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Abstract

Snow water equivalent (SWE) of a snowpack is often measured along well-chosen tran-
sects representative of an area of interest, such as a drainage basin, to capture spatial
distribution of SWE, which is of great interest for many applications. For example, it is
a useful input to the new generation of hydrological models used for snow melt run-o!
predictions. A time-e!ective method to perform such measurements is to conduct them
along one or several transects using a ground penetrating radar (GPR) operated from
e.g. a snowmobile. Traditionally, a single-channel radar system has been used to esti-
mate SWE from the radar wave two-way travel time via a linear formula, which can be
calibrated for a particular snowpack with one or several manual measurements of snow
density; this method typically relies on the assumption of a dry snowpack. However, if
an unknown amount of liquid water is present in the snow, or if the snow density or the
liquid water content varies substantially along the transect, SWE estimates are likely to
be inaccurate.

A di!erent approach is to use a multi-channel GPR system with an array of antennas
that makes it possible to simultaneously measure two-way travel time of several radar
pulses that form a common mid-point (CMP) gather. Then the snow depth and the radar
wave propagation velocity can be determined at each point with the CMP method under
the assumption of a single-layer snowpack with parallel snow and ground surfaces. With
liquid water content known or assumed to be zero, the snow density can be estimated from
the propagation velocity via an empirical formula for mixtures, thus solving the problem
of spatial variation in snow density. Finally, SWE is calculated from the snow depth and
density. However, the CMP method is known to be sensitive to measurement errors in
two-way travel time and to violations of its assumptions; and for a wet snowpack, the
need to know the liquid water content at each measurement point to accurately estimate
snow density presents a problem if the liquid water content varies along the transect.

In this thesis, two methods that improve SWE estimates obtained with GPR are
presented, both of which rely on measuring on multiple channels to obtain a CMP gather
at each measurement point. The first method mitigates the impact of errors in CMP
calculations on density estimates by establishing a depth-to-density function from the
CMP data for all measurement points along a transect. This function, specific for each
transect, is then used to determine snow density from snow depth. The second method
(the PDA method) improves SWE estimates of wet snowpacks by determining liquid
water content at each measurement point from path-dependent attenuation of two radar
signals in the CMP gather. Both methods have been tested in field experiments and the
sensitivity of the PDA method to built-in assumptions and measurement errors has been
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investigated in simulations.
The field experiment conducted to test the first method has demonstrated that by

applying a depth-to-density function, the accuracy of SWE estimates for a dry snowpack
can be improved substantially. For the transect in the experiment, snow density and SWE
estimated directly with the CMP method were overestimated by 34% and 36% on average;
and when a depth-to-density function was used, snow density was underestimated by 2%
and SWE was overestimated by less than 1%. The error was determined by comparison
with manual measurements.

In the field experiment conducted to test the PDA method, for a snowpack with the
mean liquid water content of about 5 vol.%, the mean error in SWE was 16%, compared
to 34% and 31% for two reference methods that both assumed liquid water content to
be zero. Separately, the performed simulations suggest that the PDA method is very
sensitive to measurement errors when liquid water content is close to zero; in such cases,
one of the methods that assume dry snow should be used instead of the PDA method.
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Chapter 1

Introduction

Information on seasonal and glacier snow covers is vital for understanding climate feed-
back (Bavay et al., 2009) and frost penetration processes (e.g. Lindström et al., 2002),
estimation of polar and glacier ice mass budgets (e.g. Richardson et al., 1997), modeling
of sea ice growth (e.g. Fichefet and Morales Maqueda, 1997), hydropower management
applications (e.g. Laukkanen, 2004), flood forecasts and prevention (e.g. Jones and
Perkins, 2010), and avalanche risk assessment (e.g. Bebi et al., 2009). It is also impor-
tant for prediction of various aspects of ecosystems, such as the accessibility of forage for
birds of prey, small mammals, reindeers, etc. (Jones et al., 2001), as well as for water
resource management, since about 17% of the world’s population depend for their water
supply on melt water from glaciers or from seasonal snow covers on large mountain ranges
(e.g. in the Himalaya and in the Andes, see Barnett et al., 2005). In the Arctic regions,
up to 80% of river water flow emanates from snow melt (König and Sturm, 1998), and
in the Austrian Alps, this fraction amounts to 60% (Escher-Vetter et al., 2009). Cur-
rent global warming, which mainly a!ects conditions at high altitudes and latitudes, also
actualizes the need for information about snow covers.

Distributed data on snow depth, density and snow water equivalent (SWE) with a
high spatial and temporal resolution are essential for validation of and/or as input to snow
drift models (e.g. Prokop et al., 2008) and snow melt run-o! models (e.g. Lindström
et al., 2010; Gustafsson et al., 2012). Thus there is a great need for distributed snow
data, mainly for SWE data (i.e. snow depth and density).

Remote-sensing techniques (involving measurements from satellites or aircrafts) are
used to cover large areas and thereby to quickly capture spatial distribution of SWE;
however, these methods typically su!er from low accuracy (e.g. Frei et al., 2012). There-
fore, ground-based measurements are useful for calibration and validation (Lundberg
et al., 2010). These are traditionally obtained by conducting manual measurements at
snow courses (pre-selected lines of sampling points, WMO, 1992). Unfortunately, such
measurements are extremely labor intensive and time consuming.

An alternative to manual measurements at snow courses is to use ground penetrating
radar (GPR) operated from a vehicle such as a helicopter or a snowmobile (here and below
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4 Introduction

we discuss impulse GPR unless otherwise specified). Snow depth and SWE data can then
be collected along a transect relatively quickly (Andréasson et al., 2001; Marchand et al.,
2001; Yankielun et al., 2004; Marchand and Killingtveit, 2005; Machguth et al., 2006). In
a GPR survey, electromagnetic waves propagate through the snowpack and are reflected
from the snow/ground interface (as well as from layers within the snowpack), the two-
way travel time of the radar signal is measured, and snow depth, density, and SWE are
estimated from it.

Traditionally, a single-channel radar system is used for such measurements. SWE is
then typically determined from the radar wave two-way travel time via a linear formula
calibrated for a particular snowpack, which requires one or several manual measurements
of snow density and relies on the assumption of a dry snowpack (see e.g. Sand and Bru-
land, 1998; Lundberg et al., 2000). It would be possible to adjust the linear formula for
the impact of liquid water with liquid water content determined from manual measure-
ments of snow depth and density; however, this has not been the typical procedure. If an
unknown amount of liquid water is present in the snow, or if snow density or liquid water
content varies substantially along the transect, SWE estimates are likely to be inaccurate
(Lundberg et al., 2000; Lundberg and Thunehed, 2000).

On the other hand, when a multi-channel GPR system with several transmitter-
receiver pairs sharing the same mid-point is used, a common mid-point (CMP) gather is
obtained for each measurement point by simultaneously measuring several radar pulses
that travel di!erent paths through the snowpack. Under the assumption of a single-layer
snowpack with parallel snow and ground surfaces, the radar pulses in a CMP gather
share the same reflection point at the ground surface and the CMP method yields both
snow depth and radar wave propagation velocity. Snow density can then be determined
for each point via an empirical formula for mixtures if liquid water content in snow is
known or can be assumed to be zero.

The overall goal of this thesis is to improve the accuracy of SWE estimates with GPR
by taking advantage of additional data available when a multi-channel GPR system is
used. More specifically, the aims of the present work are:

1. to improve the accuracy of snow density and SWE estimates with GPR by mitigat-
ing the impact of errors in CMP calculations, such as violations of the assumptions
of the CMP method and measurement errors in the two-way travel time (under the
assumption that liquid water content is known or can be assumed to be zero);

2. to develop a method for estimation of liquid water content of snow from radar data
available at each measurement point.

The proposed method for estimation of liquid water content relies on determining path-
dependent attenuation (PDA), i.e. on measuring not only two-way travel time but also
resulting amplitude of two radar pulses in a CMP gather. This method will be referred
to as the PDA method.



1.1. Research Approach 5

1.1 Research Approach

The work on improving snow density estimates was motivated by observations of a sub-
stantial and, in our opinion, unrealistic scattering of snow density values for points with
the same snow depth when snow density is estimated from radar wave propagation ve-
locity determined with the CMP method. It was therefore proposed that this scattering
can be eliminated by considering snow density as a function of snow depth alone; such
a function, specific for a given transect, can be obtained by fitting a curve to the depth
and density data obtained with the CMP method. This function should then be used to
determine snow density at each point.

A literature study was carried out to investigate if and under what conditions snow
density can be considered as a function of snow depth alone and which depth-to-density
relationships had been suggested. The conclusion was reached that the suggested ap-
proach is reasonable provided that the transect is chosen so that the snowpack along
the measurement line has been exposed to similar climate conditions. Of several kinds
of depth-to-density relationships that had been proposed (see Lundberg et al., 2006), a
logarithmic-linear relation was chosen. The proposed method was then tested in a field
experiment, with SWE determined from radar data with and without a depth-to-density
function, and with manual measurements of snow density and depth used as references.
For a dry snowpack, a substantial improvement in snow density and SWE estimates was
achieved with the proposed method.

The work on improving SWE estimates of wet snowpacks by estimating liquid wa-
ter content in snow from radar data started with a theoretical analysis of parameters
a!ecting a radar wave traveling through a snowpack; electrical permittivity and electri-
cal conductivity of snow were identified as the parameters that depend on liquid water
content. It was then suggested that these parameters should be determined from a CMP
gather under the assumptions of the CMP method, namely from resulting amplitude
and two-way travel time of two radar pulses sharing the same reflection point at the
snow/ground interface but traveling di!erent paths through the snowpack. Liquid water
content should then be determined from electrical conductivity of snow.

It became obvious that this approach requires that a) electrical permittivity of the
ground can be established for each point from radar data and b) the relationship between
electrical conductivity of snow and liquid water content in snow be known. The conducted
theoretical analysis showed that it should be possible to establish electrical permittivity
of the ground by comparing attenuation of at least two radar pulses in a CMP gather with
di!erent angles of incidence. A preliminary experiment with antennas located in air and
radar waves reflected from lake ice pointed to problems due to residual energy, such as
the antenna ring-down (reflections inside the antennas) from the direct wave, interfering
with the reflected wave. However, these problems should decrease when antennas are
placed directly on snow. As for the relationship between electrical conductivity of snow
and liquid water content, it should be possible to use formulas by Tiuri et al. (1984) or
an alternative, linear relationship established in several series of laboratory experiments
for radar antennas with nominal center frequency of 800 MHz.



6 Introduction

At that point, a method for estimating SWE that included estimating liquid water
content from a CMP gather had been developed in theory and needed validation. First,
simulations investigating the method’s sensitivity to measurement and approximation
errors were performed. Then a field experiment on a wet snowpack (liquid water content
of about 5 vol.%) was conducted and SWE was determined with the proposed method as
well as with two other methods based on the assumption of dry snow; manual measure-
ments of SWE were used as references. The SWE estimates were improved by applying
the new method.

1.2 Thesis Outline

This thesis consists of two parts. The first part contains seven chapters, including In-
troduction (chapter 1). In chapter 2, a number of existing ground-based methods for
point and line measurements of SWE are presented; these are well-suited for capturing
temporal and spatial distribution of SWE, respectively. A special focus is placed on line
measurements conducted with GPR, both with single-channel and multi-channel systems.
The principles of single-channel GPR measurements are discussed to discover the issues
that can be addressed by measuring on multiple channels, and two remaining problems
with SWE estimates obtained using multi-channel GPR systems are identified.

In chapter 3, the main results – the two proposed methods for improving SWE es-
timates using radar data from a multi-channel system with an array of antennas – are
presented; these methods have been developed to address the problems identified in
chapter 2. The first method decreases the impact of errors in CMP calculations on snow
density estimation and the second method (the PDA method) improves SWE estimates
for wet snow by determining liquid water content for each measurement point from radar
data. A summary of the included papers is given in chapter 4, and my contribution is
outlined for each paper. Some important related work is presented in chapter 5. Chapter
6 discusses how much the proposed methods can improve SWE estimates, what further
validation is required, and what further improvements to the methods could be made.
The overall conclusion is given in chapter 7.

The second part of the thesis contains seven research papers: five papers published or
accepted for publication in peer-reviewed journals, one paper submitted for publication,
and a research report.



Chapter 2

Ground-Based
SWE Measurement Techniques

Snow water equivalent is a measure of the amount of water contained in a snowpack. It
is defined as

SWE =
d · !snow
!water

(2.1)

where d (m) is snowpack depth, !snow is snow density (kg/m3), and !water is density
of water (kg/m3) (which is constant for a specific temperature). As discussed in the
introduction, spatially distributed SWE data is important for many stakeholders, for ex-
ample, it can be used as an input to the new generation of hydrological models predicting
snowmelt run-o! (see examples of models in Kolberg and Gottschalk, 2006; Udnæs et al.,
2007; Taurisano et al., 2007; Arheimer et al., 2008).

Ground-based SWE measurement techniques can be divided into two categories. The
first includes point measurements, which are only conducted at a small number of points
and can often be performed automatically and hence the temporal distribution of SWE
can be observed. The second includes line measurements, which are performed one or
several times during the winter season to capture spatial distribution of SWE. Line mea-
surement techniques using ground penetrating radar are considered in detail in section
2.3.

2.1 Point Measurements Techniques

Five instruments for measuring SWE at a single point are presented here: the snow pil-
low, the electric SWE pressure sensor, the active and passive gamma ray sensors, and
the low frequency impedance sensor band.

Snow pillows are constructed as mattresses filled with antifreeze liquid, and they are
placed on the ground in level with the ground surface before the winter season. They
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8 Ground-Based SWE Measurement Techniques

typically have a circular design with a diameter of about 2 to 4 m and are usually made
of reinforced rubber, though pillows made of stainless steel can also be found. In the
winter, when the pillows are covered by snow, the pressure caused by the weight of the
snow is continually measured, usually automatically. The observed pressure is then used
to calculate SWE.

Snow pillows are suitable for use in areas with heavy snowpack and few freeze-thaw
events (Lundberg et al., 2010). This type of snow does not normally contain a significant
amount of ice lenses, which are causing problems with snow-bridging over the pillow
(i.e. when ice formations in snow spread out the pressure from the snow on the snow
pillow to the area outside it, or vice versa) (Johnson and Schaefer, 2002). A comparison
of snow pillows and other methods for estimating SWE can be found in Egli et al. (2009).

The electronic SWE pressure sensor is being developed by the US Army Cold Re-
gions Research and Engineering Laboratory (CRREL) and the US Natural Resources
Conservation Service (NRCS) (Johnson et al., 2007). This instrument is installed on
the ground in level with the ground surface and it has one square panel measuring the
pressure from the snowpack. Instead of having only one panel, several panels can be used
together to obtain more accurate measurements (as is done in SSG Snow Scale developed
by Sommer Mess-Systemtechnik, 2012). The idea of using panels instead of pillows is
that panels can be made permeable to avoid the risk of stagnant water and they can be
constructed of material with thermal properties resembling the properties of soil, so that
snow accumulation and snow melt are not a!ected by di!erences in thermal properties,
as is the case with snow pillows.

The active gamma ray sensor consists of two parts, a small radioactive source placed
on the ground and a radiation detecting sensor placed directly above the source over the
snowpack. The level of radiation reaching the sensor decreases as SWE of the snowpack
increases and hence SWE can be estimated from radiation using an empirically estab-
lished relationship (Bland et al. 1997). However, the use of a radioactive source can be
a practical disadvantage.

The passive gamma ray sensor is based on the same principles as the active gamma ray
sensor, but they rely on the natural ground radiation instead of an artificial radioactive
source. A limitation of this method is that a variation in soil moisture can be detected as
a variation in SWE, hence the equipment should be used in areas with a small variation
in soil moisture (GMON3 SWE Sensor instruction manual, Campbell Scientific, 2012).
Neither should the equipment be installed in close proximity to wood material or trees,
since wood can contain potassium, a possible source of gamma radiation that, when
located above the snow surface, would not be attenuated by the snowpack (GMON3
SWE Sensor instruction manual, Campbell Scientific, 2012). An advantage of using
the passive gamma ray sensor is that no special license or precautions are required for
installation or operation.

It is also worth mentioning that airborne measurements with this technique are being
used in North America to obtain spatially distributed SWE data. Such measurements
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are performed along the same track before and during winter season, and the di!erence
in radiation between the two flights is used to determine SWE. The radiation attenua-
tion is, however, not linearly related to SWE, making the method less suitable for alpine
terrain with large variations in SWE (Lundberg et al., 2010).

The low frequency impedance sensor band is designed for measuring both SWE and
liquid water content of snow (Stähli et al., 2004; Gustafsson and Sommer, 2010). The
sensor is made of a 10- to 25-meter long flat PVC-band cable, which can either be
mounted horizontally to monitor snow properties at one single depth or mounted at an
angle to the ground to provide information on vertical variations in SWE and liquid water
content of the snowpack. This instrument is measuring electrical permittivity at multiple
frequencies in both kilohertz and megahertz ranges. Since multiple frequencies are used
and since electrical permittivity of ice has a strong variation in the kilohertz range, both
liquid water and ice content of snow can be determined. A comparison between this and
other methods for estimating SWE can be found in Egli et al. (2009).

2.2 Line Measurements Techniques

Two methods used to estimate SWE along a transect and hence suitable for capturing
spatial distribution of SWE are presented here. The traditional method is to manually
measure SWE at snow courses. A more recent approach, used since 1980s (see e.g. Ul-
riksen, 1982), involves measuring SWE using GPR, which can be operated from a vehicle
and thereby cover large lateral distances in a short period of time.

Manual SWE measurements are performed by conducting snow depth and density
measurements at so-called snow courses, typically once or twice a month during the
snow accumulation and snow melt season. Snow depth is measured with graded sticks
while density is determined by weighing snow collected in tubes with a known cross-
section area. Snow courses are permanent sites, which have to be chosen carefully to
represent the area of interest with respect to the parameters governing the accumulation
and the ablation of the snowpack, such as altitude, slope, wind exposure, aspect, and
air temperature. Unfortunately, this method is both time consuming and labor intensive.

Ground penetrating radar is a time-e!ective alternative to manual measurements at
snow courses since long transects can quickly be covered by operating a radar system
from a vehicle. Depending on the choice of the vehicle, measurements can either be
ground-based (with antennas placed directly on or just above the snow surface, e.g.
when operated from a snowmobile) or airborne (with antennas placed in air, e.g. when
operated from a helicopter). Although the focus of this chapter is on ground-based SWE
measurement techniques, let us briefly discuss the di!erences between ground-based and
airborne GPR observations. The airborne observations discussed here are assumed to be
conducted relatively close to the snow surface, about 30 meters above it.

A comparison between ground-based and airborne snow depths measurements with
GPR was made in a case study by Marchand et al. (2003) and most of their conclusions
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are also valid for SWE estimates. They concluded that the most important di!erence
is the size of the GPR footprint; in their study, the footprint was approximately 1.5 by
2.7 m for ground-based measurements and 6–12 by 20–40 m for airborne measurements.
In general, footprint size can vary substantially since it depends on the frequency of the
radar waves, the antenna’s position above the snowpack, the snowpack depth, and the
electrical permittivity of the media that the radar signal is traveling through. According
to the study, the results obtained with the two methods are well correlated, but a larger
footprint leads to a general underestimation of the two-way travel time (and hence under-
estimation of snow depth and SWE) while snow depths close to zero are overestimated.
Moreover, with a large footprint it is di"cult to compare radar observations with man-
ual measurements and thereby radar wave propagation velocity cannot be determined
by combining two-way travel time with manually obtained snow depths. Additionally,
measurements in forested areas present di!erent problems for the two methods: the sig-
nal of airborne radar is disturbed by trees while any vehicle used for the ground-based
measurements has a limited accessibility.

Ground-based measurement techniques using GPR are considered in more detail in
the next section.

2.3 Line Measurement Techniques Using GPR

Most GPR systems belong to one of the two categories: frequency-modulated continuous
wave1 (FMCW) or impulse radar systems. FMCW systems transmit a continuous sig-
nal with frequency linearly increasing over time. The received signal together with the
transmitted signal are used to determine the radar wave two-way travel time (for details
see e.g. Yankielun et al., 2004). A frequency bandwidth of 4–10 GHz results in a verti-
cal resolution of 1–3 cm (Marshall and Koh, 2008). With such high vertical resolution,
FMCW systems are particularly suitable for snowpack stratigraphy (Koh et al., 1996).
Such systems are used, for example, in the study of snow accumulation rates in glaciers
using so-called dielectric profiling. In this method, a non-linear relationship between
snow depth and radar wave propagation velocity (and thereby electrical permittivity as
well as snow density) is established separately for each snow layer using manual mea-
surements at snow pits, and radar is then used to map snow stratigraphy (Richardson,
2001). An overview of FMCW radar technology and its application for snow research
can be found in Marshall and Koh (2008).

Impulse radar systems transmit a short pulse containing a spectrum of frequencies
concentrated around a certain peak frequency. This center frequency is typically less
than 2 GHz, resulting in a vertical resolution of larger than 6–8 cm, which is still con-
sidered su"cient for the purpose of estimating SWE. Such systems seem to be used
more frequently for SWE estimation of annual snowpacks than FMCW systems, which
is probably explained by the wider availability of impulse radar systems.

1Step-frequency continuous wave systems are a discrete version of FMCW systems and are not con-
sidered separately.
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The research presented in this thesis is limited to impulse radar systems. When such
systems are applied for estimation of SWE, a single-channel system is normally used,
with one transmitter and one receiver, typically located in the same antenna housing.
However, using a multi-channel system with several transmitters and receivers provides
additional information that can be used to improve SWE estimates.

Estimating SWE using a single-channel GPR system

When SWE is measured using a single-channel GPR system, it is typically determined
via a linear relationship between SWE and radar wave two-way travel time twt (s):

SWE = a · twt (2.2)

To understand the origin of this relationship, let us consider its derivation. Similar
derivations can be found in e.g. Lundberg et al. (2000) and Sand and Bruland (1998).

We start with the radar wave propagation velocity in a snowpack v (m/s), which for
a non-magnetic low-loss material such as snow is given by

v =
c

!
"snow

(2.3)

where c is the speed of light in vacuum (m/s) and "snow is the relative electrical per-
mittivity of snow, which in the range from 1 MHz to 2 GHz is approximately frequency
independent (Bradford et al., 2009).

By neglecting the distance between transmitter and receiver, which is typically much
smaller than the travel distance, the two-way travel time can be expressed as

twt =
2d

v
(2.4)

where d is the snow depth (m). Note that if the transmitter and the receiver are sepa-
rated, the distance between them is normally constant and known, hence the travel path
length is given by the Pythagorean Theorem as a function of snow depth (the snowpack
is assumed to be single-layered and the snow and ground surfaces are assumed to be
parallel).

Combining equations (2.3) and (2.4) yields

d =
c · twt
2
!
"snow

(2.5)

and by inserting it into equation (2.1) we obtain

SWE =
c · !snow

2
!
"snow · !water

· twt (2.6)

Now the electrical permittivity of snow has to be connected with snow density. It
is commonly assumed that snow is a three-phase system, i.e. it consists of air, ice, and
liquid water; then the following two relations are valid:

#ice + #water + #air = 1 (2.7)
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!snow = #ice !ice + #water !water + #air !air (2.8)

where # is volumetric content and ! is density (kg/m3). Equation (2.8) can be simplified
by neglecting the contribution of air to snow density since !air " !ice and !air " !water.
Ice content can then be expressed as

#ice =
!snow # #water !water

!ice
(2.9)

A number of empirical equations have been suggested for the relation between electri-
cal permittivity and density of wet snow, and the review by Frolov and Macheret (1999)
showed that most of them are comparable. One formula that is used quite frequently is
the “power low” formula (Sihvola, 1999):

"1/qsnow = #ice "
1/q
ice + #water "

1/q
water + #air "

1/q
air (2.10)

where q is usually taken to be equal to 3 (the Looyenga formula) or 2 (the Birchak
formula, also called the Beer formula).

The derivation of equation (2.2) is continued by choosing the Birchak formula (equa-
tion (2.10) with q equal to 2) and combining it with equation (2.7):

!
"snow =

!
"air + #ice (

!
"ice #

!
"air) + #water (

!
"water #

!
"air) (2.11)

By inserting equation (2.9) into this equation we obtain

!
"snow =

!
"air + !snow

!
"ice #

!
"air

!ice
+ (2.12)

#water

!

!
"water #

!
"air #

!water

!ice
(
!
"ice #

!
"air)

"

For a certain temperature, the density of ice and water are constants, and if the radar
frequency is constant, the electrical permittivity of ice, air, and water are also constants.
Hence equation (2.12) can be re-written as

!
"snow = c1 + c2 · !snow + c3 · #water (2.13)

with constants c1, c2, and c3. With this equation substituted into equation (2.6), we
finally obtain

SWE = a (!snow, #water) · twt (2.14)

where the factor a is a function of snow density and liquid water content. When this
linear formula is used to estimate SWE of a snowpack, the liquid water content is normally
assumed to be zero and the snow density is measured manually at one or several locations
and is assumed to be constant along the transect (Sand and Bruland, 1998). However, for
a wet snowpack, the assumption of dry snow leads to significant errors in SWE estimates;
for example, Lundberg and Thunehed (2000) presented a laboratory experiment showing
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that for a snowpack with density around 300 kg/m3 and 5% (by volume) liquid water,
SWE is overestimated by approximately 20%. In field conditions, this error can be even
larger (see Paper VII).

If a ground-based GPR measurement is performed at the same point as a manual
measurement of snow depth and/or density, then:

• for a dry snowpack, the snow density can be calculated from the manually measured
snow depth and the two-way travel time of the radar waves, and

• for a wet snowpack, the liquid water content can be calculated from the manually
measured snow depth and density together with the two-way travel time of the
radar waves.

Thus obtained values of snow density and liquid water content are only valid for the
specific points where manual measurements are performed, and if the snowpack is char-
acterized by a significant spatial variation in snow density and/or liquid water content,
the estimates of SWE will be inaccurate. It should be noted that SWE estimates are
much more sensitive to variations in liquid water content than to variations in ice content,
since the former a!ects the propagation velocity of radar waves in snow to a much larger
extent than the latter (due to the much higher electrical permittivity of water compared
to ice). Moreover, spatial variation in liquid water content in snow can be expected to
appear even along short transects, especially at temperatures around 0!C, as such factors
as changes in sun and shade conditions and local variations in air temperature (due to
e.g. cold air drainage and adiabatic lapse rate) can easily a!ect the liquid water content.

Estimating SWE using a multi-channel GPR system

The problem of low accuracy in SWE estimation due to a substantial variation of snow
density along a transect can be solved if radar wave propagation velocity is determined
and snow density is estimated (from the velocity) at each measurement point along the
transect. This can be achieved using a multi-channel GPR system with a multi-o!set
array of antennas.

A standard procedure for determining radar wave propagation velocity is the common
mid-point (CMP) method. This method relies on conducting several radar measurements
at each measurement point, with di!erent o!sets (separation distances) between the
respective transmitter and receiver antennas but with the same mid-point between them
(see Figure 2.1). The combination of such measurements is known as a CMP gather.
Under the assumption of a single-layer snowpack with parallel snow and ground surfaces,
snow depth and radar wave propagation velocity in the snow can be determined. Snow
density and SWE can then be estimated if liquid water content in snow is known or can
be assumed to be zero (see above).

Under the assumptions of the CMP method, the two-way travel time of a radar wave
can be expressed as a function of the snow depth, the radar wave propagation velocity,
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Figure 2.1: A possible radar setup and path geometry for the CMP method. The system contains
n pairs of transmitter and receiver antennas, with all pairs sharing the same mid-point, which
allows collecting a CMP gather at each measurement point. The snowpack is assumed to be
single-layered and the snow surface is assumed to be parallel to the snow/ground interface.

and half the distance between a transmitter and a receiver Si (m):

twt =
2
#

S2
i + d2

v
(2.15)

For a CMP gather, this equation can be written as a system of linear equations in the
form Ax = B, where x is a vector with two unknown variables d and v:
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The system is over-determined if more than two antenna pairs are used, and the least
squares solution of equation (2.16) is given by:

x0 =
,

ATA
-"1

ATB (2.17)

With propagation velocity and snow depth known at each measurement point, snow
density and SWE can be determined in the same way as for the single-channel case,
except the snow density is estimated at each measurement point along the transect.

