.5. Impact of Various Climate Events on Groundwater Storage Changes in the Lachlan Catchment

We computed the catchment-averaged groundwater volume change for Upper Lachlan and Belubula. The
catchment-averaged values were obtained by first multiplying the groundwater level changes with their corre-
sponding storage coefficients, then taking the average for all the time series at each epoch, and finally scaling
the obtained value with the total area of the Upper Lachlan and Belubula (28,000 + 180 km?). The computed

RAZEGHI ET AL.

12 of 24

85U8017 SUOWILIOD @A 181D 8|l dde au3 Aq peusenob aie Sa(ole YO ‘@SN 0 Sa|nJ o AXiq1T8UlUO A8]IA UO (SUO N IPUOD-PU-SWB) L0 A3 1M Afelq 1 [eul U0/, :SdNY) SUORIPUOD Pue SWB | 8U188S *[G202/80/TE] U0 AriqITauIuO AB|IM ‘|10UN0D Lo1easay [e9IPBIN PUY L3[eeH [eUOIeN AQ 699Y208r2202/620T OT/I0p/w0o A8 mAreiqiputjuosqndnfe//sdiy wo.y pepeo|umoq ‘ZT ‘2202 ‘95E669T2



NI Journal of Geophysical Research: Solid Earth 10.1029/2022JB024669

ADVANCING EARTH
AND SPACE SCIENCE

Nearest
3001 (q) (b) S GWS volume change GL
LS 0.02 w 2
P : oy 3
201 33 . '
0.015 & ; 15
oo sl " e -9 [ 5 : N
. g — g e QN 2
0.01 2 5 1
Nearest I X
I+ o
100} - v Yogng L 0.005 ! { 0.5
-34.5 fes, ;
il A . 5 ()] [
146.5 147 1475 148 1485 149 146.5 147 1475 148 1485 149
0 H H H H
0 1 2 3 4
#of GPS
180 Distance <= 45 km f
(d) ( ) GWS volume Lo,
160 Z ’
-33 0.15
140 -33
0.1
120 Tubigst
-33.5 s 0.05
= -33.5 Ungarie
— 2 100
<=45 £ = b
3 et
2 80 . a4l 0.05
60 0.1
“oF -345 % 345 0.15
2ol Congunds o ‘02
147 1475 148 1485 149 147 1475 148 1485 149
0
0 1 2 3
# of GPS station
Distance <= 55 km
180 i
(9) (i) GWS volume ch oL,
160 ’
0.15
140 -33 -33
0.1
120
Tutmigen
3 100 -33.5 335 aug g 0.05
e o
<=55 = & i 0
K
w 80 34 aal e -0.05
60 0.1
40 -34.5 345 -0.15
" ses Conhunds fingers : 02
146.5 147 1475 148 1485 149 147 1475 148 1485 149
0
# of GPS station
i <=
180 () Distance <= 65 km (|)
GL
160 ) e
& 0.15
140 33
0.1
120 ges
3 100 -33.5 0.05
1 ungare
<=65 3, hY; :
* 34| T -0.05
00 0.1
40 -34.5 0.15
20 Coonundts 02
147 1475 148 1485 149 147 1475 148 1485 149
0
1 2 3 4
# of GPS station

Figure 9. Left column is the number of Global Positioning System stations available for the groundwater wells in nearest scenario and their 45, 55, 65 km
neighborhood (a, d, g, and j, respectively), middle column is the storage coefficient estimated over the area for the nearest scenario and using an average over each
groundwater well in their 45, 55, 65 km neighborhood (b, e, h, and k, respectively), right column is the estimated groundwater storage volume change considering 4 m
head level change for all of the wells in nearest and 45, 55, 65 km scenarios (c, f, i, and I, respectively). Note that the spatial maps in the middle and right columns of
the last three rows are the difference between the nearest and each scenario.
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Figure 10. Model uncertainty over the area indicating the error in To obtain a more detailed evaluation of the impact of four climate events, we

groundwater volume estimates due to uncertainty in computed storage computed the long-term evolution of groundwater storage change over each

coefficients. Storage coefficients uncertainty is estimated using the standard period and then used interpolation to obtain spatial maps on a regular grid of

deviation of storage coefficients from four different scenarios shown in
Figure 9 (coupling a well with the nearest Global Positioning System (GPS)
station or all the GPS stations with 45, 55, and 65 km of the well).

size 0.05° (Figure 13). The long-term change was determined by calculating
the trend of groundwater level change over each period multiplied by the
duration of the period and then multiplied by the corresponding storage coef-
ficient. We note that changing the grid size of interpolation to other values,
such as 0.1° did not result in a notable change in the spatial maps shown here.

