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In mountain areas, both the ecosystem and the local population highly depend on water
availability. However, water storage dynamics in mountains is challenging to assess
because it is highly variable both in time and space. This calls for innovative observation
methods that can tackle such measurement challenge. Among them, gravimetry is
particularly well-suited as it is directly sensitive—in the sense it does not require any
petrophysical relationship—-to temporal changes in water content occurring at surface
or underground at an intermediate spatial scale (i.e., in a radius of 100m). To provide
constrains on water storage changes in a small headwater catchment (Strengbach
catchment, France), we implemented a hybrid gravity approach combining in-situ
precise continuous gravity monitoring using a superconducting gravimeter, with relative
time-lapse gravity made with a portable Scintrex CG5 gravimeter over a network of
16 stations. This paper presents the resulting spatio-temporal changes in gravity and
discusses them in terms of spatial heterogeneities of water storage. We interpret the
spatio-temporal changes in gravity by means of: () a topography model which assumes
spatially homogeneous water storage changes within the catchment, (i) the topographic
wetness index, and (iii) for the first time to our knowledge in a mountain context, by means
of a physically based distributed hydrological model. This study therefore demonstrates
the ability of hybrid gravimetry to assess the water storage dynamics in a mountain
hydrosystem and shows that it provides observations not presumed by the applied
physically based distributed hydrological model.

Keywords: time variable gravity, hybrid gravimetry, mountain headwater catchment, water storage dynamics,
distributed hydrologic model

INTRODUCTION

Mountain ecosystems provide important water resource locally but also to populations established
in the adjacent lowlands (Viviroli et al., 2007). Mountains are also recognized as sentinel for climatic
changes as small changes in temperature or precipitation pattern can significantly impact water
supply (e.g., Viviroli et al., 2011; Beniston and Stoftel, 2014) or forest ecosystems (Elkin et al., 2013;
Beaulieu et al., 2016). This drives the need for new hydrological knowledge and understanding of
mountain hydrosystems by integrating more in-situ measurements to complement satellite remote
sensing (Bales et al., 2006). In-situ measurements provide access to soil moisture which is a key state
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variable of hydro-systems, while being challenging to assess
because of large variations in space and time at different
scales (Vereecken et al., 2014). The development of innovative
observation methods allows to tackle this measurement challenge
(Bogena et al., 2015). Among them, in-situ time-lapse gravimetry
is particularly well-suited for measuring soil water content in
mountainous environment as: (i) it is a non-invasive method
which does not disturb the hydrosystem in contrast with
traditional observation wells, (ii) it is directly sensitive to water
content in every compartment of the hydrosystem (surface water,
vadose zone and aquifer, e.g., Pfeffer et al., 2013; Champollion
et al., 2018, as well as snow and ice, e.g., Voigt et al., 2021) and
doesn’t require any petrophysical law, and (iii) it is an integrative
measurement which is mostly sensitive to changes in water
content occurring in a circular area whose radius is ten times the
maximal depth of the aquifer, so that for a maximal aquifer depth
of 20 m, 90% of the signal comes from <200 m from the station
(Leirido et al, 2009; Kennedy et al, 2016). Thus, gravimetry
is sensitive to water storage spatio-temporal dynamics-referred
as water storage changes (WSC) in the following-at a spatial

scale consistent with catchment hydrology. Currently, three types
of gravimeters are accurate enough to track the spatiotemporal
dynamics of water storage: (i) superconducting gravimeters
(Figure 1; Hinderer et al., 2015) provide access to temporal
variations in water stock at a fixed position with an accuracy
on the order of a few mm of water from minute scale (Delobbe
et al,, 2019) to multi-year scale (e.g., Creutzfeldt et al., 2012),
(ii) ballistic absolute gravimeters such as the FG5 gravimeter
(Niebauer et al., 1995) or quantum gravimeters (Ménoret et al.,
2018; Cooke et al., 2021) that measure absolute gravity values, on
a network of sheltered, vehicle-accessible stations with electrical
power (Jacob et al., 2008), (iii) relative field gravimeters such as
the Scintrex CG5 (Figure 1; Scintrex Limited, 2012) that allow
for the measurement of gravity differences from a reference
station and can be deployed on a network of stations with
limited access, such as in mountainous areas, which would not
be possible with an FG5 absolute gravimeter (e.g., Masson et al.,
2012; McClymont et al., 2012; Arnoux et al., 2020). Spatially
distributed repeated measurements with relative and absolute
field gravimeters provide access to water storage change (WSC)

Summit observatory| B

~ Stream * Relative gravity Meteorological
i% network station station
Relative Catchment A Reference station {) Outlet station
gravity station limits iGrav#30
Colluvium
c accumulation area 5> GNSS station

FIGURE 1 | Strengbach catchment hybrid gravity network. (A) Catchment instrumentation map. (B) Organization of the reference gravity station, showing the
iGrav#30 SG which serves as gravity reference, and the Scintrex CG5 reference station. (C) A relative gravity station of the microgravimetric network.
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on a seasonal scale with an accuracy on the order of 4 cm of water
for FG5 absolute gravimeters (Jacob et al., 2008) and 10 cm of
water for Scintrex CG5 relative gravimeters (Gehman et al., 2009;
Christiansen et al., 2011).

Time-lapse gravimetry has been already applied to uncover
water storage dynamics in various hydrogeological and climatic
contexts. This method was proven successful for assessing WSC
in relatively homogeneous to complex alluvial aquifers with
confined levels (Pool and Schmidt, 1997; Pool, 2008). Several
studies have also shown that gravimetry is a suitable method
to monitor water mass redistributions within artificial aquifer
recharge sites (Davis et al., 2008; Gehman et al., 2009; Kennedy
et al,, 2016). Artificial aquifer recharge induces large temporal
WSC (i.e., up to several meters of water equivalent), which
are on the order of 10 times the accuracy of field gravimeters
and are thus easily detectable. However, timelapse gravimetry
is also used to characterize the dynamics of hydro-systems
with much smaller WSC and/or more complex structure. The
method has been successfully applied to karst watersheds in a
Mediterranean climate (Jacob et al., 2008, 2010; Champollion
et al.,, 2018), granitic watersheds in West Africa in a tropical
monsoon-dominated climate (Christiansen et al., 2011; Pfeffer
et al., 2013; Hector et al, 2015), or to a hilly area (Naujoks
et al., 2008, 2010). Timelapse gravimetry has been also applied
to mountain hydrosystems (Masson et al.,, 2012; McClymont
et al., 2012; Arnoux et al., 2020), though complex to implement
because of the poor accessibility of mountain areas. McClymont
et al. (2012) conducted a gravity timelapse experiment on a
network of 80 stations distributed over a moraine area (1.5
km?) located near a lake collecting meltwater from a Rocky
Mountain glacier in Canada. The network was repeated twice
at 1-year intervals, once when the lake level was high, and a
second time when the lake level was low (i.e., 2 m lower). Only
relative gravity measurements were carried out because of the
poor accessibility to the studied site did not allow absolute gravity
measurements. In order to compensate for the absence of these
reference gravity measurements, the authors defined a reference
station located outside from the moraine in an area with small
WSC, assuming negligible gravity changes at the reference station
between the two measurement campaigns. McClymont et al.
(2012) measured gravity variations up to 250 nm.s~2 on several
stations, which they interpret as the presence of preferential
storage areas around these stations. Nevertheless, they admitted
that most of the observed gravity variations are in the same order
of magnitude as the measurement uncertainties. Arnoux et al.
(2020) conducted a similar gravity timelapse on a network of
15 stations on an alpine catchment located in the Swiss Alps.
The network was repeated twice within a 3-month interval with
a Scintrex CG5. The first acquisition was in summer just after
snowmelt in the wet period, and the second acquisition occurred
just before the first snow in the dry period. The authors used a
station located in the valley bottom as the reference of the relative
measurements. Authors could evidence large and significant
gravity changes (i.e., up to 1,500 nm.s~2) at stations located on
a talus on a topographic flat as well as on a moraine located on
steeper slopes, demonstrating the large storage capacity of the
talus and the moraine aquifers (i.e., up to 3 m of water). Such

media accumulate water during the snowmelt and supply the
downstream springs flow during the dry period. Masson et al.
(2012) conducted a gravity timelapse experiment on a network
of 13 stations on the mid-mountain Strengbach catchment in
the French Vosges mountains. The network was repeated 11
times with a Scintrex CG5 between February and June 2011 to
monitor the drainage of the Strengbach catchment. To avoid
using a potentially singular station as reference station, authors
used the mean gravity value of the entire network as reference
for each timelapse. With this approach, Masson et al. (2012)
could evidence differential gravity changes within the catchment,
indicating large water storage decrease around stations located at
mid-height of the watershed, and lower water storage decrease
for downstream stations.