Unfortunately, the CMP method is sensitive to violations of the assumption of a
single-layer snowpack with the snow surface parallel to the ground surface. More im-
portantly, it is sensitive to measurement errors in two-way travel time, especially when
the shortest travel path length is larger than the largest antenna separation since the
di!erence between the travel paths length becomes very small. Hence the first aim of the
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present work is to mitigate the impact of these errors on estimates of snow density and
thereby on estimates of SWE.

Thus obtained estimates of snow density and SWE will continue to su!er from errors
in a wet snowpack if the liquid water content in snow is unknown. While the liquid
water content can be determined by combining a manual measurement of snow depth
and density with a GPR measurement at a particular point, a spatial variation in the
liquid water content along a transect will result in inaccurate estimates of SWE. This
leads to the second aim of the present work, to develop a method for estimation of liquid
water content of snow from radar data at each measurement point.





Chapter 3

Main Results

In this chapter, two di!erent methods are proposed for improving SWE estimates ob-
tained using a multi-channel GPR system with an array of antennas. The first method
improves the accuracy of density estimations with the CMP method and the second
method improves the accuracy of SWE estimates of wet snowpacks by determining liq-
uid water content of snow from a CMP gather. Neither of the methods relies on manual
measurements of snow depth, density, or SWE as inputs or for calibration purposes.

3.1 Improving Snow Density and SWE Estimation
with the CMP Method

In a snowpack exposed to similar climate conditions (wind and air temperature, rain-
on-snow, melt-refreeze, and snow events), snow depth is the single factor that a!ects
variation in snow density most (Lundberg et al., 2006). Therefore, if a transect can
be assumed to meet these conditions (for example, if it is located on the same slope
of a mountain), we can expect roughly the same snow density values for measurement
points with approximately the same snow depth. However, using the CMP method in
the field typically results in a large scattering of snow density values for a particular
snow depth (see, for example, the data from the field experiment presented in Paper II).
A large scattering indicates presence of errors in estimated snow density, which can be
explained by the CMP method’s sensitivity to errors in interpretation of the snow/ground
interface, especially when the shortest travel path length is larger than the largest antenna
separation.

With snow density and depth calculated using the CMP method, snow density can
be plotted against snow depth for all measurement points at a particular transect, and
in Paper II we suggest using this data to establish a relationship (specific for a partic-
ular transect) between them. Di!erent kinds of relationships have been proposed, such
as a linear relationship up to a certain depth and a constant density for deeper snow
depths (Sand and Killingtveit, 1983; Marchand, 2003; Lundberg et al., 2006), as well as

17
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logarithmic-linear relationships (e.g. Tabler, 1980). We use such a relationship:

!snow = !0 + k · ln(d) (3.1)

where !0 and k are snowpack-specific constants. We suggest establishing these constants
by fitting a curve to field data using the least-squares method. To improve the approx-
imation, data points where the CMP method is known to produce poor results should
be excluded from the data set. More specifically, this refers to measurement points with
snow density estimates outside a reasonable range, points with a shallow snow depth
when the measurements risk to be in the near field of the radar antenna, and points with
deep snow depths when the di!erence in travel time between the radar waves become
too small. The exact exclusion ranges have to be determined subjectively; motivated
examples can be found in Paper II. The established depth-to-density function can then
be used to determine snow density and then SWE for each measurement point directly
from the snow depth (calculated with the CMP method).

This approach was tested in a field experiment presented in Paper II, where a multi-
channel GPR system with an array of antennas with nominal center frequency of 800
and 1600 MHz was used to measure snowpack depth and radar wave propagation velocity
along a 1 km transect; the snowpack was considered to be dry. Snow depth was estimated
using the CMP method with the mean error of 4% (95% CI – confidence interval [–11%,
19%]) and snow density was determined a) directly from radar wave propagation velocity
obtained with the CMP method and b) from snow depth using a logarithmic depth-to-
density function established for the transect. By using a depth-to-density function, the
mean error in estimates of snow density was reduced from 34% (95% CI [17%, 84%]) to
–2% (95% CI [–7%, 3%]) and the mean error in estimates of SWE was reduced from 36%
(95% CI [–14%, 87%]) to less than 1% (95% CI [–14%, 15%]). The error was determined
relative to manual measurements of snow depth and density. Thus the proposed method
improves SWE estimates for snowpacks with liquid water content close to zero, and the
first aim of the present work has been achieved.

3.2 Improving Snow Density and SWE Estimation
for Wet Snow

This section describes the proposed SWE estimation method that relies on determining
liquid water content at each measurement point to improve density estimates from prop-
agation velocity. The method is based on comparing resulting amplitude of two radar
pulses in a CMP gather that are assumed to share a single reflection point on the ground.
We call it the PDA (path-dependent attenuation) method and it is presented in Papers
VI and VII. In this section, the PDA method will be explained step by step (see also
Figure 3.1).

Step 0. Determining two-way travel time and amplitude from radar data.

Two-way travel time of a radar wave is determined for each radar trace by identify-
ing the maximum of the main lobe of the snow/ground reflection in a radargram and
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Figure 3.1: SWE estimation with the PDA method for a particular measurement point, from
two radar pulses in a CMP gather (S1–S5: calculation steps 1–5).

then performing time-zero correction. The amplitude A of a radar wave is deter-
mined from the analytic signal (AS) of each radar trace, where the real part of AS is
the trace itself and the imaginary part is its Hilbert transform. The instantaneous
amplitude (also called amplitude envelope or reflection strength) is calculated as the
absolute value of AS, and it is a robust, smoothed, polarity-independent measure
of the energy in the trace at a given time (Robertson and Nogami, 1984). Hence
the amplitude of a radar wave is defined as the local maximum of instantaneous
amplitude within a time gate around the approximate location of the main lobe of
the reflected wave, with the time gate chosen so that it roughly corresponds to the
size of the main lobe.

Step 1. Calculating snow depth, travel path lengths, incidence angles at the snow/ground
interface, and the real part of electrical permittivity of snow from a CMP gather.

From distances between the antennas and from two-way travel times of radar waves
in a CMP gather, e!ective radar wave propagation velocity and snow depth can
be estimated with the CMP method (for details see section 2.3). Two radar sig-
nals are chosen from the CMP gather for further calculations and under the same
assumptions as required for the CMP method, travel path lengths L1, L2 (m) and
incidence angles at the snow/ground interface $1, $2 (rad) are obtained from the
geometry of the ray paths (see Figure 2.1). Finally, the real part of e!ective relative
electrical permittivity of snow is calculated using equation (2.3).

Step 2. Calculating electrical conductivity of snow from two radar signals.

With antennas placed directly on the snow surface (i.e. a ground-coupled radar
system) and with relative magnetic permeability of snow assumed to be equal to
unity, the resulting amplitude of a wave traveling through a homogenous snowpack
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to the ground and back can be expressed as (Cai and McMechan, 1995):

A =
A0 DT DR R

G
e"!L, with % $

&snow

2

.

µ0

"0"#snow
(3.2)

Here A0 is e!ective source amplitude, DT and DR are directivity of the transmitter
and receiver antennas, G is geometrical spreading of radar waves, R is reflectivity
of the snow/ground interface, L is the length of radar wave travel path in snow (m),
"#snow is the real part of e!ective relative electrical permittivity of snow, and &snow

is real e!ective electrical conductivity of snow (S/m) (e!ective values are used to
account for possible inhomogeneity). The constants µ0 (Vs/Am) and "0 (As/Vm)
are magnetic permeability of free space and electrical permittivity of free space,
respectively.

The directivity terms for the transmitter and receiver antenna together with the
e!ective source amplitude should be derived experimentally for specific radar equip-
ment as a function of the transmission/reception angle and the electrical permit-
tivity of snow. Paper V describes how this term in air A0D[air] can be determined
experimentally; it can then be used for snow applications after correction for fo-
cusing or dispersion that occurs when antennas are placed directly on the snow
surface. Using a simple model obtained from Snell’s law, for a spherical radar wave
we have

A0D =

/

0

0

0

0

1

0

0

0

0

2

A0D[air]
1

3

1# cos(arcsin(
#

"a/"#snow))
, when "#snow > "a

A0D[air]
3

1# cos(arcsin(
#

"a/"#snow)), when "#snow % "a

(3.3)

where "a is electrical permittivity of the antenna housing.

Geometrical spreading in a homogenous medium is usually assumed to be pro-
portional to the distance traveled from the transmitter, we assume G = 2

!
' L.

Reflectivity of the snow/ground interface is given by Fresnel’s equations, separately
for s- and p-polarized1 radar waves. Using Snell’s law, geometrical spreading can be
expressed as a function of the incidence angle at the snow/ground interface $ (rad)
and relative electrical permittivity of the ground "ground (Reitz et al., 1993). Com-
bining the equation for either s- or p-polarized waves with equation (19) (depending
on the antenna setup), e!ective electrical conductivity of snow can be expressed as

1Electric field vectors of p-polarized waves are parallel to the plane of incidence and those of s-
polarized waves are perpendicular to the plane of incidence (Reitz et al., 1993). In radar applications,
polarization depends on the radar antenna setup.
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a function of relative electrical permittivity of the ground:
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for s-polarized waves or
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for p-polarized waves.

These equations contain two unknowns – e!ective electrical conductivity of snow
and electrical permittivity of the ground. With resulting amplitude, travel path
length, and incidence angle at the snow/ground interface determined in Steps 0
and 1 for two di!erent radar signals in a CMP gather, a system of two equations
is obtained for each measurement point. This system can be solved numerically to
determine &snow by testing the value of "ground in the expected range from 3 (frozen
ground) to 87 (liquid water at 0!C and 1 GHz) and choosing the value with the
minimum error in &snow.

Step 3. Calculating liquid water content.

Alternative 1. We know that &snow = &dc+"##snow (, where &dc is the direct current
electrical conductivity, "##snow is the imaginary part of electrical permittivity of snow,
and ( is the angular frequency of a radar wave (rad/s). In GPR studies of snow,
it is generally assumed that &dc $ 0, hence

&snow = "##snow ( (3.6)

With "##snow scaled from the measurement frequency to 1 GHz as described by Tiuri
et al. (1984), volumetric liquid water content #water can be determined from "##snow
and the imaginary part of electrical permittivity of water "##water, which at 1 GHz is
approximately equal to 9.3 (Tiuri et al., 1984):

"##snow(1 GHz) =
,

0.10 #water + 0.80 #2water

-

"##water (3.7)

Alternative 2. It is also possible to experimentally obtain the relationship be-
tween electrical conductivity of snow and liquid water content for a specific radar
frequency. For example, for a GPR system with antennas with nominal center
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frequency of about 800 MHz, a linear relationship between electrical conductivity
of snow and liquid water content was obtained experimentally (see Papers III and
IV):

&snow = 0.001 + 0.3 #water (3.8)

Alternative 1 was used in Paper VII and alternative 2 in Paper VI.

Step 4. Calculating snow density.

A number of empirical equations have been suggested for the relation between
electrical permittivity and density of wet snow (see section 2.3). For example,
density of snow in the pendular regime2 can be determined from volumetric liquid
water content #water and the real part of electrical permittivity of snow "#snow via
“dry density” of snow !d (relative density of dry snow compared to water) and
equivalent dry snow permittivity "#d (Tiuri et al., 1984):

!snow = (!d + #water)!water (3.9)

"d = 1 + 1.7!d + 0.7!2d (3.10)

"#snow(1 GHz) = (0.10 #water + 0.80 #2water)"
#
water + "d (3.11)

Here "#water is the real part of electrical permittivity of water and !water and !snow
are water and snow density, respectively (kg/m3). Similarly to equation (3.7), the
equation (3.11) is valid for the radar frequency of 1 GHz, where "#water = 87 at 0!C,
but it can also be used for another frequency if the measured electrical permittivity
of snow "#snow is scaled to 1 GHz (Tiuri et al., 1984). Note also that in the range
from 1 MHz to 2 GHz, the real part of electrical permittivity is approximately
frequency independent (Bradford et al., 2009).

Step 5. Calculating SWE.

With snow depth and density known, SWE is determined using its definition (equa-
tion (2.1)).

The PDA method includes many calculation steps, and therefore it may be sensitive
to measurement errors. To investigate this sensitivity, a ray-based 2-D model was used
to conduct simulations for a number of snowpacks with di!erent properties. The model
and the results from the simulations are presented in Paper VI, and the most important
conclusions from the simulations are:

• if a snowpack can be assumed to be dry, it is better to neglect liquid water content
than to use the PDA method, since this method is very sensitive to measurement
errors when liquid water content is close to zero;

2snow with liquid water where air exists in continuous paths and grain-grain bounds are strong (Singh
and Singh, 2001)
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• the PDA method is sensitive to measurement errors in both two-way travel time
and resulting amplitude, especially when the shortest travel path length is larger
than the largest antenna separation.

Moreover, the method becomes less accurate when the assumptions of the CMP method
(i.e. a single-layer snowpack with parallel snow and ground surfaces) are not fulfilled.
For example:

• in the case of a two-layer snowpack with the upper layer characterized by a higher
liquid water content, SWE is overestimated and the accuracy of the results is sen-
sitive to the di!erence in liquid water content between the layers. In the reverse
case, for a snowpack with a higher liquid water content in the lower layer, SWE is
underestimated and the results are less sensitive to the di!erence in liquid water
content between the layers.

• in the case of non-parallel ground and snow surfaces, the angle between them should
not exceed 3–4! for estimates of SWE to be accurate.

In order to further evaluate the PDA method, a field experiment was conducted with a
natural snowpack during snowmelt; the results are presented in Paper VII. The snowpack
had a liquid water content of about 5% by volume and the snow depth varied from about
0.9 to 3 m. Radar data was collected using a multi-channel GPR system with an array
of ground-coupled antennas with nominal center frequency of 800 MHz. Evaluation of
the PDA method was performed by comparing the values of SWE estimated using the
following methods:

a. radar-only estimation with liquid water content assumed to be zero: the mean error
in SWE was 34% (95% CI [19%, 49%]);

b. the traditional method based on a linear relationship between SWE and two-way
travel time (equation (2.2)), calibrated using manually measured snow density at
several points: the mean error in SWE was 31% (95% CI [22%, 40%]);

c. the PDA method: the mean error in SWE, established relative to reference mea-
surements with a snow tube, was 16% (95% CI [–1%, 34%]).

Thus the PDA method has been shown to improve SWE estimates and the second aim
of the present work has been achieved.





Chapter 4

Summary of Papers

This chapter contains a short summary of results presented in each paper included in
Part II of the thesis, together with my contribution to each paper. When appropriate,
the reader is referred to chapter 3, which includes a more detailed presentation of the
main results.

Paper I: A Review of Ground-Based Snow Measure-
ment Techniques

The work on improving SWE estimates with GPR is to a large extent justified by the
need of “ground truth” measurements used for calibration or validation of remote-sensing
measurements. In Paper I, Towards automated ‘Ground-truth’ snow measurements – a
review of operational and new measurement methods for Sweden, Norway, and Finland,
a review of techniques that can be used to provide such measurements is presented. The
covered ground-based techniques are divided into four categories based on the measured
properties:

• Snow mass: snow pillow, snow plate, and weight lysimeter;

• Radioactive attenuation in snow: horizontally and vertically mounted active source
gamma-ray meter, cosmic radiation meter, and neutron probe;

• Electrical properties of snow: low frequency impedance band, snow fork, electro-
magnetic sensor, capacitive sensor and monopole antenna, and GPR;

• Other properties of snow: barometric pressure gauge, thermistors and light diodes,
ultrasonic depth gauge, infrared radiation sensors, penetrometer, automatic snow
depth sensor, and acoustic sounding techniques.

My contribution to this paper consisted of writing a review of GPR techniques.
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Paper II: Improving the Accuracy of SWE Estimation
with the CMP Method

In Paper II, Estimation of snow water equivalent of dry snowpacks using a multi-o!set
ground penetrating radar system, we present a method for estimating SWE with the CMP
method that eliminates scattering in estimated snow density for specific snow depths; the
proposed method is described in chapter 3. The promising results of the conducted field
experiment on a dry snowpack are also presented in the paper.

My contribution to this paper included discussing the main ideas behind the proposed
method, conducting the field experiment (jointly with others), and writing most of the
paper.

Papers III and IV: Establishing the Relationship be-
tween Electrical Conductivity of Snow and Liquid Wa-
ter Content in Snow

In Paper III, Laboratory test of snow wetness influence on electrical conductivity mea-
sured with ground penetrating radar, Maxwell’s equation is used to derive a formula for
calculating electrical conductivity from radar wave attenuation, electrical permittivity of
snow, and snow depth. This formula was used to calculate electrical conductivity from
radar data measured in several experiments for snowpacks with varying liquid water con-
tent. The values of conductivity were plotted against the values of liquid water content
and a curve was fitted to the data. The results strongly suggest a linear relationship be-
tween liquid water content #water (expressed in volume parts) and electrical conductivity
of snow &snow (S/m) for radar antennas with nominal center frequency of 800 MHz:

&snow = 0.002 + 0.3 #water, R2 = 0.97 (4.1)

Further studies of the influence of liquid water salinity on this relationship were
required and hence a new series of experiments were conducted with similar radar equip-
ment; the results are presented in Paper IV, Laboratory study of the influence of salinity
on the relationship between electrical conductivity and wetness of snow. In these ex-
periments, liquid water salinity was controlled and a multiple regression analysis was
performed on the data. The earlier established relationship between electrical conductiv-
ity and liquid water content of snow was confirmed with a slight change in the constant
term from 0.002 to 0.001 (equation (3.8) with R2 = 0.89). At the same time, the influ-
ence of liquid water salinity on this relationship was shown to be negligible, at least in
the range of salinity covered in the experiments (up to 65.6 mg/l). Snow salinity beyond
that range is unlikely to be found in a natural snowpack on land.

My contribution to these two papers included designing and conducting the experi-
ments, analyzing the results, and writing the papers.
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Paper V: Estimating Electrical Permittivity of the
Ground from a CMP Gather

In Paper V, Testing the accuracy of electrical permittivity estimation from angle-dependent
reflectivity with ground penetrating radar, a method for estimating electrical permittiv-
ity of the ground under a snowpack by analyzing amplitudes of two radar pulses in a
CMP gather is presented. Also presented are the results of a preliminary experiment,
where the method is tested in the simplest possible scenario, with an air layer replacing a
snowpack and lake ice (with permittivity estimated using another method) replacing the
top ground layer. The proposed method has been shown to be sensitive to the accuracy
of measured amplitudes, and we also observed problems when residual energy, such as
antenna ring-down, interfered with the reflected wave. These problems, however, are
likely to diminish when antennas are placed on snow.

A method for experimentally establishing e!ective source amplitude and directivity
of the transmitter and receiver antennas, which are combined into a single term, is also
presented. This term is defined as a function of the transmission angle equal to the
reception angel, which is the case when the assumptions of the CMP method are valid.

My contribution to this paper included designing and conducting the experiments,
analyzing the results, and writing the paper.

Papers VI and VII: Improving the Accuracy of SWE
Estimation for Wet Snow

In Paper VI, Modeling and simulation of GPR wave propagation through wet snowpacks:
testing the sensitivity of a method for snow water equivalent estimation, and Paper VII,
Field evaluation of a new method for estimation of liquid water content and snow water
equivalent of wet snowpacks with GPR, a method for estimating SWE based on deter-
mining liquid water content at each measurement point from a CMP gather (the PDA
method) is presented. The papers also include validation of the method, using simula-
tions in Paper VI and a field experiment in Paper VII. The details of the method and
the main results of its validation have been presented in chapter 3.

My contributions to these two papers included developing the proposed method, build-
ing a ray-based 2-D model of radar wave propagation through a wet snowpack, conducting
simulations, conducting the field experiment (jointly with others), analyzing the results,
and writing the papers.





Chapter 5

Related Work: Estimating
Liquid Water Content with GPR

Related work covered in this chapter is limited to recent research on the problems of
SWE estimation with GPR that have been identified in chapters 1 and 2. In particular,
I will consider an alternative approach to determining liquid water content in snow that
has a potential to be as good or better than the proposed PDA method, at least for
certain (as yet unknown) snow conditions.

In 2006, Bradford and Harper suggested a method for estimating liquid water con-
tent in snow that is based on analysis of frequency-dependent attenuation of radar waves
(Bradford and Harper, 2006); here this method will be referred to as the FDA method.
The frequency downshift of a radar wave traveling through a wet snowpack is a func-
tion of liquid water content alone. Therefore, liquid water content can be determined
by comparing the frequency of a radar wave that traveled through a snowpack to the
frequency of some reference wave traveling through a media that does not change the
frequency spectra. Bradford et al. (2009) recommended using for this purpose a radar
signal reflected from the snow surface, which can be easily obtained if a GPR system
with antennas placed in air above the snow surface is employed. This can be contrasted
to the PDA method, where a radar system with ground-coupled antennas must be used.

Unlike the PDA method, the FDA method only requires measuring on a single chan-
nel, which is an advantage since less data has to be interpreted. However, the most
significant di!erence between the methods is how the imaginary part of electrical permit-
tivity of snow "##snow is determined. In the PDA method, it is calculated from the e!ective
electrical conductivity of snow, which is estimated from resulting amplitudes and two-
way travel times of two radar signals in a CMP gather. In contrast, in the FDA method
"##snow is determined from measurements of the frequency downshift in radar waves passing
through wet snow. In this method, "##snow is calculated from the angular frequency of a
radar wave traveling through the snowpack (snow, some reference frequency (ref , radar
wave two-way travel time twt, and the real part of electrical permittivity of snow "#snow
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using the equations (Bradford et al., 2009):

1

Q$
=

2

' · twt
((2

ref # (2
snow)

(2
ref (snow

(5.1)

Q$ =
"#snow

2 · "##snow
(5.2)

Here Q$ is an empirical constant that characterizes the frequency-dependent component
of attenuation. Once "##snow is known, the procedure to determine liquid water content and
snow density is the same as in the PDA method, i.e. equation (3.7) is used to calculate
liquid water content, and equations (3.9) – (3.11) and (2.1) are used to determine snow
density and SWE.

Despite the di!erences, the FDA and PDA methods have a lot in common. For
example, both methods rely on an estimate of radar wave propagation velocity at each
measurement point to determine the real part of e!ective electrical permittivity of snow
"#snow. Estimates of velocity can be obtained using the CMP method (see chapter 2), some
other radar-based method such as moveout analysis of di!raction hyperbolas (Bradford
and Harper, 2005) or reflection tomography (Stork, 1992), or by manual measurement of
snow depth combined with radar wave two-way travel time.

The FDA method was tested by Bradford et al. (2009) on a 1.2 m thick snowpack with
average liquid water content of 1.4 vol.%, and the absolute uncertainty in liquid water
content determined with the FDA method was limited to 0.5 vol.%. However, since the
conditions of the snowpack in that experiment di!ered substantially from the snowpack
in the field experiment conducted to evaluate the PDA method (see Paper VII), further
investigations are necessary to compare these two methods and establish the conditions
when one or the other is more suitable.



Chapter 6

Discussion and Future Work

The results of the field experiments presented in Papers II and VII have shown that clear
improvements can be achieved by applying the proposed methods when estimating SWE
with GPR. In the field experiment presented in Paper II, introducing a depth-to-density
function decreased the relative mean error in SWE estimates in a dry snowpack from
36% to less than 1%. This was achieved without any input from manual measurements.
However, the results were to a large extent dependent on a subjective reduction of snow
data used to establish the depth-to-density function. The method is thus independent of
manual measurements, but dependent on subjective decisions. It should be noted that if
a snowpack contains liquid water, the density estimates have to be corrected (for example,
by using the PDA or the FDA method) before a depth-to-density function is established
from snow data. At the same time, the results of the field evaluation presented in Paper
VII indicate that the relative mean error in SWE estimates for a wet snowpack (about
5 vol.%) can be decreased using the PDA method. In the field experiment, the error in
SWE decreased from 31% and 34% for two methods that neglect the liquid water content
to 16% for the PDA method.

While the first method that relies on a depth-to-density function can be used opera-
tionally today, the PDA method needs further validation. The field experiment discussed
above was conducted on a snowpack characterized by an average liquid water content of
about 5 vol.% and further tests on snowpacks with lower snow wetness are necessary to
draw a general conclusion on the accuracy of the method. Moreover, the estimates of
snow depth, density, and SWE presented in Paper VII are determined from radar wave
propagation velocities obtained from measured radar wave two-way travel time combined
with manually measured snow depths, hence errors from inaccurate estimates of veloc-
ity were artificially removed from the calculations (i.e. all errors are believed to arise
within the PDA method itself). There is therefore a need for an investigation of how
uncertainties in velocity estimates a!ect the accuracy of SWE estimated with the PDA
method (more accurate velocity estimates could a!ect the SWE estimates positively or
negatively).

Although it seems that SWE estimates can be improved by applying the PDA method,
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the relative mean error in the field experiment was as high as 16%, due to a significant
underestimation of liquid water content (by about 51% on average, compared to snow
fork measurements). To improve the method further, the causes of the remaining errors
should be investigated. Moreover, the PDA method should be compared to the method
suggested by Bradford and Harper (2006) (the FDA method) to determine which of them
produces more accurate results in various snow conditions.

An obvious way to improve SWE estimation with the two proposed methods is to
eliminate errors in estimation of radar wave propagation velocity. In fact, more accurate
velocity estimates may render the use of a depth-to-density function unnecessary, since
applying such function simply decreases the impact of errors in estimated velocity on
density estimates. Note, however, that accurate velocity estimates alone would not solve
the problem of inaccurate SWE estimates for wet snow, so the PDA method would still
be useful.

It has been suggested that manual reference data can be used to improve SWE esti-
mates (see e.g. Sand and Bruland, 1998). On the other hand, not requiring any manual
snow measurements is an important advantage of the proposed methods. If manual mea-
surements are combined with multi-channel radar measurements, CMP gathers can be
used to estimate SWE in between manual data points, and manually collected data can
be used to determine, for example, accurate reference estimates of propagation velocity
(from two-way travel time and manually measured snow depth) or liquid water content
(from propagation velocity and manually measured snow density). Establishing the most
e"cient way of utilizing manually measured snow data to improve SWE estimates with
GPR remains an open question for future investigations. It should also be noted that
manual snow density measurements are much more time consuming that manual snow
depth measurements.



Chapter 7

Conclusion

The goals of my work have been to improve the accuracy of snow density and SWE
estimated with GPR by mitigating the impact of errors in CMP calculations; and to
develop a method for estimation of liquid water content of a snowpack from radar data
at each measurement point. The first goal has been met by proposing a method where
snow depth and density data estimated with the CMP method are used to establish a
depth-to-density function specific for a particular transect, which is then used to calculate
snow density at each point. The second goal was met by proposing a method where
liquid water content of snow is estimated via path-dependent attenuation of two radar
signals in a CMP gather (the PDA method). The PDA method, however, needs further
validation before becoming operational, which together with potential improvements of
the proposed methods has been discussed in the previous chapter.

Time e"ciency of the proposed methods is important for their potential to become
commonly used. The fact that neither method requires any manual measurements, except
for possible validation, makes them more time e"cient. On the other hand, measuring on
multiple channels, which is an integral part of both methods, inevitably means collecting
more radar data and requiring more time for interpretation of the snow/ground interface,
which is typically done manually. In other words, time is saved in the field but lost in
data interpretation. Note also that interpretation of the snow/ground interface on several
channels can be done more reliably since information from one channel can be used to
aid interpretation of data from another channel.