Figures 13a and 13b show the results for the two drought events. As expected, negative storage can be seen for
both events over vast parts of the study area. The total groundwater storage loss associated with the first drought
for both regions is significantly larger than the second drought; —190 + 22 GL versus —70 + 6.8 GL for Upper
Lachlan and —0.90 + 0.1 GL versus —0.20 + 0.015 GL for Belubula. This may be partly due to the shorter dura-
tion of the second drought (2017-2019).

A significant storage increase can be seen in the area (Figure 13c) for the first wet event (2010-2011 La Nina
and flooding in 2012 and 2016). However, the second wet era (the La Nina in the last 2 years, Figure 13d) does
not replenish the area as much as the first one; 0.05 + 0.006 GL versus 0.02 + 0.0018 GL for Belubula and
70 + 6.5 GL versus 15 + 1.8 GL for Upper Lachlan, in terms of total volume change. Table 1 summarizes ground-
water storage change estimates over Upper Lachlan and Belubula for the four different climate events.

5.6. Mean Seasonal Variation and Long-Term Trend of Groundwater Storage Over the Last 10 Years
(2012-2021)

We also estimated the mean annual change and long-term trend of groundwater storage from GPS vertical
displacement and groundwater level changes over the last 10 years (Figure 14). Since 2012, the Upper Lachlan
has experienced 25 + 2.7 GL of mean annual changes in groundwater storage, while Belubula annual groundwa-
ter storage change is 0.2 + 0.0.23 GL over this period (Figure 14a). Both areas represent negative changes since
2012, showing a gradual groundwater loss of —0.02 + 0.0026 GL/yr for Belubula and —5 + 0.57 GL/yr for the
Upper Lachlan. However, as seen in Figure 14b, a few small areas show positive trends during this period, indi-
cating the spatial heterogeneity of long-term changes in the Upper Lachlan region. The largest negative trend over
the Upper Lachlan can be seen in the Jemalong irrigation area (Figure 14b; 33.75°S, 147.75°E), which might be
due to groundwater withdrawal for irrigation causing groundwater depletion. The Jemalong irrigation area covers
~900 km? of the region, and is a mixed farming area, with a rainfall of 432 mm/yr. The areas enterprises include
prime lamb and cattle production, irrigated and dryland summer and winter cropping, and irrigated lucerne and
lucerne seed production (Hill, 2000).
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Figure 11. Spatial map of storage coefficient over the Upper Lachlan and

Belubula (top) and spatial map of specific storage over the same area (bottom).
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5.7. Cross-Correlation Between Groundwater Level and Precipitation

Understanding the recharge process of an aquifer can lead to better manage-
ment of water resources. The main source of recharge for an aquifer is usually
the infiltration of the precipitation into the ground, which is a downward
flow of water, reaching the water table and adding to groundwater storage
(Healy, 2010). In this section, we investigate the groundwater response to
precipitation over the study area through evaluating the correlation and time
lags between groundwater levels and rainfall data over the last 10 years
(2012-2021).

Available data from U.S. aquifers suggest that the rates of direct percola-
tion to unconfined aquifers is about ~600 mm/yr (McMahon et al., 2011).
This rate is even slower for (semi-)confined aquifers, and in case of focused
recharge that, for instance, rainfall is transformed to streamflow, the rate
can be up to 80 mm/yr (Cuthbert et al., 2016). Thus, direct percolation of
rainwater to the deep aquifer and recharging them over months to years is
implausible (Shirzaei et al., 2019). However, rainfall can still impact deep
aquifers through pressure front diffusion, propagating meters per day (H. F.
Wang, 2017). Such a diffusion process is suggested for snow meltwater to
propagate to a depth of ~4.5 km over ~150 days, recharging groundwater at
Mt. Hood, Oregon and triggering seismicity (Saar & Manga, 2003).