One can therefore note that in the case of mountain
hydrosystems, only relative gravimetric measurements have been
carried out, which provides relevant information on differential
WSC, but does not allow to infer local absolute WSC around
the stations. In addition, the mentioned gravity timelapse
experiments do not monitor the entire hydrological cycle, i.e.,
including the draining and the refilling phases.

As Masson et al. (2012), the present study also targets
the Strengbach catchment in the Vosges mountains (France)
incorporating the improvement prescribed by Masson et al.
(2012): we installed an iGrav superconducting gravimeter (SG)
from GWR Instruments Inc (Warburton et al., 2010) in June
2017 at the summit of the catchment (Chaffaut et al., 2020,
2022) to serve as continuous gravity reference. Furthermore, we
performed monthly gravity time lapse surveys with a relative
field gravimeter (Scintrex CG5) on a network of 16 stations
over more than two hydrological cycles from 2018 to 2021. This
measurement strategy coupling a monitoring of gravity temporal
changes at a reference station with relative gravity time-lapse is
referred as hybrid gravimetry (Okubo et al., 2002; Hinderer et al.,

2016). We used the SG as local absolute gravity reference gf d

. o i — R
for the relative gravity differences Ag, “ measured between
station i and the SG station at date ¢ to obtain absolute gravity
values g; at the relative gravity stations:

g=0g " g 1)

A great advantage of relative gravity measurement is that every
gravity signal common to the full gravity network naturally

cancels out, so that AgiiRef is only sensitive to local mass
changes and hence mostly to local hydrology. As a result, only the

absolute gravity reference gfef needs to be corrected from gravity
contributions arising from other causes than local hydrology (see
section Reference station).

We applied a distributed physically based hydrological model
called NIHM (Normally Integrated Hydrological Model, Weill
et al., 2017; Lesparre et al., 2020) to the Strengbach catchment
to simulate the coupled surface and underground water flows.
NIHM provides as output 3D maps of the subsurface water
content at requested times, from which we compute gravity
temporal changes at the gravity stations using a 3D forward
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modeling code. This modeling exercise highlights the supply of
observed temporal gravity changes.

The main goal of this study is to show the pertinent
contribution of hybrid gravimetry to evidence water storage
spatio-temporal dynamics occurring in a small mountain
catchment. The paper is organized as follows: In section Studied
site we describe the field context. In section Gravimetric data
we describe the acquisition and processing of gravity data. In
section Measurement results, we present the gravity temporal
changes measured over the full observation network, and we
show how the acquired gravity data supply an information
that is not straightly depicted by gravity changes estimated
from the catchment water balance assuming homogeneous
water storage changes in the subsurface. So we analyse the
scattering of gravity time series potentially related to the
relief pattern by computing the topographic wetness index.
Finally, we show in section Distributed hydrogravimetric model
how the measurements supply unpredicted information by a
previously calibrated physically based distributed hydrological
model and we discuss the use of hybrid gravity measurements
to characterize the water storage spatiotemporal dynamics in
mountainous catchments.

STUDIED SITE
The Strengbach Catchment

The Strengbach catchment is a small (i.e., 80 ha) headwater
granitic catchment drained by the Strengbach creek and located
in the French Vosges mountains (Figure 1). It is part of the
OZCAR French network of critical zone observatories (Gaillardet
et al.,, 2018). Catchment climate, hydrology and geochemistry
of soil and water are closely monitored by the Observatoire
Hydro-Géochimique de I'Environnement (OHGE, http://ohge.
unistra.fr; CNRS/University of Strasbourg) since 1986 (Pierret
et al., 2018). Climate is temperate of oceanic-mountainous
type and forest cover represents 80% of the catchment surface
(Figure 1). Topography of the studied area was achieved at a
0.5m horizontal resolution with a LiDAR survey made in 2011,
with horizontal and vertical precision of, respectively, 0.1 and
0.05m. The catchment altitude ranges from 851 m to 1,151 m,
with steep slopes up to 30°. The bedrock consists in fractured
granite and a gneiss body along the northern crest, both are
covered with a high-porosity saprolite layer of variable thickness,
estimated to vary from 1 to 9m (EI Gh'Mari, 1995). Soils are
of about 1 m thick with a coarsely grained texture, sandy, and
rich in gravel that favors fast infiltration (Fichter et al., 1998;
Pierret et al., 2018). As a result, no surface run-off is observed.
Then, water flow within the catchment reduces to the river flow
and to subsurface flow. The saprolite layer is considered as the
main active component of the groundwater flow compartment
(Weill et al., 2017; Pierret et al., 2018). Therefore, more deeply
connected fractures of the bedrock are assumed to have a
negligible contribution to flows joining the river network at the
Strengbach catchment scale. In the valley bottom, a saturated
area of variable extension is connected to the Strengbach stream
(Ladouche et al., 2001).

Water Cycle Monitoring

Overall catchment water storage changes (Figure 2C), referred
as CWSC hereafter, results from the balance between: (i)
precipitation (bar plot Figure 2B) measured at a 10-min rate at
the summit meteorological station (red square, Figure 1), (ii)
actual evapotranspiration (green line Figure 2A) modeled at a
daily rate using the BILJOU model (Granier et al., 1999) and
meteorological data from the summit meteorological station,
and (iii) Strengbach stream outflow (see blue line Figure 2A)
measured at a 10-min rate (orange diamond, Figure 1). Note
that CWSC is a relative quantity of which only the variations
have a meaning (Chaffaut et al, 2022). By convention, the
minimum of CWSC is set to zero. CWSC exhibits seasonal
variations whose yearly range is comprised between 0.20 and
0.25m for years 2018 and 2019. For the same years, it reached
its minimal value at the end of summer, from the end of
July to the beginning of October, and its maximal value from
January to the end of February, in coincidence with major
precipitation events (Chaffaut et al., 2022). The gravity signal
is measured at the catchment summit by the superconducting
gravimeter iGrav30 (Figure 1B) and results from local water
storage dynamics (Chaffaut et al., 2020, 2022; Figure 2D).

Hydrogeological Characteristics

A dense Magnetic Resonance Sounding (MRS) measurement
campaign has been performed in April-May 2013 and revealed
strong heterogeneities of water volume within the Strengbach
catchment (Boucher et al., 2015). MRS data inversion revealed
a high water volume per unit of area (up to 0,75 m®/m?), referred
as specific water volume hereafter, in the flat area upstream the
creek main spring and filled by colluvium as well as in the wetland
located in the valley bottom. Because of a thinner weathered zone,
the specific water volume is lower under the slopes, ranging from
intermediate values (i.e., 0.20 to 0.35 m>/m?) in the northern
slope to low values (i.e., <0.25 m*/m?) in the southern slopes of
the catchment.

More recently, a study combining field observations of
pedological, geological and geomorphological features allowed
to build a pedological map of the Strengbach catchment that
gathered in 8 zones (Figure8). Lesparre et al. (2020) used
this pedological map together with MRS measurements from
Boucher et al. (2015) and the flow measured at the catchment
outlet to condition a hydrological model, described in section
NIHM. This approach allowed to interpret the water volume
distribution in terms of subsurface hydrodynamic properties of
the active layers made by the soil and the saprolite. As a result,
a first spatial distribution of the hydrodynamic parameters in
the 8 identified zones has been proposed for the Strengbach
catchment (Table 3). Among these zones, the relatively flat
colluvium zone upstream the creek main spring (zone 2 Figure 8)
and the wetland from Boucher et al. (2015), that corresponds
to zone 1 and 3 in Lesparre et al. (2020) and herein (Figure 8)
are characterized by large porous volumes per unit area (i.e.,
from 1.24 to 0.69 m®/m?), referred as specific porous volume
hereafter. Other zones located on the slopes or along the crests
are characterized by lower specific porous volume (i.e., from 0.52
to 0.12 m*/m?).
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FIGURE 2 | Strengbach catchment hydro-meteorological fluxes together with continuous gravity monitoring at the summit gravity station. (A) Catchment averaged
actual evapotranspiration (in green) and Strengbach streamflow (in blue). (B) Catchment averaged precipitations averaged over a 15 days timestep. (C) catchment
water storage changes. (D) Temporal gravity changes measured at the summit gravity station. Red lines correspond to the date of the relative gravity surveys.