Provided that the remaining validation of the PDA method is successful, both pro-
posed methods can be used in the field to obtain more accurate SWE estimates. In the
case of a wet snowpack, it should also be possible to use them in combination, by first es-
timating liquid water content with the PDA method and adjusting the estimates of snow
density accordingly, and then establishing a depth-to-density function. On the other
hand, we know that the PDA method should not be used if the snow can be assumed to
be dry, since simulations have shown it to be particularly sensitive to measurement errors
when liquid water content is close to zero. We also note that using a depth-to-density
function relies on the assumptions that a) the snowpack is dry or liquid water content in
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snow is known, and b) variation in snowpack density can to a large extent be attributed
to the variation in snow depth, which can be expected if the snowpack has been exposed
to similar climate conditions (wind and air temperature, rain-on-snow, melt-refreeze, and
snow events). The second assumption can be fulfilled by choosing shorter radar tran-
sects that each meets this condition (such as a transect located on the same slope of a
mountain) and establishing a new depth-to-density function for each transect.
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Abstract

Manual snow measurements are becoming increasingly expensive and climate-change-
imposed snow alterations are a!ecting run-o! and frost patterns; snow observations are
included in run-o! modelling, making reliable snow observations of utmost importance.
Multiple new and modified ground-based techniques for monitoring snow depth, den-
sity, snow water equivalent (SWE), wetness, and layering have been tested over the last
decade, justifying a review of such methods. Techniques based on snow mass, electrical
properties, attenuation of radioactivity, and other miscellaneous properties are reviewed.
The following sensors seem suitable for registration of temporal variations: ultrasonic
(depth) and terrestrial laser scanning (depth), several snow pillows at the same location
(SWE), Cold Regions Research and Engineering Laboratory/Natural Resources Conser-
vation Service weighing sensor (SWE), Snowpower (depth, density, SWE, and wetness),
active and passive (cosmic) )-ray attenuation (SWE), and adjusted time domain reflec-
tometry probes (density and wetness). Ground penetrating radar (GPR) is, depending on
the design and operation modes, suitable for di!erent purposes; when arrays of antennas
are pulled by a snowmobile, the technique is suitable for monitoring of spatial variations
in depth, density, and SWE for dry snow. Techniques are under development, which
will hopefully improve the accuracy for wet snow measurements. Frequency-modulated
continuous wave (FMCW) GPRs seem fit for measurement of snow layering. Some sug-
gested techniques are not operational yet.

KEY WORDS snow; ‘ground truth’; review; ground penetrating radar; snow measure-
ment technique

1 Introduction

There is an increasing demand for snow information for various applications, but snow-
pack properties vary substantially both in time and space and neither satellite retrieved
nor ground-based measurements have managed to meet these demands yet. The three
countries, Sweden, Finland, and Norway, located between 55 to 72!N and 5 to 32!E,
use similar hydrological run-o! models but have chosen slightly di!erent approaches to
gather snow information and implement it into run-o! models.

The increased need for snow information can be exemplified by global warming pri-
marily a!ecting winter conditions at high latitudes; characterization of the snow cover
has therefore become an interest in many scientific fields. It is important for under-
standing climate feedback (Harding et al., 2002), for ecological processes (Jones et al.,
2001), and for frost penetration (Lindström et al., 2002). In northern regions, such as
Scandinavia, snowmelt plays an important role in seasonal run-o!. The largest volumes
as well as the highest peaks in run-o! normally occur during spring flood, therefore snow
conditions are vital to the management of water resources for hydropower (Laukkanen,
2004), domestic use, and industrial extraction. Snow information is also important for
flood prediction and prevention (Birkeland et al., 1998; Luce et al., 1998; Laukkanen,
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2004). Further more, measurements of snow accumulation and ablation are critical for
studies of mass balance for glaciers and polar ice (Richardson et al., 1997). Ice layers in
snow play an important role: in the timing of the snowmelt release, for the possibilities
of forage for reindeers, small mammals, and bird of prey, and for avalanche risk assess-
ment (Pfe!er and Humphrey, 1996; Singh et al., 1998; Callaghan et al., 2004; Gustafsson
et al., 2004; Marshall et al., 2007). Detailed snow depth information is also required
for validation of snowpack and snow drift models (Prokop et al., 2008). Remote sensing
techniques operating from satellites, aeroplanes, and unmanned flying vehicles have an
advantage over ground-based techniques in that they cover much larger areas but have
lower accuracy and are still dependent on ground-based techniques for validation.

Snow distribution is highly variable over di!erent landscape types as exemplified by
measurements in alpine (Marchand et al., 2001), forested (Marchand, 2003), and arctic
landscapes (Richardson-Näslund, 2004). The spatial variability of snow accumulation,
melt, and formation of ice crusts is influenced by a variety of factors (altitude, lati-
tude, slope, aspect, vegetation, wind exposure, etc.) and the sometimes large temporal
variations during heavy snowfall and intense melt (Gray and Male, 1981).

Norway, located along the Atlantic coast, has a maritime climate, very large altitude
variations, and a large fraction of bare mountains. Finland has a continental climate,
many forests, and is rather flat. Sweden, located in between Norway and Finland, has
vegetation, climate, and topographic conditions somewhere in between. The National
Weather Services (NWS) as well as most of the hydropower companies in the three
countries use versions of the same run-o! forecast model: the HBV model (Sælthun,
1996; Bergström, 1992; Lindström et al., 1997; Bruland and Killingtveit, 2002; Beldring
et al., 2003). These operational run-o! forecast models rely largely on point observation
of precipitation and temperature, but attempts to include snow data [mainly remotely
sensed snow covered area (SCA), but also snow water equivalent (SWE)] have been made
with varying degrees of success.

E!orts to include remotely sensed data have been going on since the early 1980s in
Sweden. Airplane-borne )-ray attenuation measurements were used in combination with
the HBV model (Bergström and Brandt, 1984; Brandt and Bergström, 1994); also, SWE
retrieved from helicopter-born ground penetrating radar (GPR) were tested (Brandt,
1991; Andréasson et al., 2001). Both types of measurements were judged to be useful
for northern Sweden where climatological data coverage is poor (Brandt and Bergström,
1994). For the middle part of Sweden, such measurements were considered to be helpful
for detection of homogeneity breaks in climate data (Brandt and Bergström, 1994). How-
ever, the model structure was found to be poorly adapted for employment of this type of
data, and the precision of the GPR positioning data was insu"cient for the establishment
of relationships between terrain parameters and snow accumulation (Andréasson et al.,
2001; Andersson and Lundberg, 2002; Boresjö Bronge et al., 2006). SCA retrieved from
the satellite AVHRR, Landsat-TM, and synthetic aperture radar (SAR) sensors have also
been tested together with the HBV model within the HydAlp project (Rott et al., 1999).
The first two sensors mentioned above are optical sensors, while the SAR is a microwave
sensor. The SCA estimates were found to vary with each sensor, making it di"cult
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to combine several sensors for obtaining coverage on clouded days. The discrepancies
between TM and AVHRR images appeared to be an e!ect of spatial resolution but the
di!erences between TM and SAR were not simply related (Nagler and Rott, 1998; Turpin
et al., 2000). SCA was determined using MODIS (an optical sensor), LANDSAT-TM,
and SAR data (Boresjö Bronge et al., 2006) and similar results were obtained (problems
arose with combination of several sensors). Implementation of NOAA-AVHRR SCA into
a gridded version of the HBV model was hampered by the lack of data on cloudy days
(Johansson et al., 2000, 2003). Detailed manual snow measurements were used to update
the snow cover in the HBV model with promising results (Lindström et al., 2002). The
volume error of the snowmelt flood estimated by the HBV model were reduced for basins
with less than 30% forest cover and for basins with large volume errors when SCA (from
Envisar Advanced SAR and Terra MODIS) was used to update the HBV model (Johans-
son and Lundholm, 2008). The satellite-derived SCA was underestimated at north facing
slopes due to poor illumination, and a correction was applied for this.

In Norway, many GPR measurements have been reported; most of these were oper-
ated from snowmobiles (e.g. Andersen et al., 1987; Marchand et al., 2001; Marchand
and Killingtveit, 2001, 2004) but they do not seem to have been used together with a
run-o! model. Snow observations from satellite have been tested since the early 1980s
(Andersen et al., 1984; Johnsrud, 1985). Skaugen (1999) combined data from satellite-
derived SCA measurements and from snow pillows. He concluded that SCA mapping had
to be improved, particularly in forests, and that melting had to be included in a more
sophisticated way in the model. Satellite-born (SAR) measurements within the project
Snowtools have been used to discriminate between wet and dry snow (Guneriussen, 1997;
Guneriussen and Johnsen, 2003) but the measurements did not seem to have been im-
plemented into the operational HBV model. According to Engeset et al. (2003), the
satellite-observed SCA was used qualitatively to detect when the models did not sim-
ulate the snow reservoir correctly but was not used directly in the HBV model. The
method required model calibration against SCA as well as against run-o! (Engeset et al.,
2003; Alfnes and Udnæs, 2004; Udnæs et al., 2007). The satellite sensors NOAA-AVHRR
and ERS-SAR were used for determination of SCA. Of these sensors, the AVHRR ob-
servations had good correlation with the model-simulated SCA. Operational use of SCA
data in the HBV model was tested with the model calibrated versus both run-o! and
SCA (Udnæs et al., 2007). The modelled SCA was largely improved and the run-o! was
modelled almost as well with this approach. However, when deviations between the mod-
elled and simulated SCA were used to trigger model updates, only 28% of the updates
improved the run-o! simulations (Udnæs et al., 2007). A method to update the snow
depletion curve with remotely sensed SCA data is described by Kolberg and Gottschalk
(2006).

In Finland, satellite-born microwave sensors have been employed to determine snow
parameters but they do not seem to have been used in combination with the run-o!model.
Regional SWE for dry snow has been estimated by the Special Sensor Microwave Imager
(SSM/I) and an automatic inversion algorithm with an overall random square error of
about 30 mm without any in situ reference of SWE (Pulliainen and Hallikainen, 2001).
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The error varied with air temperature and precipitation conditions ranging between 23
and 58 mm for the investigated years. A combination of active and passive microwave
sensors with a fixed incidence angle gave reasonable SWE values for dry snow (Hallikainen
et al., 2003). SWE and snow depth estimated using SSM/I sensors, an artificial neural
network and a ground-based snow data set as a reference, performed very well when the
neural network was trained with the experimental data (Tedesco et al., 2004). Snow
wetness was estimated from ERS-SAR (Koskinen et al., 1997). GPR measurements in
Finland seem rare with some exceptions, i.e. Vaida et al.’s (2006) report from a forestry
application.

Even though many attempts have been made to include di!erent types of remotely
sensed snow information in hydrological modelling, the success has been moderate and
this seems to be due to shortcomings in the models as well as uncertainties in the remotely
sensed data.

As far as ground-based measurements are concerned, Sweden has a long tradition of
manual snow measurements starting with forestry applications (Hamberg, 1896). The
Swedish Hydrological and Meteorological Institute (SMHI) has, since the beginning of the
twentieth century, operated a network of snow depth and density measurements made at
open sites, mostly in agricultural areas and valleys (Forsler et al., 1971; Nord and Taesler,
1973). Currently, about 400 manual snow depth stations are being operated (most of
these measure the snow depth twice a month, while a few measure it daily). Tests with
automatic snow depth gauges were made, but these were not successful and such gauge
are no longer operational (Marcus Flarup, SMHI, personal communication). In addition,
the hydropower companies operate their own manual and helicopter-operated GPR snow
surveys. Snow pillows were tested in the so-called representative basins (Persson, 1976),
and have also been used in several research projects on land-surface-atmosphere exchange
processes as a complement to unreliable wintertime precipitation measurements, e.g. in
NOPEX (Lundin et al., 1999) and LUSTRA (Berggren et al., 2008). Snow pillows and
other ground-based snow measurement techniques are currently being compared within
the Swedish project Distributed measurement systems for improved snow- and run-o!
forecasts – integration into hydrological models. In addition to snow pillows, a so-called
Snowpower instrument (see e.g. Stähli et al., 2004) has been installed for registration of
snow density and wetness. Measurements will also be carried out using an array of GPR
antennas operated from a snowmobile.

In Norway, the first snow pillow was installed in 1967 (Andersen, 1981) and the Wa-
ter Resources and Energy Directorate (NVE) now operates 23 pillows spread through-
out the country (Sorteberg et al., 2001). The pillows are circular, made of white PVC
with a 1 m radius, with automatic transmission of real-time data. A detailed descrip-
tion can be found in Sorteberg (1998). The hydropower companies also operate snow
pillows (Statkraft, 13 pillows; ‘Glommens og Laagens Brukseierforening’ (GLB) and
Trønderenergi, 6 pillows) and perform manual snow course measurements, which they
report to NVE (Engeset et al., 2004).

In the winter of 2004/2005, two sensors measuring incoming and snowpack-attenuated
cosmic radiation were tested. The sensors did not seem to be adapted for the harsh Nor-
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wegian climate and did not produce any useful data (Bjørg Lirhus, NVE, Oslo, personal
communication).

In Finland, intense snow course measurements were initiated in 1935 and, in 2003,
the Finnish Environment Institute operated a network of 177 snow courses distributed
over the country (Lundberg and Koivusalo, 2003). Each snow course is 2–4 km long, is
surveyed twice a month, and is designed to include terrain types typical to the region
(Lundberg and Koivusalo, 2003). Some 165 snow courses are currently being operated
once or twice a month (Ymparisto, Finnish Environment Institute, 2008). Snow pillows
are currently not being used in Finland but a test conducted from 1970 to 1979 has been
reported by Kuusisto (1984).

Snow information has been used operationally for run-o! simulations in Norway and
in Finland. In Finland, they use both SWE measurements from the above mentioned
manual snow courses surveyed twice a month and satellite-determined SCA for updating
the simulations (Vehviläinen et al., 2005). In Norway, fractional SCA has been used
to express the snow distribution in the HBV model (Killingtveit, 1978), and is a useful
variable for assimilating distributed snow information into the model predictions. Ob-
servations of SCA have been used to update the snow storage in the HBV model. For
instance, Kolberg et al. (2006) developed a Bayesian assimilation scheme for updating
the simulated snow cover using SCA data from remote sensing.

In Sweden, snow measurements for run-o! simulations has, in spite of numerous
attempts (e.g. Brandt and Bergström, 1994; Andréasson et al., 2001; Johansson et al.,
2001, 2003), not become operational due to several reasons:

a) The run-o! models are poorly adapted for use of distributed snow-information.

b) Di"culties in combining optical and microwave satellite measurements of SCA to
monitor the quick temporal changes during cloudy periods.

c) Di"culties in establishing relationships between SCA and SWE.

d) Positioning of early GPR measurements are not accurate enough for establishment
of snow-terrain relationships.

e) Poor verification of remotely sensed values versus ‘ground truth’ measurements.

Many of these issues have now been resolved. The use of distributed hydrological
models and data assimilation techniques have provided better use of both remote sens-
ing and ground-based data (e.g. Kolberg et al., 2006; Nagler et al., 2008). Work is
also in progress to further adapt run-o! models for distributed snow information (e.g.
Boresjö Bronge et al., 2006). A near real-time pre-operational system combining sev-
eral satellite sensors allowing SCA monitoring over the accumulation and melt season
was presented by Malnes et al. (2005). Vast improvements in the position technique
for GPR measurements are now enabling the establishment of snow-terrain relationships
(Marchand and Killingtveit, 2001). However, the di"culties with poor verification of
remotely sensed snow depth and density, SWE, and snow wetness data versus ‘ground
truth’ measurements largely remain unsolved, thus aggravating the di"culties in the es-
tablishment of relationships between SCA and SWE for models based on SCA. This may
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prove unnecessary when using the data in data assimilation applications of distributed
models as shown by e.g. Nagler et al. (2008), who developed a system for integration of
remote sensing data, meteorological station data, and weather prediction data for short-
term run-o! predictions. Therefore, recent assimilation techniques were used for better
adaptation of models to the distributed data (Kolberg et al., 2006).

2 Aim and Scope

The aim of this study is to review established and new ground-based methods (stationary
and snowmobile pulled) to measure snow cover properties (depth, density, water equiv-
alent, wetness, and layering) and to evaluate the functionality of these methods. The
reviewed methods have been combined with suitability criteria in order to screen the
best available and future methods. The review focuses on methods for the three coun-
tries: Sweden, Norway, and Finland. Snow characteristics such as radiation reflectance
(albedo), radiation transmissivity, thermal properties, microstructure, impurities, chem-
istry, and snow accumulation are not discussed here. The focus is on methods that are,
or have the potential to become, automated.

3 Other Reviews

Snow Hydrology (US Army Corps of Engineers, 1956) and the Handbook of Snow (Gray
and Male, 1981) have long been the prime references for snow measurements, while
snow monitoring by the National Weather Services (NWS) in many countries has been
influenced by the continuously updated WMO Guide to Hydrological Practices (WMO,
1992). More recent reviews of snow measurement techniques are also present (Trabant
and Clagett, 1990; Killingtveit and Sælthun, 1995; Pomeroy and Gray, 1995; Lundberg
and Halldin, 2001; Bruland, 2002; Harper and Bradford, 2003; Killingtveit and Marchand,
2005; Kinar, 2007; Woodward and Burke, 2007). GPR techniques, also known as impulse
radar or radio echo sounding techniques when employed at lower frequencies (<10 Mhz),
have become an invaluable tool for glaciologists over the last few decades (reviewed by
Plewes and Hubbard, 2001; Maurer, 2006; Woodward and Burke, 2007). A working group
was established in September 2007, within TC 318 Hydrometry under the European
Standardisation Organization (CEN), to develop technical documents on the various
methods for SWE measurements. The group consists of representatives from Austria,
Czech Republic, England, Norway, Slovakia, Sweden, and Switzerland; the first method to
be documented was the snow pillow technique (Björn Norell, Vattenregleringsföretagen,
Östersund, Sweden, personal communication).

4 Requirements of Ideal Techniques

All permanent installations in the snow itself will disturb the snowpack by absorbing
more solar radiation than the snow, thus producing local melt around the device, but
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white, thin, and small installations cause small or negligible disturbances. When part of
the device is located above the snow and the rest is buried, the part sticking up above
the snow can have a large wind-exposed area and vibrations in the device might form air
pockets around the snow buried part of the device, producing erroneous measurements.

Snow accumulation may also be disturbed by installations above the snow surface,
influencing the snow deposition pattern (enhanced deposition for decelerated wind speed
and reduced deposition for accelerated). Large installations at the base of a snow cover
such as snow pillows, weighing plates, and lysimeters change the heat and water exchange
at the snow/ground surface. When water is prevented from leaving a shallow snowpack,
the snow might darken due to additional water content and thus absorbs more solar
radiation.

The ideal snow measurement technique does not cause environmental harm and does
not disturb the accumulation pattern by altering the wind field around the gauge. It
does not influence the exchange of radiation, thermal heat, and water between the snow
and the atmosphere and/or the ground. The measurements must have a time resolution
of the same order as the time constant for the processes, i.e. typically an hour or less
and they must resolve the dynamics of state variables, which means that water/snow
quantities should be recorded with an accuracy of at least 1 mm. The technique should
also capture the spatial variations of snow conditions relevant for application and work in
all forms of terrain (steep and forested) and in all forms of snow (dry, wet, deep, shallow,
and layered).

5 Studied Techniques

Automated techniques based on registration of snow mass, electrical properties of snow,
snow attenuation of radioactivity are reviewed along with miscellaneous techniques based
on ultrasonic, laser, and acoustic pulse velocity, barometric pressure, temperature, in-
frared radiation etc. (Table 1).

Techniques based on registration of snow mass

There are at least three techniques used for the determination of SWE based on regis-
tration of snow mass: snow pillows, Cold Regions Research and Engineering Laboratory
(CRREL)/Natural Resources Conservation Service (NRCS) electronic SWE pressure sen-
sors (called weighing plate in Table 1), and weighing lysimeters.

Snow pillows. A snow pillow consists of a mattress-type apparatus installed under
the snow, level with the ground. The most common design is a circular pillow about
2–4 m wide made from reinforced rubber or stainless steel, filled with antifreeze liquid;
it can also come in other shapes and sizes. The pressure change caused by the weight of
the snow is usually sensed remotely by pressure transducers. Snow pillows work well in
areas with heavy snow and few freeze thaw events, although they are not suited for use
in snowpacks that bridge over the pillow (Trabant and Clagett, 1990; Sorteberg et al.,
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2001; Johnson and Schaefer, 2002). The latter types of snowpacks, which contain ice
lenses, are commonly formed in coastal mountain ranges and in wind-exposed locations
where bridging from wind e!ects occur. The hard snow or ice layers may then cause over-
or underestimation of the SWE depending on whether the snow pillow supports part of
the surrounding snow or the other way around. Other disadvantages of snow pillows are
that they modify the temperature gradient of the snowpack by blocking the temperature-
driven vapour flux at the soil-snow interface and block the melt water transport into the
soil. Dark pillows may absorb more energy than the surrounding soil, thus delaying the
onset of snow accumulation in the autumn (Trabant and Clagett, 1990; Johnson and
Schaefer, 2002). As it is di"cult to dig foundations for snow pillows in forests and on
steep slopes, the pillows are only suited for measurement on fairly flat open land. Large
mammals and/or rodents may disturb or destroy snow pillows. There is also a pollution
risk for the surroundings if the pillow is harmed.

‘Pillows’ made of stainless steel are animal and rodent proof, requiring less installation
time (according to a producer Rickly Hydrological Company, 2012). Use of several pillows
in parallel at the same location allows for identification and compensation for bridging.
This is made possible by the comparison of the loads on di!erent pillows. A method to
detect and correct measurement errors using continuous measurements of snow depth,
SWE, and snow base temperature is presented by Johnson and Marks (2004). When the
moving average of the snow base temperature during the preceding 24 h exceeds zero,
the snow cover is assumed to be melting, indicating that the SWE measurements for that
period may not be reliable (Johnson and Marks, 2004).

Electronic SWE pressure sensor CRREL/NRCS. The U.S. Army CRREL and the
US NRCS, since 1997, have made a collaborative e!ort to develop a SWE sensor to re-
place the fluid-filled pillows. This device is called the CRREL/NRCS electronic SWE
pressure sensor (Johnson and Schaefer, 2002). They have, based on theoretical analy-
sis, tested di!erent designs of load-cell equipped plates with promising results (Johnson,
2004; Johnson and Marks, 2004; Johnson et al., 2007). A design with one square centre
panel surrounded by eight square inert panels to bu!er perimeter stress and allow wa-
ter to percolate through the panels was tested for 2 years (Johnson et al., 2007). The
test showed that both sensor design and installation significantly a!ect the measurement
accuracy and that measurement errors can be reduced by matching the thermal proper-
ties of the plates (sensors) with the soil (Johnson et al., 2007). Further development is,
however, needed to elaborate a calibration technique that does not require nearby snow
pillow measurements for calibration (Johnson et al., 2007).

Weighing lysimeters. Lysimeters (25 m2) consisting of large weighing framed bricks
built around tree trunks were used to compare forests SWE and open-field SWE for snow
interception sublimation/evaporation studies (Storck, 2000; Storck et al., 1999, 2002).
The bricks were made of, from top down, face planking, sloping plywood decking, wood
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joists, steel subframing, and load-cell platforms. This is the only design adapted for use
in forests, but the design disturbs the natural snow/ground heat and moisture exchange
and absorbs more short-wave radiation than the snowpack itself.

Techniques based on attenuation of radioactive radiation

A water equivalent probe based on attenuation of radioactive radiation consists of a ra-
dioactive source that emits fast high energy neutrons and a detector that counts slow
low-energy neutrons. The emitted fast neutrons are moderated into slow neutrons on
collision with hydrogen forming a cloud that scatters back to the detector. The density
of the slow-neutron cloud depends on hydrogen content, which is proportional to the
water content. The source can be an active )-ray point source or the laterally extensive
cosmic ) radiation.

Neutron probes. A neutron probe, designed to determine soil density, consists of a
vertical cylinder installed in the soil. The neutron probe could alternatively be used to
measure changes in the snowpack water equivalent. The sample volume varies with the
hydrogen content; a small volume for high hydrogen content in the measured material
and vice versa. Five neutron access tubes were used for measuring changes in SWE,
but increased melt was observed around the access tubes for the probe (Harding, 1986).
Handling with a radioactive source is a disadvantage, and the technique does not seem
to have been used further for this application.

Cosmic radiation probes. The high energy ) portion of the incoming, background
cosmic radiation constantly flowing through the earth’s atmosphere partly penetrates
the snowpack. The cosmic radiation is associated with the solar activity and varies
with latitude and over time. The attenuation of the radiation is exponentially related
to the mass of the medium through which it penetrates (Fritzsche, 1983; Gehrke, 1997;
Osterhuber et al., 1998). A device measuring the incoming and attenuated cosmic )
radiation, using the energy levels between 5 and 15 MeV, proved to be an accurate,
reliable, non-invasive, and non-mechanical instrument for measurement of the total SWE
of a snowpack (Gehrke, 1997; Osterhuber et al., 1998). A need for correction for detector
temperatures was observed for temperatures below –12!C (Osterhuber et al., 1998).

Two small sensors can be carried in back packs: one can be mounted on the ground
and the other about 10 m above the ground (CSSL, 2012). When cosmic rays hit the
sensors, they generate tiny bursts of light, which are detected and measured by photodi-
odes monitored by a computer. The di!erence between the readings of the two sensors
gives the SWE. The data can be sensed remotely. Local variations in cosmic radiation
are small; therefore, one sensor for the incoming radiation can be used for a larger area.

A spectacular application for the cosmic radiation technique was the estimate of
scientist’s crowd density expressed as ‘water equivalents ’ at the AGU meeting in 2007
(Desilets et al., 2007). The technique can cover an area with a radius around 100 m
and requires only moderately expensive equipment (US$ 10 000) (Desilets et al., 2007).
Two articles covering the basis of the technique, operational characteristics like sample
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volumes, sensitivity, and precision, proof-of-principle experiments, and calculations will
soon be submitted (Darin Desilets, Arizona University, US, personal communication,
2008).

As the cosmic radiation technique is similar to the neutron probe technique, similar
obstacles might be expected when identifying the measurement volume (area). Di"cul-
ties might also have to be faced when separating soil water and SWE.

Active )-ray probes. Active )-ray sensors need a small sample of a radioactive salt or
some other radioactive source placed on the ground for radiation to be registered above
the snowpack. Early applications of this technique used a Geiger-Müller counting system
(located above the snow level) measuring the amount of depletion of radiation caused
by the presence of snow (Wheeler and Hu!man, 1984). A more recent application of
the technique is reported by Bland et al. (1997), where a mixed Eu-152 source (about
70 MBq) was pushed through raceways placed on the soil surface prior to snowfall. A
Ge-detector held above the snow and a multi-channel analyzer were used to register
the radiation. Field tests showed that the system detected SWE changes with greater
sensitivity than those attained while collecting snow cores (Bland et al., 1997). A de-
scription of a portable Ce137 and a ) counter device can be found in Pomeroy and Gray
(1995). The device was commonly used in Canada, from the mid 1970s to 2000. The use
was subsequently stopped due to di"culties in gaining permission to transport radioac-
tive sources to remote locations (John Pomeroy, University of Saskatchewan, Saskatoon,
Canada, personal communication).

Scintillators and associated electronics can currently be made small and energy e"-
cient enough to allow for measurements in battery- or solar-panel-powered remote areas
that are remotely sensed by a cell phone net. Ongoing tests of )-ray prototypes in Fin-
land and Sweden made within the project Development of Gamma Water Instrument
platform at the Baltic Shield indicate that the technique seems to work well with low-
radiation sources (Cs137 strength 370 Kbq) located at the soil surface in combination
with a scintillation located 1 m above the snow for SWE less than 300 mm (Professor
Pulliainen, FMI, Finland, own tests and personal communication). The sensitivity for
larger water equivalents can be improved by using a stronger source.

The active )-ray probe is probably better than manual snow probing (gravimetric
measurements), with respect to the ability to include ice layers formed close the soil
surface in measurements of SWE. The technique works in all types of terrain and for
all types of snow. An advantage with this technique is that a second scintillation can
be located in the soil under the source, thus also allowing the measurement of moisture
fluctuations in top soil. Future work is needed before these prototypes will become
operational.