For the purpose of this study, we consider three different cases over the area;
Belubula with 40 m depth, shallow layer of Upper Lachlan with 60 m depth,
and deep layer of Upper Lachlan with 150 m depth (see Section 2), and inves-
tigate the correlation and lags between groundwater level changes and precip-
itation at the three corresponding screening depths (Figure 15). We found a
3-, 5-, and 8-week delays between precipitation and peak groundwater level
at wells screened at 40, 60, and 150 m depth, respectively. This diffusion time
is consistent with a diffusivity of order 10~!* m?/s which is consistent with
the local geology (Bilge, 2012).

Figure 15 (a) gives the mean cross-correlation obtained from groundwa-
ter level data and precipitation over Belubula and shows that it takes about
3 weeks for the aquifer beneath the area (with 40 m depth) to reach maximum
recharge from rainfall. This is about 5 weeks for the shallow layer of Upper

Second
First Drought First wet era Drought| Second wet era

1 1 1

-150 L
1995 2000

2005 2010 2015 2020 2025

Figure 12. Basin-averaged groundwater volume change over Upper Lachlan and Belubula from 1996 to mid-2021. The time
series clearly shows the four different climate condition which the catchment has experienced since 1996: first drought from
1996 to 2009, first wet period between 2010 and early 2017, second drought from 2017 to late 2019, and second wet era
which started in 2020 and is still continuing.
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Figure 13. Groundwater storage change over the two drought periods; (a) Millennium drought (1996-2009) and (b) 2017 to 2019 drought. Upper Lachlan has
experienced a volume change of —190 GL for the first drought and —70 GL for the second one, these numbers for Belubula are —0.90 and —0.20 GL for the first and
second drought, respectively. Groundwater storage volume change over the two wet eras; (c) first La Nina in 2010 and 2011 plus the flooding in 2012 and 2016, and
(d) current La Nina (2020 to mid-2021). Upper Lachlan has experienced a groundwater volume change of 70 GL for the first wet period and 15 GL for the second one,
these numbers for Belubula are 0.05 and 0.02 GL for the first and second wet eras, respectively.

Lachlan with 60 m depth (Figure 15b) and about 2 months for the deeper layer of the aquifer (150 m depth)
beneath the Upper Lachlan region (Figure 15¢) in terms of responding to precipitation.

Figure 15d shows one of the groundwater wells in deep layer of Upper Lachlan (GW096088, red time series), and
the precipitation over the same well (blue bar). The 2 months delay in recharge from rainfall can be clearly seen
in late 2016 and mid-2017, as the peak happens for hydraulic head level change about 2 months later than the
precipitation maximum. However, this is not necessarily consistent every year, as some peaks in the precipitation
(e.g., early 2016) are not followed by the peak in hydraulic head level after this time.

;Z? llgs:imated Groundwater Storage Change in GL Over Upper Lachlan and Belubula for Two Droughts and Two Wet

Events

Region 1996 to 2009 drought 2010 to 2016 wet era 2017 to 2019 drought 2020 to mid-2021 wet era

Upper Lachlan —190 +22 70 £ 6.5 -70 +6.8 15+1.8

Belubula —0.90 + 0.1 0.05 + 0.006 —0.20 +0.015 0.02 +0.0018
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Figure 14. Groundwater storage volume change over the past 10 years (2012-2021); (a) mean annual amplitude which is
25 + 2.7 GL for Upper Lachlan and 0.2 + 0.0.23 GL for Belubula, (b) long-term (trend) change over the last 10 years which
is negative for both areas: — 5 + 0.57 GL/yr and — 0.02 + 0.0026 GL/yr for Upper Lachlan and Belubula, respectively.
5.8. Prediction of Groundwater Level Changes From Surface Deformation
Groundwater level changes can be predicted (modeled) using poroelastic deformation measured by GPS and
storage coefficients (see Equation 6). We first evaluated the predictability of groundwater level changes at the
seasonal timescale using the seasonal cycle of poroelastic deformation extracted using CWT. To that end, data
between 2012 and early 2017 were used to calculate the storage coefficient from only one pair of GPS and
Belubula Upper Lachlan - Shallow Layer
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Figure 15. (a) Mean cross-correlation between groundwater wells and precipitation over Belubula, showing ~3 weeks delay for recharging from the rainfall. (b)
Mean cross-correlation between groundwater wells and precipitation over shallow layers of Upper Lachlan with 60 m depth, showing ~5 weeks delay. (c) Mean
cross-correlation between groundwater wells and precipitation over deep layers of Upper Lachlan with 150 m depth, showing 8 weeks delay between the well level
changes and precipitation. (d) An example of groundwater level change time series (red) in the deep layer of Upper Lachlan compared with the precipitation over the
area (blue bar). The 2 months delay can be seen in 2016 and 2017.
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Figure 16. Prediction of the seasonal hydraulic head level change. (a) Storage coefficient calculation using data from 2012 to early 2017, using the Coleambally
Global Positioning System station (blue) and GW036574 well, well number 1 (red). (b) The location of the Coleambally GPS station and nearby wells. (c) Prediction
of seasonal hydraulic head level for GW036574 well (well number 1), the blue is the observed hydraulic head level change and red is the estimated using storage
coefficient and GPS displacement. (d) Seasonal hydraulic head level prediction for GW030348 well, well number 2. (e) Prediction of seasonal hydraulic head level
for GW030032 well, well number 3. (f) Prediction of seasonal hydraulic head level for GW036372 well, well number 4. The correlation and RMS reduction (RMS-R)

