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In regions affected by seasonal and permanently frozen conditions soil moisture

influences the thermal regime of the ground as well as its ice content, which is one of the

main factors controlling the sensitivity of mountain permafrost to climate changes. In this

study, several well established soil moisture monitoring techniques were combined with

data from geophysical measurements to assess the spatial distribution and temporal

evolution of soil moisture at three high elevation sites with different ground properties

and thermal regimes. The observed temporal evolution of measured soil moisture

is characteristic for sites with seasonal freeze/thaw cycles and consistent with the

respective site-specific properties, demonstrating the general applicability of continuous

monitoring of soil moisture at high elevation areas. The obtained soil moisture data

were then used for the calibration and validation of two different model approaches

used in permafrost research in order to characterize the lateral and vertical distribution

of ice content in the ground. Calibration of the geophysically based four-phase model

(4PM) with spatially distributed soil moisture data yielded satisfactory two dimensional

distributions of water-, ice-, and air content. Similarly, soil moisture time series significantly

improved the calibration of the one-dimensional heat and mass transfer model COUP,

yielding physically consistent soil moisture and temperature data matching observations

at different depths.

Keywords: mountain permafrost, soil moisture, permafrost modeling, Electrical Resistivity Tomography (ERT),

four-phase model

INTRODUCTION

Soil moisture is a key factor controlling the energy and mass exchange processes at the soil-
atmosphere interface. Ranging from local to global scale, it can for example influence air
temperature and humidity as well as precipitation regimes, the occurrence of heat waves and
droughts, the water availability for plants or the stability of mountain slopes (for a review see
Seneviratne et al., 2010). Therefore, soil moisture was classified in 2010 as an Essential Climate
Variable (ECV) by the Global Climate Observing System (GCOS).

In regions affected by seasonal and permanent frozen conditions soil moisture is of particular
relevance. It influences the physical properties of the subsurface (e.g., ice content, thermal
conductivity, heat capacity, hydraulic conductivity, electrical conductivity, and permittivity), the
energy and water exchange processes with the atmosphere (e.g., changing albedo, evaporation,
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infiltration rates, refreezing rates, latent heat release, ground
heat flux, runoff, Hinkel et al., 2001; Boike et al., 2003, 2008;
Westermann et al., 2009, 2011; Scherler et al., 2010) and the
characteristics of different permafrost landforms (e.g., differences
of the above for soil, bedrock, rock glacier with coarse-or fine-
grained blocky material, talus slopes, steep, or flat terrain, Rist
and Phillips, 2005).

Despite its importance, its high spatial and temporal
variability (Brocca et al., 2010) and the technical challenges
inherent to the measurements prevented the soil moisture
from being measured operationally at large scales. Numerous
independent soil moisture monitoring networks currently exist
all around the world but they need to be harmonized and
qualitatively assessed. The efforts made in that direction lead to
the creation of the International Soil Moisture Network (Dorigo
et al., 2011) and before that the global soil moisture data bank
(Robock et al., 2000).

In mountainous terrains remote sensing approaches (e.g.,
Kerr et al., 2001, 2010; Entekhabi et al., 2010) are most
often not applicable. Due to their coarse resolution and the
complex retrieval algorithms for the signals in steep topographic
terrains, they are unable to capture the true soil moisture
in regions with pronounced topography that changes over
small spatial scale. Furthermore, the in situ soil moisture
measurements necessary for the validation of remote sensing
products (e.g., Albergel et al., 2011; Bircher et al., 2012;
Rautiainen et al., 2012; Magagi et al., 2013) are also sparse
in these areas, since measurements in mountainous terrains
are costly to implement and were so far not in the focus of
climatic studies. Although, the influence of soil moisture on
the thermal regime of frozen ground was confirmed in many
modeling studies (e.g., Hinkel et al., 2001; Boike et al., 2008;
Westermann et al., 2009; Scherler et al., 2010) soil moisture
measurements remain restricted to uncoordinated and project
based installations (e.g., Hilbich et al., 2011; Rist and Phillips,
2005). Globally, there is a large data gap in terms of spatial and
temporal soil moisture data at high elevation that needs to be
filled.

To capture the spatial variations of soil moisture geophysical
methods such as Electrical Resistivity Tomography (ERT)
(e.g., Hauck, 2002; Brunet et al., 2010; Hilbich et al., 2011;
Calamita et al., 2012) and ground penetrating radar (GPR)
(e.g., Westermann et al., 2010; Wollschlaeger et al., 2010)
are the most suitable and widely applied techniques in
mountainous terrains. ERT is particularly sensitive to phase
changes between unfrozen water and ice and is therefore
among the most commonly used methods in permafrost
research for the characterization of subsurface properties (e.g.,
Hauck and Kneisel, 2008; Kneisel et al., 2008; Hauck, 2013).
However, the quantification of ice, water and air content in
the ground is not possible from the interpretation of the
profiles alone. It requires either some additional information
such as borehole temperature and stratigraphic data (e.g.,
Arenson et al., 2002; Monnier and Kinnard, 2013), and/or
borehole geophysical datasets (e.g., Scapozza et al., 2014; Vonder
Mühll and Holub, 1992) or using combinations of geophysical
data (e.g., Monnier et al., 2011; Hausmann et al., 2012).

More particularly, applied in combination with Refraction
Seismic Tomography (RST), the ERT technique can be used to
quantitatively assess the different phase contents (water, ice, and
air) in the ground (Hauck et al., 2008, 2011; Schneider et al.,
2013).

For the in situ measurements of soil moisture and its
temporal evolution numerous well established direct and indirect
methods are available (e.g., Hillel, 2004; Robinson et al., 2008;
Vereecken et al., 2008). Among them only few were tested in
terrains undergoing seasonal or permanent frozen conditions.
The frequency domain reflectometry (FDR) and time domain
reflectometry (TDR) sensors are proven to be effective in such
conditions (e.g., Roth and Boike, 2001; Rist and Phillips, 2005;
Hilbich et al., 2011).

Within the framework of the SNSF-project SOMOMOUNT
(Soil moisture in mountainous terrain and its influence on the
thermal regime in seasonal and permanently frozen terrains),
a network of six entirely automated soil moisture stations
was installed in Switzerland along an altitudinal gradient
ranging from 1200m. a.s.l. to 3400m. a.s.l. and designed to
complement the existing low altitude soil moisture monitoring
network located on the Swiss plateau, SwissSMEX (Mittelbach
et al., 2011). These stations were coupled (wherever possible)
with already existing permafrost monitoring stations. The
standard instrumentation of each soil moisture station comprises
gravimetric soil sampling and the installation of Frequency
Domain Reflectometry (FDR) and Time Domain Reflectometry
(TDR) sensors for long term monitoring. Additionally, repeated
geophysical surveys (ERT, RST) as well as spatial FDR (S-FDR)
measurements are performed to assess the two dimensional
spatial distribution of soil moisture in the ground.

Using this comprehensive dataset we develop a methodology
to link the various methods and use the resulting dataset to
calibrate and validate two types of model approaches, which are
currently used in permafrost research: (1) the geophysically based
four-phase model (4PM) (Hauck et al., 2011), that combines
ERT and RST measurements to quantify the spatial variability
of ice, water, and air content in the near subsurface (down to
10–30m) and (2) the coupled heat and mass transfer model
(COUP) (Jansson and Moon, 2001; Jansson, 2012), that uses
atmospheric forcing as input to reconstruct the entire energy and
water balance for one soil column. The COUPmodel is currently
used in permafrost research for process modeling and long-term
transient modeling of the permafrost evolution (Scherler et al.,
2010, 2013, 2014) as well as for sensitivity studies (Engelhardt
et al., 2010; Marmy et al., 2013; Staub et al., 2015), whereas the
4PMwas selected for its ability to determine the spatial variability
of ice content in the ground, which was found to be one of the
key factors controlling the sensitivity of mountain permafrost to
climate changes (e.g., Harris et al., 2009; Scherler et al., 2013).

In this paper our objectives are (1) to develop and test
a standard methodology to coherently quantify the temporal
evolution and the two dimensional distribution of soil moisture
at high elevation using direct and indirect measurement
techniques and (2) use the collected datasets to calibrate and
validate two model types used in permafrost research, 4PM and
COUP.
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METHODS

The investigation of the temporal evolution and spatial
distribution of soil moisture cannot be achieved using
only one method. Therefore, we developed a methodology,
which combines several well established methods to produce
reliable spatial and temporal measurements in seasonally and
permanently frozen areas (Figure 1). These data were then used
to calibrate the 4PM and validate the COUP model, which are
used to assess the ground ice content as final goal.

Measurement Approaches
First, soil samples were collected and used as ground truth for the
calibration of the other (indirect) methods. Secondly, frequency
domain reflectometry (FDR) based sensors were installed down
to 50 cm depth for long-term monitoring purposes. Thirdly,
spatial-FDR (S-FDR) and geophysical methods [(automatic)
electrical resistivity tomography ((A-)ERT) and refraction
seismic tomography (RST)] were used for the determination of

the spatial distribution of soil moisture and the quantification
of the ice content. Figure 1 summarizes the methods and their
inter-dependency. This methodology was tested at three high-
altitude field sites selected for their data availability (the longest
and most complete time series among the SOMOMOUNT
network) and their various subsurface properties: Schilthorn,
Cervinia and Gemmi (Figure 2 and Table 1).