Automatic recording of snow depth-density profiles based on attenuation of a )-ray
source has been reported (Smith et al., 1970; Blincow and Dominey, 1974). Gauges
recorded )-ray transmission between two fixed tubes through which the transmitter and
the detector were moved in parallel. Some such gauges have been operated remotely but
the units are costly and the handling of a radioactive source is a disadvantage (Wheeler
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and Hu!man, 1984). Local melt around the tubes can be expected when applied for long
time measurements.

Techniques based on electrical properties of snow

Several probes for registration of snow depth, density, and wetness based on the elec-
trical and dielectrical properties of snow have been designed and tested: time domain
reflectometry (TDR) probes, the Snowpower band, the snow fork, the capacitive sensor,
and the monopole antenna. Di!erent ground penetrating radar (GPR) techniques based
on the electrical and dielectrical properties of the snowpack have been designed and op-
erated for many di!erent purposes (snow depth, density, SWE, wetness, and layering)
and are therefore presented in a separate section. The GPR techniques utilize di!erences
in dielectric constant (electrical permittivity) between air, ice, and snow at di!erent fre-
quencies and di!erences in electrical conductivity as a function of snow wetness.

TDR-methods. The time domain reflectometry (TDR) technique is widely used for
determination of unfrozen water content in soils and was first tested for snow applications
by Schneebeli and Davis (1992). The technique was later tested in a laboratory for the
determination of snow wetness (Lundberg, 1997). Low-weight sensors with high surface
area to weight ratio for continuous registration of snow density and wetness were devel-
oped by Schneebeli et al. (1998). For dry snow, changes in density of less than 5 kg/m3

could be detected and small amounts of liquid water could be sensed. However, during
long-term observations, problems occurred at the snow surface due to formation of air
pockets around the sensors (Schneebeli and Davis, 1992; Schneebeli et al., 1998). The
free liquid water content estimated with the TDR probe was reasonable, but additional
measurements are required to evaluate the performance of the probe during continuous
measurements (Schneebeli et al., 1998). Separate density measurements (or night-time
refreezing assuring zero wetness giving information regarding density) are required for
wetness determinations with the technique.

Snowpower band. The recently developed Snowpower now also named Low Frequency
Impedance Band sensor is designed for simultaneous measurement of snow density, SWE,
and liquid water content (Stähli et al., 2004; Niang et al., 2006). It measures the dielec-
tric constant of snow at multiple frequencies; both in the kilohertz range using a newly
developed low frequency impedance analyser and in the megahertz range using an ordi-
nary TDR analyser. The use of multiple frequencies enables the determination of both
liquid and frozen water contents as the dielectric constant of ice has a strong variation
with frequency in the kilohertz range. The sensor, consists of a 10-25-m-long flat PVC-
band cable that can either be mounted horizontally to monitor one depth or mounted
sloping from a mast to the ground to give information regarding vertical variations in
snow density, SWE, and liquid water content. The TDR measurements on the sensor
cable may be further utilized to investigate the spatial variation of liquid water in the
snowpack by inverse modelling of the Telegraph equation (Schlaeger, 2005). However, the
low frequency measurements are enough for determination of the average density, SWE,



58 Paper I

and wetness; therefore, the TDR measurements are not included in the latest develop-
ments of the Snowpower system. The sensor has been tested at a high-alpine Swiss test
site (Stähli et al., 2004) and in an agricultural field in Canada (Niang et al., 2006). Ac-
cording to the alpine test, the sensing system was quite robust. However, wind-induced
vibrations formed air pockets around the cable when the sloping band was mounted high
on the mast (Stähli et al., 2004). Both tests indicate that the sensor produces results in
agreement with manual snowpack measurements (Stähli et al., 2004; Niang et al., 2006).
However, results from the Canadian study accentuate the importance of the estimation
accuracy on the choice of low frequency and the algorithm for the snow temperature
extrapolation (Niang et al., 2006).

Snow fork, Capacitive sensor, and Monopole antenna. The ‘Finnish snow fork’ (Si-
hvola and Tiuri, 1986) is a hand-held tool that consists of a two-pronged wave guide
that is inserted into the snowpack to determine its density and wetness. The real and
imaginary permittivity and attenuation of around 1 GHz is used. The probe can easily be
carried in a backpack and the data are stored in a memory device that can be transmitted
to a personal computer (PC), but the probes are too large to be suited for the stationary
registration of parameters as they absorb solar radiation and create air pockets around
the probes. Kendra et al. (1994) presented a similar design as the snow fork is assumed
to have higher spatial resolution and accuracy.

A flat capacitive device working with radio-frequencies (20 MHz), which can record
snow density and liquid water content at several di!erent levels, is described by De-
noth (1994). Later, he presented a so-called monopole antenna to record snow wetness
(Denoth, 1997). The large sizes (19.5&12.5&1.7 cm for the capacitive device and the
aluminium plate with a radius of 12 cm for the monopole antenna) are the of the two
devices. They absorb solar radiation and are therefore only suited for short-term mea-
surements as they are sensitive to air-gap formation around the probes. A comparison of
the Denoth capacitance sensor and the Finnish snow fork showed that wetness measured
by the snow fork was consistently (1.5 times) greater than that measured by the Denoth
meter (Williams et al., 1996).

Ground penetrating radar techniques

A great advantage of the ground penetrating radar (GPR) techniques is that they can be
operated from snowmobiles or aircrafts, thus allowing measurement over large areas and
in most terrain types, even if they are not suited for use in dense forests and very steep
terrains. On the other hand, disadvantages of the techniques are that interpretation of
the measurements requires a skilled operator and data analysis is quite time consuming.
Besides that, a minor compaction of the snow will take place when the radar is operated
behind a snowmobile.

GPR systems transmit electromagnetic waves with frequencies between tens of mega-
hertz and tens of gigahertz. The waves reflect from the snow-ground interface and from
interfaces between snow layers with a di!erent density or structure (e.g. snow-ice in-
terfaces). The data that can be measured include two-way travel time of the reflected
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waves, the time they take to travel from the snow surface to the ground and back to the
snow surface, as well as their frequency and amplitude. These data can be analyzed to
obtain snowpack depth, snow density, and SWE. However, determining these snow prop-
erties is problematic when liquid water is present in the snowpack or when a substantial
horizontal spatial variation is present in the snowpack density (Andersen et al., 1987;
Killingtveit and Sand, 1988). Besides, two-way travel time might also be hard to deter-
mine, for example, when the ground is very rocky or when the di!erence in dielectrical
properties between the snow and the ground is small.

Di!erent types of GPR systems are used in snow surveys: impulse radars, arrays
of impulse radars, frequency modulated continuous wave (FMCW) and step-frequency
continuous wave (SFCW) radars (these succeeded step-frequency radars). All of them
can be used for line measurements, the most common application when a GPR system
is transported on a vehicle, for example a snowmobile, but they could also be used for
point observations of temporal changes in snowpack variables when mounted stationary.

Impulse radar systems. Impulse radars transmit a short pulse containing a spectrum
of frequencies concentrated around a certain peak frequency (usually referred to as the
radar frequency). This frequency is typically less than 2 GHz, resulting in a vertical
resolution >6–8 cm. Such systems have to record samples at a rate that is at least four
times the peak frequency of the transmitted wave to adequately represent the received
signal (Marshall and Koh, 2008).

The two-way travel time of a radar wave is normally obtained directly in the time
domain by comparing the received signal to a reference signal (typically a direct wave
between the transmitter and the receiver). The radar wave amplitude can be measured
either directly in the time domain or in the frequency domain using the centroid frequency
downshift method (Liu et al., 1998).

If radar wave propagation velocity in the snowpack is known and the snowpack does
not contain liquid water, the snow density can be calculated using an empirical formula
(Lundberg et al., 2000). On the other hand, if the density is known, then propagation
velocity can be determined using the same empirical formula. [The snow density can be
measured manually at selected locations and assumed to be roughly constant throughout
the area of interest (Sand and Bruland, 1998) or be taken linearly dependent on snowpack
depth (Lundberg et al., 2006)]. Snowpack depth is further obtained from the two-way
travel time and propagation velocity, and SWE is calculated from the snowpack depth
and snow density. Note, however, that in some cases it can be su"cient to estimate SWE
directly from the two-way travel time using a general empirical formula (Ulriksen, 1982),
or choosing an empirical formula for the observed snowpack density, with the density
measured manually at one or several locations (Lundberg et al., 2000).

Thus, the obtained estimates of snowpack depth and SWE tend to be inaccurate when
liquid water is present in the snowpack or if snow density varies throughout the snow-
pack. However, if the liquid water content is somehow determined, then the radar wave
propagation velocity and snow density can be modified to take it into account (Lundberg
and Thunehed, 2000).
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Arrays of impulse radars. In systems consisting of an array of impulse radar antennas,
they are arranged in a line with known distances between them in such a way that the
radar wave paths share a reflection point at the ground. Multiple measurements taken
with these antennas can be used together to calculate radar wave propagation velocity
and snowpack depth using the common mid-point method (CMP) (Gustafsson, 2006).
However, as in the case of the simple impulse radar, the accuracy of estimation of snow
density from radar wave propagation velocity is lower when liquid water is present in the
snowpack.

A solution to the problem with wet snow has been suggested by Bradford and Harper
(2006). They used the CMP method to determine radar wave propagation velocity and
snowpack depth, and used Fast Fourier Transform to determine the frequencies of the
transmitted and received (reflected) signals. These frequencies were then used to calcu-
late the slope Q$ of the linear function describing the relationship between radar wave
attenuation and frequency in a given medium, which was done with the frequency shift
method (Bradford, 2007). Q$, together with propagation velocity, was then used to de-
termine the complex component of electrical permittivity, which led to the establishment
of the liquid water content in snow and an improved estimate of SWE.

Other methods of improving SWE estimates for wet snowpacks by determining the
liquid water content are being developed [see e.g. the work on estimating liquid water
content from radar wave attenuation using an experimentally established relationship
between electrical conductivity and liquid water content in snow (Granlund et al., 2009).

FMCW and SFCW radar systems. FMWC radar systems transmit a continuous
signal with frequency linearly increasing over time; the reflected waves are recorded
along with the minimum and maximum frequencies and the total sweep time. Typically,
these systems can generate frequencies of up to 40 GHz, resulting in a vertical resolution
of 1–3 cm. Such high radar frequency equipment can be achieved at a reasonable cost
(as compared to impulse radars) as the received signal only needs to be sampled with
kilohertz frequency, i.e. several orders of magnitude lower than the frequency of the
transmitted signal. A recent overview of FMCW radar technology and its application for
snow research can be found in Marshall and Koh (2008).

In an FMCW system, the received signal is mixed with a replica of the transmit-
ted signal, which may be computer generated rather than recorded by a radar antenna,
and the frequency di!erence between them is obtained using Fast Fourier Transform.
The frequency di!erence together with the frequency range (the di!erence between the
maximum and minimum frequencies) and the total sweep time are used to calculate the
radar wave two-way travel time (Yankielun et al., 2004). Similar to the case of the im-
pulse radar, snowpack depth is obtained from the two-way travel time if the radar wave
propagation velocity is known or estimated from independently measured snow density.
Finally, SWE is calculated from the snow density and snowpack depth. Application of
this method is limited by the necessity to perform measurements on dry snow or to de-
termine and take into account the liquid water content. If the density varies considerably
throughout the snowpack, the accuracy of SWE estimates is lower.

Another application of FMCW radar is in establishing snowpack stratigraphy, and
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multiband FMCW systems are particularly suitable to achieve good resolution (Koh
et al., 1996). If a survey of snowpack stratigraphy is combined with manual measurements
of density in a snow pit, layers characterized by the same density can be followed through
the length of the line of measurement. For a dry snowpack, with the propagation velocity
calculated from the snow density for each layer, a very good estimate of snowpack depth
and snow density, and, subsequently, SWE, can be obtained from the two-way travel time
(Richardson, 2001).

SFCW radar systems, which are in fact a discrete version of FMCW systems, transmit
a continuous signal that steps through a number of frequencies, increasing the frequency
by the same amount at each step. The length of each step is also constant; therefore, the
total sweep time is known (Iizuka et al., 1984). SFCW radars have the same limitations
as those in FMCW systems.

Miscellaneous techniques

Various other techniques have also been used to register snow properties. Acoustic sound-
ing has been tested to determine SWE, ultrasonic sensors, thermistors and light-diodes,
and an automatic probe penetrating the snow pack have been used to monitor temporal
changes in snow depth. Barometric pressure and terrestrial laser scanning have been used
to determine spatial variations in snow depth and infrared radiation has been used to
determine if a snowpack is melting. The physical resistance of snow has been measured
by the snow penetrometer, giving information on the vertical snow structure.

Acoustic sounding techniques. SWE has been determined by sound propagation
theory, a non-destructive and time-saving method (Kinar, 2007; Kinar and Pomeroy,
2007). Two transducers located just above the snow surface send and receive continu-
ous frequency-swept audible acoustic waves. Signal processing adapted from the FMCW
radar and seismology applications was performed on the reflection response from the
snowpack, and an estimate of SWE was calculated. For dry snow in Saskatchewan,
Canada, the correlation between SWE determined by this technique and by manual gravi-
metric sampling was high (0.86), while for the same site the correlation for wet snow was
low (0.30). The correlation at a site situated in the Rocky Mountains of Canada was
(0.78). The lower correlation in the Rocky Mountains might be due to the presence of
well-drained snow with higher levels of liquid water content and the development of a
larger number of snowpack layers (Kinar, 2007; Kinar and Pomeroy, 2007). The acous-
tically determined values were in general underestimated. A smaller device that can be
carried in a rucksack was also designed and tested. Future development of probes and
tests with the technique are in progress and this might improve the operation of the
method on wet snow (Nicholas Kinar, University of Saskatchewan, Saskatoon, Canada,
personal communication).

Thermistors and light-diodes. Thermistors and light-diodes placed on vertical rods
have been tested in Norway to measure snow depth, but the results have not yet been
published (Andersen et al., 1982). Temperature profiles, measured in small increments,
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can be used to determine snow depth by analysing the daily temperature amplitude (small
within snowpack, large above it) (Andersen, 1995). Camera and LED pole systems for
snow depth measurements were tested and were found less suitable than the ultrasonic
sensor (J. Leinonen, Kemi-Tornio University, Finland, personal communication).

Barometric pressure. Changes in barometric pressure using a high-precision barom-
eter, attached to a PC to measure snow depth along fixed profiles, were recorded by
Kennett et al. (1996). The elevation along profiles and distance between stakes were
surveyed with snow-free and with snow-covered ground. The barometer was located on
a sledge equipped with an odometer and pulled by a snowmobile at a constant speed
(10–20 km/h) using a trigger to mark the stakes in the data file. The snow depth at
the stakes and the distance between the stakes were used to calibrate the barometer and
odometer readings. The snow depth along the profile was calculated as the di!erence
between the surface (from the barometer) and the bare ground (surveyed). Tests were
performed on snow-free ground during both calm and windy conditions. The method
worked well during calm conditions with an average depth value reported to be 0±4 cm,
while the method did not perform well with strong wind. Compaction of the snowpack
from the weight of the snowmobile and the sledge may be a problem when applied on
low-density snow.

Ultrasonic sensors. One of the first ultrasonic sensors was tested in the early 1980s
(Gubler, 1981). The absolute precision of the sensor was found to be ±3 cm, and the
sensor was found to have di"culties in identifying the snow surface after low-density
snowfall and blowing/drifting snow a!ected the data for short periods. The problems
with identifying the snow surface for low-density snow were confirmed by a Canadian
study (Goodison et al., 1984). This latter study also found that the sensor continu-
ously underestimated snow depths by 2–3 cm. Ultrasonic sensors are currently being
extensively used to monitor snow depths, and a recent comparison of two ultrasonic
sensors (Judd and Campbell Scientific) showed that sensor performance was a!ected by
intense snowfall, extremely low temperatures, uneven snow surface, snow crystal type,
wind speed, and blowing/drifting snow. Both sensors measured snow depth within ±1cm
(Brazenec, 2005).

Self-recording snow depth probe. The self-recording snow depth probe developed by
Sturm and Holmgren (1999) measures snow depth by the use of a pole automatically
inserted into the snowpack. The measurements are made by means of a sliding basket
and magneto-strictive device. The depth is recorded with an accuracy of ±0.5 cm by a
portable datalogger placed in a rucksack. To start a measurement, the observer presses
a button mounted on top of the pole. The probe is designed for operation down to tem-
peratures of –30!C, and approximately 200 depths can be measured within about ten
minutes. The probe can also be delivered with a GPS (Sturm, 1999; Snow-Hydro, 2012).

Infrared radiation sensors. Infrared radiation sensors have been used to measure the
di!erence in surface temperature over snow and bare ground in an urban area (Semadeni-
Davies et al., 2001) and to measure the increase in snow temperature in ski tracks due to



6. Evaluation of techniques 63

friction in a laboratory (Buhl et al., 2000). As they give information regarding the snow
surface temperature, they could be used to detect if a snow surface is melting (0!C) or not.

Terrestrial laser scanning. Laser scanning of altitude is mainly applied from satel-
lites or airplanes but TLS can also be used to record variations in snow depth with high
accuracy; this later application has been used for avalanche protection (Prokop et al.,
2008). A standard deviation of 2 cm was observed over an area of about 500&500 m
as compared to tachymetry when the device was mounted on a tripode. The accuracy
can be improved if the scanner is permanently located on a concrete foundation (Prokop
et al., 2008). The accuracy is high but can not be generalized as it depends on many
factors: the used device (beam divergence), methodology (scanning speed), quality check,
measurement set-up (distance to observed surface) etc. A disadvantage of the technique
is that a skilled operator is required to perform all data acquisition and post-processing
steps with high precision (to achieve reliable results). The purchase cost of the equipment
is around e70 000–120 000 (Prokop et al., 2008).

Penetrometer. The penetrometer, also know as the SnowMicroPen, is an instrument
developed by J. Johnson, CRREL, and M. Schneebeli, Swiss Federal Institute for Snow
and Avalanche Research. The instrument can be carried in a rucksack and consists
of a probe that is driven through the snow with a constant speed providing 250 hard-
ness measurements per mm, giving extremely detailed snow structure profile information
(Schneebeli et al., 1999; Birkeland et al., 2004).

6 Evaluation of techniques

No single method fulfills all criteria; therefore, a combination of several techniques must
be used to simultaneously record the snowpack temporal and spatial changes in depth,
density, SWE, wetness, and its layering. The accuracy of the methods is seldom well
documented; therefore, the accuracy characterization in Table 1 is only qualitative. The
pros and cons of using di!erent techniques are discussed below for each parameter; how-
ever, the techniques designed for measurement of several snow parameters (Snowpower
and impulse radar) are discussed separately at the end.

Techniques designed to primarily measure one parameter

Depth. The ultrasonic snow depth technique is a well-documented technique suited for
unattended, continuous, long-term point measurements for temporal variations in snow
depth. The TLS technique is recommended for spatial variations of snow depths in areas
of up to about 500& 500 m. The barometric method used from a snowmobile-pulled
sledge might be used for depth measurements along lines during stable air pressure con-
ditions but the automatic depth probe by Sturm and Holmgren seems to be a better
option. Larson et al. (2009) report a strong correlation between the signals from GPS
receivers placed in standard geodetic orientation and snow depth recorded by other tech-
niques; therefore, GPS receivers might be suitable for snow depth recording.
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Snow water equivalent. None of the point measurement techniques given in Table
1 gives values that represent more than a few square metres. The weighing-lysimeter
technique is the only method that is adjusted for measurements in forests; this tech-
nique, on the other hand, su!ers from severe problems regarding the air-water exchange
at the snow-ground surface. The other mass methods su!er from problems associated
with snow bridging, while the use of several snow pillows/plates at the same location
allows for identification and correction of such errors (Johnson and Marks, 2004). The
two radiation attenuation techniques (active and cosmic ) radiation attenuation) as well
as the acoustic sounding technique seem promising but are not operational yet.

Snow quality (wet/dry and wetness). None of the presented methods to register snow
wetness, requiring installations in the snowpack itself, are well suited for long-term mea-
surements due to the risk of air pocket formation around the probes. The specially
designed thin and bright TDR probes (Schneebeli et al., 1998) currently seem to be the
best option. However, snow density information is required for determination of the
wetness. This means that separate density measurements are required unless night-time
refreezing of the entire snowpack occurs. An infrared sensor mounted over the snowpack
gives information about a melting snow surface (always 0!C). Temperature measurements
in the snowpack can also be used to derive the snow quality (wet/dry) but give no infor-
mation on the liquid water content.

Detection of snow layers. The penetrometer designed for detailed snow structure
profile information (Schneebeli et al., 1999) is not suited for continuous measurements.
There does not seem to be any technique specially designed for monitoring temporal evo-
lution of snow layers except the horizontal )-ray gauges. Because such gauges are subject
to local melt, are costly, and the handling of a radioactive source is disadvantageous, they
can not be recommended. The possibilities for ground penetrating radar techniques to
monitor snow layers are discussed below.

Techniques designed for simultaneous measurement of several parameters

For some applications, it is desirable to measure several parameters at the same time.
All GPR techniques share some common advantages in this respect. They can be used
for non-invasive estimation of both snowpack depth and snow density, leading to SWE
estimates. As they can cover large areas, they are well suited for calibration and validation
of remote sensing techniques. Besides, GPR systems can be used to monitor changes in
snow properties, such as freeze-thaw cycles and presence of liquid water (Marshall and
Koh, 2008).

Impulse radar systems in their simplest form only have one channel (one transmitter
and one receiver); they are suitable for spatial measurements of snow depth and SWE
for dry snowpacks provided that the horizontal variations in snow density are moderate
or can be related to snow depth (Lundberg et al., 2006). Arrays of several impulse radar
antennas, arranged in a line in such a way that the radar wave paths share a reflection
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point at the ground, can be used for recording of snow depth, density, and SWE over
areas with large horizontal density variations (Gustafsson, 2006). The same type of
systems can be used when liquid water is present in the snow and if the liquid water
content is measured by analysing the radar wave attenuation (Granlund, 2009; Bradford
and Harper, 2006).

The FMCW and SFCW systems have a better vertical resolution, typically 1–3 cm,
than impulse radar systems, which have a typical vertical resolution of 6–8 cm. This
makes these systems much more suitable for establishing snowpack stratigraphy and,
if mounted stationary above the snowpack, they seem to be suited for monitoring of
temporal variations in snow stratigraphy. A better resolution is achieved because the
FMCW and SFCW radar systems sweep through a wide frequency band increasing the
frequency over time while transmitting a narrow frequency band at each given time,
with frequencies up to several tens of gigahertz. This can be compared to impulse radar
systems that use a single broad frequency band, only giving them frequencies of up to
several gigahertz.

Another promising technique is the Snowpower sensor. It can be used for simultaneous
monitoring or measuring of local snow depth and density, SWE, and snow wetness. It
has been shown to produce results in agreement with manual snowpack measurements
(Stähli et al., 2004; Niang et al., 2006). However, the sensor cable is rather large even if it
is flat, and may disturb the natural snowpack, especially during snowmelt by absorbing
solar radiation.

7 Conclusions

Manual measurements of snow are becoming increasingly expensive and climate-change-
imposed snow cover alterations are changing biotic conditions, run-o!, and frost patterns,
thus making reliable snow observations of utmost importance. Remote sensing techniques
cover large areas and have the potential to meet the needs of such snow information, but
they are still dependent on trustworthy ground-based measurement for validation. As
snow exhibits a large variation both in space and time, a combination of techniques, which
can capture both the spatial and temporal variations, is required. Stationary, ground-
based probes should be located in such a way that they account for di!erences in snow
accumulation and melt patterns. An ideal technique for studies of snow characteristics
should

• cause negligible disturbance on the natural snowpack,

• measure depth and SWE with hourly or better time resolution and with an accuracy
of 1 mm,

• work in all terrain and snow types,

• distinguish between wet and dry snow and provide the liquid-water content,

• work continuously and have acceptable costs for installation and maintenance, and

• give area estimates of the snowpack depth, density, water equivalent, and layering.
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The following techniques seem suited for measurements of:

Depth. Ultrasonic snow-depth technique for point measurement, acoustic sounding
technique for dry snow areas up to about 100&100 m, and TLS for areas up to 500&500 m
for all types of snow. One channel GPR technique for dry snow over distances up to 400
km/day when spatial density variation is known or can be estimated. The density can be
determined when an array of antennas is used in combination with the CMP technique.
Promising techniques to also handle measurement on wet snow are under development.

Water equivalent. Several snow pillows at the same location and the CRREL/NRCS
electronic SWE pressure sensor for areas up to about 10 m2. Active ) radiation atten-
uation techniques for point measurements and cosmic radiation attenuation techniques
for areas up to about 100&100 m. The GPR technique for distances up to about 400
km/day in dry snow when the density is known or can be estimated. (See comment above
regarding wet snow and spatial density variations.)

Density. From depth and water equivalent measurements or by GPR arrays combined
with the CMP technique.

Quality (wet/dry) and wetness. Snowpack temperature measurements by thermistors
for information regarding point snow quality (wet/dry) and snow surface temperature,
and by infrared sensors for information regarding point snow surface wetness. Specially
designed thin and bright TDR probes are good for snowpack point wetness. For line
measurements, GPR wave attenuation or GPR CMP method using Fast Fourier Trans-
form and frequency shift methods to determine the frequencies could be used.

Layering. Stationary mounted ‘standard’ GPR radars with high frequencies and
FMCW GPRs seem fit for temporal monitoring of snow layer formation and disintegra-
tion. When pulled by a sledge, the GPRs can be used for spatial measurements of the
same parameters.

Several parameters. The sensor named Snowpower combines several techniques for
simultaneous measurement of local (up to 10 m distance) snow depth, density, water
equivalent, and wetness. GPR is, depending on design and the operation mode, suitable
for di!erent purposes; when arrays of antennas are pulled by a snowmobile, the technique
is suitable for monitoring of spatial variations in depth, SWE, and density for dry snow.
Techniques are under development that will hopefully improve the accuracy for dry and
wet snow measurements. FMCW GPRs seem fit for measurement of snow layering.

The above techniques require further development before they can be regarded oper-
ational.
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Abstract

Ground penetrating radar (GPR) operated from a snowmobile is a time-e!ective method
used to estimate snow water equivalent (SWE) over large distances directly from the
two-way travel time of radar waves. A linear relationship between SWE and travel time
is typically calibrated for a particular snowpack using manual measurements of snow
depth or density. In a dry snowpack, such measurements can be avoided if radar wave
propagation velocity in the snowpack is obtained directly from radar data. Snow density
is then estimated from the propagation velocity (which is related to electrical permittivity
of snow) via empirical mixing formulas, and snow depth is calculated from the two-way
travel time and antenna o!sets.

In this paper, we consider SWE estimation with a multi-o!set GPR system with an
array of antennas mounted on a snowmobile sledge, which allows for determination of
propagation velocity with the common mid-point method. The estimates can be further
improved using a logarithmic-linear depth to density relationship, obtained only from
radar data. The accuracy of this method was tested along a 1 km line in a mountain area
in northern Sweden, with 8 manual measurements of SWE conducted along the line used
as the basis for comparison. In the experiment, snow depth was estimated with the mean
error of 4% (95% confidence interval was [–11%, 19%]). For estimates of snow density
and SWE, the mean error was –2% and less than 1%, respectively, and the corresponding
95% confidence intervals were [–7%, 3%] and [–14%, 15%].

KEY WORDS common mid-point method; ground penetrating radar; multi-o!set GPR;
radar wave propagation velocity; snow water equivalent; two-way travel time

1 Introduction

Snow water equivalent (SWE) and snow distribution over large areas are essential for
a number of applications. Hydropower industry (e.g. Laukkanen, 2004) and flood pre-
vention agencies (e.g. Jones and Perkins, 2010) are interested in accurate snow melt
volume predictions. About 17% of the world’s population is dependent on melt water
from glaciers or seasonal snow covers in large mountain areas (such as Himalaya) for
their water supply (Barnett et al., 2005). In the Arctic regions, up to 80% of river water
flow originates from snow melt (König and Sturm, 1998) and in the Austrian Alps, the
corresponding figure is 60% (Escher-Vetter et al., 2009). Moreover, information about
snowpacks characterization is vital for modeling climate feedback (e.g. Bavay et al.,
2009), frost penetration processes (e.g. Lindström et al., 2002), avalanche risks (e.g.
Bebi et al., 2009), and other snowpack-related ecological processes (e.g. Jones et al.,
2001).