As mentioned in the introduction, a first time-lapse
microgravity study has been conducted on the Strengbach
catchment during the dry spring of 2011 (Masson et al., 2012).
The authors showed that the trends of the relative temporal
gravity changes were significantly different from one station
to the other, meaning that for the 2011 spring period, gravity
decreased more, or increased more at some stations than
on average. The authors observed a clear spatial consistency
of the trend of relative temporal changes and could hence
distinguish between 3 groups of stations located in contrasted
hydrogeological context: (i) stations located in the valley bottom
with flat trends, due to a constant water saturation during the
full experiment (ii) stations located on the southern crest with
a large gravity increase related to a low water storage capacity
(iii) stations with a strong gravity decrease owing to a high water
storage capacity at these sites located on the northern part of the
catchment and in the colluvium zone.

GRAVIMETRIC DATA

Hybrid Gravity Network and Relative

Gravity Surveys
The gravity network consists in a reference gravity station and
a relative gravity network. The reference station is equipped

with (i) an absolute station which measured each year with the
FG5#206 absolute gravimeter to constrain the SG instrumental
drift, (i) an SG station (blue triangle, Figure 1B) that provides
continuous monitoring of gravity changes (Figure 2D), (iii) a
relative gravity station (STRY, Figure 1B) used as reference for
the relative surveys (Chaffaut et al., 2022).

The relative gravity network consists in 16 relative gravity
(RG) stations and is designed to sample hydrologically different
areas in the catchment (yellow stars Figure 1A): (i) five stations
are located on a crest (STR F1, STR11, STR F6, STR17, and the
reference station STRY), (ii) seven stations are located on the
slopes (STR13, STR14, STR4, STR7, STR F7, STR16, STR PZ3),
(iii) stations STR8 and STR F5 are located in the area filled by
colluvium that corresponds to the pedological zone number 2 or
at immediate vicinity, (iv) stations STR F8 and STR3 are located
nearby the Strengbach creek.

The RG stations correspond to concrete pillars (0.35 x 0.35
x 0.30m) or to large and stable rocks equipped with a geodetic
benchmark. Most of stations have been precisely measured using
differential GNSS, using the permanent GNSS station named
AUBU (French RENAG network) operating 40 m to the East
from the reference station shelter (Figure 1A). Stations that did
not provide satisfactory GNSS observing conditions (i.e., trees
cover or inside shelter) were observed using a digital level or a
total station. The Strengbach catchment zone is not subject to
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ground uplift or subsidence associated with tectonic activity as
shown by the permanent GNSS station (Henrion et al., 2020;
Chaffaut et al., 2022), and there is no active landslide on the
site. The soil is sandy, so no upward or downward vertical
motion of pillars due to soil compaction or expansion induced
by clay swelling is expected. In addition, because of the small
volume of pillars (0.04 m?), the gravity effect resulting from
soil elastic compaction after installing the pillars is likely much
lower than 10 nm.s~2, as modeled by Pfeffer (2011). As a result,
no significant absolute and/or differential vertical motion should
affect the gravity stations.

Our gravity time-lapse monitoring consists in 25 surveys
performed between May 2018 and September 2020 with a 1-2
months interval. Unfortunately, it was interrupted from March
to May 2020 because of the COVID19 lockdown. Depending on
instrument availability, we used the Scintrex CG5 #1224 or #1317
to perform the gravity surveys that were accurately calibrated
to integrate both instruments measurement in the same gravity
timeseries (see section Calibration of relative gravimeters). We
made a strong effort to catch the wettest and the driest states
of the hydrosystem with the gravity surveys, as revealed by the
CWB and SG residual time series (Figures 2C,D). Wet periods
were sampled by a survey in March 2019, and 3 ones in January
and February 2020. Dry periods were sampled by 3 surveys in
August and September 2018, one survey in September 2019 and
a last one September 2020 (Figures 2C,D). The relative gravity
network together with the microgravity measurement procedure
and gravity data processing is described in Chaffaut et al. (2022).

Reference Station
The SG is installed on the eastern edge of an 8.4m x 44m
shelter with concrete foundations but without gravimetric pillar,
while the RG station is installed on the South-East corner,
one meter South from SG (Figure 1B). The SG and Scintrex
CG5 test masses are located, respectively, 0.23 and 0.27m
above the ground. As both are installed on the edge of the
shelter and measuring at a similar height, one can consider that
both instruments are measuring the same time-varying gravity
signal, so that the SG signal-once appropriately corrected-can
serve as absolute gravity reference g"¢ for the relative gravity
measurements (Equation 1). The SG signal contains several time-
variable gravity contributions (the tides, the polar motion, the
local and continental scale atmospheric signal as well as the
local and continental scale hydrology) from which we extract the
gravity hydrological residual gR¢ (Figure 2D). g9 results from
the local hydrology, defined as the water storage spatio-temporal
dynamics that occurs within 11 km from the SG. Chaffaut et al.
(2020, 2022) provide a full description of the corrections applied
on the SG signal to obtain gR¢/. Corrections are implemented
on gR only as we assume that the contributions not related to
the local hydrology are the same for every gravity station of the
Strengbach catchment that is of small extent.

gR¢ exhibits a seasonal cycle ranging from —77 to 74 nm.s~
(Figure 2D), whose minima occur in August-September in
correspondence with the end of the dry summer period, while
maxima occur from January to March, in coincidence with major
precipitation events falling as snow or rain (Chaffaut et al., 2022).

2

Chaffaut et al. (2022) showed that 72 to 85% of gRef comes
from a circular area of 1km radius centered on the SG.
The Strengbach catchment accounts for 25% of this area,
while two other neighboring catchments account for the rest
of the surface. Therefore, g*¥ contains an extensive gravity
contribution coming from outside of the Strengbach catchment.
In the following, the reader has to keep in mind that the absolute
gravity signal g' obtained at each station by combining the
gravity reference gRef and the relative gravity measurements Ag
(Equation 1) is mainly sensitive to the WSC around each station.
g! results from the water dynamics occurring mainly inside the
Strengbach catchment for stations (STR F5, STR PZ3, STR7,
STR F7, STR8, STR16, STR F8, STR4). Nevertheless, peripheral
stations (i.e., STR F1, STR11, STR9, STR13, STR14, STR F6,
STR17 STR3) are more impacted by contributions coming from
outside the catchment.

Calibration of Relative Gravimeters

Scintrex CG5 sensors are relative gravimeters that need to be
calibrated by comparison with a reference absolute gravimeter.
Gravimeters are originally calibrated by the manufacturer
(Scintrex Limited, 2012) but calibration needs to be regularly
updated because of slight changes in time of the elastic
properties of the spring (Cheraghi et al., 2019). The calibration
update consists in multiplying gravity simple differences with a
corrective calibration factor Cy (Jacob et al., 2010, Equation 2).

AgAsttat{on#l
_ station#2 (2)

f = tation#1
Agsstation#i¢2

AgAbsIationt] s the gravity difference measured by an absolute
gravimeter on a calibration line composed of station #1 and #2,
while AgS@ionil s the gravity difference measured by a CG5
relative gravimeter.

The calibration line we used consists in two gravity stations
equipped with SG and maintained by EOST (School and
Observatory of Earth Sciences of the University of Strasbourg,
https://eost.unistra.fr/en/observatory/geodesy-gravimetry). The
first one is located in a buried shelter at the Strasbourg gravity
observatory at 180m of altitude (Longuevergne et al.,, 2009),
while the second one is located at the Strengbach catchment
observatory at 1,104 m of altitude (Chaffaut et al., 2020, 2022).

Thanks to the important height difference between these stations,
Strengbach
Strasbourg

10® nm.s~2. The calibration line is therefore covering a large
gravity range, whose temporal changes (up to 100 nm.s~2, mostly
resulting from hydrology) are accurately monitored allowing
reliable calibration experiments (Flury et al., 2007). Scintrex CG5
#1224 and #1317 have been calibrated twice in a 2-year long
interval to check the stability of sensors bias. The first calibration
was made on the 14th of November 2016 (Portier et al., 2018) and
the second was made on the 6th of May 2019 (Table 1).