between the predicted and observed groundwater level changes are also reported.

groundwater well (Figure 16a) and then we predicted the seasonal variation of hydraulic head level for another
three wells within 70 km and one ~200 km distance from the GPS station between 2012 and 2021 using the
seasonal variation of deformation. We evaluated the spatiotemporal reliability of our prediction in time (from
2017 to 2021) and space (within 70 km). Figure 16b shows the location of Coleambally (CLMB) GPS and wells
in the area. The CLMB GPS station and the closest well (Well no. 1, GW036574) were used to calculate the stor-
age coefficient. Figures 16c—16f compare the predicted (red) and observed (blue) seasonal variation of hydraulic

head level changes for the wells nearby the CLMB GPS station.

The comparison between predicted and observed head level changes shows cross correlation larger than 90% and

RMS reductions between 50% and 75% at the seasonal timescale. The predicted head level change is representing

2-3 m of error in some cases in terms of amplitude which is consistent with the ~60% RMS reduction. Although
the distance of the Well no.4 (GW036372) to the GPS station is ~200 km, the method is still capable of predicting
the seasonal hydraulic head level changes with 90% correlation and 50% RMS reduction.

We repeated the same analysis, using the original time series of groundwater level changes (not the annual cycle).
Figure 17 shows prediction of hydraulic head level changes for Well no. 1 to 4 between 2012 and 2021. The
predictions still show a high correlation (>80%) in this case; however, the RMS reduction varies over time for

each well. For instance, well nos. 1 and 3 represent similar predicted and observed amplitudes between 2015 and

2018, while the difference between predicted and observed head level changes increases by ~20-30% after 2018.

There are also some significant differences in terms of amplitude in 2018, 2014, and 2016 for well nos. 2, 3, and

4, respectively. This can be, among others, due to the uncertainties of storage coefficients. It is worth noting that

the interannual variability in groundwater level fluctuations is accurately predicted using the poroelastic defor-

mation measurements from GPS.
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Figure 17. Same as Figure 16 but for the original groundwater level changes. As can be seen, the correlation between the observed and estimated hydraulic head level
change is still high, however, the RMS reduction (RMS-R) varies over the time.

6. Discussion
6.1. Extraction of Poroelastic Deformation From GPS Displacement Measurements

This study uses the vertical deformation from GPS to estimate groundwater storage volume change over the
Lachlan catchment. Since GPS-measured vertical displacement reflects the displacement due to various geophys-
ical processes, one needs to isolate the poroelastic displacement due to groundwater changes by removing other
effects using existing models and observations. In this study, we assumed that GPS vertical displacement is
caused by the sum of GIA viscoelastic deformation, non-tidal oceanic and atmospheric loading, hydrologic load-
ing by soil moisture in the near field and TWS in the far field, and poroelastic deformation due to groundwater
changes. Snow and surface water components are negligible in our study area (Kolstad, 2018). Moreover, vertical
deformation due to volcanic and tectonic processes is not a major effect in our case study. Depending on the study
area and geophysical mechanisms deriving the vertical deformation, the set of corrections applied to extract the
poroelastic deformation from GPS measurements could be very different. This should be kept in mind when
trying to implement the approach we present here to other case studies elsewhere.