A time-e!ective method to obtain distributed SWE data is to use a ground penetrat-
ing radar system (GPR) operated from a vehicle, such as a helicopter or a snowmobile.
Radar measurements are typically conducted at transects that should represent the area
of interest. With this approach SWE can, at least for dry snow, be estimated at each
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measurement point directly from the radar wave two-way travel time if the radar wave
propagation velocity in the snowpack is known; snow depth is calculated from the ve-
locity, the travel time, and the antenna o!set, and snow density is estimated from the
velocity via some empirical formula, such as Looyenga’s formula for mixtures (Looyenga,
1965).

The most basic method to determine radar wave propagation velocity is to calculate it
from the two-way travel time, the snow depth, and the distance between the transmitter
and receiver antennas. Hence, if manual measurements of snow depths are performed
at several points for each transect, then the propagation velocity can be calculated at
these points and interpolated for the rest of the transect, allowing for calculation of SWE
as described above. In practice, SWE is calculated from the two-way travel time via
a linear formula, with coe"cients calibrated using manual snow density measurements
(Lundberg et al., 2000; Sand and Bruland, 1998).

An alternative approach for determining radar wave propagation velocity is enabled
by using a multi-channel radar system. With such a system, a multi-o!set array of
antennas (with each pair of a transmitter and a receiver sharing the same mid-point,
see Figure 1) makes it possible to conduct measurements of several radar signals, which
travel di!erent paths through the snowpack, at each measurement point. Such a set of
radar data, where all radar signals are assumed to share the same reflection point at
the snow-ground interface, is called a common mid-point (CMP) gather. From a CMP
gather, propagation velocity and snow depth can be estimated by solving a system of
linear equations (i.e. by using the CMP method).

In this paper, we present the method for estimating SWE using a multi-o!set radar
system as well as the results of a field experiment conducted to test its accuracy. In the
experiment, radar measurements were conducted along a 1 km line in Swedish moun-
tains. The estimates of snow depth, density, and SWE were compared with manual
measurements conducted every 100 m along the line.

2 Estimating SWE with a Multi-O!set GPR System

This method of estimating SWE from radar data is built on the basic principles of the
CMP method, which is the standard procedure for determining radar wave propagation
velocity. At each measurement point, several radar measurements with di!erent distances
between a transmitter and a receiver but with the same mid-point (see Figure 1) are
conducted, producing a CMP gather. Under the assumption of a single-layered snowpack
with parallel snow and ground surfaces, the snow depth and the propagation velocity in
the snow can be determined, and then snow density and SWE can be estimated under
the assumption of dry snow as explained below.

The two-way travel time of a radar wave twt (s) can be expressed as a function of
half the distance between a transmitter and a receiver S (m), the snow depth d (m), and
the radar wave propagation velocity v (m/s):

twt =
2
!
S2 + d2

v
(1)
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Figure 1: Radar setup for a CMP gather. The system contains n pairs of transmitter and
receiver antennas, with all pairs sharing the same mid-point. The snowpack is assumed to be
single-layered and the snow surface is assumed to be parallel to the snow/ground interface.

For a multi-o!set array of antennas, equation (1) can be written as a system of linear
equations in the form Ax = B, where x is a vector with the two unknown variables d
and v:
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The system is over-determined if more than two antenna pairs are used, and the least-
squares solution of equation (2) is given by:

x0 =
,

ATA
-"1

ATB (3)

The relative e!ective electrical permittivity of the snow "snow is then determined from
the propagation velocity with the formula:

"snow =
c2

µsnowv2
(4)

where c is the speed of light in vacuum (m/s) and µsnow $ 1 is relative magnetic perme-
ability of snow.

Under dry snow conditions, electrical permittivity of snow can be expressed as a
function of volumetric content of ice #ice and air #air, as well as the electrical permittivities
of ice "ice and air "air, via some empirical formula. In this paper, we use the formula by
Looyenga (1965):

"1/3snow = #ice "
1/3
ice + #air "

1/3
air (5)
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Combining equation (5) with #ice+ #air = 1, the ice and air contents are determined, and
they are in turn used to determine the snow density !snow (kg/m3).

Finally, with snow depth and density known, SWE (m) is determined using its defi-
nition:

SWE =
d · !snow
!water

(6)

where !water is the density of water (kg/m3).

Improving snow density estimation

In a snowpack that is exposed to similar climatic conditions (wind and air temperature,
rain-on-snow, melt-refreeze, and snow events), a large part of variation in snow density
can be attributed to variation in snow depth (Lundberg et al., 2006). Di!erent relation-
ships between snow depth and density have been proposed, such as a linear relationship
up to a certain depth and a constant density for larger snow depths (Sand and Killingtveit,
1983; Marchand, 2003; Lundberg et al., 2006), but also logarithmic-linear relationships
(e.g. Tabler, 1980). Here we suggest using such a logarithmic-linear relationship:

!snow = !0 + k · ln(d) (7)

where !0 and k are snowpack-specific constants.
When SWE is estimated using a multi-o!set radar system, snow density can be plotted

against snow depth for all measurement points in a particular transect. If the transect
can be assumed to meet the conditions for equation (7) outlined above (for example, if
the transect is on the same slope of a mountain), scattering of snow density for each
value of snow depth should be minimal. However, this is not what is typically observed
in the field (for example, such scattering for the data set in our experiment is quite
large). A large scattering indicates the presence of errors in estimated snow density,
which can be explained by the CMP method’s sensitivity to errors in interpretation of
the snow/ground interface, especially when snow depth is large compared to half the
largest antenna separation.

To decrease such errors, we suggest establishing the constants !0 and k by fitting a
curve to the data from all measurement points using the least-squares method. Snow
density (and SWE) can then be calculated for each measurement point directly from
snow depth using equation (7). This approach needs to be validated, which is done later
in this paper. Note also that this method relies solely on using radar data and thus no
manual measurements are needed.

3 The Field Experiment

The experiment was conducted in the watershed of the Lake Korsvattnet (63!50# N;
13!30# E, about 745 m a.s.l.) in the Swedish mountains in the county of Jämtland. The
measurement line, about 1 km long, was located well above the tree line.
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Reference manual measurements of snow depth and density were conducted at 8 points
along the measurement line (100 m apart) with a traditional snow tube. At each reference
point, three manual measurements were conducted (in one point only two measurements
were conducted) and the average value was calculated. SWE was calculated from snow
depth and density using equation (6).

Radar measurements were made with a RAMAC GPR system from Mal̊a Geoscience.
Four antennas – two with a nominal frequency of 800 MHz and two with 1.6 GHz –
were mounted on a wooden sledge pulled by a snowmobile. This measurement system
enabled cross-coupled measurements between the antennas, which resulted in 8 channels
in total, with antenna separations ranging from 0.06 to 1.99 m. The radar footprint at
the snow/ground interface was about 120% of respective snow depth. At the beginning
and the end of the measurement line, the sledge with the antenna array was lifted into
air to obtain reference measurements for time-zero correction (the time of the first arrival
is unknown in raw radar data and has to be determined).

Two-way travel times of radar waves at each measurement point were determined,
separately for each radar channel, by picking the reflection from the ground surface in
the radargram. Pre-processing of radar data included DC-shift, time-zero correction,
bandpass filtering, and adding a linear gain. Time-zero correction and system drift were
based on the arrival time of the direct waves in the reference measurements in air. Radar
wave propagation velocity and snow depth were estimated from the two-way travel times
for all channels in the GPR antenna array from equation (3), and snow density was
estimated from the corresponding electrical permittivity using equation (5).

4 Results

At the reference points, estimated snow depth has a mean relative error that with 95%
confidence lies within the interval [–11%, 19%], the corresponding intervals for estimated
snow density and SWE are [–17%, 84%] and [–14%, 87%] (Table 1). Even though the
errors in estimated snow depth can be seen as acceptable (overestimation by 4% on
average), the errors in snow density and SWE (overestimation by 34% and 36% on
average, respectively) are too large. The 36% error in SWE can, for example, be compared
to an error of up to 5% in the study presented by Sand and Bruland (1998), where
SWE was calculated from the two-way travel time via a linear formula, with coe"cients
calibrated using manual snow density measurements.

Since the measurement line was located on the same slope of a mountain, the rela-
tionship between snow depth and density should follow equation (7) for some constants
!0 and k, specific for this transect. The estimated snow densities from all measurement
points along the transect are plotted against the corresponding estimated snow depths,
together with the manual measurements (Figure 2). The scattering in snow density for
each snow depth is very large, and by comparing estimated density to reference values
(marked by circles in Figure 2), we can see that snow density is generally overestimated
for large snow depths. This is due to the CMP method’s sensitivity to errors in interpre-
tation of the snow/ground interface when the largest di!erence in travel time between
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Table 1: Snow depth, density, and SWE estimated from radar data at the reference points
compared to manual measurements, together with relative errors. The mean relative errors with
95% confidence intervals are also presented.

Ref. Snow depth, m Snow density, kg/m3 SWE, m

point Est’d Manual Error, % Est’d Manual Error, % Est’d Manual Error, %

1 2.08 2.12 –2 666 386 72 1.38 0.84 65
2 0.43 0.30 43 292 286 2 0.13 0.09 44
3 1.54 1.44 7 601 324 85 0.93 0.48 94
4 2.10 2.17 –3 903 377 140 1.90 0.84 127
5 1.01 1.16 –13 179 341 –47 0.18 0.41 –55
6 0.97 1.07 –10 345 347 0 0.33 0.38 –12
7 1.27 1.09 16 416 342 22 0.53 0.38 38
8 1.19 1.27 –7 343 353 –3 0.41 0.46 –11

Mean error with 4 34 36
95% confidence interval [–11, 19] [–17, 84] [–14, 87]

the measurement channels becomes small (i.e. when the snow depth is large compared
to half the largest antenna separation).

From this data set we exclude estimated densities smaller than 200 kg/m3 and larger
than 500 kg/m3, which are, to our knowledge, outside the expected range of snow density
for the location and the time of the experiment. We also exclude measurement points
with estimated snow depth larger than 75% of the largest antenna separation (1.5 m). By
fitting a logarithmic-linear curve to the data using the least-squares method, we arrive
at the following relationship:

!snow = 352 + 75 ln(d), R2 = 0.30 (8)

Here R2 is the coe"cient of determination; the low value (0.30) reflects the large scat-
tering seen in Figure 2.

If snow density is determined from snow depth using equation (8), the mean error
in density at the reference points is –2% (compared to 34% otherwise) and the mean
error in SWE is less than 1% (compared to 36% otherwise) (see Tables 1 and 2). This
validates the suggestion that (snowpack-specific) depth-density relationships established
from radar data can be used to counteract scatter and improve mean estimates of density
and SWE.

5 Discussion

There are a number of possible sources of errors that can explain the large scattering in
snow density (Figure 2). Firstly, there are errors in the measured two-way travel time
that arise from inaccurate interpretation of the snow/ground interface or from errors in
time-zero correction. Secondly, errors can occur if the assumptions in the CMP method
do not hold for a particular measurement point. It is obvious that the assumption of the
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Table 2: Snow depth estimated with the CMP method, snow density determined using equation
(8), and SWE calculated from the estimated depth and density. The estimated values are com-
pared to manual measurements and relative errors are calculated. The mean relative errors with
95% confidence intervals are also presented.

Reference Snow density, kg/m3 SWE, m

point Estimated Manual Error, % Estimated Manual Error, %

1 380 386 –2 0.79 0.84 –5
2 272 286 –9 0.11 0.09 30
3 357 324 10 0.55 0.48 16
4 381 377 1 0.80 0.84 –4
5 326 341 –4 0.33 0.41 –19
6 323 347 –7 0.31 0.38 –18
7 343 342 0 0.44 0.38 15
8 338 353 –4 0.40 0.46 –12

Mean error with –2 0
95% confidence interval [–7, 3] [–14, 15]
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Figure 2: Snow density plotted against snow depth, both estimated from radar data with the
CMP method. A logarithmic-linear depth to density function is fitted to the data within the
following bounds: depth less than 1.5 m, density between 200 and 500 kg/m3. The circles
correspond to manual measurements.
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ground surface being parallel to the snow surface is crucial when the CMP method is
applied on annual snowpacks since the target (the snow/ground interface) is at a shallow
depth. Moreover, snow is a mixture of di!erent materials (air and ice for dry snow) that
can never be evenly distributed along a radar wave path, which means that the other
assumption of the CMP method, of a homogenous snowpack, is an approximation and
will lead to errors. The e!ect of these errors is decreased when equation (8) is applied;
on the other hand, a new approximation error can be introduced.

It is also important to recognize that for logistic reasons, the (partly destructive)
manual measurements were conducted before the radar measurements, and thus the radar
measurement line had to be located about half a meter next to the reference points. Even
though the radar footprint, for the snow conditions in our experiment, was about 120%
of the snow depth, the o!set between the manual and radar measurements could explain
some of the di!erence between the reference and estimated SWE.

The overall correspondence between the manual measurements and the GPR esti-
mates is good. However, this is to a large extent dependent on the application of a
logarithmic-linear relationship between depth and density, which is estimated from the
radar data itself but is also dependent on the subjective reduction of the data used in
the fitting. The method is thus independent of manual measurements, but dependent on
subjective decisions.

It is also possible to use manual reference data as calibration data. In that case, a
CMP gather is mainly used for estimating snow depth in between manual data points,
and the manual data is used to determine the depth-density relationship specific for the
snowpack. In fact, a depth-density relationship and adequate mixing formulas would
enable determination of snow depth, density and SWE from a single o!set measurement
alone. This method is already suggested by, for instance, Lundberg et al. (2006).

6 Conclusion

A multi-o!set GPR system was successfully used to measure snowpack depth and radar
wave velocity along a 1 km transect. Radar wave velocity was used to determine dry
snow density using Looyenga’s formula for mixtures, and thereby SWE was estimated
directly from the GPR measurements without the need for manual measurements.

The method is sensitive to accurate interpretation of the snow/ground interface, es-
pecially if the largest antenna separation is smaller than the snow depth. We have shown,
however, that snow density and SWE estimates can be improved using a logarithmic-
linear depth to density function, which is specific for a particular transect and is deter-
mined solely from radar data.

In the experiment, snow depth was estimated with the mean error of 4% (95% confi-
dence interval was [–11%, 19%]). For estimates of snow density and SWE, the mean error
was –2% and less than 1%, respectively, and the corresponding 95% confidence intervals
were [–7%, 3%] and [–14%, 15%].
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Abstract

Ground penetrating radar operated from helicopters or snowmobiles is used to determine
snow water equivalent (SWE) for annual snowpacks from radar wave two-way travel time.
However, presence of liquid water in a snowpack is known to decrease the radar wave
velocity, which for a typical snowpack with 5% (by volume) liquid water can lead to an
overestimation of SWE by about 20%. It would therefore be beneficial if radar measure-
ments could also be used to determine snow wetness. Our approach is to use radar wave
attenuation in the snowpack, which depends on electrical properties of snow (permittivity
and conductivity) which in turn depend on snow wetness. The relationship between radar
wave attenuation and these electrical properties can be derived theoretically, while the
relationship between electrical permittivity and snow wetness follows a known empirical
formula, which also includes snow density. Snow wetness can therefore be determined
from radar wave attenuation if the relationship between electrical conductivity and snow
wetness is also known. In a laboratory test, three sets of measurements were made on
initially dry 1 m thick snowpacks. Snow wetness was controlled by stepwise addition of
water between radar measurements, and a linear relationship between electrical conduc-
tivity and snow wetness was established.

KEYWORDS electrical conductivity; ground penetrating radar; radar wave attenuation;
snow; snow water equivalent; snow wetness

Nomenclature

A Resulting wave amplitude t Radar wave travel time
A0 E!ective source amplitude % Attenuation (due to energy transforma-
DR Receiver antenna directivity tion into heat)
DS Source antenna directivity " Electrical permittivity
G Geometrical spreading "0 Electrical permittivity of free space
R Reflection coe"cient "r Relative electrical permittivity
S Area of a wavefront sector * Angle used to define a wavefront sector
T Transmission coe"cient # Content by volume
c Speed of light in vacuum µ Magnetic permeability
d Radar wave trip length µ0 Magnetic permeability of free space
h Cone frustum height µr Relative magnetic permeability
n Number of approximation steps & Electrical conductivity
r Cone frustum radius ( Angular velocity of a radar wave

1 Introduction

Accurate estimates of snow water equivalent (SWE) over large areas are important for
the Scandinavian hydropower industry, since good predictions of spring floods (obtained
from SWE estimates) allow a more e"cient energy production. SWE measurements are
also employed by hydrologists in the studies of movement, distribution and quality of
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water. Moreover, they are useful for climate change research and for the study of the
polar ice caps and glaciers.

SWE can be estimated from manually measured snow depth and density. Such mea-
surements are conducted at snow courses, which have to be chosen carefully to represent
the area in a satisfying way. Unfortunately, this method is both time-consuming and
labour-intensive, with target areas (such as reservoir catchment areas or polar ices) often
characterized by poor communications and rough weather conditions.

Measuring SWE with ground penetrating radar (GPR) is an alternative to manual
measurements. This method is based on analysis of the two-way travel time of radar
wave propagation through a snowpack. The radar can be operated from a helicopter
or a snowmobile, which allows covering large areas much faster and cheaper than using
traditional manual measurements.

In Sweden, Ulriksen (1982) was the first to conduct research on the use of ground
penetrating radar for SWE measurements. Radar operating from a helicopter was first
used in 1986 (see Ulriksen (1989) for a good summary of Swedish radar projects for
the period 1982–1989). Both ground-based GPR and airborne GPR have been used to
measure snow depth and/or SWE, producing similar results (the latter has a tendency
to underestimate snow cover depth) (Marchand et al., 2003). GPR has also been used
to measure snow accumulation rates and SWE in glaciers, with a focus on spatial and
temporal variation (Richardson, 2001; Pälli, 2003; Maurer, 2006).

When SWE is measured using ground penetrating radar, it is typically assumed to de-
pend linearly on the radar wave two-way travel time, with coe"cients calibrated against
manual measurements of SWE. Calibrated SWE measurements with radar have been
shown to exhibit a close correspondence to control manual measurements, at least for
dry snow with normal density (Andersen et al., 1987; Sand and Bruland, 1998). However,
di!erent coe"cients have to be used for di!erent values of snow density (Lundberg et al.,
2000). Snow density is either measured manually at selected locations (and assumed to
be roughly constant throughout the area of interest) (Sand and Bruland, 1998), or it is
taken to be linearly dependent on snowpack depth (Lundberg et al., 2006). It is also
possible to determine average snow density for dry snow from radar wave propagation
velocity (e.g. with the common mid-point method) using an established empirical rela-
tionship between radar wave velocity and snow density. Another solution used in the
study of snow accumulation rates and SWE in glaciers is so-called dielectric profiling,
where a nonlinear relationship between snow depth and snow density/electrical permit-
tivity/radar wave propagation velocity is established separately for each snow layer using
manual measurements at snow pits (Richardson, 2001).

However, if the snow is wet, taking into account snow density alone does not produce
accurate SWE estimates. For example, it is known that for a snowpack with density
around 300 kg/m3 and 5% (by volume) liquid water SWE is overestimated by approx-
imately 20% (Lundberg and Thunehed, 2000). Introduction of liquid water into the
snowpack results in a three-phase system (ice, water and air), where SWE cannot be de-
termined from the radar wave two-way travel time unless liquid water content has been
determined, even if wave propagation velocity is known. In this case snow density, nec-
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essary for the calculation of SWE, has to be estimated from electrical permittivity/radar
wave propagation velocity using one of the known empirical formulae for mixtures, all of
which contain liquid water content as one of its components (Frolov and Macheret, 1999;
Sihvola, 1999; Lundberg and Thunehed, 2000).

It would therefore be beneficial to be able to determine liquid water content using
ground penetrating radar and avoid manual measurements. This can be done, for ex-
ample, by using the frequency shift method to estimate complex electrical permittivity
which, with the real part of electrical permittivity determined using the common mid-
point method, gives us liquid water content (Bradford and Harper, 2006). Our approach,
on the other hand, relies on estimating liquid water content in snow from e!ective elec-
trical conductivity, which can be obtained from radar wave attenuation, two-way travel
time and propagation velocity.

With amplitudes readily available from GPR data, either the e!ective source ampli-
tude or a reference measurement of amplitude is needed to determine attenuation; the
question of determining the reflection coe"cient of the snow/ground interface also has
to be addressed. When radar wave attenuation has been determined, e!ective electri-
cal conductivity can be calculated using a formula derived from Maxwell’s equations.
Then it only remains to establish the relationship between snow wetness and electrical
conductivity in order to be able to estimate liquid water content from radar data.

The overall aim of this work is to experimentally establish the relationship between
liquid water content (by volume) and e!ective electrical conductivity of snow, which
should lead to an improved accuracy of SWE estimates with ground penetrating radar.

2 Theory

In typical GPR applications, the resulting amplitude A depends on e!ective source am-
plitude A0, source and receiver antenna directivity DS and DR, geometrical spreading
G, reflection coe"cient of the target R, attenuation due to energy transformation into
heat % (m"1), and trip length d (m). If a radar wave passes several layers with di!erent
electromagnetic properties, attenuation and trip length have to be considered separately
for each layer and the resulting amplitude also depends on transmission coe"cients Tj .
When radar waves only travel in one direction without reflection from a target, as is the
case in our experiments, there is no reflection term in the formula for resulting amplitude:

A =
A0DSDR

G
#
j
Tje

"!jdj (1)

Let us now consider this equation in detail.
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Attenuation

Attenuation in a medium is caused by transformation of a part of electromagnetic energy
into heat. For each layer, attenuation % can be derived from Maxwell’s equations:

% = (
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where ( is angular velocity (rad/s), & is electrical conductivity (S/m), µ is magnetic
permeability (Vs/Am), and " is electrical permittivity (As/Vm) of the medium (Jordan
and Balmain, 1968). The approximation found in equation (2) is valid for & " (", which
is typical for GPR applications (Annan, 2003). Here " = "0"r and µ = µ0µr, where "r
and µr are relative values of electrical permittivity and magnetic permeability and the
constants "0 (As/Vm) and µ0 (Vs/Am) represent electrical permittivity and magnetic
permeability of free space, respectively.

When equation (2) is used to describe radar wave propagation in a layer where electri-
cal properties vary between di!erent points, such as snow, e!ective electrical conductivity
and permittivity have to be considered (Kärkkäinen et al., 2001).

E!ective relative permittivity of snow can be estimated using an empirical formula
for mixtures:

"1/qr snow = #ice "
1/q
r ice + #water "

1/q
r water + #air "

1/q
r air (3)

where # is content by volume and q is usually taken to be equal to 3 (Looyenga’s formula)
or 2 (Birchak’s formula) (Frolov and Macheret, 1999; Sihvola, 1999).

Alternatively, e!ective relative permittivity can be determined from radar wave travel
time tsnow (s) and trip length dsnow (m):

"r snow =
c2 t2snow
d2snow

(4)

where c is the speed of light in vacuum (m/s).

E!ective source amplitude

Considering equation (1), we notice that to determine attenuation it is necessary to
know e!ective source amplitude A0. In the absence of such measurements, it is possible
to use amplitude of a reference measurement taken through a medium with well-known
electromagnetic properties: in our case, air. As electrical conductivity of air is equal to
zero, the amplitude of a radar wave traveling through air is given by:

Aair =
A0DS airDR air

Gair
(5)

By positioning the receiver with respect to the source identically in both actual mea-
surements and reference measurements, and ensuring that radar waves follow the same
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Figure 1: Cross-section of a 3D wavefront traveling in a single homogeneous medium (left) and
from e.g. air to snow (right), with wavefront sectors defined by the same angle $.

path in both cases (which is achieved by maintaining a 90! angle between the direct line
connecting the source and the receiver and all the interfaces between layers, such as the
air/snow interface), we obtain DS air = DS and DR air = DR. Equation (5) yields:

A0 =
AairGair

DSDR
(6)

Geometrical spreading

Let us first consider a simple model of geometrical spreading where energy is spread
equally in all directions from a point source. If radar waves travel in a single homogeneous
medium, the wavefront has a spherical shape. However, if radar waves travel through
layers with di!erent propagation velocity, the wavefront is no longer spherical as bending
occurs at layer interfaces with di!ering refraction angle which depends on the varying
incidence angle (Annan, 2003) (Figure 1).

Let us now compare geometrical spreading of a radar wave traveling through several
layers with di!erent electrical properties to that of a radar wave propagating through
air only, with the same relative position of the receiver with respect to the source. Let
us consider a certain angle * (rad) measured from the direct line connecting the source
to the receiver. This angle will define a sector of the wavefront containing the receiver
(Figure 1).

From the principle of conservation of energy, it follows that for a given angle * the
amount of energy spread over the corresponding wavefront sector will be the same in
actual and reference measurements. For a su"ciently small angle it is a good enough
approximation to assume that the energy is equally spread over the corresponding wave-
front sectors, even if our initial assumption that energy is spread equally in all directions
from the source is not valid. Geometrical spreading G and Gair in equations (1) and (6),
respectively, can therefore be taken equal to a square root of the area of the corresponding
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Figure 2: Approximation of wavefront sector area.

wavefront sector, provided that the same angle * is used for both actual measurements
and reference measurements.

For reference measurements through air, the area of the wavefront sector is easily
calculated as the area of a sphere segment. For more complicated cases when radar
waves travel through two or more layers with di!erent electrical properties, the following
approximation can be used.

Let us choose a small angle * and a number of approximation steps n. Let us then
trace (using Snell’s law) radar rays from the source at angles */n · k, k = 0, 1, 2, . . . , n
measured from the direct line connecting the source to the receiver. We can then use
radar wave propagation velocity in each layer to calculate the points of the wavefront Pk

including the receiver P0. The area of the wavefront sector can then be approximated as
a sum of lateral surface areas of right cone frustums, each defined by two adjacent points
(Figure 2).

Geometrical spreading for reference measurements through air Gair and for actual
measurements G can therefore be calculated as follows1:

Gair =
#

Sair =
#

2'd2(1# cos*) (7)

G =
!
S =

5

n"1
:

k=0

' (rk + rk+1)
3

(rk+1 # rk)
2 + h2

k

71/2

(8)

where d is the radar wave trip length from the source to the receiver (m), rk is the
distance from the point of the wavefront Pk to the direct line connecting the source and
the receiver (m), and hk is the height of the kth cone frustum (m) (Figure 2).

1This formula has been updated compared to the published version of the paper.
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Transmission coe"cients and thin-layer e!ects

Apart from the above-mentioned attenuation and geometrical spreading, the resulting
amplitude of a radar wave depends on scattering at interfaces between layers with di!er-
ent electrical properties. Transmission coe"cients for thick interfaces (thick compared to
radar wavelength) are given by Fresnel equations (Tsang, 1997). Reflection from thin lay-
ers can be substantially smaller (and transmission respectively larger) than specified by
Fresnel equations, demonstrated by layers with thickness below 1/10 of radar wavelength
not normally reflecting enough energy to be detectable by GPR (Olhoeft, 1998) (note
that the exact limit of detectability also depends on the contrast in electrical permittivity
between adjacent layers).

A special case when the presence of a comparatively thin layer can lead to a consider-
able change in amplitude can be observed when a direct wave is superimposed with one
or several reflected waves ‘bouncing’ in the thin layer before leaving in the same direction
as the direct wave. Depending on layer thickness with respect to radar wavelength and
possible phase shifts at interfaces, this radar wave superposition may significantly a!ect
the amplitude at the point of measurement (Annan, 2003).

The final formula for radar wave amplitude

Substituting equations (2) and (6)–(8) into equation (1) gives:

A =
Aair

!
Sair!
S

#
j
Tje

"!jdj , %j =
&j

2

.

µ0µr j

"0"r j
(9)

Here j traverses all layers encountered by the radar wave, and the areas of the wave-
front segments for an actual measurement S and for a reference measurement Sair are
calculated as described above.