The corrected calibration factor of CG5 #1317 and #1224
did not change significantly between 2016 and 2019 (Table 1).
We obtained an accuracy of 2.107° (-), which is comparable to
the value of 1.107> to 2.10™° (-) reported by Flury et al. (2007).

the gravity difference AgAbs reaches as much as 2.13
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TABLE 1 | Calibration correction factor of Scintrex CG5 #1317 and #1224.

_ Strengbach Strengbach
cf - AgAbsSl‘rasbcmrg / AgSl‘rasbourg

14th November 2016 6th May 2019

1.000332+ 2.1 107°
1.000976 &+ 2.1 10°

1.000323 £ 2.5 10°
1.000956 £ 2.5 10°

Instrument  Scintrex CG5 #1317
Scintrex CG5 #1224

As assessed by comparison with absolute gravimeter FG5#206 on the Strasbourg-
Strengbach calibration line. Fourteenth November 2016 calibration results are from Portier
etal. (2018).

On the Strengbach microgravity network, the largest gravity
simple difference reaches 5.10° nm.s~2, so that a change of
the calibration factor of 2.10™> (-) would induce a bias of
10nm.s~2, which is the reading precision of the Scintrex
CG5 gravimeter (Scintrex Limited, 2012). Then, after CG5
measurements have been corrected by applying the C¢ coefficient
(Equation 2), no significant bias is expected to disrupt the
microgravity measurements.

Error Budget

The error time series at station i & (gf) results from the one
- . R
standard deviation of the reference gravity value ¢ (gt d ) and

from the one standard deviation of the gravity difference between

ef

I . ; R
station i and the reference station ¢ (Ag,’). € (gt ) corresponds

to the standard deviation of SG residual time series during the
time interval of the relative gravity survey t extending from fga
to tgng:

e (8) = o [456 Gtstart = 1 = th0)] ()

e (gfzef ) ranges between 0.6 and 4nm.s~2, which is negligible

compared to relative gravity measurement error.

e (Agti) is more challenging to assess because it depends on:
(i) the instrument performance which is related to e.g., the quality
of internal temperature regulation (Jacob et al., 2010; Fores et al.,
2016), (ii) on the method used to operate the gravimeter in the
field, particularly the loop design (Kennedy and Ferré, 2016)
and the handling of the instrument (Repanic and Kuhar, 2018),
(iii) on the data selection process and on the method used to
compute simple gravity difference. Gravity differences errors are
usually computed a-posteriori from observations as the standard
deviation of residuals from the least square adjustment of distinct
gravity loops (e.g., Flury et al.,, 2007; Christiansen et al., 2011;
Pfeffer et al,, 2013; Hector et al., 2015), or by simultaneous
adjustment of the full gravity network (e.g., Jacob et al., 2010;
McClymont et al, 2012). We refer to this type of error as
“formal errors” in the following. In this study, formal errors
are considered as a reliable estimate of gravity difference errors
& (Ag;') (See Annex A and Figure 1C).

Both 8<gfzef> and S(Agti) errors are assumed to be
independent so:

£ (81) = \/ [ (s )]2 +[e (ag")]’ (@)

Once correctly calibrated, simple differences obtained from CG5
measurements are considered as bias free.

Median error (i.e., the median of the error time series
as defined by equation 4) on hybrid gravity measurements
ranges from 20nm.s~2 for STR8 to 60nm.s~2 for STR
F1 (Figure3; Table2). Stations with small median error
(<30nm.s™2) correspond to stations that benefited from
redundant measurements during surveys. On the contrary,
stations with (relatively) large median error (>50nm.s~2)
were less repeated as they are far from the reference station
and/or poorly. As a result, the implemented gravity monitoring
campaign should allow to detect gravity temporal changes that
are twice the error bar level, which corresponds to 40 nm.s~2 for
station STR8 and to 120 nm.s 2 for station STRF1.

MEASUREMENT RESULTS

Gravity Time Series

Gravity time series of stations located in the vicinity of the crest
or along the slope are respectively presented in Figures 4A-C.
Results for stations located in the valley bottom or nearby the
spring of the main creek are presented in Figure 4D.

Stations STR F5, STR14, STR F6, STR13, STRS8, and STR9
exhibit a seasonal temporal pattern (Figure4) with maximal
gravity values in May 2018, March 2019, and end of February
2020, when catchment water storageis high, as assessed from
catchment WSC (i.e., from 150 to 250 mm of water, Figure 2C).
For those stations, the gravity signal gradually decreases to a
minimum in September 2018, 2019, and 2020 when catchment
storage is low (i.e., from 0 to 50 mm of water, Figure 2C). Among
these stations, STR F5 exhibits little inter-annual variability as
it shows a similar range of gravity changes for the 2019 and
2020 discharge periods (respectively, 219 + 45 and 233 +
46 nm.s~2). On the contrary, STR8 exhibits a significant inter-
annual variability with a gravity decreases by 129 & 22 nm.s~2
between the 14 of June and the 11 of September in 2018, a similar
decrease of 149 + 36 nm.s~2 between the 24 of February and the
16 of September in 2020, while in the gravity decreases by only 64
+ 33 nm.s~2 between the 19 of March and the 11 of September
in 2019. Other stations are characterized by (i) more complex
temporal changes as STR F8, STR4, and STR3 or (ii) temporal
changes of lower amplitude with lower signal to noise ratio as
for stations STR11 or STR F1. For comparing the gravity signals
measured at the different stations, we use the gravity time series
scattering o as indicator of stations time variability. We define o'/
as the error weighted standard deviation of the gravity time series
of station i:

N N 2
o' = ~ &)= -gi) (5)
Zziiw( Zziilw;

t=1 t t=1

where N is the number of measurements, and w; = = is

a ponderation factor that corresponds to the inverse of the
measurement error (as defined by Equation 4).

There are strong contrasts of o between stations, revealing
spatially heterogeneous gravity temporal changes (Figure 5).
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TABLE 2 | Characteristics of observed and modeled gravity time series.

Stations Location Scattering Median error TWI (-) Topographic Specific porous x2 x2 NIHM
(nm.s~?) (nm.s2?) admittance volume below the = homogeneous model (-)
(nm.s~2.mmWater~') station (m3/m?) model (-)
STR F1 Crest 34 60 6.2 0.62 / 0.6 /
STR PZ3  Southern slope 56 35 6.9 0.60 0.12 (Zonetb) 1.5 3.2
STR F5 Flat area upstream 61 27 8.2 0.44 0.69 (Zone#2) 2.9 2.5

from the spring of
the main stream

STR F6 Crest 64 25 5.2 0.70 / 2.8 /

STR F7 Southern slope 42 33 6.6 0.53 0.22 (Zonet#b) 1.9 2.1
STR F8 Valley bottom 40 30 9.4 0.1 0.95 (Zone#3) 2.6 9.5
STR3 Valley bottom 59 37 7.0 0.06 / 2.2 /

STR4 Valley bottom 55 45 6.5 0.27 0.95 (Zone#3) 4.7 6.4
STR7 Northern slope 64 30 6.3 0.56 0.12 (Zone#6) 3.7 6.1
STR8 Flat area upstream 69 20 6.6 0.46 0.12 (Zonet#b) 4.8 71

from the spring of
the main stream

STR9 Reference gravity 34 1 5.2 0.40 / 0.6 /
station on the crest

STR11 Crest 35 50 6.2 0.61 / 0.6 /

STR13 Crest 46 28 6.3 0.67 / 1 /

STR14 Crest 57 35 5.8 0.53 / 3 /

STR16 Southern slope 40 30 7.2 0.42 0.22 (Zone#s) 1 2

STR17 Crest 62 38 5.2 0.65 / 3.2 /

Scattering and median error of gravity stations timeseries, gravity stations topographic wetness index (TWI) and topographic admittance, fit between observed and modeled gravity time
series for both the homogeneous model and NIHM model.