Soil Samples
Soil sampling is the only direct method available to measure the
unfrozen water content in the ground. In this study, samples
of known volume were collected at each site using standard
measurement cylinders and a hand auger. The soil samples were
collected in the vicinity of each soil moisture monitoring sensor
at corresponding depths.

Following the standard gravimetric method the samples were
weighted and oven dried at 105◦C during 24 h for the mineral
soils and 60◦C during 48 h for organic soils. The dry samples
were then weighted to determine the gravimetric water content

FIGURE 1 | (A) Schematics of the overall methodological concept and set of methods applied to assess water content. The red arrows represent calibration process,

the blue the validation process. The specific calibration procedure for (B) Archie’s law and (C) the 4PM are also shown. The number 10,000 indicates hereby the

number of random combinations of the Archie parameters m, n and the pore water resistivity ρw. 8 is the porosity, taken from Scherler (2006) in B and calibrated in C.
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FIGURE 2 | Location of the three field sites and overview of the geophysical profiles (red lines), borehole locations (green), and soil moisture

monitoring stations (blue) at (A) Schilthorn, (B) Cervinia, and (C) Gemmi. The digital elevation model was obtained from Bundesamt für Landestopografie

swisstopo.

TABLE 1 | Summary of the relevant data available at Schilthorn, Cervinia, and Gemmi.

Station Gravimetric FDR S-FDR A-ERT 4PM COUP

Cervinia 2014 2007− 2014 − 2013, 2014 −

Schilthorn 2004, 2013, 2014 2007− 2013, 2014 2009− 1999, 2007, 2008, 2009,

2010, 2012, 2013, 2014

1999−2013

Gemmi 2013, 2014 2013− 2013, 2014 − 2013, 2014 −

The FDR measurements are still ongoing and so are the A-ERT ones. The 4PM and S-FDR data are measured at the same time, usually between mid-July to mid-September.

(θg) and the dry bulk density (ρb). The volumetric water content
(VWC, θv) was then calculated using (Equation 1).

θv = ρb · θg (1)

Given the non-reproducibility and time consuming
characteristics of this method, the obtained values were solely
used to site-specifically calibrate the FDR-based sensors (see
Methods Section FDR and Spatial FDR). All the samples were
collected during the summer, in unfrozen conditions, to prevent
the presence of ice from disturbing the results. Furthermore, the
accessibility of the sites prevented us from taking more samples
than once or twice a year. Thus the soil samples on their own
cannot be used for the spatial and/or temporal VWCmonitoring.

FDR and Spatial FDR
FDR methods are indirect measurement techniques that use
electromagnetic waves to estimate the dielectric permittivity of
the ground and relate it to its VWC. Electromagnetic waves
are emitted at a fixed frequency along a transmission circuit
and the resulting oscillation frequency is then a function of the
surrounding medium and its VWC. The higher the VWC, the
higher the effective dielectric permittivity, leading to a lower wave
propagation velocity and thus lower frequencies are recorded
(Schlaeger et al., 2005; Campbell Scientific, 2014).

Three different FDR-based monitoring sensors are considered
in this study: SISOMOP (SMG, University of Karlsruhe,
Germany) at Schilthorn, CS616 (Campbell Scientific, United
States) at Cervinia and SMT100 (TRUEBNER GmbH, Germany)
at Gemmi. The SMT100 is the new generation of SISOMOP
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sensors and uses the same measurement principle. The sensors
were chosen for their robustness, relatively good accuracy,
and high quality/price ratio. At Schilthorn and Cervinia, the
respective sensors were installed since 2007 and both showed
good performances in highmountain and permafrost conditions,
hence the choice of the SMT100 (new version of the SISOMOP)
for the SOMOMOUNT network.

Field experiments realized by Mittelbach et al. (2012) in
agricultural fields showed that the SISOMOP and the CS616
sensors have an overall comparable accuracy (± 0.03m3/m3),
although their performance is seasonally dependent and each
sensor type performs differently in variable settings. According
to the manufacturer, the SMT100 also has an accuracy of ±
0.03m3/m3 in mineral soils using the factory calibration, which
can be improved to ± 0.01m3/m3 using a site-specific one
(Truebner, 2012). Additionally, all the sensors have a temperature
dependency and tend to underestimate the VWC by ∼0.02
m3/m3 at temperatures below 10◦C and overestimate it by
∼0.05 m3/m3 above 10◦C (Mittelbach et al., 2012). It was
also shown that for the CS616 at temperatures between 0
and 20◦C the use of a temperature correction formula given
by the manufacturer introduces unrealistically strong seasonal
temperature effects (Mittelbach et al., 2012). Since the SISOMOP
temperature dependency is of a similar magnitude than for the
CS616 (Mittelbach et al., 2012), no temperature correction was
applied. At temperatures below the freezing point the measured
absolute VWC has to be used with caution since it lays outside of
the temperature range tested by the manufacturers.

In order to standardize the measurements of the less
established SISOMOP and SMT100 sensors, the same site-
specific calibration procedure was applied to both types of device.
Using the calculated VWC from the soil samples (see above, θv)
and the raw sensors outputs (so-called Moisture Counts (MC)
for the SISOMOP and SMT100), an exponential calibration curve
(Equation 2) including the upper and lower boundary conditions
(0 and 100% VWC) was determined by laboratory measurements
performed in air (for 0% limit) and directly in water (for the 100%
limit). At Cervinia technical issues prevented the site-specific
calibration, thus the absolute values have to be considered with
care (accuracy± 0.03m3/m3; Campbell Scientific, 2014).

θv = j · e(MC·k) (2)

The locations of the FDR monitoring sensors were chosen
according to the following criteria: (1) close enough to the
geophysical line and the boreholes to allow comparisons but to
avoid interferences between the methods and (2) deep enough
fine grained material to ensure that the sensors along the whole
vertical profile are in good contact with the soil. There were only
few locations meeting these criteria and finally the sensors are
located 1m away from the geophysical line at Schilthorn, 1.5m
away at Cervinia and 3m at Gemmi.

In addition to this monitoring set-up, punctual spatial soil
moisture measurements were carried out along the geophysical
lines (see below) using a hand-held ML2x ThetaProbe (Delta-T
Devices, England). The ThetaProbe is also a FDR-based sensor
that can either be used for spatial measurements (as in this study)

or be fixed installed for soil moisture monitoring. It consists
of a portable logging unit that controls a sensor composed of
four rods of 6 cm length that have to be completely inserted
in the ground. A maximum of three measurements were taken
in the immediate vicinity of each electrode/geophone, where
the surface composition allowed it. A good contact with the
soil was difficult to achieve especially at the two vegetation
free field sites (Schilthorn and Cervinia), where the coarse-
grained nature of the surface did not always allow the complete
insertion of the rods into the ground. Thus at some locations
only two or even no measurements were taken. Given the
high variability of the collected values, the maximum value
at each location was selected and will be used in this study.
The maximum value is assumed here to represent the measure
with the best soil contact and thus to be the most accurate
one. However, the measurements have to be treated with
caution since they were performed only at locations where at
least 6 cm of fine grained material was available, which might
not be entirely representative of the VWC distribution at the
surface.

According to the manufacturer the ThetaProbe device has an
accuracy of ± 0.05m3/m3 when using the standard calibration
function and± 0.01m3/m3 when using a site-specific calibration
(Delta-T Devices, 2011). Given the heterogeneous composition
of the surface along the geophysical profiles, no site-specific
calibration was performed in this study.

Automated Electrical Resistivity Tomography (A-ERT)
To extend the punctual monitoring measurements to a full
2D section of the ground, Electrical Resistivity Tomography
(ERT) measurements were used to calculate the VWC from
the inverted specific resistivity tomograms. The ERT technique
uses the resistivity differences of the various subsurface materials
to determine its composition. It is particularly sensitive to
phase changes between ice and water (e.g., Hauck and Kneisel,
2008). In ERT surveys sets of equally spaced electrodes are
inserted in the ground along a profile line. Electrical current is
then injected using two electrodes and the resulting potential
difference is measured between two other electrodes. Varying
center points and electrode spacing for each set of four electrodes
(quadrupoles) yield a 2D distribution of the measured apparent
resistivity. Finally, a standard tomographic inversion scheme
(Res2dinv, Loke, 2006) is applied to invert the set of measured
apparent resistivities to the specific resistivities of the subsurface
materials. More details regarding data processing, inversion
parameter and associated uncertainties are given in Hilbich et al.
(2009, 2011) and Rosset et al. (2013).