6.2. The Uncertainty of the Applied Corrections

The estimated groundwater storage change is dependent on the models—and their uncertainties—used to isolate
the poroelastic deformation and their uncertainties. To quantify the sensitivity of our groundwater storage change
estimates to the uncertainty of the corrections (Section 4.2), we employed different GIA and soil moisture models
and compared the new estimate of the groundwater storage changes with the one presented above. New sets of
soil moisture data from GLDAS Noah Land Surface Model (Rodell et al., 2004) and the GIA model of Caron
et al. (2018) were used to isolate the poroelastic deformation. Then, the aquifer storage coefficients were esti-
mated using the new poroelastic deformation. As the next step, basin-averaged groundwater storage changes over
the area from 1996 to mid-2021 were estimated and compared with the time series given in Figure 12 (see Figure
S1 in Supporting Information S1). The RMS difference between the two time series is ~10%, demonstrating the
robustness of our groundwater storage change estimation method to the applied corrections.

Since the uncertainties of models used for calculating the corrections are not known, we are not able to propagate
them to estimate the uncertainly of groundwater storage estimates. Moreover, it should be emphasized that the
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model uncertainty examined in Section 5.3 should be considered as a lower bound for the groundwater storage
uncertainty as it does not include the impact of corrections' uncertainties.

6.3. Earth Model Uncertainty

Using Green's functions and PREM, we have calculated elastic loadings due to far-field TWS and near-field
soil moisture changes. So, another potential uncertainty source can be the Earth model's choice. To quantify the
impact of the selected Earth model into the groundwater storage volume change estimation, we used two addi-
tional elastic Earth models; ak135 (Kennett et al., 1995) and iasp91 (Kennett & Engdahl, 1991) and compared the
results with those based on PREM. The new sets of vertical elastic deformation due to far-field TWS changes and
near-field soil moisture variation were estimated using load Love numbers from ak135 and iasp91 models. Next,
the aquifer storage coefficients were calculated using the new sets of poroelastic deformation and groundwater
well data, and finally, the basin-averaged groundwater storage volume changes were estimated over the Lachlan
catchment. The RMS difference between the time series using ak135, iasp91 and that based on PREM (Figure 12)
is ~1% which shows that the choice of Earth model has little impact on the estimation of groundwater storage
volume change over the Lachlan catchment.

6.4. Elastic Loading Due To Groundwater Storage Changes

The variation of groundwater storage in the aquifer also causes elastic deformation of the Earth's crust
(Holzer, 1979). This effect was not considered in the corrections used to extract the poroelastic deformation in
the analysis presented above. Here, we perform a crude calculation to quantify the magnitude of this effect in the
Lachlan catchment. We consider a disk load (Bevis et al., 2016) at the center of the study region with the same
surface area as that of the Upper Lachlan plus Belubula and used the estimated timeseries of groundwater stor-
age changes shown in Figure 12 to calculate the elastic deformation that is caused by the groundwater changes.
The elastic deformation at the center of the disk load calculated using the PREM load Love numbers are shown
in Figure S2 in Supporting Information S1. The corresponding deformation does not exceed +0.04 mm, which
shows the negligible contribution of the groundwater component in elastic load calculation over the Lachlan
catchment.

6.5. Other Limitations of the Study

The accuracy of the storage coefficient estimated from vertical displacement and hydraulic head level change is
affected by the uncertainty of GPS vertical deformation measurements and models used to compute the correction,
as well as the pairing between GPS stations and groundwater wells. We reiterate that uncertainties of groundwater
storage estimates presented here only reflect the latter (i.e., pairing between GPS stations and groundwater wells).
Thus, they represent a conservative estimate or a lower bound for the groundwater storage uncertainties. Moreo-
ver, the spatial resolution of the groundwater storage change estimates is dependent on the density of GPS stations
and groundwater wells over the area, which resulted in disregarding the Lower Lachlan groundwater resource
area due to a huge data gap for both data sets. InNSAR technique can be used to obtain a high spatial resolution
deformation field covering the whole study area (e.g., Miller & Shirzaei, 2015; Ojha et al., 2018). This is a topic
for future research. Also, another limitation of such studies is the undersampling of aquifer properties, which
affects estimating components such as specific storage that needs accurate thickness information over the area.