The STR8, STR F5, STR7, STR17, and STR F6 stations are (<46 nm.s~2). Stations with low o (i.e., low temporal variability)
characterized by high o (>62nm.s~2), while stations STR9,  correspond to areas with low WSC and/or areas with low
STR11, STR F1, STR F8, STR F7, and STR13 have low o  topographic amplification (see section Homogeneous WSC
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distribution), while stations with high o (i.e., high temporal
variability) correspond to areas with high WSC and/or areas with
high topographic amplification. Note that due to its location in
the reference station shelter (Figure 1B), station STR9 is subject

to the umbrella effect, which likely explains the low o. The shelter
acts as an umbrella which prevents water infiltration below the
gravimeter and consequently reduces WSC occurring in the close
surrounding of the gravity sensor (Creutzfeldt et al., 2008; Deville
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FIGURE 4 | Observed and modeled gravity temporal changes on the gravity stations network. (A,B) Time series of stations located in the vicinity of the catchment
boundaries. (C) Time series of stations located along the slope. (D) Time series of stations located in the valley bottom or nearby the spring of the Strengbach creek.

et al., 2013; Reich et al,, 2019). These hypotheses are tested in  Distributed hydrogravimetric model, where we model gravity
sections Homogeneous WSC distribution, Variability of gravity — changes from WSC assuming different spatial distributions for
timeseries in light of Topographic wetness index estimates, and ~ WSC and compare them with observed gravity changes.
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Homogeneous WSC Distribution

As already pointed by Masson et al. (2012) and Halloran
(2021), the topography modulates the gravimetric effect of
water storage changes, so that even spatially homogeneous
WSC produces spatially heterogeneous gravity changes. In order
to investigate this topography effect, we modeled the gravity
changes resulting from spatially homogeneous WSC distributed
over the topography. For this purpose, we computed the
topographic admittance map, where the topographic admittance
corresponds to the conversion factor between gravity changes
and WSC assumed to be spatially homogeneous.

The topographic admittance Ay, is defined as the gravity
effect of a 1 mm thick water layer draped on the topography
(Figure 6B). For that, we assume that Ay, corresponds to the
gravity effect of a 0.1 m thick layer with a volumetric mass of
10kg.m ™ (i.e., which is equivalent to a 1 mm thick water layer)
whose top follow the topography. We compute the topographic
admittance, using the method developed by Leirido et al. (2009)
and applied in Chaffaut et al. (2020, 2022), for virtual gravity
stations distributed over the Strengbach catchment with a spacing
of 6m between each station. The gravity signal is higher on
the ridges with values >0.7 nm.s~2.mmWater ™! compared to
the classical Bouguer value of 0.42nm.s~2.mmWater~! for a
flat terrain (red area Figure 6A). In such regions, the water
layer induces a downward gravitational attraction added to
the standard gravity field. On the contrary, in the valley
bottom, the water layer induces a decrease of the gravity
<0.2nm.s~2.mmWater~! compared to the Bouguer value (blue
area Figure 6A). As a result, one can expect a higher gravity signal
for stations located on the crest such as STR F1, STR11, STR
F6, and STR17, with admittance values ranging >0.6 (Table 2).
The topography also leads to a low gravity signal at stations
located in the valley bottom as STR3, STR4, and STR F8, with
admittance values <0.27 nm.s~2.mmWater~ (Table 2). Note that
despite its summit location, the station STR9 has a rather low

-2 -1
nm.s “.mmWater

\Q;“n thic
wates layer

FIGURE 6 | Hydro-gravimetric modeling assuming spatially homogeneous
water storage changes. (A) Topographic admittance map i.e., gravity effect
due to of a uniform layer of 1 mm of water draped over the topography. (B)
Schematic view showing the water body used to compute the topographic
admittance map.

topographic admittance of 0.40 nm.s~2.mmWater~! as a result
of the mentioned umbrella effect.

Assuming that water storage changes are spatially
homogeneous, one can directly compute temporal gravity
changes at station 7 as the product of the catchment water storage
changes CWSC (Figure 2C) and the topographic admittance
Aiopo at station i:

gModi () = Al

1po*CWSC (1) 6)

We compute x7 as an error weighted misfit value to evaluate the
discrepancy between measured gravity changes g/ and modeled
gravity changes gMod:. Best fits should have x? close to 1,
indicating that differences between measured and modeled
gravity changes are close from the measurement error (defined
by Equation 4):

Modi — gMes')*
Xiz _ Z (g t — & t)

: (7)
= Nx (8})2
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For stations STR F1, STR F7, STR11, STR9, STR13 STRI6,
and STR PZ3 x> < 1.9 (Table 2; Figure 4), so that for these
stations, measured and modeled gravity changes does not differ
significantly from each other as both exhibit a seasonal cycle
(with higher values during the wetter period) of similar range.
Hence, gravity temporal changes observed at these stations can
be explained by spatially homogeneous catchment water storage
changes. Other stations are characterized by higher values with
22 < x%* < 48 for stations STR3, STRF8, STRF6, STRF5,
STR14, STR17, STR7, STR4, and STR8. At such stations, the
observed gravity changes indicate that local WSC differ from
catchment averaged WSC. For stations STR F5, STR7, and STR14,
and to a lesser extent for stations STR F6 and STR 17, although
both observed and modeled gravity changes exhibit a similar
seasonal pattern, observed gravity changes have significantly
larger ranges indicating WSC of larger amplitude around these
stations compared to the catchment averaged WSC. For station
STR F5, the observed gravity range is >200nm.s~2 for the
May-September 2018 and March-September 2019 periods, while
the range of modeled gravity estimated at the same dates is
<44nm.s~2 (Figure 4). Observed Gravity changes suggest that
in the surrounding of STR F5, WSC range is at least 5 times
higher than the catchment averaged WSC, i.e., >0.5 m of water.
For station STR7, the observed gravity range is >140 nm.s~2 for
the May-September and March-September 2019 periods, while
modeled gravity range is, respectively, <57 nm.s~2 (Figure 4).
For station STR14, observed gravity range is 248 + 63 nm.s~>
for the March-September 2019 period, while modeled gravity
range is 54 nm.s 2 (Figure 4). For station STRS, observed gravity
range is 129 + 28 nm.s~2 for the May-September 2018 period
and observed gravity continues to decrease until the end of
November 2018, while modeled gravity stops decreasing in
September 2018 and it’s range is only 39 nm.s~? (Figure 4). For
the March-September 2019 period and in contrast with the 2018
period, STR8 observed gravity exhibits a much smaller range
of 71 £ 36nm.s™2 which is similar to the modeled gravity
range of 45 nm.s 2.

For stations STR3, STR4, and STR F8 that are located in the
valley bottom, observed and modeled gravity significantly differ
from each other, both in term of temporal patterns and ranges,
indicating that these stations exhibit complex WSC in their
surrounding that cannot be modeled with this single topographic
admittance approach.

Thus, the topography effect alone cannot explain the observed
spatio-temporal gravity changes, so spatially heterogeneous WSC
conspicuously occur within the catchment, in the sense that
local WSC differ from catchment averaged WSC for at least 10
of the 16 stations of the gravity network. Note that because
of the low sensitivity of gravimetry to the depth at which
WSC occur, we would have obtain very similar results when
computing the topographic admittance assuming a different
vertical distribution for water, e.g., by considering a 0.1 m thick
layer with the same volumetric mass but located at 1m of
depth, or by considering a 1m thick layer with a volumetric
mass of 1kg.m™> located between the ground surface and 1 m
of depth. We now have to identify the hydrological processes
that lead to the spatially heterogeneous WSC we inferred from

the comparison between the homogeneous model and the
gravity observations.

Variability of Gravity Timeseries in Light of

Topographic Wetness Index Estimates

We use the topographic wetness index (TWI), to evaluate the role
of the topography on the flows in the Strengbach catchment and
to identify preferential storage areas that could explain the large
WSC inferred from the gravity observations around stations STR

F5, STRS, or STR14. TWTI is defined as In (ﬁ) where « is the

surface of the upslope draining area and tan (f) the local slope
(Beven and Kirkby, 1979). The TWI relies on the assumption that
the local slope is an adequate proxy for the effective downslope
hydraulic gradient, which is very likely for the Strengbach
catchment because it is characterized by steep slopes, so that
other factors like subsurface spatial heterogeneities might exert
a second-order control on the hydraulic gradient (Weill et al.,
2017). TWI is a widely used indicator to assess the topographic
control on the spatial pattern of saturated area (Grabs et al., 2009)
or groundwater depth and soil wetness (Sorensen et al., 2006).
Mouyen et al. (2012) also found a correlation between TWI and
gravity changes caused by a strong typhoon in Taiwan.

The TWI is used here as a proxy of water storage potential
within the Strengbach catchment in relation with the relief
pattern (Figure 7A). High TWI values might be related to areas
with high water storage potential as valley bottom (with low
slopes and large upslope draining area) while low TWI values
might indicate areas with low water storage potential as crests
(with steep slopes and small upslope draining area). The average
TWI is computed from the topography within disks of 20 m
radius centered on gravity stations.