Whereas ERT was used at all three study sites, an automatic
ERT (A-ERT) system is only available at Schilthorn (Figure 2A).
There a fixed ERT profile was already installed in 1999 with
manual measurements in a seasonal context, and since 2009
resistivity values are measured by A-ERT yielding temporally
high-resolution data along a 60m long survey line (Hilbich
et al., 2011). In this A-ERT set-up, an automated data filtering
procedure is applied to the dataset to eliminate physically
implausible values, overall high- and low-value outliers as well as
temporal outliers within the data series and a standard inversion
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scheme is applied to produce specific resistivity data (Hilbich
et al., 2011; Rosset et al., 2013).

In this study, ERT is used as an indirect method for near-
surface VWC values and additionally as input for the four-phase
model (see Methods Section Four-Phase Model (4PM)). The
latter requires the use of the entire profile, thus the inverted
tomogram is used as input (see Methods Section Four-Phase
Model (4PM)), whereas the former, being focused on the near-
surface, uses only the first depth level of the ERT measurements,
where the monitoring FDR sensors are installed. At shallow
depth the apparent resistivity can be considered as equal to
the specific resistivity. Therefore, and to avoid the introduction
of additional uncertainties through the inversion process, the
apparent resistivity values are used in the near-surface approach
described hereafter.

The approach used to calculate the VWC from the A-ERT
measurement at Schilthorn is the direct application of Archie’s
law (Archie, 1942), which is an empirical relationship relating
the pore water resistivity (ρw), the porosity (8) and the water
saturation (Sw) to the resistivity (ρ) (Equation 3).

ρ = aρwΦ
−mS−n

w (3)

where a, m, and n are three empirical parameters, which depend
on the pore space geometry and inter-connectivity (Schön, 2004).
The use of Archie’s law for water content quantification is
well established in soil sciences (e.g., Samouelian et al., 2005),
the investigation of hill slopes (e.g., Huebner et al., 2015) and
flood protection dikes (e.g., Rings and Hauck, 2009) but also in
permafrost environments (Hauck, 2002).

To constrain the free parameters in Archie’s law (here ρw, m,
and n), we consider the VWC measured by the FDR monitoring
sensors and the apparent resistivity values at the same location
throughout the time period 2007–2014. Porosity (φ) is hereby
set to 53% according to in situ measurement done by Scherler
(2006) and Archie’s empirical parameter a is set to 1, because
its uncertainty can be included within the calibration of ρw.
The calibration procedure (Figure 1B) consists of 10,000 random
combinations of pore water resistivity (ρw, ranging from 10 to
800 �m), cementation exponent (m, ranging from 1.3 to 3) and
saturation exponent (n, ranging from 1 to 8) that are generated
and compared to the FDR values (the range of each parameter
is defined according to King et al., 1988; Schön, 2004). The
combination that minimizes the RMSE is selected.

Model-Based Approaches
Four-Phase Model (4PM)
The so-called four-phase model, (4PM, Hauck et al., 2008,
2011) is a simple physically-based model, which combines
ERT and refraction seismic tomography (RST) datasets to
calculate the different phase contents (air, ice, and water) in
the ground. ERT (see Methods Section Automated Electrical
Resistivity Tomography (A-ERT)) and RST are often combined
in permafrost research, since their complementary use allows for
a clear differentiation between air and ice (RST) and ice and water
(ERT) (Hauck and Kneisel, 2008).

The RST method utilizes the difference in p-wave velocity of
each material to define the composition of the subsurface. In

RST surveys seismic waves are generated along a profile line and
the arrival of the seismic p-waves is recorded at equally spaced
geophones. From this, travel times of each source-geophone
pair are calculated and are consequently inverted to yield a 2D
distribution of p-wave velocity using a Simultaneous Iterative
Reconstruction Technique (SIRT) algorithm within the software
REFLEXW (Sandmeier, 2011). For this, a synthetic initial velocity
model of the ground was defined for each site and used to
constrain the tomographic inversion. More details about data
processing and inversion, also in a monitoring context, can e.g.,
be found in Hilbich (2010).

To apply the 4PM, the respective ERT and RST surveys should
be conducted within a short time window to avoid uncertainties
due to different surface conditions (moisture). The 4PM itself
is based on three main equations: the previously cited Archie’s
law (Equation 3), an extension of the time-averaged approach
by Timur (1968) to a 4 phase medium (Equation 4) and the
assumption that the sum of all volumetric fractions of the ground
is equal to one (Equation 5),

1

v
=

f w
vw

+
f r
vr

+
f i
vi

+
f a
va

(4)

f w + f r + f i + f a = 1 with 0 ≤ f w, f r, f i, f a ≤ 1 (5)

where v is the measured p-wave velocity, fw, fr , fi and fa are
the water, rock, ice, and air fractions and vw, vr , vi, and va
their respective p-wave velocities (Hauck et al., 2011). Combining
Equations (3–5), fw, fi, and fa can be calculated as a function of
the material properties ρw, vr , vw, va, vi and the three Archie
parameters (a, m, and n) under the constraint that a porosity
model (1–fr) has to be prescribed.

Among these parameters the pore water resistivity (ρw) and
the porosity (8) are the most sensitive ones for the ice and
water content calculation (Hauck et al., 2011). The difficulty
of in situ measurements and its spatial variability make the
porosity particularly challenging to include in the 4PM. Several
approaches have been tested so far to optimize its determination.
Hauck et al. (2011) proposed to use a general version of the 4PM,
where the calculations are done for the whole range of plausible
porosity values, which yields the range of possible volumetric
fractions. Additionally, the use of one single value for the whole
2D section (homogeneous porosity) was tested as well as the
use of a gradient porosity model following the assumption that
porosity decreases with depth.

In addition to the importance of a correctly estimated porosity
model for the accuracy of the 4PM, inadequate porosity values are
also one of the main causes for physically inconsistent solutions
in the 4PM. The two main error sources for such inconsistent
solutions are: (1) a negative phase content or a modeled porosity
larger than one (violation of Equation 5) and (2) phase content
values exceeding the prescribed porosity (Hauck et al., 2011).
These errors typically appear at the lower boundary of the
model, where the porosity is lowest (and the sensitivity of the
geophysical inversion results is the smallest) and in sections
of anomalously high resistivity (Hauck et al., 2011). They are
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permitted by the fact that Archie’s law and Timur’s equation are
not bounded to physically realistic solutions and allow trade-
offs between the different phase contents. All the solutions that
violate the restriction of Equation 5 are deleted in the final
model, producing white grid cells. In a perfect case, the final
phase content distribution should have the same shape and extent
as the input ERT and RST data. This can be achieved using a
coherent combination of parameters (specifically porosity) and
appropriate inversion scheme that prevent the generation of
artifacts in the input ERT and RST profiles.

In this study we developed a new approach to better prescribe
the porosity in the 4PM, which combines modeled porosity in
the near surface and a user defined gradient at depth. We use
the fact that in unfrozen conditions (fi = 0) the number of
unknowns in the 4PM is reduced to three (water content, air
content, rock content = 1-porosity), which enables the porosity
to bemodeled explicitly. This is defined as a three-phasemodel or
3PM hereafter. Since ERT and RST measurements were realized
during late summer, the uppermost soil layer of the profiles was
unfrozen (the so-called active layer), which allows us to calculate
spatial porosity variations for this zone using the 3PM. The 3PM-
derived porosity model is then used as input in the 4PM, and the
depth to the frozen layer is defined as the depth where fi 6= 0
or where no solution is found in the 4PM (due to violation of
Equation 5, see above). At this interface between unfrozen and
frozen conditions, a user-defined gradient is applied to further
decrease the porosity until the assumed minimum porosity (firm
bedrock) is reached.

For this gradient model at larger depths, two types of
gradients can be used. On the one hand, a laterally homogenous
decreasing porosity gradient can be prescribed, which is entirely
user-defined (starting porosity value, gradient and minimum
value) and totally independent from the modeled 3PM porosity
above (so-called 3PM-independent gradient). On the other hand,
a laterally variable decreasing porosity gradient can be set,
which uses the lowermost available value from the 3PM-derived
porosity (at the boundary to the frozen layer) for each soil
column as starting value (so-called 3PM-dependent gradient).
For this, only the gradient and the minimum porosity value
(bedrock) are user-defined. A smoothing scheme is applied
on the resulting porosity models to avoid unrealistic vertical
structures and too high porosity contrasts. The 3PM-dependent
gradient is used when the porosity distribution at the surface
is assumed to be representative for larger depths, whereas
the 3PM-independent gradient is used when the porosity
variations obtained at the surface are assumed to be superficial
structures.

Four-phase model calibration
Besides the porosity, also a number of other parameters have
to be prescribed in the 4PM: ρw, m, n, vw, vr , vi, and va. The
seismic velocities of water (vw), ice (vi) and air (va) are set to
standard values from literature: vw = 1500m/s, vi =3500m/s
and va = 300m/s, whereas the p-wave velocity of the rock (vr)
is site-specific and depends on the rock type. The theoretical
p-wave velocity found in non-fractured bedrock is considered
in the model. It can vary from 5000m/s for sandstones up

to 8500m/s in peridotites, with a value around 6000m/s for
limestones (Schön, 2004).