3 Method

A series of three experiments were conducted to establish the relationship between liquid
water content and electrical conductivity of snow.

Experiment setup

In each experiment, initially dry snow (initial snow wetness was visibly low when com-
pared to snow wetness observed later in the experiment) was placed in a plywood box
with dimensions 0.69&0.70&0.99 m (width, length and height). In the first two experi-
ments the snow was ‘old’ with salinity (concentration of total dissolved solids determined
from DC conductivity of melted snow at room temperature) 0.0053 g/l and density 285
and 290 kg/m3, respectively. The third experiment was conducted with fairly recently
fallen snow with salinity 0.0028 g/l and density 204 kg/m3. Prior to the experiments,
snow was stored in a climate-controlled room at temperature close to but below 0!C for
several days, achieving the temperature of –2 to –4!C at the time of the experiment.
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Figure 3: Experiment setup: radar signals sent through snow (left) and air (right).

During the experiment, liquid water content of the snow was stepwise increased by
adding weighed amounts of water (about 4 and 1 kg in the first experiment and the last
two experiments, respectively). The water was sprinkled on the snow surface to achieve
an even horizontal distribution of water throughout the snow while keeping the snow
surface as plane as possible. The water used in the experiments was tap water chilled to
the temperature of 0!C with salinity 0.18 g/l.

After each addition of water, radar measurements were taken through the snow fol-
lowed by reference measurements through air. Multiple measurements were taken at
each step with the resulting radar trace obtained as the average of each measurement
set. The equipment used for the experiments was a ground penetrating radar system
RAMAC/GPR from Mal̊a Geoscience AB, Mal̊a Sweden, with shielded antennas with
800 MHz centre frequency. A complete description of the equipment and the radar soft-
ware settings can be found in Granlund (2007).

For actual radar measurements, the antennas were placed near the centre of the
upper and lower sides of the box with the receiver precisely under the transmitter. This
ensured that radar waves travelled through the snow only in one direction and the direct
line connecting the source and the receiver was perpendicular to the snow surface as well
as the bottom of the box (Figure 3). The position of the antennas together with the
dimensions of the box ensured that the largest cross-section of the first Fresnel volume
was inside the snow (Spetzler and Snider, 2004; Johnson et al., 2005). The antennas were
housed in a separate wooden frame (built without any metal parts to avoid interference),
which could easily be pulled away from the box for reference measurements through air
and which ensured that radar waves followed the same path in both actual and reference
measurements (as stipulated in the Theory section).

An inevitable complication was the resulting layering encountered by radar waves
during actual measurements; radar waves passed through an air layer above the snow
(up to 23 cm thick; the air layer above the snow increased from 20 to 23 cm in the
first experiment and from 2 to 4 cm and to 9 cm in the second and third experiment,
respectively), through the snow layer (81, 99 and 99 cm at the beginning of the first,
second and third experiments, respectively), through the 2 cm bottom of the box, and
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finally through a 1 cm air layer below the box. The e!ect of this layering on the resulting
amplitude, including thin-layer e!ects, is analyzed below.

Radar data

For each measurement, radar pulse amplitude and one-way travel time had to be deter-
mined. Since it was impossible to start recording radar amplitudes at exactly the same
time as when the pulse was sent from the transmitter, the pulse travel time did not coin-
cide with its recorded arrival time. The first clearly identifiable minimum in each radar
trace was used to identify the arrival time of the pulse (Figure 4).

With travel time of a reference pulse through air calculated from the distance between
the antennas, arrival time of the reference pulse was used to perform time zero correction
on the arrival time of the corresponding radar pulse through snow (note that a reference
measurement was taken immediately after each actual measurement). Thus the travel
time of the pulse was determined; it had to be decreased by the time it took the pulse to
travel through the air layers above and below the box, as well as the bottom of the box,
to obtain radar pulse one-way travel time in the snow.

Pulse amplitude was defined as the amplitude measured at pulse arrival time, but it
had to be corrected for the DC level shift, an increase in the amplitude by a constant value
as a result of analogue-to-digital conversion in the receiver. This shift was calculated by
taking the average of a number of amplitudes at the beginning of the trace where no
transmitted signal was present.

Calculating e!ective electrical conductivity of snow

After radar pulse amplitudes and one-way travel times had been determined from radar
data, e!ective electrical conductivity was calculated for each value of liquid water content.
The formula for electrical conductivity was obtained from equation (9) with relative
magnetic permeability of snow equal to unity (µr snow $ 1), assuming that attenuation
in the air and in the bottom of the box can be neglected:

& = #
2

dsnow

.

"0"r snow

µ0
ln

;

<

A
!
S

Aair

!
Sair #

j
Tj

=

> (10)

Here snow height dsnow was assumed to decrease linearly (only the initial and final snow
heights were measured). E!ective electrical permittivity used in this equation was de-
termined using two methods: estimated using Looyenga’s formula (liquid water and ice
content by volume were calculated from the mass of added water, the initial mass of
snow and the snow volume) (equation (3) with q = 3), and calculated from snow height
and radar wave one-way travel time in snow (equation (4)). The areas of wavefront
sectors for reference measurements Sair and for actual measurements S were calculated
using equations (7) and (8) with angle * = 0.01! and the number of approximation steps
n = 20.
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Figure 4: Radar traces from measurements through snow and air, with radar pulse arrivals.

Three interfaces could cause considerable scattering losses: air/snow, snow/bottom
of the box, and bottom of the box/air. Since it is reasonable to assume that layers
thinner than 1/10 of the wavelength cause negligible scattering losses at interfaces (see the
Theory section and Olhoeft, 1998), layer thickness was compared with radar wavelength
in respective materials. We immediately found that the thickness of the upper air layer
varied from 3% to 68% of the wavelength in air while the bottom of the box and the lower
air layer constituted about 9% and 3% of the wavelength in respective media. We could
therefore assume that reflection from the second and the third interfaces was insignificant,
and it was only necessary to consider scattering losses at the air/snow interface. In these
calculations, thin-layer e!ects of the first and second order in the air above the snow
were taken into account.

Analyzing the results

For each value of liquid water content, e!ective electrical conductivity was calculated:

• with e!ective electrical permittivity of snow (a) estimated using Looyenga’s formula
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Table 1: Linear approximation of the relationship between liquid water content " (in volume
parts) and electrical conductivity % (µS/cm) for di!erent calculation methods.

&r snow from one-way travel time &r snow from Looyenga’s formula

Scattering Scattering Scattering Scattering
not included included not included included

Exp. 1 % = #17 + 3689 · " % = #15 + 3559 · " % = #7 + 3626 · " % = #6 + 3504 · "
R2 = 99.6% R2 = 99.6% R2 = 99.3% R2 = 99.2%

Exp. 2 % = 14 + 3455 · " % = 14 + 3400 · " % = 15 + 3466 · " % = 14 + 3410 · "
R2 = 98.1% R2 = 98.0% R2 = 97.7% R2 = 97.6%

Exp. 3 % = 41 + 3001 · " % = 41 + 2924 · " % = 43 + 2851 · " % = 43 + 2787 · "
R2 = 95.7% R2 = 95.4% R2 = 94.4% R2 = 94.0%

Exps. 1-3 % = 22 + 3303 · " % = 23 + 3194 · " % = 22 + 3286 · " % = 23 + 3180 · "
combined R2 = 97.0% R2 = 96.8% R2 = 97.2% R2 = 97.0%

for mixtures, and (b) calculated from radar wave one-way travel time;

• with and without taking into account scattering at the air/snow interface (cal-
culated using Fresnel equations) and thin-layer e!ects in the air layer above the
snow.

In total, four data sets were analyzed: a dataset for each experiment and a fourth data
set containing combined experimental data from all three experiments. On each dataset,
linear regression analysis was performed in MATLAB using the least squares method.

4 Results

The results from the experiments 1–3 are presented in Figure 5, with e!ective electrical
conductivity (µS/cm) plotted against liquid water content (vol.%). These results were
obtained with electrical permittivity calculated from radar wave one-way travel time and
without taking into account scattering at the interfaces between layers and thin-layer
e!ects. Equations of linear trend lines for each experiment as well as for combined data
from all experiments are presented in Table 1 (first column) together with coe"cients of
determination.

Other methods of calculating e!ective electrical conductivity were tested, and it was
found that the choice of method of calculating e!ective electrical permittivity did not
significantly influence the results, and neither did taking into account scattering at the
air/snow interface together with thin-layer e!ects in the air layer above the snow. In
the latter case, the di!erence in electrical conductivity was less than 5% in all three
experiments. Equations of linear trend lines together with coe"cients of determination
can be found in Table 1, and the results for the second experiment are presented in
Figure 6.

Irrespective of the method used to calculate e!ective electrical conductivity, the co-
e"cient of determination for the linear trend line for the dataset made up of combined
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Figure 5: Data from the experiments with linear trend lines.

experimental data was very high (97%), and it can serve as the basis of the proposed
linear relationship between e!ective electrical conductivity & (µS/cm) and liquid water
content # (in volume parts):

& = 20 + 3 · 103 # (11)

5 Discussion

Before discussing the obtained results and their projected applicability, let us examine
possible sources of error in the obtained experimental data. Several factors besides those
taken into account in the equations above could influence radar wave amplitudes and
should be considered as possible sources of error.

Firstly, amplitude measurements were a!ected by multipath interference caused by
reflections from the sides of the box and possibly from other objects in the room where
the experiments were conducted. The e!ect of interference was minimized by ensuring
that the receiver was not located at an interference maximum or minimum of the direct
wave and the waves reflected from the sides of the box. Moreover, any interference should
be negligible since the amplitudes were measured at the first clearly defined minimum
when the reflected waves had not arrived at the receiver.
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Figure 6: Variations in electrical conductivity due to di!erent calculation methods (Exp. 2).

Secondly, amplitudes could be a!ected by planarity of the snow surface. Non-planarity
would lead to focusing or dispersion of the radar wavefront and therefore a!ect the result-
ing amplitude. To minimize such errors, the snow surface was kept as plane as possible
by leveling it at the start of the experiment and by sprinkling water using a watering
pot rather than pouring it. Finally, addition of water could lead to formation of waveg-
uides within the snow which could influence the resulting amplitude. Unfortunately, this
process would be very hard to prevent or even to detect.

Calculations of liquid water content and ice content relied on two assumptions: that
the snow was initially dry and that no substantial state transitions (melting of ice and
freezing of water) took place during the experiments. As snow at the start of the exper-
iments was visibly dry compared to its condition later in the course of the experiments,
liquid water content, even though not equal to zero, could be assumed to be equal to zero
at the start of the experiments. State transitions during the experiments were minimized
by keeping the temperature of both snow and water very close to 0!C.

While the average liquid water content in the snow was thus controlled, the question
of liquid water content within the volume of snow that a!ected attenuation the most had
to be addressed separately, as it depended on the distribution of water throughout the
snow. Sprinkling of water as evenly as possible over the whole snow surface minimized
uneven horizontal distribution. Uneven vertical distribution of water, which in the worst
case could have caused layering within the snow (with layers having contrasting water
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content and therefore electrical properties), could be assumed to only have a limited a!ect
on the results since the radar waves travelled the whole height of the snowpack. (Note
that a better accuracy of the results can be achieved by performing measurements at
multiple points of the snow surface. This would require a box with a considerably larger
cross-section area to keep the first Fresnel volume around the radar wave propagation
path inside the snow.)

Apart from the above-mentioned sources of error in the experiment setup, several
approximations used in calculation of e!ective electrical conductivity should also be dis-
cussed here. One of them was the linear approximation of the decrease in snow height
(snow sank with addition of water by 3 and 2 cm in the first two experiments with ‘old’
snow and by 7 cm in the third experiment with fairly recently fallen snow). This approxi-
mation was necessary since only the initial and final values of snow height were recorded.
As the approximation error was largest in the third experiment, this could account for a
somewhat lower coe"cient of determination for the linear trend lines (94–96% instead of
98–99% in the first two experiments; see Table 1).

The model used to account for geometrical spreading losses was also an approximation,
partly because energy was not spread equally over a segment of the wavefront and partly
because the area itself was calculated by an approximation. However, this approximation
should be valid for su"ciently small angles *, and our tests showed that for small * (even
larger than the value of 0.01! used in our calculations) the quote of geometrical spreading
in actual measurements to geometrical spreading in reference measurements remained
constant as * decreased towards zero. It has to be noted, however, that the obtained
negative values of electrical conductivity for dry snow in the first two experiments (see
Figures 5 and 6) (even though they are very close to zero) either indicate that the model
of geometrical spreading was incomplete or are a manifestation of some measurement
errors.

Having completed an examination of possible sources of error in experiment setup
and in calculations of e!ective electrical conductivity, let us now discuss the results of
the experiments and their applicability to improving SWE measurements in the field.

It is clear from the results that neither the choice of the method to estimate e!ective
electrical permittivity (using Looyenga’s formula or radar wave one-way travel time), nor
including scattering losses at the air/snow interface together with thin-layer e!ects in
the model of geometric spreading, significantly a!ects the obtained formula for e!ective
electrical conductivity as a function of liquid water content (equation (11); see Table 1
and Figure 6). On the other hand, the di!erences between the formulae obtained for
di!erent experiments are somewhat larger (Table 1). The observed spread indicates that
the proposed method of determining liquid water content from radar wave attenuation
via e!ective electrical conductivity is likely to have an error margin of about 1% of liquid
water content by volume, which is still su"ciently precise to considerably improve SWE
estimates for wet snow.

It has to be noted that for the proposed method of determining liquid water content
from radar wave attenuation to be usable, we need to be able to determine e!ective
source amplitude and reflection coe"cient of the snow/ground interface. Note also that
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as the salinity of added water was higher than what is normally found in natural snow-
packs, further experiments are needed to determine if and how snow salinity a!ects the
established relationship.

6 Conclusion

The experiments produced promising results paving the way for future use of radar wave
attenuation to estimate snow wetness. The results strongly suggest a linear relationship
between liquid water content (expressed in volume parts) and e!ective electrical conduc-
tivity (µS/cm) & = 20 + 3 · 103 #. However, for this result to be applicable in real life,
further studies of snow salinity influence on this relationship as well as studies of atten-
uation due to reflection from the ground should be conducted. Note also that if initial
amplitudes of radar waves are not available, reference measurements will be needed to
determine radar wave attenuation in snow.
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Abstract

Snow water equivalent of a snowpack can be estimated using ground penetrating radar
from the radar wave two-way travel time. However, such estimates often have low accu-
racy when the snowpack contains liquid water. If snow wetness is known, it is possible
to take it into account in the estimates; it is therefore desirable to be able to determine
snow wetness from already available radar data. Our approach is based on using radar
wave attenuation, and it requires that the relationship between electrical conductivity
and wetness of snow should be known. This relationship has been tentatively established
in previous laboratory experiments, but only for a specific liquid water salinity and radar
frequency. This article presents the results of new laboratory experiments conducted to
investigate if and how this relationship is influenced by salinity. In each experiment,
a certain amount of snow was melted and a known amount of salt (di!erent for di!er-
ent experiments) was added to the water. Water salinity was measured, and the water
was step-wise added to a one-meter thick snowpack, with radar measurements taken be-
tween additions of water. Our experiments have confirmed the earlier established linear
relationship between electrical conductivity and wetness of snow, and they allow us to
suggest that the influence of liquid water salinity on electrical conductivity is negligible
when compared to the influence of liquid water content in snow.

KEY WORDS ground penetrating radar; snow water equivalent; electrical conductivity;
snow wetness; snow salinity; radar wave attenuation

1 Introduction

Snowmelt is an important source of water used by the hydropower industry, and accurate
snowmelt predictions can lead to more e"cient energy production and reduce both impact
on aquatic ecosystems and risks of flooding by regulated waters. Obtaining accurate
predictions relies on having good models of snowmelt with accurate input parameter
data. One important input parameter is spatial distribution of snow water equivalent
(SWE) in the watersheds. Accurate SWE measurements are also of interest in other
areas, for example in the study of the decrease of polar ice caps and glaciers.

Using ground penetrating radar (GPR) is a time-e!ective method for measuring SWE
over large areas, as radar can be operated from snowmobiles or aircrafts. Radar wave
propagation velocity and two-way travel time, i.e. the time it takes a radar wave to travel
through the snowpack to the ground and back to the antenna, can be obtained from typ-
ical GPR data. While two-way travel time can be determined fairly easily, calculating
propagation velocity is more challenging. Velocity can be determined, for example, us-
ing the common mid-point method, but it is often assumed to be known and constant
throughout the snowpack; this assumption, however, is only valid if no substantial spatial
(horizontal) variation in density is present. With snowpack depth calculated from two-
way travel time and velocity, and snow density estimated from velocity using an empirical
formula such as Looyenga’s formula with liquid water content set to zero (Sihvola, 1999;
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Frolov and Macheret, 1999), accurate estimates of SWE can be obtained for dry snow.
However, introduction of liquid water in the snowpack results in a three-phase system
where snow density and hence SWE cannot be accurately determined from the velocity
alone (Lundberg and Thunehed, 2000).

Solutions to the problem of wet snow have been proposed, for example, by Bradford
and Harper (2006), who used the frequency shift method to estimate complex electrical
permittivity. With the real part of electrical permittivity determined using the common
mid-point method, this gives us liquid water content.

Our approach, on the other hand, relies on estimating liquid water content in snow
from e!ective electrical conductivity, which can be obtained from radar wave two-way
travel time, propagation velocity, and attenuation caused by energy dissipation in the
snowpack (Granlund et al., 2009). With the relationship between attenuation and elec-
trical conductivity of snow known from Maxwell’s equations (Wangsness, 1979), it only
remains to determine the relationship between electrical conductivity and snow wetness
to be able to estimate snow wetness from radar wave attenuation. This relationship has
to be established experimentally. The experiments conducted earlier suggested that a
linear relationship exists between electrical conductivity and snow wetness (Granlund
et al., 2009). However, the water added to the snow in those experiments was tap water
with much higher salinity than the salinity of snowmelt or rainwater, and the question
remained if and how this relationship depends on salinity of liquid water in snow.

This article presents the results of new experiments examining how di!erent liquid
water salinity a!ects this relationship. The aim of the experiments was to investigate
if the earlier established linear formula between electrical conductivity and liquid water
content in snow is valid for di!erent liquid water salinity and, if not, establish a new
formula for the relationship between electrical conductivity, content and salinity of liquid
water.

2 Method

A series of six experiments were conducted to establish how electrical conductivity
changes with content and salinity of liquid water in snow. Water salinity was kept
constant in each experiment but varied between the experiments, while liquid water con-
tent was controlled in each of the experiments by step-wise adding water, obtained by
melting snow, to the snow of a known mass. At each step, approximately 1 liter of water
was sprinkled on top of the snow, and after each addition of water, a radar pulse was
sent from a transmitter placed on top of the snow to a receiver placed below the snow.
To be able to determine radar wave one-way travel time and attenuation in the snow, a
reference measurement was taken through air after each measurement through the snow.

All the experiments were characterized by the following conditions. Before the ex-
periments, the snow was stored in a climate-controlled room with a temperature just
below 0!C for several days, and the added water was kept close to 0!C by mixing it with
snow. Thus state transitions (melting of snow and freezing of added water), which could
negatively influence the accuracy of calculations of liquid water content, were minimized.
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Figure 1: Experiment setup with radar waves traveling through the snow (left) and air (right).

To keep the snow conditions as similar as possible in the experiments, all the snow was
collected at the same spot at the same time; at the beginning of the experiments, the
snow had a density between 374 and 410 kg/m3 and contained no or very little liquid
water at the temperature just below 0!C.

The snow in the experiments was placed in a water-resistant plywood box. The
dimensions of the box were chosen to be 0.69&0.70&0.99 m (width, length, and height)
to ensure that the first Fresnel volume (i.e. the volume that mainly a!ects the radar
signals) was inside the snow during the experiments (Spetzler and Snider, 2004). The
radar equipment was an impulse GPR system from Mal̊a Geoscience AB, Mal̊a, Sweden,
with two shielded antennas with center frequency 800 MHz. The antennas were placed
above and below the box in a separate wooden frame, making it possible to pull the
antennas away from the box to take reference measurements through air with the distance
between the antennas kept constant (Figure 1). Note that both the plywood box and
the wooden frame housing the antennas were built without any metal parts, which could
have caused interference with the radar signals. The positioning of antennas above and
below the snow meant that the radar waves traveled vertically through the snow without
any reflection from the ground. This was important because a reflection from the ground
would have caused additional attenuation that would have been di"cult to separate
from the attenuation caused by energy dissipation in the snow. Another reason for such
positioning of the antennas was that it allowed an uneven vertical distribution of liquid
water to be dealt with by using e!ective values of electrical permittivity and conductivity.
Note that with snow wetness controlled by sprinkling water on top of the snow, it is not
possible to avoid uneven vertical distribution because most of the water is concentrated
in the upper part of the snow until the liquid water content in this part reaches the
residual water content. However, it should still be possible to use the e!ective values of
conductivity and permittivity to describe the electrical properties of the snow as a whole.
As for the horizontal distribution of liquid water, it was more or less even because the
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water was sprinkled evenly on top of the snow.
The experiment set-up allowed the measuring of radar wave attenuation caused by

energy dissipation in the snow for each value of content and salinity of liquid water. The
liquid water content was calculated at each step of the experiments from the volume of
added water and of the snow, and it was gradually increased from 0 to 4.5 vol.%, which
seemed to be the maximum water content that the snow in our experiments could hold
(compare Lundberg, 1997).

The salinity of the added water was controlled by adding a known amount of salt and
measuring DC electrical conductivity of a water sample. The measured salinity in the
experiments was 1.3, 3.3, 7.7, 9.9, 22.8, and 65.6 mg/l, which should cover the range of
salinity of natural snowpacks on land.

For each value of content and salinity of liquid water, the e!ective electrical conduc-
tivity of snow & (S/m) was calculated using the formula:

& = #
2

h

4

"0 c2 owt2

µ0 h2
ln

!

Asnow

Aair
)

"

(1)

where h (m) is snow height, Asnow and Aair are amplitudes of radar signals sent through
the snow and air, respectively, "0 (As/Vm) is electrical permittivity of free space, µ0

(Vs/Am) is magnetic permeability of free space, c (m/s) is the speed of light in vacuum,
and owt (s) is one-way travel time of a radar wave traveling through the snow. This
formula is derived from Maxwell’s equations, and it di!ers from the traditional atten-
uation equation by the factor ) that accounts for the di!erence in geometric spreading
losses between radar wave propagation through air and through the snow. This fac-
tor can be calculated for each value of e!ective electrical permittivity of snow, which is
obtained from the radar wave one-way travel time. Attenuation was calculated as the
ratio of amplitudes Asnow/Aair measured in the time domain after performing DC level
shift on radar traces. The amplitudes were measured at the first clearly identifiable local
extremum in the radar signals to minimize the e!ect of multi-path interference. The
same local extrema were used to determine one-way travel time, using the measurements
through air as reference for time zero correction. To eliminate the e!ect of possible system
drift, reference measurements through air were taken after each measurement through
the snow.

Finally, step-wise multiple regression analysis was performed on the obtained values
using the least-squares method, with data from all the experiments considered as one
dataset.

3 Results

The measurement data are presented in Figure 2, with e!ective electrical conductivity
& (µS/cm) plotted against liquid water content # (vol.%) separately for each of the six
experiments. The calculated estimation error for the values of electrical conductivity
does not exceed 6%.
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Figure 2: E!ective electrical conductivity vs. liquid water content in experiments with di!erent
salt content in liquid water.

In all the experiments, the results are relatively close to each other until after liquid
water content of about 2–2.5 vol.%, independently of liquid water salinity. At higher
liquid water content, the spread of the results increases, but no clear influence of water
salinity can be detected. For example, the measurement points with the lowest salt
content in the liquid water 1.3 mg/l are below the points with salt content 9.9 mg/l but
above the points with salt content 3.3 mg/l.

To clarify the relationship between e!ective electrical conductivity, liquid water con-
tent, and salinity, a step-wise multiple regression analysis was performed on the data
using the least-squares method. With liquid water content in snow, salt content in liquid
water, and an interaction term of the two considered as predictors of e!ective electrical
conductivity, linear regression analysis results in the following formula:

& = 11 + 2786 # + 38 sc+ 229 # · sc (2)

where & is e!ective electrical conductivity (µS/cm), # is water content (in volume parts)
and sc is salt content (g/l). The coe"cient of determination for this linear regression
is 88.89%. The 95% confidence intervals for both salt content ([–163, 238]) and the
interaction factor between salt content and liquid water content ([–7654, 8112]) contain
zero, hence the contribution from these variables is not significant. Removing the second-
order term gives the following equation:

& = 11 + 2790 # + 43 sc (3)

Here the coe"cient of determination remains unchanged at 88.89%. As the 95% confi-
dence interval for salt content again contains zero ([–61, 146]), it is confirmed that its
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Figure 3: Combined data from all experiments with a linear trend line.

contribution is not significant. The resulting formula is:

& = 12 + 2791 # $ 10 + 3 · 103 # (4)

with the coe"cient of determination practically unchanged at 88.83% (this linear rela-
tionship between & and # can be seen in Figure 3). This leads to the conclusion that the
influence of liquid water salinity on e!ective electrical conductivity is negligibly small as
compared to the contribution of liquid water content for the values of liquid water content
(0–4.5 vol.%) and liquid water salinity (1.3–65.6 mg/l) covered in the experiment.

4 Discussion

The suggested equation (4) for e!ective electrical conductivity of snow gives, as expected,
small positive values for dry snow (# = 0). However, the values of conductivity calculated
for # = 0 from the measured radar wave amplitude and one-way travel time are slightly
below zero (see Figure 2). This can only be explained as a result of measurement or
approximation errors.

As we mentioned above, estimation of such errors shows that the error in the cal-
culated values of electrical conductivity does not exceed 6%. Note that the di!erence
between the experiments, at least for snow wetness above 2–2.5 vol.%, is larger than
6%, but it is not possible to identify any relation between the di!erence in liquid water
salinity and the variation in electrical conductivity (see Figure 2). This is also confirmed
by the results of the multiple regression analysis. The conclusion is that the influence of
liquid water salinity on the relationship between snow wetness and electrical conductivity
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can be neglected (as the range of salinity in the experiments covers the range of salinity
normally found in natural snowpacks on land).

However, it may still be desirable to try to find an explanation to the di!erence
between the experiments observed in Figure 2 for the larger values of snow wetness. One
hypothesis is that this variation is a result of di!erent relationships between snow wetness
and electrical conductivity in the pendular and funicular regime. In other words, the
sensitivity of electrical conductivity to variation in liquid water content may be larger
if there are continuous liquid water paths in the snow (funicular regime), rather than
isolated pendular rings of water (pendular regime). If this is true, then the unexplained
variation might be a result of transition from pendular to funicular regime taking place
at di!erent water contents in the experiments.

Finally, we note that the obtained equation (4) compares well to the formula estab-
lished in an earlier set of experiments with one specific liquid water salinity, around 180
mg/l (Granlund et al., 2009):

& = 20 + 3 · 103 # (5)

These experiments were conducted using similar but not identical radar equipment.

5 Conclusion

Our experiments have confirmed the experimentally established relationship between
e!ective electrical conductivity and liquid water content in snow and have shown that
the influence of liquid water salinity on this relationship is negligible within the range
of salinity covered by our experiments, which includes the range of salinity normally
found in natural snowpacks on land. This takes us one step closer to the overall aim
of improving SWE estimates (with GPR) by estimating liquid water content from radar
wave attenuation. However, to be able to apply our method to natural snowpacks when
both radar transmitter and receiver are placed above the snow, studies of attenuation
due to reflection from the ground have to be conducted.
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Abstract

When snowpack water equivalent is estimated with ground penetrating radar, it may
also be desirable to estimate the electrical permittivity of the ground. In many cases,
this can be done by performing a common mid-point survey of the ground layer, but
it can also be beneficial (and in some cases, necessary) to only use the data from a
common mid-point survey of the snowpack. The method presented in this work involves
determining the electrical permittivity of the ground via angle-dependent reflectivity of
the snow/ground interface, from attenuation of radar pulses reflected from the ground
with di!erent incidence angles.