STR F5 and STR F8 have the largest TWI values >=8.2
because of the small local slope and the large upslope draining
area of both stations. STR F5 is located inside a flat area which
collects water from the northern and southern slopes, while STR
F8 is located in the narrow valley bottom at a crossing point
between the Strengbach stream (Figure 8A). Stations located on
the slopes exhibit intermediate TWI values while those located
on the upper crest line exhibit the lowest TWI values ranging
from <6.2 (Table 2).

For each station, we compare the gravity time series o
(Equation 5) to the average TWI (Figure 7B) and distinguish
four categories of stations: (i) station F8 with the highest TWI
of 9.4 and a low to =40nm.s™2, (rectangle with large dashes
Figure 7B) (ii) stations STR F6, STR8, STR7, STR17, STR14 with
low TWI (< 6.6) and high o > 57 nm.s—2 (rectangle with
small dashes Figure 7B). For other stations there is a positive
correlation between the TWI and o, so we distinguish two other
categories: (iii) stations STR4, STR PZ3, STR3, and STR F5 with
a relatively high TWT >6.55 and high o >55nm.s ™2, iv) stations
STRY, STR F1, STR11, STR13, STR F7, STR16 with a relatively
low TWI < 7.2 and low o < 46 nm.s 2.

For stations of the iii and iv categories, TWI shows a linear
relationship with o (Figure 7B), and hence provides clues on
the hydrogeological characteristics around these sites. Stations
STR F1, STR11, STR13, STR F7, and STR16 are characterized
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by low TWI and o values despite relatively large admittance
values (Figure 7B; Table 2). So for such stations, water flow
related to the topography compensate the relief amplification
effect. These sites are characterized by low seasonal water storage
changes, which is consistent with the low water storage proposed
by Masson et al. (2012). The small storage capacity under such
stations can be related to the stations position on the southern
crest, by the small upstream draining area or by the steep slope

beneath the stations. MRS also evidenced the low amount of
stored water around such sites (Boucher et al., 2015; Lesparre
et al.,, 2020).

Stations STR3, STR4, STRPZ3, and STRF5 are characterized
by high TWI and o values (Figure 7B). The local topography
around such stations favors water storage and gravity
measurements confirm the underground storage capacity
enabling the observed temporal WSC. MRS measurement also
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show a relatively high water content close to STRF5 (Boucher
et al., 2015) located in the colluvium zone on a small slope and
with a large upstream draining area. Interestingly, such large
water storage changes have been already proposed by Masson
et al. (2012) to explain the large gravity changes observed at the
STR15 station (not monitored here) located inside this zone.

The low o of STR F8 associated to a high TWI value
likely results from the fact that it is located in a saturated
area (Ladouche et al,, 2001). This implies limited water storage
changes across the hydrological cycle and hence leads to small
absolute gravity changes, as proposed by Masson et al. (2012)
for the station STR5 (not monitored in our study), located 50 m
downstream from STR F8.

Stations STR F6, STR17, STR7, STR8, and STR14 are
characterized by gravity changes of large amplitude (Figures 4,
5; Table 2), already pointed by Masson et al. (2012) for stations
STR14 and STR8. We could not explain these observations by
the topography amplification effect nor by relatively low TWI
(Table 2) due to a small draining area and/or a high local slope.
Preferential water storage might thus occur around these sites,
possibly because of a low hydraulic conductivity downstream
and/or a relatively large porous space to store water. Indeed,
the station STR F6 is located nearby a gneiss body on the
northern crest with a clay-rich weathered zone (Boucher et al.,
2015; Pierret et al., 2018), which could favor water storage by
preventing efficient draining of water. Furthermore, this station
is also located nearby a pond and an intermittent spring at the
granite-gneiss interface which usually flows until June-July that
indicates water storage in the Gneiss body of the northern crest.

DISTRIBUTED HYDROGRAVIMETRIC
MODEL

NIHM

For modeling the water storage dynamics in the Strengbach
catchment we use the Normally Integrated Hydrological Model
(NIHM), which is a low dimensional distributed and physically
based hydrological model that couples surface and subsurface
flows (Weill et al., 2017; Jeannot et al., 2018). Surface flow is
handled with a 1D river model that describes runoff in a ramified
stream network (blue lines, Figure 8; Jeannot et al., 2018). Note
that a 2D overland runoff model is also available in NIHM
but was not activated because surface runoff is not observed
on the Strengbach catchment. Assuming that subsurface flows
are mainly parallel to the substratum, underground flows are
handled with a 2D subsurface flow model. The flow computation
is performed by integrating the 3-D Richards equation along
the direction z normal to the bedrock surface, with integration
bounds corresponding to the land surface and the substratum
(Figure 8; Weill et al., 2017; Jeannot et al., 2018). This low-
dimensional modeling approach was proven successful for
modeling both water table and fluxes when compared with
a full resolution of the Richards equation in the case of the
Strengbach catchment (Weill et al., 2017). In this last study,
authors conducted synthetic test cases showing that NIHM
can address the 3D spatial heterogeneity of the mountain

hydro-system while significantly reducing the computational
cost involved.

NIHM provides as output 3D maps of water content at each
specified date (Lesparre et al., 2020). The resolution of the 2D
flow equation provides the hydraulic head h (in each cell of
NIHM (Figure 8). The water pressure profile v (z) along the
z direction is then rebuilt in each cell assuming hydrostatic
equilibrium (gray dashed line, Figure 8):

V(@) =h—-z (8)

The water content profile 6 (z) (deep blue dotted line,
Figure 8) is then deduced from v (z) using the van Genuchten
equations (1980):

@ — 00 - [1+ @y @D 4 0r if g <0
Os ify >0
©)

with 6s and 6g corresponding, respectively, to the saturated and
the residual water content while « is a parameter related to the
mean pore size and # is related to the pore-size distribution. As
a reminder, all the NIHM hydrodynamic parameters can vary
with depth.

NIHM provides as outputs: (i) the water table level z,,
which allows us to estimate the water content profile from the
substratum to the water table (i.e., ¥ > 0) knowing 6s (z), and
(ii) the water content profile in the unsaturated zone (i.e., ¥ < 0)
sampled at 6 depth levels between the water table and the surface.
We therefore obtain the surface-to-substratum profile of water
content in each cell of NIHM, leading to a 3D map of water
content for each required date.

The area modeled by NIHM exactly corresponds to the
Strengbach catchment area so that the model outlet coincides
with the outlet of the watershed (orange diamond, Figures 1A, 8).
No-flow conditions are prescribed at the uphill and substratum
boundaries of the subsurface domain (yellow line, Figure 8;
Weill et al, 2017) so that water can only flow out of the
system at the outlet, where the hydraulic head gradient is
kept egal to the slope. NIHM was calibrated in Lesparre et al.
(2020) using the Strengbach catchment pedological map, the
streamflow monitored at the outlet and the MRS measurements.
Eight hydrological zones were identified from the pedological
map, each zone showing laterally uniform subsurface hydraulic
properties (see the map of the hydrological zones, Figure 8).
For each zone, the subsurface domain is divided in 2 vertical
layers (Figure 8): the upper layer related to the soil is thin and
porous while the lower layer, corresponding to the saprolite,
is thicker and less porous (Table 3). Only the thickness of the
subsurface layers e and the saturated porosity s vary spatially,
while uniformly distributed values are prescribed for the other
parameters: the hydraulic conductivity at saturation Kg is set to
1.107* m.s~!, while A, @, and n are respectively set to 0.01,
1.5m~!, and 2 (Lesparre et al., 2020).

9(2):{

Hydrogravimetric Estimate
Although TWI provides clues on the location of potential
preferential water storage areas, it does not allow to model
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WSC for comparison with observed gravity changes. For this
purpose, we use NIHM which explicitly simulates surface and
subsurface flow occurring in spatially heterogeneous subsurface
compartments, providing a quantitative depiction of 3D water
storage dynamics within the Strengbach catchment that we
compare with observed gravity dynamics.