The availability of spatially distributed soil moisture values
along the geophysical profiles at all three study sites allows
us to calibrate the Archie parameters 8, ρw, m and n
using the measured spatial soil moisture values (S-FDR, see
Methods Section Automated Electrical Resistivity Tomography
(A-ERT)). The calibrated parameters are the same as for the
A-ERT approach in Methods Section Automated Electrical
Resistivity Tomography (A-ERT), but the procedure is different
(Figure 1C). Instead of prescribing the porosity, we here
explicitly calculate the porosity close to the surface using the
3PM (as described above). For this, 10,000 random combinations
of m (ranging from 1.3 to 3), n (ranging from 1 to 8) and ρw
(ranging from 10 to 800 �m) are used to model 8 (under the
assumption of ice-free conditions) and the VWC at the surface
(the ranges of these parameters were defined according to King
et al., 1988; Schön, 2004). The measured VWC (S-FDR) is then
compared to each of the 3PM-derived VWC modeled using the
10,000 combinations of m, n, and ρw. The set of parameters with
the lowest RMSE is selected for the further application of the 3PM
and 4PM.

The accuracy of this automatic calibration procedure depends
both on the quality of the S-FDR data and on the presence
or absence of inversion artifacts in the geophysical tomograms.
Regarding the S-FDR sensors accuracy, they have an overall
accuracy of± 0.05m3/m3 (see Methods Section FDR and Spatial
FDR). Furthermore, the average standard deviation between the
measurements at the same location is 0.028m3/m3 at Schilthorn,
0.034m3/m3 at Cervinia and 0.091m3/m3 at Gemmi.

COUP Model
The COUP model is a 1-dimensional physically-based model
used for the simulation of different thermal and hydrological
processes (Jansson and Karlberg, 2004). It couples heat and water
processes in the subsurface using the general heat flow equation
(Equation 6) and is extended with empirical relations for the
calculation of many thermal and hydrological soil variables. It
also includes snow cover, freeze/thaw processes and vegetation
if present. The general heat flow equation is formulated as follow
(Jansson and Karlberg, 2004):

δ (CT)

δt
− Lf ρd

δΘ i

δt
=

δ

δz

(

k
δT

dz

)

− CwT
δqw
δz

− Lv
δqv
δz

(6)

where C (J K−1) is the heat capacity of the soil, T (K) is the soil
temperature, Lf (J kg−1) is the latent heat of freezing, ρd (kg m−3)
is the density, θi is the volumetric ice content, k (W m−1 K−1) is
the thermal conductivity, t is the time, z is the depth, Cw (J K−1)
is the heat capacity of the water, Lv (J kg−1) is the latent heat
of vaporization and qw and qv (kg m−2 s−1) are the water and
vapor fluxes. The upper thermal boundary condition is calculated
by a complete energy balance at the soil surface and the lower
thermal boundary condition is derived from the sine variation of
the temperature at the soil surface and a damping factor for the
depth.
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The water flow in the soil is assumed to be laminar, following
Darcy’s law as generalized by Richards (1931) for unsaturated
soils (Equation 7).

qw = −kw

(

δψ

δz
−1

)

− Dv

(

δcv

δz

)

+ qbypass (7)

where kw is the unsaturated hydraulic conductivity (mm/day), 9
is the water tension (N m−1), Cv is the concentration of vapor
in soil air, Dv is the diffusion coefficient for vapor in the soil
and qbypass is a bypass flow in the macro-pores. Under super-
saturated conditions, the flow of water is accumulated upwards
in the upper soil compartment until it reaches the surface and
leaves the system with the surface runoff. The modeled processes
of water infiltration into the frozen soil were implemented and
described by Stähli et al. (1996) and a complete description and
test of water infiltration is given by Scherler et al. (2010).

Themodel has already been used inmany studies focussing on
various purposes, including soil moisture (e.g., Noroozvalashedi
et al., 2012; Wu and Jansson, 2013) and permafrost (Engelhardt
et al., 2010; Marmy et al., 2013, 2015; Scherler et al., 2013, 2014;
Staub et al., 2015). Other studies specifically applied the COUP
model to simulate the soil moisture in frozen grounds (Scherler
et al., 2010; Xarpell et al., 2010; Python, 2015). The model
has already shown good ability to simulate ground temperature
regimes, precise snow conditions and soil moisture. However
limitations exist regarding 2- or 3-dimensional processes, such as
energy transfer by subsurface convection in blocky surface layers
(Scherler et al., 2014) or 2D air circulation in ventilated talus
slopes (Staub et al., 2015).

Here we use the COUP model as calibrated by Marmy et al.
(2015). In their study the COUP model was used at several
high elevation study areas for the assessment of future long-term
ground temperature evolution. Therefore, a semi-automated
calibration procedure was used (see Marmy et al., 2015) and the
COUPmodel was driven by on-site reconstructedmeteorological
data (air temperature, relative humidity, wind speed, global
radiation, and precipitation) at daily resolution (see Rajczak et al.,
2015) for the period 1999–2013 with a 18 year spin-up (1981–
1999). The complete energy and mass balance are calculated
along a soil column composed of 16 compartments of increasing
thickness with depth, from which the water and ice content can
be extracted.

FIELD SITES AND DATASETS

This methodology was applied to three well established
permafrost study areas in the western European Alps: Schilthorn,
Cervinia, and Gemmi (see Figure 2). The sites were chosen based
on data availability and their differing subsurface properties to
test the accuracy of the presented methods in various conditions.

Schilthorn
The Schilthorn study area (see Figure 2A) is located in the
northern Swiss Alps at 2900m a.s.l. on a small plateau in
the north facing slope of the Schilthorn summit (2970m
a.s.l.). The mean annual air temperature is around −3◦C

(PERMOS, unpubl.) and the average precipitation around
2700mm per year (Imhof et al., 2000). The subsurface is
composed of micaceous shales with interbedded ferruginous
quartzose sandstones underlying a thin layer of weathered
material (Imhof et al., 2000). This particular geology is the source
of quite different (i.e., more conductive) electrical properties than
observed at other alpine permafrost sites (Vonder Mühll et al.,
2000). The surface cover consists of a layer of fine grained debris
including sandy and silty materials up to several meters thick
(Hilbich et al., 2008) without any vegetation (see Figure 2A).

Permafrost was first discovered in the Schilthorn massif
during the construction of the cable car station in 1965. Since
then, the site has been extensively studied and became one of the
most important study area of the Swiss permafrost monitoring
network PERMOS (2013). The measurements comprise: ground
temperature monitoring in three boreholes (14m and two times
100m) drilled and instrumented in 1998 and 2000 within the
project PACE (Harris et al., 2001), a meteorological station
installed in 1999, two fixed ERT profiles (50 electrodes with
2m spacing and 47 electrodes with 4m spacing) installed in
1999 and 2005, respectively, which were automatized (A-ERT)
in 2009 (Hauck, 2002; Hilbich et al., 2008, 2011) and annual
RST measurements performed since 2007 (Hilbich, 2010) along
one of the ERT monitoring lines. Continuous soil moisture
measurements have been running since 2007, soil samples were
collected in 2004, 2013, and 2014 and spatial FDR measurements
were performed in late summer 2013 and 2014 (see Table 1 for a
summary).

From the borehole data it is known that permafrost
at Schilthorn is at least 100m thick and characterized by
temperatures close to the freezing point and ice-poor conditions.
The active layer thickness (ALT) typically varies between 4
and 6m with maximum of 8.55m in 2003 (PERMOS, 2013).
The possible long term evolution of permafrost at Schilthorn
was investigated using the COUP model and downscaled RCM
scenarios for the next 100 years (Marmy et al., 2013, 2015;
Scherler et al., 2013). According to these studies, permafrost at
Schilthorn is comparatively sensitive and will probably start to
degrade early within this century.

Cime Bianche/Cervinia
The Cime Bianche monitoring site is located above Cervinia
at 3100m a.s.l. in the Italian Alps close to the border to
Switzerland. The station is situated on a plateau slightly west-
oriented and the subsurface is mainly composed of granetiferous
mica schists and calcschists (Figure 2B). The bedrock surface is
highly weathered resulting in a layer of coarse-debris ranging
from a few centimeters to several meters depth. The surface
aspect is locally very heterogeneous with an alternation of visible
bedrock outcrops, coarse-grained material, and fine-grained
material (Pogliotti et al., 2015). As for Schilthorn, no vegetation
is present at the site (see Figure 2B). In situ records for the 2010–
2013 period show a mean annual precipitation of 1200mm and a
mean annual air temperature of−3.2◦C (Pogliotti et al., 2015).