We also present the results of an experiment conducted to test the accuracy of elec-
trical permittivity estimation with the proposed method. The simplest possible scenario
is examined; in the experiment, electrical permittivity of lake ice is estimated from am-
plitudes of radar pulses traveling through air and reflecting from the ice surface. The
obtained values of permittivity are compared with the true values determined from the
radar wave two-way travel time through the ice layer and the measured ice thickness.

The experimental results show that estimating electrical permittivity from angle-
dependent reflectivity is sensitive to the accuracy of measured amplitudes. We have
observed problems when residual energy, such as antenna ring-down, interferes with the
reflected radar wave.

KEY WORDS angle-dependent reflectivity; ground penetrating radar; electrical permit-
tivity of the ground; Fresnel equations; snow water equivalent

1 Introduction

The ground penetrating radar (GPR) is an instrument frequently used in various ge-
ological applications. An important parameter that can be determined using GPR is
electrical permittivity of e.g. a ground layer. The most common method for estimating
electrical permittivity with GPR is by conducting a common mid-point survey. In this
case, two-way travel time of two or more radar pulses, traveling along di!erent paths
through a certain layer but sharing the same reflection point at its lower interface, are
analyzed to determine electrical permittivity and thickness of the layer. However, this
method requires that the reflection from the layer’s lower interface is visible in radar
data.

When the reflection from the layer’s lower interface is not clearly visible in radar data,
an analysis can be performed on the amplitudes of radar pulses reflected from the layer’s
upper interface. For example, Reppert et al. (2000) estimate electrical permittivity of a
ground layer by conducting a Brewster angle analysis of a common mid-point survey of
the layer above the layer of interest. This method only works if radar pulses travel from
a low-velocity to a high-velocity medium. Another example is the work by Saarenketo
and Scullion (2000), where they determine electrical permittivity of a road by comparing
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amplitudes of pulses reflected from the road surface with reference amplitudes of pulses
reflected from an ideal reflector.

In the cases when multi-o!set GPR is used to measure snow water equivalent of a
snowpack, it may be beneficial to simultaneously measure the electrical permittivity of
the ground (or e.g. ice) beneath the snow. In our work, the need for such measurements
arises in the following scenario.

In Granlund et al. (2009) and Granlund et al. (2010), we discussed the problem of
estimating snow water equivalent of wet snow with GPR and proposed a solution based
on the experimentally established relationship between electrical conductivity of snow
and liquid water content in snow. Our solution requires that electrical conductivity
is determined from radar wave attenuation caused by energy transformation into heat.
However, in reality, it is di"cult to separate this kind of attenuation from losses due to
reflection from the snow/ground interface.

With electrical permittivity of snow determined from a common mid-point survey of
the snowpack, reflectivity of the snow/ground interface can be determined from the angle
of incidence using one of Fresnel’s equations1 if the electric permittivity of the ground is
known. This can be obtained from a second common mid-point survey in the ground, but
in many cases, using a common mid-point survey of the ground layer is not an option, for
example, when there is no clear reflection from its lower interface. Neither is this method
applicable when the ground layer is too thick compared to the antenna separation in a
multi-o!set GPR system (as the di!erence in two-way travel time between di!erent wave
paths decreases, the accuracy of electrical permittivity estimation also decreases).The
other methods mentioned above cannot be used together with measurements of snow
water equivalent of a snowpack: it is not possible to use a Brewster angle analysis since
only few measurements with only few incidence angles are normally conducted at each
point, and Saarenketo and Scullion’s method is clearly not applicable either.

Our goal is to develop a method for estimating the electrical permittivity of the
ground under a snowpack without conducting a common mid-point survey in the ground.
Instead, we rely on radar data obtained from a common mid-point survey of the snowpack
itself.

In this paper, we present an experiment conducted to test if measurements of radar
wave amplitudes can be accurate enough for such a method to be useful in practice. In
the simplest scenario chosen for the tests, a common mid-point survey is performed in a
non-conducting medium to avoid losses due to energy transformation into heat, and the
underlying reflecting medium is chosen so that its true electrical permittivity can easily
be estimated with some other method. In our case, the experiment was conducted with
radar pulses traveling through air and reflecting from one specific point on lake ice, and
the electrical permittivity of the ice layer was determined from radar wave attenuation
via angle-dependent reflectivity. At the same time, its true electrical permittivity was
determined from the radar wave two-way travel time in the ice and the measured ice
thickness.

1The choice of the equation depends on the polarization of the radar wave.
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2 Theory

In this section, we present a method for estimation of both electrical conductivity of a
snowpack and the electrical permittivity of the ground from a common mid-point survey
of the snowpack. Further, for an experiment conducted to test if the accuracy of radar
amplitude measurements is su"cient for this method to work, we derive the formulas for
calculating electrical permittivity of lake ice. The first formula describes how electrical
permittivity of ice can be determined from the amplitude of a radar pulse reflected from
the ice surface with a known incidence angle. The second formula is used to evaluate the
accuracy of the method, and it describes how the true electrical permittivity of lake ice
can be determined from the two-way travel time of a radar pulse reflecting from both the
ice surface and the water surface beneath the ice.

2.1 Method for Estimation of Electrical Conductivity of a Snow-
pack and Electrical Permittivity of the Ground

Reflectivity, or reflection coe"cient, of an interface between two media is one of the
parameters a!ecting the resulting amplitude of a radar pulse reflected from that interface.
It is known that reflectivity is highly dependent on the di!erence between the electrical
permittivity of the media, which makes it a good choice for analysis conducted to estimate
electrical permittivity of one medium when the permittivity of the other medium is
known.

The reflectivity of the snow/ground interface R can be expressed from Fresnel’s equa-
tion and Snell’s law as a function of electrical permittivity of snow "snow and ground
"ground and the angle of incidence # (rad):

R =

!
"snow cos(#)#!

"ground cos
8

sin"1
8%

"snow sin(#)
%
"ground

99

!
"snow cos(#) +

!
"ground cos

8

sin"1
8%

"snow sin(#)
%
"ground

99 (1)

This equation is valid when the radar wave is s-polarized (the electrical field vector
is perpendicular to the plane of incidence) (Reitz et al., 1993), as in the experiment
presented in this paper. It can be combined with the radar wave equation (Cai and
McMechan, 1995):

A =
A0 DT (#) DR(#) R

G
e"!d, where % =

&snow

2

.

µ0

"0"snow
(2)

Here d is the length of travel path in snow (m), &snow is electrical conductivity of snow
(S/m), µ0 is magnetic permeability of free space (Vs/Am), varepsilon0 is the electrical
permittivity of free space (As/Vm), A is resulting amplitude, G is geometrical spreading,
A0 is e!ective source amplitude, and DT and DR are directivity of the transmitter and
the receiver, respectively.

In the equation obtained by combining equations (1) and (2), electrical permittivity
of snow "snow, the angle of incidence #, and even geometrical spreading G (via snowpack



126 Paper V

depth) can be determined from a common mid-point survey of the snowpack. E!ective
source amplitude A0 and antenna directivity DT and DR can be assumed to be known,
but this still leaves us with two unknowns (electrical conductivity of snow &snow and
the electrical permittivity of the ground "ground) in one equation. The solution is to use
measurements of two radar pulses, reflecting from the same point on the ground with
di!erent incidence angles (available since a common mid-point survey of the snowpack
is conducted). The resulting system has two unknowns in two equations, and hence
both electrical conductivity of snow and the electrical permittivity of the ground can be
determined.

2.2 Estimation of Electrical Permittivity of Lake Ice from Radar
Wave Attenuation via Angle-Dependent Reflectivity

It is unclear how sensitive the proposed method for determining the electrical permittivity
of the ground is to measurement errors in resulting radar wave amplitude. To verify this,
we choose the simplest scenario where radar waves travel through air (instead of snow), so
there is no attenuation due to energy transformation into heat and equation (2) becomes

A =
A0 DT (#) DR(#) R

G
(3)

We also choose lake ice as the reflecting medium (instead of the ground) since its true
electrical permittivity can be easily determined. In this case equation (1) becomes (since
"air = 1):

R =
cos(#)#!

"ice cos
8

sin"1
8

sin(#)
%
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99

cos(#) +
!
"ice cos
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sin"1
8
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Combining equations (3) and (4) gives

A G

A0DTDR
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cos(#)#!
"ice cos

8

sin"1
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%
"ice

99

cos(#) +
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"ice cos

8

sin"1
8
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%
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In far-field regions of a radar antenna, the geometrical spreading G of a spherical
wave traveling in a homogenous medium is usually assumed to be proportional to the
distance r traveled by the wave from the transmitter (Cai and McMechan, 1995). This
is because the energy in this case is assumed to be equally spread over the surface of a
sphere with the area S = 4'r2, and since the amplitude is simply the square root of the
energy, the geometrical spreading is thereby expressed as:

G =
!
S =

!
4'r2 = 2

!
'r (6)
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Figure 1: Sketch of the wave paths of a radar pulse reflecting from both the ice and the water
surfaces.

Substituting equation (6) into equation (5) yields:

2
!
'

Ar

A0DTDR
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cos(#)#!
"ice cos

8

sin"1
8

sin(#)
%
"ice

99

cos(#) +
!
"ice cos

8

sin"1
8

sin(#)
%
"ice

99 (7)

The parameters A0, DT and DR are all properties of the equipment, but the e!ective
source amplitude A0 is also dependent on environmental conditions, mainly the tempera-
ture. With these parameters known, and the length of radar wave travel path r, incidence
angle # and resulting amplitude A measured in the experiment, electrical permittivity of
lake ice can be determined.

2.3 Estimation of Electrical Permittivity of Lake Ice from Radar
Wave Two-Way Travel Time

In order to validate the values of electrical permittivity of lake ice estimated from the
resulting amplitudes via angle-dependent reflectivity, the true electrical permittivity of
the ice is required. This reference permittivity can be calculated from the two-way travel
times of a radar pulse that has reflected from both the ice and the water surfaces.

Let us assume that the transmitter antenna (T) and the receiver antenna (R) are
located at the height hair above the ice (m), the distance between them is s (m), and the
thickness of the ice layer is hice (m) (Figure 1).

From Snell’s law (with "air = 1) and the geometry in Figure 1 we have the following
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system of equations:
/
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0
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s/2 = x+ y

(8)

Here the unknown variables are x and y (m), #1 and #2 (rad) (marked in Figure 1),
and the electrical permittivity of the ice "ice. As we have five unknowns but only four
equations, the system cannot yet be solved.

The two-way travel times for the two wave paths shown in Figure 1 can be expressed
as:
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Here twtair is the two-way travel time along the air path (s), twtair ice is the two-way travel
time along the air/ice path (s), vair and vice are the radar wave propagation velocities in
air and in the ice (m/s).

We can now substitute the well-known relationship between radar wave propagation
velocity and electrical permittivity, v = c/

!
" , into equation (9), where c is the speed of

light in vacuum ($ 3.0 · 108 m/s). Since "air = 1 we have
/

0

0

0

0

1

0

0

0

0

2

twtair ice = 2

#

y2 + h2
air

c
+ 2

!
"ice
#

x2 + h2
ice

c

twtair = 2

3

(s/2)2 + h2
air

c

(10)

It is often the case that two-way travel times as such are not available, but the di!erence
between the two-way travel times of the waves taking di!erent paths is easily determined
from radar data:

$twt = twtair ice # twtair

= 2
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# 2
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c
(11)

Adding this equation to the equation system (8), we obtain a system of five equations
with five unknowns. This system can be solved (though it requires a numerical solution),
and the true electrical permittivity of the ice can thus be established.
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3 Method

In this section, we describe two experiments conducted with GPR. The first experiment,
the ice experiment, was conducted to test if the accuracy of radar amplitude measure-
ments is su"cient to correctly estimate electrical permittivity of lake ice with the pro-
posed method. As we have established in section 2.2, this type of estimation requires
that the radar equipment parameters (the e!ective source amplitude A0, the directivity
of the transmitter DT and of the receiver DR) are known.

Therefore, a second experiment, the directivity experiment, was conducted to map
DT and DR for the radar equipment used in the ice experiment. For simplicity, the
e!ective source amplitude A0 was included together with DT and DR in a single term.
In order to map the value of this term, equation (3) was modified to exclude reflectivity
R (there was no reflection in the directivity experiment) and then solved for A0DTDR.
Using equation (6) we obtain:

A0DTDR = 2
!
' A r (12)

where r is the distance between the antennas.
As is typical of GPR applications, in our experiments the transmitter and the receiver

antennas were always positioned in the same way with respect to each other (see Figure
4). Hence it was su"cient to map the directivity as a function of the angle between the
normal to the underside of the antenna and the propagation path of the radar pulse. Note
that in both experiments described here, the angle of transmission was always equal to
the angle of reception, and it was also equal to the incidence angle in the case of reflection
(in the ice experiment). Hence the term A0DTDR only had to be mapped as a function
of one angle.

There is, however, an additional complication. Since the environmental conditions
di!ered between the experiments and since the measurements were taken with di!erent
numbers of stacking2, the e!ective source amplitude A0 in the two experiments could
not be considered to be the same. Therefore, A0 was eliminated from equation (7)
by substituting the measured amplitudes from two radar pulses, reflected from the same
point on the lake ice but with di!erent angles of incidence, into equation (7) and dividing
one of the obtained equations by the other one.

3.1 Ice Experiment Setup

The ice experiment was conducted on a lake in Lule̊a, Sweden, using the radar system
RAMAC/GPR from Mal̊a Geoscience AB, Mal̊a Sweden. This system employed shielded
antennas with a nominal frequency of 800 MHz. The temperature at the time of the
experiment was about –5!C, so there was no significant melting of the ice.

2Stacking is the process when multiples of a radar pulse are transmitted and the mean value of them
is recorded as a radar trace. This process is preformed automatically by the radar software with the
number of stackings chosen in the radar settings.
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Figure 2: Photo of the ice experiment setup. Wooden beams are placed between two plastic
shelves with the antennas hanging between them. The control unit is placed on a third shelf
approximately 1.5 m away.

At the beginning of the experiment, the snow from an area of approximately 1&3 m
was removed from the ice. A smaller area near the center, which was relatively smooth,
was used as the reflector. Then two wooden beams just over 4m long with a cross-section
area of 30&40 mm were placed on two plastic shelves with their mid-points directly
above the reflector (Figure 2). The choice of the non-conducting materials, wood and
plastic, allowed us to minimize any e!ect of the structure on measured wave amplitudes.
The receiver and the transmitter antennas were then placed in between the two beams
supported by plastic frames, both with their underside parallel to the ice surface. This
meant that the transmission angle #T and the receiving angle #R were always equal and
both were always equal to the incidence angle # (Figure 4a).

The experiment included 10 measurement series. In the first 5 series, the distance
between the antennas and the ice surface was 2.03 m and in the last 5 it was 1.14 m.
These distances were measured from the underside of the antennas vertically down to
the ice when the antennas were placed close to the mid-point of the beams (the distances
were larger by about 1 cm when the antennas were instead placed close to the shelves;
this di!erence was due to the bending of the beams under the antennas’ weight).

The distance between the antennas varied from 0.28 to 4.08 m with steps of 0.2 m,
so each measurement series consisted of measurements taken at a total of 20 distances.
The measurements in each series were taken in a randomized order, so that they could be
treated as independent. At every distance in each series, three radar measurements were
taken. Note that the distance between the transmitter and the mid-point of the beams
and the distance between the mid-point of the beams and the receiver were kept equal,
so that the same point on the ice surface was used as the reflection point throughout the
experiment.
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Figure 3: Photo of the directivity experiment setup. One antenna is placed upside down on the
ground with the other antenna hanging over it between two wooden beams.

At the end of the experiment, a hole was drilled in the ice at the reflection point to
measure the thickness of the ice layer, which was found to be 44.8 cm.

3.2 Directivity Experiment Setup

Before analysis of the ice experiment could be performed, the antenna directivity of the
radar equipment used in the experiment had to be mapped. For that purpose, another
experiment, the directivity experiment, was conducted.

The experiment was conducted in an inner courtyard and the temperature at the time
of the experiment was about 15!C. In the experiment one antenna was placed upside down
on the ground with the other antenna hanging over it between two wooden beams (Figure
3), similarly to the setup of the ice experiment. This experiment was constructed for the
radar pulses to travel between the transmitter and the receiver without any reflection,
which would have a!ected the resulting amplitudes in a way that would have been di"cult
to control.

The antenna on the ground was used as the transmitter and the second one as the
receiver. The antennas were the same as in the ice experiment and the direction of the
transmission and of the reception (compared to the orientation of the transmitter and
the receiver) were also the same, so that directivity could be considered as a function of
the angles #T and #R, which were equal (see Figure 4).

The antennas were initially placed so that the receiver was located precisely over
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(a) The ice experiment. (b) The directivity experiment.

Figure 4: Comparison between the wave paths in the experiments. Note that the direction of
the transmission and of the reception is the same in the two experiments (compared to the
orientation of the antennas).

the transmitter. After measurements were taken, the receiver antenna was moved (to
the right in Figure 3) in steps of 2.5 cm until the total horizontal distance between the
antennas reached 2.10 m; at each step three radar measurements were taken. With all
these steps of the experiment performed, the whole experiment was repeated three times
with the beams at three di!erent heights, giving the vertical antenna separations 0.77,
1.21 and 1.66 m.

3.3 Data Analysis

This section describes how the data from the two experiments was analyzed using the
equations (12), (7), (8) and (11). As the results from the directivity experiment were
required for the analysis of the data from the ice experiment, the data from the former
was analyzed first.

Directivity experiment

Let us recall that the purpose of the directivity experiment was to map the term A0DTDR

as a function of angle #T (with #R = #T , see Figure 4). The first step was to identify
the points in the traces where the amplitudes were measured; the largest (by absolute
value) extremum was chosen. Further, mean amplitude values for every group of three
measurements corresponding to each antenna position were calculated. After that, the
lengths of the wave propagation paths connecting the transmitter and the receiver, as well
as the angles between each path and the normal to the underside of the corresponding
antenna, were calculated from the vertical and horizontal distances between the antennas.

With all the angles and distances available, equation (12) was used to calculate
A0DTDR for every measurement point in the experiment. These values were then plotted
against the corresponding angles for each of the antenna heights in the experiment. A
polynomial of degree 3 was then fitted to each dataset using the least squares method
(Figure 5):
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Figure 5: Fitted polynomial curves for A0DTDR together with the corresponding experimental
data, separately for each height. In the last subplot all three fitted curves are plotted together
for comparison.

A0DTDR(#T ) = 103
,

75 #3T # 163 #2T + 22 #T + 112
-

(13)

This formula is valid for #t ( [0!, 60!]

We can see that the values from the two experiments with the larger vertical antenna
separation, 1.21 and 1.66 m, follow roughly the same curve, but the curve from the
experiment with the smallest separation, 0.77 m, has a di!erent shape in the range from
0! to about 30!. This could be due to near-field e!ects. However, the lengths of the
travel paths in the ice experiment are closer to the heights for the two upper curves than
to the height for the lower curve. Hence, we choose to fit a curve to the data from both
these two experiments and use that in the analysis of the ice experiment to provide the
values of A0DTDR for a given angle.
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Ice experiment

The first step was to calculate the length of the travel path of the reflected radar wave
for each measurement, together with the corresponding incidence angle. These were
calculated from the antenna separations and antenna heights. It should be noted that
the data from the first measurement series was corrupted3, which led to having 4 sets
of data from the 2.03 m height and 5 sets from the 1.14 m height. The angles and the
distances together with the resulting amplitudes (measured in the same way as in the
directivity experiment, see above) were now available.

The next step in the analysis was to calculate the electrical permittivity of the lake
ice for every possible pair of measurements with di!erent incidence angles (separately
for each antenna height hair). We considered pairs of measurements instead of individ-
ual measurements to eliminate the e!ective source amplitude A0 and thus overcome the
problem that the e!ective source amplitude could be di!erent in the directivity and the
ice experiments. The measured amplitudes and incidence angles were, together with the
length of the radar wave travel path and a value of A0DTDR (calculated using the func-
tion of transmission/reception/incidence angle established in the directivity experiment),
substituted into equation (7). Each two measurements gave use two variants of equation
(7), and by dividing one of these equations by the other one, we eliminated the e!ective
source amplitude. The resulting single equation was then solved numerically for electrical
permittivity of ice.

Finding the true electrical permittivity of ice

The true electrical permittivity of the ice was determined from the di!erence in two-way
travel time of radar pulses reflected from the ice and the water surfaces. The calculations
were performed using equation system (8) together with equation (11). The true electrical
permittivity of ice was determined as the average value for all measured radar pulses and
was equal to 3.27.

4 Results

In total, about 4000 values of electrical permittivity are calculated for the experiment
with the antenna height of 1.14 m and about 2500 values for one with the height of 2.03
m. For each pair of incidence angles there are 25 (for 1.14 m height) and 16 (for 2.03 m
height) possible combinations of observations. To evaluate the accuracy of the proposed
method, we plot the number of values we consider acceptable (within 10% interval of the
true electrical permittivity of the ice), separately for each height (Figure 6). The values
on the x- and y-axes represent di!erent incidence angles (as two di!erent angles were
used for each estimation). Note that all the values are concentrated in the lower-right

3One value was missing and it could not be attributed to a specific measurement, making it impossible
to attribute the other measurements correctly and thus corrupting the whole dataset.
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(a) Antenna height 1.14 m. (b) Antenna height 2.03 m.

Figure 6: The number (out of 25 possible in (a) and out of 16 possible in (b)) of estimated
permittivity values within 10% interval of the true permittivity, plotted against two incidence
angles.

triangle of the plot, since there are the same combinations of angles in the upper-left and
lower-right triangles, and all those are plotted in the latter.

We would have hoped that there would exist an interval of incidence angles and/or
an interval of angle di!erence, for which the proposed method for estimation of electrical
permittivity would produce acceptable results. This would translate into a (continuous)
region on the plot where a large share of observations produce acceptable results. As
this is not the case, the results are clearly far from satisfactory. Indeed, in Figure 6a,
the largest number of acceptable permittivity values for one pair of angles is 15 out
of 25. Furthermore, over 50% of all pairs do not produce a single acceptable value of
permittivity. The corresponding values in Figure 6b are not better: even though there
are more pairs with acceptable values of permittivity, the largest number of acceptable
permittivity values for one pair of angles is only 4 out of 16.

Let us now study the amplitudes closer by looking at four di!erent radar traces
measured at the incidence angles 6.8!, 14.9!, 24.9! and 35.4! (Figure 7). All graphs are
from the fourth dataset with the antenna height of 2.03 m.

As can be seen in Figure 7, the residual energy from the direct wave is clearly a!ecting
the reflected wave. Part of this is antenna ring-down (reflections inside the antennas),
part appears to be external reflections, especially for the small incidence angle. The
reflections are probably from the other antenna since the incidence angle is small when
the antennas are placed close to each other. For small angles (up to 10!) the maximum
amplitudes of the residual energy are about one-third of the maximum amplitude of the
reflected wave, and for larger angles it is about 10%. The corresponding graphs for the
experiment with the lower antenna height show that the error from the residual energy
there is larger, about 20%.

The presented results demonstrate that the values of electrical permittivity of ice
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Figure 7: Traces of radar pulses reflected from the lake ice with the incidence angles 6.8!,
14.9!, 24.9! and 35.4!, with approximative maximum residual energy a!ecting the reflected
waves marked out with dotted horizontal lines. The first wave visible in each picture is the
direct wave, the second is the wave reflected from the ice (the one we are interested in) and the
third is the wave reflected from the water beneath the ice. All traces are from the same dataset,
with the antenna placed 2.03 m above the ice.

estimated from angle-dependent reflectivity are unsatisfactory, i.e. that the accuracy
in radar amplitude measurements in the conducted experiment was not su"cient. Our
analysis of radar traces indicates that this is due to the residual energy from the direct
wave interfering with the reflected wave.

5 Discussion

This section discusses errors in experiment setup and the ways to improve the proposed
method for estimating electrical permittivity from radar wave attenuation via angle-
dependent reflectivity.

The first type of errors to be discussed is errors in the measuring of the antenna
heights and separations. As the heights were measured when the antennas were placed
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close to the mid-points of the beams, the antenna height was (due to the bending of the
beams) greater by about 1 cm when the antennas were placed at the ends of the beams.
Besides, measurement errors were also present; however, these errors could not be larger
than 1 cm. As for the antenna separations, they were measured using prepared distance
markings on one of the beams. The markings were all measured from the mid-point of the
beam, so possible measurement errors would not be added to each other, and neither of
the errors could have been larger than a few millimeters. These errors in the heights and
separations were, however, relatively small when compared to the measured distances,
which meant that the incidence angles and wave paths calculated from them were not
greatly a!ected. This reasoning is valid for the ice experiment; however, the reasoning
for the errors in the measuring of the distances in the directivity experiment is analogous.

The next type of errors to be discussed is interference. This type of errors was more
likely to be found in the ice experiment than in the directivity experiment as reflected
pulses were measured there; therefore, only the ice experiment will be discussed here. The
most serious interference that could occur was when the di!erence between the length
of the direct and reflected wave paths was so small that the waves started to interfere
with each other. When analyzing traces from the ice experiment, it can be seen that
this type of interference occurred in the experiment with the 1.14 m antenna height (the
lower height) for large incidence angles, larger than 45!.

Besides this kind of interference, there are other types of interference that could
take place, namely, interference from radar waves reflected from other objects in the
antennas proximity. However, this type of interference was minimized by conducting
the experiment outdoors, where there were no walls and hardly any other objects for
the radar pulses to reflect from. The only objects that radar pulses could reflect from
were the wooden beams, the plastic shelves, the people conducting the experiments,
and the antennas themselves. However, the beams were rather thin, so the bottoms
of the antennas were below the edge of the beams and thereby the risk of interference
caused by them was reduced. Moreover, both the beams and the shelves were made
of non-conducting materials, which reduced the e!ect of possible reflections from them.
Furthermore, the people conducting the experiment were not a!ecting the measurements;
this was ensured by conducting a smaller test to see how close a person could get to the
antennas without a!ecting the measurements. On the other hand, the interference from
radar waves reflecting inside the antennas, the ring-down, is generally very hard to prevent
and this is probably the main reason why considerable errors are seen in the results.

So how can the proposed method be improved? The most important issue to be
solved is minimization of the ring-down from the direct waves. It is likely that the ring-
down will be somewhat reduced if the antennas are placed on another medium than air,
since they are built and tested for measurements in mediums with electrical permittivity
typical for the ground. It is also possible to use antennas that produce less ring-down
than the ones used in our experiment.
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6 Conclusions

In this paper, we have presented a method for estimating the electrical permittivity of
the ground under a snowpack from a common mid-point survey of the snowpack. The
method involves determining electrical permittivity via angle-dependent reflectivity of the
snow/ground interface, from attenuation of radar pulses reflected from it with di!erent
incidence angles.

Further, we have presented the results of an experiment conducted to test if the ac-
curacy of radar wave amplitude measurements is su"cient for this method. The experi-
mental results show that estimation of electrical permittivity obtained with this method
is sensitive to the accuracy of measured amplitudes. We have observed problems when
residual energy, such as antenna ring-down, interferes with the reflected wave. Moreover,
the di!erence in the travel distances between the direct wave and the reflected wave has
to be large enough to avoid interference.
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Abstract

Snow water equivalent (SWE) of a snowpack is an important input to distributed snow
hydrological models used for runo! predictions in areas with annual snowpacks. Since
the conventional method of manually measuring SWE is very time-consuming, more
automated methods are being adopted, such as using ground penetrating radar operated
from a snowmobile with SWE estimated from radar wave two-way travel time. However,
this method su!ers from significant errors when liquid water is present in the snow. In
our previous work, a new method for estimating SWE of wet snowpacks from radar wave
travel times and amplitudes was proposed, with both these parameters obtained from
a common mid-point survey. Here we present a custom ray-based model of radar wave
propagation through wet snowpacks and results of MATLAB simulations conducted to
investigate the method’s sensitivity to measurement errors and snowpack properties. In
particular, for a single-layer snowpack up to 2.1 m deep and with liquid water content
up to 4.5% (by volume), the simulations indicate that SWE can be estimated with an
error of ±5% or less if (a) the noise (measurement errors) in resulting amplitude has a
standard deviation less than 15% and (b) the noise in two-way travel time has a standard
deviation less than 0.075 ns (22.5% and 0.15 ns for a snowpack less than 1.3 m deep).