7. Summary and Conclusions

We employed GPS vertical displacement time series along with groundwater head level changes to study ground-
water storage variation over the two alluvium groundwater unit resources in the Lachlan catchment: Belubula and
Upper Lachlan. In order to isolate the poroelastic displacement associated with groundwater storage changes, the
elastic loading deformation and viscoelastic deformation were removed from GPS deformation. We demonstrated
that the poroelastic deformation showed in-phase behavior with groundwater level changes at seasonal as well as
interannual timescales. This analysis showed that while seasonal changes in GPS vertical deformation measure-
ments in our study area are associated with both elastic loading (e.g., due to soil moisture and atmospheric mass)
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and poroelastic effects, the interannual variability is mainly driven by poroelasticity due to groundwater storage
changes.

We applied the time-frequency wavelet analysis to extract the time-variable seasonal cycle of poroelastic deforma-
tion and groundwater level changes and estimated the storage coefficient for each pair of GPS station and ground-
water well. Spatial maps of storage coefficients and specific storage over the area identify a notable hydrogeology
distinction between the northern and southern parts of the catchment. This is consistent with the distinct geologi-
cal differences between the northern and southern parts of the Upper Lachlan catchment (Kolstad, 2018).

The average volume of groundwater storage variation for four different climate events over the area; (a) Millen-
nium drought (1996-2009), (b) wet era of 2010-2016, (c) 2017 to 2019 drought, and (d) 2020 to mid-2021 La
Nina, is ~—0.25 and ~—45 GL for the Belubula and the Upper Lachlan, respectively, showing that the whole
area has experienced groundwater storage loss. Quantification of groundwater storage change over the past
10 years (2012-2021) for Belubula shows a mean annual variation of 0.2 + 0.023GL and a long-term trend of
—0.02 + 0.0026 GL/yr, while the Upper Lachlan has experienced 25 + 2.7 GL of mean annual change with a
long-term trend of —5 + 0.57 GL/yr over the same period. However, due to the large area covered in the Upper

Lachlan (~ 28,000 km?), a regional investigation may result in different conclusions over different zones of this
region. We note that the coarse spatial resolution (~300 km) of GRACE/GRACE-FO observations does not allow
for observing the spatial variability of groundwater storage changes in the Lachlan catchment with a comparable
spatial detail presented in this paper.

The mean cross-correlation between precipitation and groundwater levels at three different layers of the aquifer,
Belubula with 40 m depth, shallow layer of Upper Lachlan with 60 m depth, and deep layer of Upper Lachlan
with 150 m depth, reveals 3-, 5-, and 8-week delay between rainfall and peak groundwater levels, respectively.

The ability of the method to predict (model) hydraulic head level changes using poroelastic deformation from
GPS timeseries was also investigated. We showed that seasonal hydraulic head level changes within an area of
70 km could be predicated with ~90% correlation and ~70% RMS reduction when compared to measured values.
The prediction of original groundwater level change showed a lower accuracy with ~85% correlation and ~50%
RMS reduction. This analysis showed that in addition to the time-variable seasonal cycle, the interannual varia-
bility of the groundwater level fluctuations could also be predicted with sufficient accuracy.

The results provided in this study have the potential to serve as a basis for future work focusing on the hydraulic
connection of each area with the rivers and their effects on the groundwater flow (i.e., surface water—groundwater
interaction), more detailed regional evaluation of the Upper Lachlan to acknowledge that different zones may
present different results, and constraining the groundwater flow models of the Lachlan catchment using surface
deformation measurements.

Data Availability Statement

GNSS time series were downloaded from the Nevada Geodetic Laboratory (http:/geodesy.unr.edu). GRACE
CSR mascon solution and the corresponding GIA grid were downloaded from http://www?2.csr.utexas.edu/grace/
RLO5_mascons.html. The non-tidal atmosphere and ocean geopotential coefficients were downloaded from
https://isdc.gfz-potsdam.de/esmdata/aod1b/. The soil moisture data from the CLSM model were downloaded
from https://doi.org/10.5067/TXBMLX370XX8. The CPC precipitation data set was downloaded from ftp://ftp.
cpe.ncep.noaa.gov/precip/CPC_UNI_PRCP. Groundwater level data were downloaded from the Bureau of Mete-
orology (http://www.bom.gov.au/water/groundwater/explorer/map.shtml) and Water New South Wales (https://
www.waternsw.com.au/waterinsights/real-time-data). Basin-average groundwater storage volume change time
series over Lachlan catchment (Figure 12) and long-term evolution of groundwater storage change over the area
for the four climate events (Figure 13) are available at https://dx.doi.org/10.25911/xwxx-2w46.
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