Permafrost was first identified in the area in 1990 with
BTS measurements and geoelectrical soundings (Guglielmin and
Vanuzzo, 1995). The instrumentation of the site started in 2005
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and was progressively developed until 2008 (Pogliotti et al.,
2015). Measurements at the site include: ground temperature
monitoring in two boreholes (41 and 7m depth) drilled in 2004,
a spatial grid of ground surface temperature logger measuring
since 2006 and an automatic weather station also installed in
2006. Geophysical (ERT and RST) investigation took place in
the vicinity of the boreholes in October 2013 and were repeated
in September 2014. Continuous soil moisture measurements at
20 cm depth are running since 2007, soil samples were collected
in 2014 and measurements with the hand held FDR probe were
conducted along the geophysical survey lines.

The permafrost at Cime Bianche is characterized by a
temperature of around −1.2◦C and the active layer thickness
varies between 1.9 and 3.6m at the shallow borehole and between
3.8 and 5.4m at the deep one. These strong spatial differences
are most likely due to difference in ice content between the two
boreholes (Pogliotti et al., 2015).

Gemmi
The Gemmi monitoring site (see Figure 2C) is situated at 2450m
a.s.l. in the Furggentälti valley located in the main alpine ridge

in Switzerland. This west-oriented high alpine valley receives
between 1800 and 2500mm precipitation per year and has
a mean annual air temperature around 0◦C (Krummenacher
et al., 2008). The geology of the study area is mainly composed
of limestones from the kimeridigian period and many karstic
formations can be observed throughout the area. Typically,
no surface water flow is observed in the Furggentälti valley,
since all the water is drained by the multiple fissure and cave
systems inherent to the karstic environment. The near-surface
is composed of a fine-grained material layer underlying a thin
organic layer (∼10 cm thick at the SOMOMOUNT station) and
grass growing at the surface (see Figure 2A). The thickness of this
succession of layer varies between a few centimeters up to several
meters. Locally some bedrock outcrops are visible.

The site was first investigated for its geomorphologic
interest and instrumentation started in 1988 for quantitative
measurements of periglacial processes. Two main geomorphic
features are currently investigated: an active rock glacier and a
solifluction lobe. Measurements in the Furggentälti valley are
focused on the dynamic of these two landforms and comprise
repeated GPS campaigns on the rock glacier, an automatic

FIGURE 3 | Temporal evolution of the measured soil moisture (upper panel) and ground temperature (lower panel) at (A) Schilthorn, (B) Cervinia, and

(C) Gemmi for the year 2013 (A,B) and 2014 (C). Missing data prevented the use of the same time period for each site and the gaps were too large to apply

gap-filling techniques.
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camera installed in 1993 for the rock glacier monitoring
and the application of photogrammetric analyses since 1990.
Additionally a vertical temperature profile measuring down to
1m depth was already installed in 1988 on the solifluction lobe
(Krummenacher and Budmiger, 1992). Two weather stations
were installed in 1999 and 2000 on the solifluction lobe and
on the rock glacier, respectively. In 2013, with the start of the
SOMOMOUNT project, a soil moisture monitoring station was
installed on the solifluction lobe, several geophysical surveys
(ERT and RST) were performed in the vicinity accompanied by
spatial FDR and different soil samples (see Table 1).

The vertical temperature profile of the uppermost meter of
the solifluction lobe reveals the probable absence of permafrost at
this site, but shows strong seasonal frost effects. This study area
is included here precisely for that reason as it permits to assess
the accuracy of the 4PM in unfrozen conditions as well as the
application of the 3PM.

RESULTS

Soil Moisture Monitoring
Figure 3 shows the results of continuous monitoring of VWC
with the FDR sensors at Schilthorn, Cervinia, and Gemmi.
At all sites, the overall annual behavior of VWC is similar
and characterized by a steady minimum throughout the winter
followed by a strong increase at every depth at the beginning
of the summer (around mid-April at Gemmi and beginning of

TABLE 2 | Summary of the parameters selected for Archie’s law at

Schilthorn and the 4PM ones at each sites.

Parameters Archie 4PM

Schilthorn Schilthorn Cervinia Gemmi

m 1.72 1.4 3 2.8

n 1.63 2.4 2.4 7.4

ρw[�m] 55 60 60 55

vr[ms−1] − 6000 7000 7000

8min[%] − 10 10 10

RMSE [%] 2.2 4.65 7.07 30.5

The application of Archie’s law at Schilthorn is restricted to the near-surface, thus the

porosity measured by Scherler (2006) is used.

August at Schilthorn) and a period of high variability due to
precipitation events betweenmid-July andmid-October. Around
mid-October (mid-November at Gemmi) the VWC decreases
(more or less rapidly depending on the site and depth considered)
to reach the winter minimum again. This winter minimum is 6%
at 20 cm depth at Cervinia, 9–11.5% at Schilthorn, and 7.5–11%
at Gemmi (depending on the depth considered).

The VWC evolution described here is mainly driven by
the ground temperature and the in situ snow cover, which is
typical for high-altitude permafrost sites (e.g., Hilbich et al.,
2011). The winter minimum corresponds to the frozen state
of the ground and the insulating snow cover prohibits any
heat exchange between the atmosphere and the ground. At all
sites the maximum value is reached shortly after snow melt,
as long as the ground is still frozen and sealed by ice, which
prevents infiltration and causes saturated conditions in the layer
above. These maximum values are thought to be representative
for saturated conditions and thus porosity of the near surface.
Finally, the highly variable period in summer corresponds to
a snow-free and unfrozen state that allows a coupling between
precipitation events and soil moisture to take place.

Although, the overall VWC evolution is similar at all sites,
some important differences have been observed and will be
discussed more in detail in Section Discussion. At Schilthorn, the
peak in the beginning of the summer is immediately followed by
a strong decrease of the VWC, whereas the VWC at Cervinia
slowly and steadily decreases throughout the whole summer.
Furthermore, soil moisture in 2014 at Gemmi is much higher
than at the two other sites and the three measurement depths
exhibit larger variability than at Schilthorn. Additionally, the
duration of the winter minimum state is shortest at Gemmi (the
non-permafrost site) and the periods related to the zero curtain
effect (effect of latent heat in maintaining near 0◦C temperature
over extended periods in freezing or thawing soils Outcalt et al.,
1990) at the beginning and the end of the summer are much
longer than at the other sites.

A-ERT
Among the field sites of this study only the Schilthorn is
equipped with A-ERT, resistivity monitoring data with high
temporal resolution are therefore only available for this site.
Using the soil moisture monitoring data for calibration, the

FIGURE 4 | Calibration of the A-ERT-derived VWC using Archie’s law (red) compared to the measured VWC (black) at Schilthorn (A), and the

performance of the calibration (B). The blue line represents the linear regression between calculated (Archie) and measured (FDR) data.
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near-surface spatio-temporal VWC was calculated from the
apparent resistivity values (see Methods Section Automated
Electrical Resistivity Tomography (A-ERT)). In a first step,
Archie’s law was calibrated at the location of the FDRmonitoring
sensors. The resulting parameter values are listed in Table 2 and
Figure 4 shows the AERT-derived VWC (red) compared to the
measured VWC (black) over the period 2007–2014 (A) and the
performance of the method (B).

This calibration shows a good overall agreement with
a systematic underestimation for the summer periods and
overestimation during the winter. The offset between measured
(FDR) and calculated (Archie’s law) VWC is not constant but
varies between −5.6 and 5.3% depending on the season and the
year considered. The transition periods also correspond well.

In a second step the calibrated Archie’s formula was applied
to the uppermost data level along the entire ERT profile to
get the spatial distribution of near-surface VWC with time.
Figure 5A shows the spatio-temporal evolution of calculated
VWC (Archie’s law) at the surface from May to November 2009.
Figure 5B compares the temporal evolution of measured (FDR)
and calculated (Archie) values at the location of the two boreholes
SCH_5198 and SCH_5000.

One can clearly see a non-uniform spatial repartition of
VWC along the profile line. Dry conditions with a low temporal
variability can be found between 24 and 48m (zone a in
Figure 5A) and the wettest conditions with higher overall
amplitudes are recorded between 10 and 24m (zone b). This is
in good agreement with previous observations made by Hilbich
et al. (2008) and Hauck (2001).

A marked increase in VWC can be observed at the beginning
of the summer. Within a very short time period (a few days) all
values along the survey line increase by about 5% even though
the surface material is quite heterogeneous and spatially variable
snow melt and runoff conditions can be observed. This event is
also recorded in the measured FDR data, where it lasts longer

but has a bigger amplitude. A second marked peak was measured
in mid-July by the FDR. Generally, the A-ERT-derived VWC
is temporally much less variable than the values of the direct
FDR measurements as the resistivity values integrate over larger
depths (∼50 cm).