We developed a Matlab® code to compute gravity temporal
changes at gravity stations from the water content field
ONIHM (x, A t) simulated by NIHM. The modeling code follows
a 3-step workflow (Figure9) inspired from Pearson-Grant
et al. (2018) that consists in 3 functions: (i) cellcorners.m
that discretizes the volume extending from the surface to
the hydrological model substratum into a 3D gravity grid
with prismatic cells based on a digital elevation model of
the topography, (ii) density.m that computes water content of
the gravity grid cells grayi (%, y,2,t) by linear interpolation of
ONIHM (x, A t) on a 3D grid finer than NIHM to avoid alia.sing
effects, (iii) gravity.m that computes the Green function G' for
each stations i (i.e., a vector whose elements correspond to the
unit gravity response of the gravity grid cells on a given station)
from the gravity grid and stations locations, based on the method
described in Leirido et al. (2009). In a second step, gravity.m
computes gravity changes g () at station i by convolving the
density 0y0gravi» Where p,, corresponds to the Volumetric'mass
of water, with the corresponding Green function vector G'. The
Green functions are only calculated once for a given gravity grid,
so that only 64, needs to be computed at each timestep. The

TABLE 3 | Calibrated values of thickness and porosity in the two layers used to
describe the subsurface domain.

gravity mesh is refined in the vicinity of the gravity stations to
consider detailed topography and water content changes in the
near-field, while a coarser grid is designed in the far-field (Annex
B). As gravity is only sensitive to fine scale topographic features
in the near field, this approach allows to significantly reduce
the calculation time while keeping accurate gravity calculation
(Creutzfeldt et al., 2008).

We only computed gravity changes for the 8 innermost
stations (STR F5, STR PZ3, STR8, STR7, STR F8, STR F7,
and STR4), because they are the less sensitive to the water
dynamics occurring outside from the Strengbach catchment,
which was not modeled by NIHM. These stations are defined
so that the maximal external gravity signal ie., coming from
outside the catchment, is <25 nm.s~2, which corresponds to half
the typical uncertainty found when performing relative gravity
measurements with a Scintrex CG5 gravimeter (e.g., Christiansen
et al., 2011; McClymont et al., 2012; Arnoux et al., 2020). We
computed this maximal external signal as the gravity effect of a
0,250 m thick water layer draped on the topography outside from
the Strengbach catchment. This water layer is an upper bound of
catchment water balance range within the last 10 years as inferred
from OHGE data.

Estimated Hydrogravimetric Variations vs.

Measurements

Observed and modeled gravity time series are shown in Figure 4,
and the state of the water content estimated by NIHM is shown
Figure 10 for two dates. The first date (the 19 of March 2019)
corresponds to a gravity survey made in wet conditions with
high water volume stored in the catchment (Figure 10A), while

Zone number  ewr[m]  esoi [m]  esap [M]  Osson[]  fssap [ the second one (the 12 of September 2019) corresponds to a
gravity survey made in dry conditions with low water volume
1 10 2 8 0.5 0.03 stored in the catchment (Figure 10B). Water storage simulated
2 14 1 13 0.5 0.03 by NIHM exhibits low change between the wet and the dry period
3 4 1.5 2.5 0.6 0.02 (Figure 10C), except in the colluvium accumulation area and
4 3 1 2 0.3 0.02 in the valley bottom where the water stock decrease can reach,
5 7 1 6 0.1 0.02 respectively —0.46 and —0.90 m of water. Hence, WSC beneath
6 4 0.5 3.5 0.1 0.02 the gravity stations is only significant for STRF8 (—0.60 m),
7 2 1 1 05 0.02 STRF5 (—0.30 m), and STR4 (—0.30 m), while it is smaller than
8 3 0.5 2.5 02 0.05 —0.05 m for the other stations.
NIHM water \l [density.m]

content field
Onium (x,y,2,t)

Resample Oyuu
on the 3D gravi grid

Ogravi (x,y,2,t)

signal at station i

Digital :
elevation—»| Compute the |->>1 92!
model 3D gravi grid grid

Gravity I
stations >
locations L

gravity.m
Compute the
Green vector G-
for station i

Compute the gravity
gi(t) = proyravi -G
Gi

FIGURE 9 | Principle of the Matlab® gravity forward modeling code developed to compute temporal gravity changes at the gravity stations from the 3D NIHM water
content field. Blue boxes correspond to functions that are run only once while red boxes correspond to functions that are run at each timestep.
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S (m3/m?)
12

FIGURE 10 | Spatial distribution of water storage as modeled by NIHM. (A)
Water volume estimated by NIHM for a wet period (19th March 2019), just
after a snowmelt event. (B) Water volume estimated by NIHM for a dry period
(12th September 2019) at the end of Summer. (C) Difference of water storage
between the wet and the dry period.

For the station STR F5, there is a good coincidence in
time between observed and modeled maximal values occurring
on the 19th March of 2019 and on the 2nd of February
2020 (Figure4D). The gravity decrease observed during the
March-September 2019 discharge period is relatively well-
reproduced by the model, and one can also note the good
correspondence between observed and modeled gravity changes
during the January-February 2020 period. However, for both
May-September 2018 and March-September 2019 periods,
observed gravity changes have a significantly larger range
(respectively, 192 4 65 2 and 219 + 45nm.s~2) than modeled
gravity changes estimated at the measurement dates (respectively,
29 and 110 nm.s~2). This range difference results from a lower
decrease of modeled gravity compared to observed gravity during
the dry periods of July-September 2018 and 2019, as modeled
gravity reached a low plateau in July while observed gravity
continued decreasing until September. The range difference
also results from a lower maximal value for modeled gravity
changes compared to the gravity value measured in March 2019

and June 2018. In June 2018, measured gravity reached 121 +
60 nm.s~2 while modeled gravity value is 1nm.s~2. In March
2019, observed gravity reached 129 & 30 nm.s~2 while modeled
gravity value is 84 nm.s 2.

For the station STR F8, although both observed and modeled
gravity changes exhibit a similar range, they significantly differ
from each other (Figure 4D), resulting in a high x? value of 9.5
(Table 2). Modeled gravity varies between a high plateau, when
the medium beneath the station is water saturated, and a low
plateau, when the underlying medium is desaturated. We do not
observe these features in measured gravity, which is increasing
during the May-September 2018 draining period while modeled
gravity is increasing, and which is decreasing during the March-
May 2019 period, while modeled gravity is stable.

For station STR4, modeled and observed gravity have a similar
range (Figure 4D), but they also significantly differ from each
other, as during the June-July 2019 period when modeled gravity
decrease while observed gravity increase, resulting in a x2 value
of 6.4 (Table 2).

For the station STR7, observed gravity changes have a much
larger range than modeled gravity changes as a result of the
very low WSC beneath the gravity station (Figures4, 10):
the observed gravity range is 154 + 45nm.s~2 for the May-
September 2018 period, and 144 + 14nm.s~? for the March-
September 2019 period, while the range of modeled gravity
estimated at the measurement dates is, respectively, 8 and
12nm.s~2. The same observation also applies for stations STR
PZ3, STR F7, STRS, and STR16, which result in high x2 values
(Figure 4; Table 2).

Limits of the Approach

In this study, instead of directly converting Ag into WSC which
require strong hypothesis about the spatial distribution of WSC
(Arnoux et al., 2020; Halloran, 2021), we compared the gravity
observations with gravity changes modeled from NIHM to infer
water storage dynamics in the catchment. So that we use NIHM
to interpret the gravity measurements in the one hand, and we
use the gravity measurements to evaluate the model in the other
hand. In accordance with the TWI approach, NIHM predicts
the existence of an area with large WSC in the colluvium zone
(Figure 10), which can explain the seasonal gravity changes of
large amplitude observed at the STR F5 station, although the
range of observed gravity changes is larger (Figure 4D; Table 2).
For other stations, we could not reproduce observed gravity
changes with the current version of the NIHM model (i.e., only
calibrated on MRS and streamflow data), even qualitatively: For
stations located in the valley bottom, observed and modeled
gravity exhibit large discrepancies in term of temporal pattern
(Figure 4D), while for stations located along the slopes, modeled
gravity changes are of much lower amplitude than the observed
one (Figure 4), as a result of the too low WSC modeled by
NIHM (Figure 10C).