Four-Phase Model
Based on the ERT and RST profiles of all three sites,
the porosity was modeled following the 3PM-4PM scheme
described in Methods Section Four-Phase Model (4PM) (3PM-
dependent, Figure 6). The spatial variation of the porosity
at the surface (lower panels in Figure 6) seems consistent
with field observations at all sites. However, the absolute
values at the surface are clearly overestimated. At Schilthorn,
previous porosity measurements near the borehole SCH_5198
found values of around 53% at 10 cm depth (Scherler, 2006),
whereas the 3PM-4PM scheme models 67%. However, the spatial
distribution of porosity is in accordance with the observed
surface characteristics: the uppermost ground layer is composed
of weathered material of variable granulometry and depth. At
Cervinia, the same observation can be made. The porosity
modeled at the surface shows unrealistic values of up to 85%, but
the spatial porosity distribution is consistent with the observed
coarse grained material along most parts of the profile and the
bedrock outcrop around the location of the borehole DP. Finally,
at Gemmi the 4PM-defined porosity is nearly reaching 100%
at the surface in the left part of the profile, which is again
a clear overestimation. However, the highest values are found
at the location of the solifluction lobe (Krummenacher et al.,
2008) and the lowest values (50–60%) are found between 40 and
70m horizontal distance, which coincides with bedrock outcrops
visible in this part (see also Figure 8D).

Given the good spatial distribution but the strongly
overestimated porosity values, we modified the porosity models
determined by the 3PM–4PM scheme in order to create so-called

FIGURE 5 | Spatio-temporal evolution of the VWC at the surface along the A-ERT profile at Schilthorn from May to November 2009 (A), the time being

displayed on the horizontal axis and the location along the A-ERT line on the vertical one. The arrows indicate the locations of the two boreholes

(SCH_5198 = 10m and SCH_5000 = 26m). (B) compares the temporal evolution of measured (FDR) and calculated (Archie) values at the location of the two

boreholes. The zones a and b mentioned in the text are indicated on the right hand side of (A).
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FIGURE 6 | Inverted specific resistivities (A,D,G) and p-wave velocities (B,E,H) for Schilthorn, Cervinia, and Gemmi. Note the different resistivity color scale

at Schilthorn. The porosity models (C,F,I) are computed using a 3PM-dependent gradient [see Methods Section Four-phase model (4PM)]. Black lines indicate

borehole positions, and dotted lines indicate the maximum depth of the 3PM-derived porosity.

FIGURE 7 | 4PM modeled relative ice- (B,F,J), water- (C,G,K), and air- (D,H,L) contents at Schilthorn, Cervinia, and Gemmi using best guess porosity

models (A,E,I). The borehole locations and temperature profiles are marked by vertical black lines and the measured ALT at the boreholes by horizontal ones.

best-guess porosity models for all sites, which add information
from absolute values derived from field observations, drilling
logs and expert’s knowledge to the model yielded by the 3PM–
4PM scheme. In the following these manually adapted best-guess
porosity models are used to constrain the 4PM with more
realistic values. Figure 7 shows the best-guess porosity models
and the 4PM-modeled ice, water and air content at Schilthorn,
Cervinia, and Gemmi. Each panel represents a 2D section of the
ground and the values of the different phase contents are given

relative to the available pore spaces (in percent per porosity,
except for the porosity itself).

Looking at the ice content distribution (Figures 7B,F,J), one
can observe an unfrozen layer (fi = 0) near the surface at all
three sites. At Schilthorn and Cervinia the thickness of this ice-
free layer is coherent with the observed active layer. At Gemmi,
no evidences of permafrost have been found so far, so that the
presence of ice in our results is considered as an artifact (see
Section Discussion for more details). At Schilthorn and Cervinia
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the depth of the active layer is variable along the profile line and
between the two sites, which agrees well with the temperatures
recorded in the boreholes.

Clear differences between the two sites can be observed in the
relative values of ice content (i.e., the percentage of pore spaces
filled with ice). Maximum values at Schilthorn are around 40%,
whereas the ice content can reach up to 50% of the available
pore spaces at Cervinia. Furthermore, most of the profile at
Schilthorn has a value of around 25%, whereas at Cervinia several
ice-rich zones (up to 55%) are alternating with ice-poor ones
(around 15%). Again, this is in good agreement with the borehole
temperatures, showing around −0.5◦C for the permafrost body
at Schilthorn and with −1.25◦C colder conditions at Cervinia.
This temperature difference can explain the higher ice content
modeled at Cervinia and the higher VWC seen at Schilthorn.
Additionally, the resistivities observed at Schilthorn are much
lower (max ∼2500 �m, Figure 6A) than at Cervinia (max
∼25000�m, Figure 6D) indicating less fractured bedrock and/or
higher ice content at Cervinia.

The VWC distributions (Figures 7C,G,K) show high
variability at the surface and an increase with depth at all sites.
The relative values at Schilthorn and Cervinia are somewhat
similar (35–55%) and much higher at Gemmi (45–100%, i.e., full
saturation). This is coherent with the respective site locations
and substrate. At Gemmi low water content areas can be seen on
the right and left side of the profile starting at 5m depth, which
correspond to high porosity and high air content areas.

Finally, looking at the air content distribution
(Figures 7D,H,L), a typical decrease with depth is seen at
Schilthorn and Cervinia, which is a function of the modeled
porosity. Interestingly at Gemmi, the distribution follows a
completely different pattern. High air content zones are found
around 5m depth on the left- and right-hand sides of the profile.
This distribution corresponds to the high resistive anomalies
found in the ERT (Figure 6G) and is coherent with the karstic
composition of the subsurface and the probable presence of
cavities or cracks in the bedrock.

DISCUSSION

Soil Moisture Monitoring
The continuous monitoring of soil moisture at three high alpine
field sites allowed us to identify variable, site-dependent patterns
of VWC temporal evolution. At Schilthorn, the strong increase
in VWC at the beginning of the summer is followed by a
fast decrease indicating most probably an effective drainage of
the water. This hypothesis is supported by the site location
on a small plateau within a steep slope and the composition
of the uppermost meters of the ground (Imhof et al., 2000).
Additionally, the thick active layer observed in the boreholes
(4.7–7.7m for the period 2007–2014; PERMOS, 2013) allows
water to infiltrate deep in the ground before reaching the
impermeable permafrost body, thus draining efficiently the near-
surface.

At Cime Bianche/Cervinia the snow cover thickness and
duration as well as the surface characteristics are very similar to

Schilthorn, but the VWC evolution is different. Here, the peak
at the beginning of the summer is followed by a slow and steady
decrease of VWC over the whole summer period. As the field site
on Cime Bianche is located on an only slightly inclined mountain
plateau, we interpret this difference to Schilthorn as being
a consequence of topographic conditions, which facilitate the
storage of snowmelt water. Furthermore, the permafrost at Cime
Bianche is colder than at Schilthorn (−1.25◦C at Cime Bianche
in contrast to −0.5◦C at Schilthorn at the depth of zero annual
amplitude, respectively) and the active layer is shallower (1.9–
3.6m for the period 2007–2013, Pogliotti et al., 2015) indicating
slower advance of the thawing front and thus limiting the amount
of water infiltration in the ground. The decrease of VWC during
the summer is consistent with the active layer thickening period.
Finally, although the surface aspect at Cime Bianche is more or
less similar than at Schilthorn, differences in soil granulometry
(more fine grained material and lower hydraulic conductivity)
could also affect the evolution of the VWC.

The VWC evolution at Gemmi shows typical characteristics
of seasonal frost conditions in (partly organic) soil, i.e., high
water contents in summer, short winter minimum and marked
transition phases. The large difference in absolute values during
the summer period (around 50% at 10 cm, and around 35%
at 30 and 50 cm depth) can be explained by the presence
of a 15 cm thick organic layer, which is capable to store
much larger quantities of water than the underlying mineral
soil. The two transition phases (zero-curtain) are observed
when the temperature reaches the freezing point and remains
constant until all the ground is thawed (respectively frozen). At
Gemmi these periods are longer than at Schilthorn and Cime
Bianche/Cervinia especially at the beginning of the winter. Given
that no permafrost is present, a one-sided freezing process takes
place, characterized by water migrating toward the freezing front
from below, prolonging the zero-curtain period. Furthermore,
the VWC at 10 cm depth at the end of the summer period exhibits
a two-step increase corresponding to the infiltration ofmelt water
through a thinned snow cover in early April (first peak) followed
by constant near-zero temperature. The second increase marks
the end of the zero-curtain period and the total melt of the
snow cover.

The site-dependent patterns of VWC temporal evolution
observed at Schilthorn, Cervinia, and Gemmi are consistent with
the site-specific ground properties, and demonstrate the general
applicability of FDRmonitoring sensors for VWCmeasurements
at high elevation. However, the reliability of the absolute values
also needs to be assessed since the measurements are used for
the calibration procedure of Archie’s law and as validation data
for the COUP model results (see Figure 1). The site-specific
calibration procedure at Schilthorn yielded coefficients (r2 =

0.92) almost identical to the ones found by Krauss et al. (2010) for
the same sensors in soil with nearly the same composition. The
same calibration procedure was also applied at Gemmi for the
SMT100 and coefficients were found with a significant r2 = 0.89.

A-ERT
The automatic ERT installation at Schilthorn (Hilbich et al.,
2011) allows us to assess the evolution of the VWC spatial
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distribution at the near-surface. Figure 5 is limited to the
summer 2009 but data available until 2015 show that the spatial
distribution observed in 2009 is found every year although the
absolute values may vary. Thus the spatial repartition of VWC at
Schilthorn is the result of constant subsurface properties and/or
runoff conditions similar from 1 year to the next. Indeed the
drier area of the profile (Figure 5A, zone a) is located where the
weathered material layer is relatively thin and below a relatively
small snow patch. In contrast, the wetter area (Figure 5A, zone
b) is underlined by a thicker layer of weathered material and the
snow patch above is larger and longer lasting.

The simultaneous VWC increase over the whole profile is
also seen in the years following 2009 but its onset can vary
between end of May and middle of June. This increase of VWC
corresponds to a large snow melt water infiltration events and
marks the start of the zero-curtain period (T ∼ 0◦C), which is
more or less simultaneous over the whole profile (see Hilbich
et al., 2011). The second increase in VWC observed in the
measured data (Figure 5B) is most probably due to the end of
the zero-curtain period (T > 0◦C) and the total melt out of the
snow cover. This happens typically later in the season (end of
June to middle of July). More details on the interactions between
ground temperature, apparent resistivity and soil moisture for the
summer 2009 at Schilthorn can be found in Hilbich et al. (2011).

The calibration of Archie’s law using the measured VWC is
robust (RMSE= 2.2%, r2 = 0.7). The same calibration procedure
applied to a second FDR monitoring sensor located 3m to the
right along the ERT profile yielded almost identical parameters
(ρw = 55, m = 1.87, and n = 1.56, cf. Table 2) with comparable
accuracy (RMSE = 2.86% and r2 = 0.67). Part of the observed
bias in the calibration may be due to the lateral offset of the two
FDR monitoring sensors used for this study (located one meter
aside from the ERT monitoring line). Additionally, imprecisions
in the measured absolute values of VWC due to the temperature
dependency of the sensors and their given accuracy could also
explain part of it.

Four-Phase Model
Four-Phase Model Calibration
The application of the 4PM at our three field sites yielded results
that are in good agreement with field observations and other data,
such as borehole temperatures. The absolute reliability of the
modeled phase contents is however difficult to assess. Borehole
temperatures and porosity measures can be used to qualitatively
assess the accuracy of the 4PM at given locations but quantitative
calibration would only be possible with measured ice-, water-, or
air contents, which are usually not available.

At Cervinia, borehole drilling logs are available and show
a layer of weathered material with a thickness of 2.5m at the
shallow borehole (SH), and 1m at the deep borehole (DP).
This is in pretty good agreement with the 3PM-dependent
porosity model which calculates 55% at the surface near SH
and 35% at 2.5m depth. The modeled surface porosity at
DP is with 36% significantly lower, which matches well with
the differences observed in the drilling logs. The availability
of borehole temperatures further allows the comparison of
measured and modeled ALT at Schilthorn and Cervinia. At both

sites measured andmodeled ALT agree well (see Figure 7), except
for the shallow borehole SH at Cervinia, where the active layer
depth is overestimated by the 4PM. From the borehole data we
can therefore state that the 4PM has a tendency to overestimate
the porosity at the surface and underestimate the ALT (except at
Cervinia at SH).

The available soil moisture data for all three sites are so
far unique data sets for quantitative calibration of the 4PM at
the surface. In Figures 8A–D measured surface VWC (black) is
compared temporally (FDR monitoring) and spatially (S-FDR)
to the 4PM-derived VWC (red) for Schilthorn, Cervinia, and
Gemmi. Additionally, the agreement between measured (S-FDR)
andmodeled (4PM) values is displayed for each site and approach
in Figures 8E–H.

In terms of absolute values, the model performs quite well at
Schilthorn and Cervinia with RMSE of 4.6 and 7.1% respectively.
At Gemmi the RMSE is with (30.5%) very high and the model
clearly underestimates the soil moisture along the whole profile.
Globally, the measured in situ data exhibits much larger spatial
and temporal variability, which was not obtained with the
4PM. Except for Gemmi, no systematic bias could be found
between the modeled and the measured data. The smoother
results of the 4PM origins in the diffusive nature of geoelectrical
measurements as well as in the smoothing constraints applied
during the geoelectrical inversions. This is in good accordance
to the observation made for the A-ERT derived VWC values in
Results Section A-ERT.

The 4PM calibration procedure presented in this study
represents a significant improvement of the model. It
automatically determines the values of the key parameters
(φ, ρw, m, and n) using surface VWC measurements without
requiring any a-priori knowledge of the subsurface. Although,
the absolute values of the modeled porosity at the surface need
to be adjusted to more realistic values (see Results Section
Four-Phase Model), the automatic calibration and porosity
calculation is able to highlight lateral structures at depth thus
better constrain the porosity. Also, care has to be taken when
using FDR measurements as calibration data, since the FDR data
are indirect measurements that need to be calibrated too (without
soil specific calibration ± 0.05m3/m3 accuracy for spatial FDR
(Delta-T Devices, 2011) and ± 0.03m3/m3 for the monitoring
FDR (Truebner, 2012; Campbell Scientific, 2014). Furthermore,
spatial FDR measurements are only possible when at least 6 cm
of fine material or soil is available. Thus, the measurements are
not representative for the ground itself, but rather for the matrix
filling voids between the blocks, which may also cause a higher
VWC dynamics compared to ERT measurements.

Four-Phase Model Phase Contents
Considering the totality of the profile, the VWC distribution at
all sites corresponds to the inverse of the ice content distribution
(i.e., where ice rich zones are located, the VWC is small and vice
versa). Besides the obvious thermal reason, this result is also due
to the model construction, where Archie’s law is used to calculate
the VWC, and the obtained value is then further used to calculate
the ice and air content (see Hauck et al., 2011). This reflects the
good ability of ERT to differentiate between water and ice is very
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FIGURE 8 | Comparison of the modeled VWC (4PM) to the measured VWC (FDR) at Schilthorn (A,B), Cervinia (C), and Gemmi (D). The values of the

uppermost model grid cells are compared to the spatial FDR measurements (B–D) and to the FDR monitoring sensors at different dates (A). The overall fit for each

validation method is given in the right column (E–H).

clear. The accuracy of the VWC distribution at depth cannot be
assessed with the temperature data as previously done for the
ice content, since water and ice can coexist even at temperatures
below 0◦C. Relative to the available pore space the VWC is
increasing with depth. This is due to the decreasing porosity
at depth. The absolute VWC (not shown) is rather constant
throughout the whole profile at Schilthorn (around 20%) and
decreases at Cervinia and Gemmi (respective minimum around
10 and 15%).

The modeling of the ice content, which is of high interest in
permafrost research, is much less reliable than for the VWC. The

distinction between ice and rock is difficult to achieve with the
used petrophysical relationships, given their similar geophysical
properties (vp and ρ). Thus, to correctly determine the ice
content, the porosity needs to be well constrained. At all sites the
maximum ice content values are found directly below the active
layer and then slowly decreases with depth. Although, this can
be a true feature due to the water migration toward the freezing
front, which produces ice lenses and thus higher ice content at
the bottom of the active layer, we think that it is an artificially
introduced artifact due to the porosity gradient. Indeed, since
ice and rock have similar geophysical properties, a decrease in
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porosity will be translated into a decrease in ice content in the
model. However, the lateral variations of the active layer depth
are in accordance with the measured borehole temperatures.

We think that the combined porosity model is an important
improvement in the direction of better constrained porosity.
However, given the integrated nature of the ERT and RST
measurements no structures (e.g., cracks, karstic features,
etc.) or features (e.g. ice lenses) smaller than the resolution
of the geophysical measurements (depending on the sensor
spacing, ∼1m in the present case) can be reproduced in the
porosity model. Furthermore, due to the smoothing effect of
the inversion methods used for these two methods (ERT and
RST) anisotropic structures such as vertical cracks are not always
possible to identify. Depending on its orientation (along or across
the path where electrical or seismic energy is transported) a
fracture filled with air would not be observed at all or may
appear as a strong resistive anomaly on the ERT profile (or low-
velocity anomaly in RST).Within eachmodel grid cell of the 4PM
(0.5m2 resolution) the microstructures of the ground are not
represented, only the mean porosity of the grid cell is considered,
which can explain the difficulties of the model to distinguish rock
and ice at Gemmi.

Another improvement to the 4PM could be to use a
different electrical mixing model, which includes the electrical
conductivity of the rock, air and ice fractions. In that respect
Python (2015) tested the application of the random electrical
mixing model (e.g., Somerton, 1992) as well as a modified version
of Archie’s law including a rock conductivity term (after Sen et al.,
1988) at one Alpine site where a highly conductive anomaly was
present in the ERT, yielding promising results.