When computing temporal gravity changes, we made an
explicit 3D calculation, so that discrepancies between modeled
and observed gravity result either from: (i) the NIHM model
structure or ii) the NIHM model calibration. By construction,
NIHM can only model shallow water dynamics (section Water
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cycle monitoring), so that deeper water circulation pathways in
the granitic bedrock fractures (as evidenced in deep boreholes,
Ranchoux et al,, 2021) is not taken into account with this
modeling approach, which makes hypothesis (i) plausible.
However, the analysis of the geochemical signatures of the spring
water and the water collected from observation wells (>50 m
deep boreholes and <15m deep piezometer) showed that the
springs water and the piezometers water circulate within the
same surface aquifer with a low water residence time, while the
water from the deep boreholes circulates in a distinct circulation
system, within the fracture network of the granitic bedrock,
and is characterized by much higher residence times (Chabaux
et al, 2017; Ranchoux et al, 2021). So that when modeling
water dynamics inside the Strengbach catchment, neglecting
deep water circulation—as it is done by NIHM- is a reasonable
hypothesis. Hence, hypothesis (ii) is our preferred hypothesis
to explain the misfit between observed and modeled gravity.
Indeed, when calibrating NIHM, only the thickness e and the
saturated water content profile s (z) were explored to fit the
MRS data and the discharge at outlet, while other parameters
were set to uniform values across the whole catchment (see
section NIHM and Lesparre et al., 2020) although most of
them, especially the hydraulic conductivity, are certainly spatially
variables. Lesparre et al. (2020) also noted that MRS and
discharge data are subjected to equifinality issues when seeking
the porosity and the thickness of the watered layers, so that
complementary information is required to better constrain these
parameters. Hence, these equifinality issues and the lack of
constrains on the hydraulic conductivity could explain the misfit
between NIHM and observed gravity. Hybrid gravity data point
toward a large increase in WSC amplitude compared to the
current NIHM model, which could be obtained by increasing
the porous volume (i.e., the product of the thickness with the
porosity) below the gravity stations and decreasing the hydraulic
conductivity downstream of the stations. Hybrid gravity data
could hence contribute to build a more robust model of the
subsurface hydrodynamic properties, which would improve the
understanding of water dynamics inside a mountain catchment
within a multi-method calibration exercise.

Perspectives

In this study we showed that the current version of NIHM
(i.e., only calibrated on MRS and streamflow) cannot simulate
the water dynamics properly, especially along the slopes were
modeled WSC are of much too small amplitude. So that
a multi method calibration exercise of the NIHM model is
required. Such multi-method calibration would take advantage
of the complementarity between gravimetry and MRS which
brings constrains on the vertical distribution of the water
content (Mazzilli et al., 2016), as well with seismic refraction
(Flinchum et al., 2018) that bring information on the subsurface
structure, in particular on the saprolite thickness. So that we
first need to: (i) finely understand the impact of gravity station
locations on the gravity signal footprint by using the hydro-
gravimetric framework we presented in this study and (ii)
analyze the sensitivity of the gravimetric signal to hydrodynamics

parameters, in order to identify parameters that can be effectively
constrained with gravimetry.

From a pure measurement point of view, the monthly gravity
monitoring we performed allowed to identify STR F5 as a station
with large-and thus easily measurable-temporal gravity changes.
It would hence be very interesting to implement at STR F5a
high-frequency gravity timelapse measurement campaign (i.e.,
with a weekly interval during 2 months) to highlight possible
rapid variations of the water stock, taking place on a daily or
weekly scale. Such measurement campaign would idealy target
the draining period that occur just after the last large snowmelt
event of the winter season, like the one that occurred in mid-
March 2019 (Figure 2C; Chaffaut et al., 2022). Such experiment
will be implemented in a future work. It should allow to confirm
the large storage capacity of the colluvium zone revealed by
monthly hybrid gravity monitoring but also to finely constrain
its hydraulic conductivity.

In this study, we focused on a particular granitic mountain
catchment with an oceanic-mountainous climate. However,
it would be particularly interesting to take advantage of
the international network of critical zone observatories (e.g.,
Anderson et al, 2008; White et al., 2015; Brantley et al,
2017; Gaillardet et al, 2018) to implement hybrid gravity
monitoring on mountain watersheds with different geology
and/or climate. Indeed, most of these study sites are already
well-characterized in term of topography and geomorphology,
and basic hydro-climatic variables-such as those used in this
study—already benefit from continuous monitoring and fulfill
the FAIR requirement (e.g., for the OZCAR infrastructure:
see Gaillardet et al, 2018; Braud et al., 2020). These sites
would therefore benefit the best from time-lapse hybrid gravity
monitoring. A similar hybrid gravity approach should hence be
transposed to these sites with some modifications: the high-cost
superconducting gravimeters which serve as gravity reference
in this study could be replaced by an FG5 absolute gravimeter
(e.g., Sugihara and Ishido, 2008; Jacob et al., 2010), which would
be deployed for each timelapse at a reference station accessible
by car. As far as possible, the reference station should be
located on a summit, so that all of WSC are occurring below
it and hence contribute in a cumulative way to the measured
gravity signal, which would maximize its amplitude and ease
the interpretation of gravity observations (Chaffaut et al., 2022).
Micro-gravimetric stations should then be deployed on areas
exempt from landslides or strong erosion-deposition processes,
because those also induce temporal gravity changes that are
indistinguishable from gravity changes due to hydrological
processes, in the absence of comprehensive complementary
information (Mouyen et al., 2012). Micro-gravimetric stations
should be located on stable outcropping rocks or cemented
pillars, and their positions should be regularly measured by
differential GNSS or leveling techniques, to assess stations
vertical motion (Ferhat et al., 2017). For performing the micro-
gravimetric measurements, relative gravimeters (Scintrex CG5 or
CG6) should be carried by hand between stations to minimize
transport-induce perturbations (mechanical shocks, instrument
tilting) which can induce significant hysteresis and measurement
offsets (Flury et al., 2007; Reudink et al, 2014; Repanic and
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Kuhar, 2018). Micro-gravimetric stations should be measured
several times in independent measurement loops during the
same survey to assess the repeatability of the relative gravity
measurements (Annex A). We also remind that in a mountainous
context, time-lapse gravimetry requires accurately calibrated
relative gravimeters (i.e., at the 107> level, see section Calibration
of relative gravimeters), whose calibration factor stability need to
be checked regularly (Cheraghi et al., 2019).

We note the recent arrival of new field gravimeters such
as the Muquans® Quantum Absolute field Gravimeter (AQG)
(Ménoret et al, 2018; Cooke et al, 2021), whose ability
to accurately measure gravity changes (i.e, on the order
of 10nm.s™2) caused by rainfall events has been clearly
demonstrated by Cooke et al. (2021) while the instrument was
in continuous acquisition mode in an observatory. AQG presents
the two-fold advantage of being easier to transport than the state-
of-the-art FG5 absolute gravimeter (although it stills require a
car) and much easier to operate in field condition (Giintner
et al, 2021), as the setting up is faster (i.e., ~30min) and
the measurement time is shorter (i.e., ~1h). Gintner et al.
(2021) conducted a preliminary experiment demonstrating a
repeatability of 40 4+ 35 nm.s~2 for the field version of the AQG.
So that this instrument could be used to perform potentially less
labor-intensive time lapse gravity monitoring experiments, with
a repeatability similar to that obtained in this study.

We also note the particularly rapid development of new
types of MEMS (Micro Electro Mechanical Systems) gravimeters,
which are more robust, less cumbersome and much cheaper
than usual gravimeters. These MEMS gravimeters are currently
“only” capable of measuring the tidal signal (e.g., Tang et al.,
2019). However, the level of achieved accuracy will likely
increase substantially in the coming years, so that they could
potentially be used to monitor WSC on a continuous basis on
a stations network.

CONCLUSION

We performed a hybrid gravity monitoring experiment to assess
the spatio-temporal dynamics of water storage changes within
the Strengbach mountain catchment. For this purpose, we
measured gravity temporal changes over a network of 16 stations
during two hydrological cycles combining a continuous gravity
monitoring at a reference station made with a superconducting
gravimeter with time lapse microgravimetry made with a Scintrex
CGS5 field relative gravimeter. Depending on the station, there
are strong contrasts in terms of amplitude of gravity temporal
changes but also in terms of temporal pattern as some stations
exhibit a clear seasonal cycle while others exhibit lower or more
complex temporal changes. These characteristics of the gravity
signal reveal seasonal water storage changes heterogeneities
within the catchment. Gravity observations have been discussed
by means of the topographic wetness index and by means of
a physically based distributed hydrological model. This study
demonstrates the ability of hybrid gravimetry to assess the
water storage dynamics in the Strengbach mountain catchment,
which contributes to a better understanding of the hydrological
processes occurring in mountain hydro-systems in general.
Last but not least, our gravity dataset provides observations

not presumed by the applied physically based distributed
hydrological model, indicating that this model is currently under-
constrained, which likely result from the relatively large number
of parameters required to capture the spatial heterogeneity of
the catchment subsurface. Hybrid gravimetry therefore appears
as a very promising measurement method to condition such
distributed hydrological model. This calibration exercise will be
put into practice and presented in a coming paper.
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