The Gemmi site was chosen to test the application of the
4PM in non-permafrost conditions. Given the site characteristics
(altitude andmean annual air temperature) and themeasurement
date (end of August) unfrozen conditions can safely be assumed,
although there is no borehole on site for confirmation. At Gemmi
the 4PM modeled distribution of VWC at the surface is largely
underestimated compared to the S-FDR measured values (cf.
Figures 8D,H) and the RMSE is the largest among the three field
sites (30.5%). Furthermore, the application of the 4PM using the
best-guess porosity model leads to the calculation of ice content
> 0 at depth (Figure 7J). Here the model reaches its limit for the
distinction between ice and rock given the resistivity input data
(5000�mat 10mdepth and up to 50,000�mat 20mdepth). The
geological setting (massive limestone and karstic features with
large air cavities) explains the highmeasured resistivity values but
the 3PM-dependent porosity model is unable to reproduce this
setting. At depth, the p-wave velocities are too high for the 4PM
to model air (as we would expect), thus any change in porosity
results in more or less ice content.

While the near-surface layers are well constrained, the
modeling of phase content at greater depth is more problematic.
Large areas of physically inconsistent solutions are observed at
depth at Cervinia and Gemmi. It follows, that the parameters
defined at the surface for these sites are not valid for the
whole profile. Alternatively, large areas of physically inconsistent
solutions at depth could also indicate inadequate porosity
models. Finally, the 10,000 parameter combinations tested

within the calibration procedure are randomly selected and not
restricted to the physically consistent combinations.

COUP Model
The 4PM is a simple model, based on two geophysical datasets,
which does not take into account the dynamics of the physical
processes in the ground and it only has a temporal component
if several ERT/RST datasets are available for different dates. To
analyze the water and ice content evolution in detail we used
the heat and mass transfer model COUP (see Scherler et al.,
2010, 2013; Marmy et al., 2013). Due to the complexity of the
coupled hydrological and thermal processes in the ground, we
used here the semi-automated calibration scheme proposed by
Marmy et al. (2015). The calibration only uses the borehole
temperatures from SCH_5198 in order to have the measured soil
moisture data as independent validation dataset. In a next step,
these water contents, but also the measured resistivities, can be
used to improve the calibration (see Python, 2015).

Here, we will focus our investigation on the assessment of the
performance of the thermally calibrated COUP model (Marmy
et al., 2015) to calculate water and ice content. For this study
the semi-automated COUP model calibration procedure was
completed by adjusting the porosity to match the best-guess
porosity model used for the 4PM (see Table 3). The COUP
model results were independently validated with the observed
soil moisture values yielding a positive/negative bias of up to
30% (see Marmy et al., 2015). This bias was substantially reduced
by manually adjusting the wilting point without worsening the
thermal calibration (Marmy et al., 2015). The wilting point
parameter was selected for its part in the water retention function
and its notable influence on the minimal residual water content
in the ground (see Marmy et al., 2015). Figure 9 shows the
temperature calibration (A, B, and C) and the soil moisture
validation after the wilting point adjustment for comparable
depths (D, E, and F).

Both the temperatures and the VWC modeled by the COUP
model show good agreement with the measured data, which
means that a consistent simulation of these two variables
at different depths is possible. Looking at the overall VWC
evolution of the model, the typical seasonal phases observed in
Results Section Soil Moisture Monitoring are reproduced and the
absolute minimum and maximum values are coherent, although
the variability of the modeled VWC is larger. The timing of
the soil moisture increase and decrease is well constrained with
the current calibration, since it is mainly driven by temperature.
The finer tuning using measured soil moisture lead to an
improvement of the temperature calibration (see Figure 10). At
0.2m depth r2 = 0.706 before tuning and r2 = 0.729 afterwards.

TABLE 3 | Summary of the porosities used in the 4PM and COUP model.

80-2m[%] 82-5m [%] 85-30m[%]

4PM 51–42 42–30 30–10

COUP 46 36 10

Measured Φ0.12−0.23m [%] = 53%.
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FIGURE 9 | Calibration of the COUP model at Schilthorn using measured ground temperature at several depths (A–C) and validation of the model

using measured soil moisture (D–F) at similar depths.

FIGURE 10 | Comparison of the COUP model semi-automated calibration of ground temperature before the manual adaptation of the wilting point

(upper panel) and afterwards (lower panel). The calibration accuracy is tested at 20 cm (A,B) and 3m depth (C,D).

Similarly, at 3m depth r2 = 0.251 before finer tuning and r2 =

0.364 afterwards.

Model Comparison
The 4PM and the COUP model both yielded plausible VWC
and ice content at Schilthorn using two very different approaches
and input datasets. The two models are complementary: the
4PM produces a 2D snapshot in time of the VWC distribution
in the ground whereas the COUP model shows the continuous
temporal evolution of VWC within one soil column.

At Schilthorn 4PM simulations were conducted for several
years (2008, 2009, 2010, and 2012) using the same calibration
parameters as in Table 2 and the best-guess porosity model
(Figure 7A). The water- and ice content values were then
extracted at the location of the soil column corresponding to the
COUP model. Given the different model compartment size, the
porosity used in both models is slightly different (see Table 3),

thus the distribution of water- and ice content per porosity are
compared in Figure 11.

The 4PM and COUP model simulate very similar relative ice
and water content values in the uppermost 5m at Schilthorn,
which corresponds more or less to the depth of the active layer.
In both models an ice-free and comparatively moist layer is seen
near the surface with slightly smaller water content in the 4PM
compared to the COUP model. Below the active layer VWC
values as simulated by the COUP model decrease strongly and
ice content values increase proportionally almost reaching full
saturation. On the other hand the 4PM-modeled VWC remains
more or less constant and the ice content shows much smaller
values, with a maximum saturation of the pore space of 27%.

The different behavior of 4PM and COUP modeled water
and ice content below the active layer can be partly explained
by the geophysical input data. Indeed the ERT and RST
data both contain inherent uncertainties due to the inversion
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FIGURE 11 | Vertical distribution of borehole temperatures (A), water (blue lines) and ice (green lines) content per porosity modeled by the COUP

model (dashed lines) and the 4PM model (solid lines) at Schilthorn (B–E). The COUP and 4PM model compartments are displayed on the right.

process. Hilbich et al. (2009) showed that, using Res2dinv for
inversion, the inverted specific resistivities obtained below a
highly conductive layer (e.g., a water saturated zone) can be
greatly underestimated when a strong resistivity contrast is
present. Furthermore, the RST inversion scheme applied here
produces a very smooth velocity repartition in the ground
(Figure 6B), without showing a sharp interface between frozen
and unfrozen areas in the 4PM. Thus, the 4PM calculates higher
VWC values below the active layer than the COUP model
and contrastingly, the 4PM ice content is lower at the same
depth.

Looking at the different years, there are no major differences
except for the depth of the ice-free layer, both in the 4PM and
the COUP model. The modeled active layer depths match quite
well to the observed borehole temperatures (Figure 11A), with
a slight underestimation in 2008 and overestimation in 2010/12.
Furthermore the 4PM modeled ice content is consistent with the
recorded temperatures. It is largest in 2008/09, which are the
coldest year and in 2012, no ice is modeled by the 4PM, which
fits with the significantly higher temperature and deeper active
layer observed in the borehole. However, one has to be cautious
not to over-interpret the inter-annual variations since the vertical
resolution of 4PM is 50 cm whereas the COUP model vertical
resolution decrease non-linearly with depth (cf. Figure 11 on the
right).

CONCLUSION

In this study we presented a coherent methodology to assess
the temporal evolution and spatial distribution of water and

ice content at high elevation. Well established soil moisture
monitoring techniques were combined with standard methods in
mountain permafrost monitoring and the approach was tested
at three field sites accounting for various ground properties,
thermal regimes, and locations. Finally, the datasets were used
to calibrate and validate two model approaches in permafrost
research, in order to assess the ice content in the ground. The
major results of the study can be summarized as follows:

The application of standard soil moisture measurement
methods at high elevation area was shown to be reliable
regarding the temporal evolution. The evolution observed in the
measurements is consistent with the one expected in terrains
undergoing seasonal freeze/thaw cycles. Furthermore, coupled
with repeated ERT soundings, it was feasible to asses efficiently
the temporal evolution of the spatial distribution. Thus, runoff
regime and preferential flow paths could be identified.

The geophysically-based 4PM is still under development and
different formulations for the petro-physical relationships are
being tested but so far its application in permafrost area yields
satisfactory results. The use of spatial soil moisturemeasurements
as calibration data for the 4PM further constrained the
model at the three sites used in this study. Furthermore,
the development of 3PM-dependent and—independent porosity
models constitutes a major improvement in the direction of
more realistic porosity models. However, the application of the
4PM in unfrozen areas is still problematic. Depending on the
subsurface properties and the input ERT data, ice occurrence can
be simulated even in regions, where it is highly unlikely.

Similarly, the coupled heat and mass transfer model COUP
was able to accurately reproduce the temporal evolution
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of soil moisture. The model was calibrated using a semi-
automated calibration procedure based solely on measured
ground temperature, and further improved by adjustments based
on the soil moisture measurements. A next step would be to
include the soil moisture data in the semi-automated calibration
procedure and use the measured resistivity as independent
validation (or vice versa).
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