KEY WORDS ground penetrating radar; snow water equivalent; liquid water content;
wet snow; common mid-point method; MATLAB simulations

1 Introduction

Reliable estimates of snow water equivalent (SWE) over large areas constitute an impor-
tant input to distributed snow hydrological models used for predicting snowmelt runo!s
(see examples of models in Arheimer et al., 2008; Kolberg and Gottschalk, 2006; Udnæs
et al., 2007; Taurisano et al., 2007). Such predictions are essential for hydropower indus-
try, as an e"cient energy production in areas where snow is a substantial part of total
precipitation is dependent on accurate runo! forecasts. SWE data over large areas can
also be used for other applications in hydrological and glaciological research (e.g. mass
balance studies of glaciers and polar ice caps, Spikes et al., 2004).

Estimates of SWE over large areas can be obtained from remote sensing data gath-
ered from satellites or aircrafts. These methods typically su!er from low accuracy and
resolution problems, hence they need to be validated and calibrated with “ground-truth”
measurements, which can be conducted to obtain the distribution of SWE over time or
in space (Lundberg et al., 2010).

The traditional method for obtaining spatial distribution of snow data is to conduct
manual point measurement of SWE following lines traversing a representative terrain
of the area of interest (so-called snow courses) (Singh and Singh, 2001). This method,
however, is very time-consuming and so more automated measurement methods have
gained popularity in recent years.

One semi-automatic method involves using ground penetrating radar (GPR) operated
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from a snowmobile. Here SWE is estimated via empirical formulas from the two-way
travel time, i.e. the time it takes a radar wave to travel from the transmitter through the
snowpack and back to the receiver (see e.g. Andersen et al., 1987; Sand and Bruland,
1998). However, if liquid water is present in the snow, this method su!ers from substantial
errors when liquid water content is unknown (Lundberg and Thunehed, 2000).

To address this problem, at least two di!erent methods for estimating liquid water
content have been proposed. Both methods rely on using a multi-channel radar system to
conduct a common mid-point survey of the snowpack at each point along a measurement
profile. The first method was proposed by Bradford et al. (Bradford and Harper, 2006;
Bradford et al., 2009) and relies on measuring frequency-dependent attenuation of radar
waves.

In the other method, proposed by the first author of this paper (Granlund, 2009), the
resulting radar wave amplitude is measured and liquid water content and, thereby, SWE
are determined from radar wave attenuation and two-way travel time. However, this
method involves quite a large number of calculation steps, which may make it sensitive
to measurement errors, and the magnitude of this sensitivity is di"cult to estimate.

Here we investigate this method’s sensitivity to di!erent measurement errors, snow-
pack properties, and characteristics of the terrain. To this end, we suggest to model
radar wave propagation through snowpacks of varying depth and structure. To be able
to calculate reflectivity of the snow/ground interface, both the shape of the ground sur-
face and the electrical permittivity of the top ground layer are defined as parameters of
the model. Measurement errors are modeled by adding noise to the calculated values
of two-way travel time and resulting amplitude. These “noisy” values are then used as
inputs to the SWE estimation method, and the obtained estimates of SWE are compared
to the values calculated in the model, allowing us to draw conclusions on the method’s
applicability and on the e!ect that measurement errors have on its accuracy.

A number of numerical methods for modeling GPR data have been proposed, such as
ray-based methods (Cai and McMechan, 1995), frequency-domain methods (Powers and
Olhoeft, 1994), and finite-di!erence time-domain techniques (Irving and Knight, 2006).
Our model is based on Cai and McMechan’s ray-based model, but it has been modified
and extended to accommodate the specific requirements discussed above. This model
was chosen because it is relatively simple and easy to adapt. At the same time, it should
be accurate enough to provide preliminary results about the applicability of the proposed
method, with final verification conducted using field tests (which will be presented in a
separate paper).

In this paper, we present the method for SWE estimation first proposed in Granlund
(2009), the model of radar wave propagation through a wet snowpack, and the results of
MATLAB simulations of the model.
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Figure 1: The procedure for estimating snow water equivalent. The steps S1–S5 are described
below.

2 Suggested Method for Estimating SWE of Wet
Snowpacks

The method for estimating SWE of wet snowpacks, suggested in the licentiate thesis by
Granlund (2009), relies on a common mid-point survey conducted for each measurement
point, with radar antennas positioned directly on the snow surface. From radar data
collected in the survey, both resulting amplitude and two-way travel time for at least two
radar wave paths can be obtained1. We further assume that the e!ective source amplitude
A0 (-) has been established with a reference measurement and that the directivity of the
transmitter(s) DT (-) and the receiver(s) DR (-) are known as functions of the angle
of transmission and reception $ (rad). With antennas positioned directly on the snow
surface, directivity is also dependent on relative e!ective electrical permittivity of snow
"snow (here and below " denotes relative electrical permittivity).

The steps of the procedure for estimating SWE are described below and presented
schematically in Figure 1.

Step 1. A common mid-point survey allows us to determine snowpack depth hsnow (m)
and relative e!ective electrical permittivity of snow "snow from radar wave two-way
travel times twt (s) and distances between the antennas S (m). In the common
mid-point method, the snowpack is treated as single-layer and the snow and ground
surfaces are assumed to be parallel. Under these assumptions, we also obtain the
travel path length d (m) and the angle $ (rad) for each travel path of radar pulses;
a single angle characterizes the angles of transmission and reception as well as the
incidence angle at the snow/ground interface.

1Using more than two measurements for each point results in an over-determined system of equations.
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Step 2. For radar antennas placed on the snow surface, the measured amplitude of a
reflected wave can be expressed as (Cai and McMechan, 1995):

A =
A0DTDRR

G
e"!d, where % =

&snow

2

.

µ0

"0"snow
(1)

Here G is geometrical spreading (-), R is reflectivity of the snow/ground interface
(-), &snow is e!ective electrical conductivity of snow (S/m), µ0 is magnetic perme-
ability (H/m) and "0 is electrical permittivity (F/m) of free space. The e!ective
values of conductivity and permittivity have to be used since the snowpack may
not be homogeneous.

In a homogeneous snowpack, the amplitude of a spherical wave decreases as r"1

where r is the radius of the sphere (Cai and McMechan, 1995), so the geometrical
spreading term G is equal to the travel path length d. Further, reflectivity can be
expressed from Fresnel equations using Snell’s law. The transmitter and receiver
antennas should be placed so that radar waves are either s-polarized (with electrical
field vector perpendicular to the plane of incidence) or p-polarized (with electrical
field vector parallel to the plane of incidence), and then for an incidence angle $
(rad) we have:

R =
cos$#

3

"ground

"snow
# sin2 $

cos$+
3

"ground

"snow
# sin2 $

(2)

for an s-polarized wave and

R =
cos$#

3

"ground

"snow
# "2

ground

"2snow
sin2 $

cos$+
3

"ground

"snow
# "2

ground

"2snow
sin2 $

(3)

for a p-polarized wave. Here "ground is relative electrical permittivity of the top
ground layer.

Reflectivity can be substituted into equation (1), which yields one equation with
two unknowns: e!ective electrical conductivity of snow and electrical permittivity
of the ground. Considering two radar pulses reflected from the same point on the
ground with di!erent angles of incidence, we obtain a system of two equations with
two unknowns, which can be solved numerically.

Step 3. Volumetric liquid water content of the snowpack #water (vol.%) can now be deter-
mined from the experimentally established relationship between e!ective electrical
conductivity of snow &snow (S/m) and snow wetness (Granlund et al., 2010):

&snow = 0.001 + 0.3 #water (4)

Here and everywhere below, #water, #ice, and #air are volumetric content of water,
ice, and air, respectively. In formulas, they are used as factors, i.e. values between
0 and 1.
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Step 4. Relative e!ective electrical permittivity of snow together with snow wetness can
be substituted into Looyenga’s empirical formula for mixtures (Looyenga, 1965):

3
!
"snow = #ice 3

!
"ice + #water

3
!
"water + #air 3

!
"air (5)

Relative electrical permittivity of ice "ice, water "water, and air "air are known
physical constants for a specific radar frequency and temperature (the temperature
of wet snow can be assumed to be 0!C). Since #air = 1 # #water # #ice, we can now
obtain ice and air content. We can then determine snow density !snow (kg/m3):

!snow = #ice !ice + #water !water + #air !air (6)

Here !water, !ice, and !air (water, ice, and air density, kg/m3) are known physical
constants.

Step 5. With snow depth and density known, SWE (m) can be determined from snow-
pack depth and snow and water density using its definition:

SWE =
hsnow · !snow

!water
(7)

3 Model

The model presented here is used to simulate measurements of two-way travel times
and resulting amplitudes of GPR waves traveling through a wet snowpack, either at a
particular point, or at multiple points along a measurement profile. SWE of the snowpack
is also calculated by the model; in the latter case, this is done by integrating over the
whole profile.

This model has a number of limitations. Firstly, it is 2-dimensional, i.e. we only
consider the vertical section of the snowpack defined by the transmitter and the receiver
antennas (the reflection point at the snow/ground interface is assumed to be in that
plane). Secondly, radar waves are always treated as plane waves, i.e. they are assumed
to operate in the far field and near-field e!ects are ignored. Thirdly, the model does not
include scattering from thin layers; although such layers are not uncommon in natural
snowpacks, scattering from them is not expected to significantly a!ect the accuracy of
the proposed method for SWE estimation.

The input parameters for the model are as follows:

• radar equipment properties: antenna frequency, e!ective source amplitude, and
antenna directivity (defined as a function of the transmission and reception angles
and relative electrical permittivity of the top snow layer);

• radar setup: distances between the antennas (two pairs of antennas are required
for the proposed method) and radar wave polarization;

• snowpack properties: stratigraphy, layer thickness, snow density and liquid water
content for each layer (for simplicity, snow surface in the model is always assumed
to be plane);
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• terrain characteristics: relative electrical permittivity of the top layer of the ground
and the shape of the ground surface (defined for all points along the measurement
profile).

As the model is used to test the method for estimating SWE of wet snowpacks, we need
to be able to isolate the factors that may introduce errors in the estimates. Hence when
considering a snowpack with more than one snow layer, the snow/ground interface is
assumed to be parallel to the snow surface, and all snow layers are assumed to be of
constant thickness along the measurement profile.

Below we describe separately the model of the snowpack and the model of radar
wave propagation, and then discuss how measurement errors in two-way travel times and
resulting amplitudes are modeled.

3.1 Model of Snowpack

For each snow layer, relative e!ective electrical permittivity and e!ective electrical con-
ductivity of snow are calculated from the input parameters using equations (5) and (4),
respectively. Relative permittivity of air, water, and ice are known for a radar wave
frequency in the range from 1 MHz to 10 GHz (Frolov and Macheret, 1999). A reference
value of SWE is calculated from density and thickness of each snow layer !snow i (kg/m3)
and hsnow i (m) and from water density !water (kg/m3):

SWE =
:

i

hsnow i · !snow i

!water
(8)

3.2 Model of Radar Wave Propagation

Simulating measurements of two-way travel times and resulting amplitudes of radar waves
requires an accurate modeling of radar wave propagation, including the travel distance
in each snow layer, the incidence and refraction angles for each interface between snow
layers, the incidence angle at the snow/ground interface, and the location of the reflection
point at that interface. When a snowpack consists of multiple layers, there may be a total
reflection from one of the interfaces, which should be detected.

Radar wave two-way travel time

For each snow layer, the velocity of radar waves vi (m/s) is obtained from the relative
electrical permittivity of snow "snow i as vi = c

?!
"snow i , where c is the speed of light

in vacuum (m/s). Together with the travel distance in each layer (obtained as shown
below), this gives us the total travel time from the transmitter down to the ground and
up to the receiver.

Radar wave amplitude

Let us start with the equation describing the resulting amplitude of radar waves traveling
through a multi-layer medium. In the case considered in the model, both the transmitter
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and receiver antennas are placed directly on the snow surface and all measurements are
taken from radar waves that reflect from the snow/ground interface. If we consider each
of the n segments of the radar wave path through the snowpack (n equal to twice the
number of layers), the resulting amplitude A can be written as (Cai and McMechan,
1995):

A =
A0DTDRR

G

n
@

i=1

Tie
"!idi , where %i =

&snow i

2

.

µ0

"0"snow i
(9)

Here A0 is e!ective source amplitude, DT and DR are directivity of the transmitter and
receiver antennas, R is reflectivity of the snow/ground interface, and G is geometrical
spreading. For each radar path segment i = 1, . . . , n (counted from the transmitter), we
have travel distance di, e!ective electrical conductivity of snow &snow i, relative e!ective
electrical permittivity of snow "snow i, and transmission coe"cient Ti for the interface
between snow layers i # 1 and i (we set T1 = 1 and Tn/2+1 = 1 since these are not
interfaces between di!erent snow layers).

E!ective source amplitude and directivity are input parameters to the model. Reflec-
tivity and transmission coe"cients are given by Fresnel’s equations (Reitz et al., 1993).
Geometrical spreading can be calculated by integration along the ray path (Cai and
McMechan, 1995):

G =

A

B

B

Cd1 +
n
:

i=2

*

di

i"1
@

m=1

vm+1

vm

cos2 $m

cos2 $m+1

+

A

B

B

C

1

v1

n
:

i=1

divi (10)

Here $m and $m+1 (rad) are the incidence and refraction angles for the interface between
the segments m and m+ 1, and vm and vm+1 (m/s) are corresponding velocities. In the
case of a single-layer snowpack (n = 2), geometrical spreading will be equal to the travel
distance in snow.

Travel distances, angles, and location of reflection point

Determining two-way travel time and resulting amplitude requires knowing transmission
and reception angles, travel distance in each snow layer, incidence and refraction angles
for each interface between snow layers, as well as reflectivity of the ground. To calculate
reflectivity, both the angle of incidence at the snow/ground interface and the relative
electrical permittivity of the ground are needed. The latter is an input parameter to the
model, but since it can vary between di!erent points of the ground surface, we need to
know the reflection point. To determine all these parameters, let us separately consider
the case when the snow surface is parallel to the snow/ground interface and the case
when it is not parallel.

Ground surface parallel to the snow surface
In this case, since the snow surface is parallel to the ground surface and we have stipulated
that each snow layer has a constant thickness, the reflection point at the snow/ground
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Figure 2: Radar wave path from the transmitter (T) to the receiver (R) through a multi-layer
snowpack with all interfaces parallel to the snow surface. The incidence and refraction angles
are marked for each interface. The one-way travel distance in the i-th snow layer is di and the
layer thickness is hsnow i. The distance between the antennas is S.

interface will always be right in the middle between the transmitter and the receiver. It
also means that the wave paths around the reflection point will be symmetric, so we only
have to consider the wave path from the receiver to the ground and then mirror it (see
Figure 2).

Let us start by expressing all the angles $i, where i = 1, . . . , k and k is the number of
snow layers, as functions of the transmission angle $1 (see Figure 2); the incidence angle
at the snow/ground interface is equal to $k. From Snell’s law we have:

$i = sin"1

!

sin$i"1

.

"snow i"1

"snow i

"

, where i = 2, . . . , k (11)

Using these expressions for the angles $i we have:

S = 2
k
:

i=1

hsnow i tan$i (12)

where S (m) is the distance between the transmitter and the receiver, and hsnow i is
the thickness of i-th snow layer, counted from the top (see Figure 2). Using equation
(11) with the e!ective electrical permittivity for each layer calculated from water and ice
content using equation (5), S can be expressed as a function of one variable $1.

Since S is an input parameter to the model, by solving equation (12) we obtain $1

(unless there is a total reflection from one of the interfaces between the snow layers,
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Figure 3: Radar wave path from the transmitter (T) to the receiver (R). The path vectors v1 and
v2 and the tangent vector k are marked. The angles between the path vectors and the tangent
line are equal, '1 = '2.

which is detected). Then the other angles $i can be obtained using equation (11), and
the travel distance in each layer can be obtained from the corresponding incidence angle
and layer thickness.

Thus all the required parameters, i.e. the transmission and reception angles, the
travel distance in each snow layer, the incidence and refraction angles for each interface
between snow layers, the angle of incidence at the snow/ground interface, and the reflec-
tion point on the ground are obtained.

Ground surface not parallel to the snow surface
This case is more complicated since there is no way to directly determine the reflection
point at the snow/ground interface. Moreover, we cannot guarantee the uniqueness or
even the existence of such a point. Recall, however, that we assume that the snowpack
in this case consists of a single snow layer; this allows us to to study the e!ect of ground
surface not being parallel to the snow surface in isolation from other sources of errors.

Let us consider a snow/ground interface with an arbitrary shape f(x), where x is the
distance along the measurement profile. The path of a radar wave from the transmitter
at the point (x1, y1) to the receiver at the point (x2, y2), reflecting from that interface at
the point (a, f(a)), is shown in Figure 3.

We will need the vectors v1 = (x1#a, y1# f(a)), from the ground to the transmitter,
and v2 = (x2 # a, y2 # f(a)), from the ground to the receiver, as well as the tangent
vector k = (1, f #(a)). Since the angle +1 between the tangent line and the incoming wave
is equal to the angle +2 between the tangent line and the reflected wave, we obtain:

v2 · k
|v2|

= #
v1 · k
|v1|

(13)

The reflection point (a, f(a)) is then found by numerically solving this equation.
Knowing the reflection point, the transmission, incidence, and reception angles, and the
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travel distance in snow are easily determined. If more than one valid solution can be
found, we choose the one giving the shortest travel distance.

Note that for some shapes of the ground surface there may be no solution when
antennas are positioned at certain locations. Moreover, some solutions may have no
physical meaning. For example, if the ground surface is represented as a polynomial
function fitted to snow depths within a defined profile, reflection points outside that
profile make no sense. Another example of an invalid solution is when the wave path
crosses the ground surface at some point. Such cases are detected by the model.

3.3 Modeling Measurement Errors

As the proposed method for estimation of SWE in wet snowpacks relies on two measured
parameters, radar wave two-way travel time and resulting amplitude, the model should
include possible measurement errors in both of them. Modeling measurement errors is
achieved by adding a normally distributed random noise to the values of travel time
and amplitude calculated by the model. The standard deviation of the noise can be
varied to investigate how large measurement errors can become without compromising
the accuracy of the proposed method.

Modeling measurement errors in travel time is done by adding an absolute noise to
the value of two-way travel time. This can be compared to the error margin of specific
radar equipment, which is independent of the measured travel time and dependent on
the sampling frequency and on the accuracy of the so-called “time zero correction”.

Modeling measurement errors in amplitude is done by adding a relative noise to
the value of resulting amplitude. This can be compared to the margin of error in real
measurements, which depends both on the error in selecting the correct point of the radar
trace and on the magnitude of radar wave amplitude.

4 Simulation

In this section we present the values of input parameters of the model that remained con-
stant in our simulations and describe the simulation procedure. The specific simulation
cases are covered in the next section.

4.1 Simulation Parameters

Radar equipment properties

The frequency of the antennas modeled in the simulations was set to 800 MHz, which
is one of typical radar frequencies used in surveys of annual snowpacks. The other
equipment properties are e!ective source amplitude and directivity of the transmitter
and receiver antennas. Both in the model and in the estimation of SWE, we combine
these three terms in a single function A0D (-) of the transmission angle $ (rad), obtained
experimentally for a pair of shielded 800 MHz GPR antennas for the case when the
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Figure 4: Experimentally obtained A0D as a function of the transmission angle, equal to the
reception angle.

transmission and reception angles are equal and lie in the interval (0, '/3) (see Granlund,
2009):

A0D($) = 103(75$3 # 163$2 + 22$+ 112) (14)

A graph of this function is presented in Figure 4.
Obtained with radar waves traveling through air, this function does not include the

e!ect of the electrical permittivity of the top snow layer on antenna directivity. As that
permittivity may be di!erent in the model and the common mid-point calculations, by
ignoring it we exclude a possible source of error in the estimated SWE.

In addition, using this function in the case when the ground surface is not parallel to
the snow surface (and the reception angle is not equal to the transmission angle) a!ects
the di!erence between modeled and estimated SWE. This, however, should be negligible
compared to the e!ect of errors in snowpack height calculated with the common mid-
point method, which operates under the assumption of the ground surface parallel to the
snow surface.

Radar setup

Two pairs of transmitter/receiver antennas separated by two di!erent distances are re-
quired by the proposed SWE estimation method. The larger the di!erence in distances,
the better accuracy can be achieved (as long as the change in transmission angle does not
lead to a significant decrease in amplitude due to antenna’s radiation pattern). Firstly,
a larger di!erence in distances leads to a larger di!erence in two-way travel times, which
is important for obtaining accurate estimates of snow depth and permittivity. Secondly,
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it results in a larger di!erence between the incidence angles at the snow/ground inter-
face, which should produce a more accurate estimate of the electrical permittivity of the
ground.

In the simulations presented in this paper, the antenna separations were set to 0.14
and 2.00 m, chosen as a realistic antenna setup. The antennas were assumed to be
positioned in such a way that the waves were s-polarized.

Electrical permittivity of the ground

Relative electrical permittivity of the top ground layer was kept equal to 9. This value is
within the natural range; additional simulations have shown that as long as permittivity
of the ground is considerably higher than permittivity of snow, this does not substantially
a!ect simulation results.

4.2 Simulation Procedure

The simulations were performed in MATLAB. For each set of snowpack parameters (total
depth, stratigraphy, layer thickness, water and ice content in each layer) and terrain
characteristics, we modeled two radar measurements needed for a common mid-point
survey. The model gave us the “real” values of resulting amplitude and two-way travel
time. In some simulation cases, we further added random noise2 to amplitude, travel
time, or both, which gave us two “observed” values of amplitude and two “observed”
values of travel time. These values were then used as input to the proposed method
for SWE estimation, and the resulting value of SWE (SWEestimated) was compared to
the “real” value of SWE (SWEmodeled), calculated in the model using equation (8). The
relative error was calculated as:

SWEerror =
SWEestimated # SWEmodeled

SWEmodeled
(15)

Often we are only interested in the absolute value (modulus) of the error; everywhere
below, we will specify if we talk about a relative error or its absolute value.

In simulation cases with modeled measurement errors, we varied the standard devi-
ation of random noise added to amplitude and/or two-way travel time (Table 1). For
each value of standard deviation, the calculations were performed 20 times with di!er-
ent random values of normally distributed noise (or 20&20 times if noise was added to
both amplitude and travel time). This gave us 20 (or 400) di!erent values of error in
SWE estimation; an average of these is presented in this paper. This can be compared
to how real data is normally obtained in field measurements, with measurement errors
a!ecting the observed values in di!erent directions; some kind of aggregation can then
be performed, which smoothens the e!ect of the largest errors.

2randomized using the MATLAB function randn
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Table 1: An overview of the simulation cases. When applicable, the minimum value, the step,
and the maximum value are specified, separated by colons.

Case Water content, Ice content, Layer thickness, Std. dev. of Std. dev. of
vol.% vol.% m noise in A, % noise in twt, ns

A 0:0.5:4.5 20:5:30 1 layer, 0.9 0:2.5:75
B 0:0.5:4.5 20:5:30 1 layer, 0.9 0:0.05:1.0
C 0:0.5:4.5 20:5:30 1 layer, 0.9 0:7.5:45 0:0.05:0.3
D 0:0.5:4.5 20:5:30 1 layer, 0.3:0.2:2.1 0:7.5:45
E 0:0.5:4.5 20:5:30 1 layer, 0.3:0.2:2.1 0:0.025:0.3
F "w top = 0:0.5:4.5 20:5:30 htop = 0.3:0.1:0.8

"w bot = 0 hbot = htop

G "w top = 0 20:5:30 htop = 0.3:0.1:0.8
"w bot = 0:0.5:4.5 hbot = htop

H "w top = 0:0.5:4.5 20:5:30 htop = 0.3:0.1:0.6
"w bot = 0 hbot = 0.9#htop

I "w top = 0 20:5:30 htop = 0.3:0.1:0.6
"w bot = 0:0.5:4.5 hbot = 0.9#htop

Ja 0:0.5:4.5 20:5:30 1.2 (average)

aSlope of the ground surface (relative to the snow surface) is 0:1:45!.

5 Results and Discussion

In total, eight simulation cases were considered (see Table 1). The values of ice and
liquid water content were kept within their respective natural ranges. The resolution
and intervals of standard deviation of added random noise were adjusted in each case to
minimize the number of cases to consider while providing a su"cient basis for drawing
conclusions.

First, we considered a single-layer snowpack 0.9 m deep, with the ground surface
parallel to the snow surface. The e!ects of measurement errors in resulting amplitude
and two-way travel time were studied separately (cases A and B) and in combination (case
C). In addition, we investigated the e!ect of snowpack depth combined with measurement
errors in amplitude (case D) and travel time (case E). Snowpack depth varied from 0.3 m
(which in dry snow corresponds to about one wave length for radar frequency 800 MHz)
to 2.1 m (which is close to the larger antenna separation).

Our next step was to study snowpacks with distinct snow layers. To limit the number
of cases, we only considered two-layer snowpacks (our results cannot be simply extended
to the case of 3 and more layers, but we can establish some limits of applicability of the
suggested method for estimating SWE). Both the interface between the layers and the
ground surface were assumed to be parallel to the snow surface. At first, we varied liquid
water content in both layers, but it became clear that the di!erence in water content
between the layers is much more important than the actual amounts of liquid water.
Hence here we present the results of simulations when one of the layers contained dry
snow (bottom layer in cases F and H, top layer in cases G and I). In cases F and G, both
layers were of equal thickness (which varied from 0.3 to 0.8 m). In cases H and I, the
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total snowpack depth was kept constant (0.9 m) and the thickness of the top layer varied
from 0.3 to 0.6 m. Measurement errors were not considered in these simulation cases.

Finally, we considered the e!ect of the ground surface not being parallel to the snow
surface (case J). In this case, the main factor a!ecting the accuracy of estimated SWE
is the di!erence in the position of the reflection point compared to the position assumed
in the common mid-point method (in the middle between the antennas). This results in
an incorrect estimate of the snowpack height and hence the travel distance in snow as
well as the angles of transmission, incidence, and reception. To analyze the e!ect of this
factor, it is su"cient to consider the case of a plane ground surface located at an angle
to the snow surface. The snowpack depth at the mid-point between the transmitter and
the receiver was kept constant (1.2 m), which guaranteed constant reference values of
SWE. We did not consider measurement errors or presence of snow layers.

In each case, the relative error in SWE was plotted and conclusions were drawn from
the graphs. Due to the large number of graphs obtained in the simulations, here we only
present a selection needed to exemplify how they were analyzed. For example, we only
show the graphs for ice content of 30% by volume, although in all cases, simulations for
ice content of 20%, 25%, and 30% were conducted and all the results are discussed.

We established early on that the modulus of relative error in SWE estimated with the
proposed method cannot be kept significantly below 5% in the presence of measurement
errors, hence we focused on establishing the intervals of simulation parameters that would
keep the error below this threshold.

5.1 Cases A–E: Simulations of Single-Layer Snowpacks

In case A, the relative error in estimated SWE was plotted as a function of liquid water
content and standard deviation of noise added to resulting amplitude. Results for ice
content of 30% are presented in Figure 5. From the graph (b) as well as from correspond-
ing graphs for ice content of 20% and 25% (not presented here), we conclude that SWE
is estimated with an error of ±5% or less when the noise in measured amplitude has a
standard deviation of at most 25%–35%. Here and in all other simulation cases, a higher
ice content results in a higher noise tolerance, since it decreases the e!ect of liquid water
content on the overall electrical permittivity of snow.

In case B, the relative error in estimated SWE was plotted as a function of liquid
water content and standard deviation of noise added to two-way travel time. Results for
ice content of 30% are presented in Figure 6. The conclusion drawn from analyzing the
graphs for all ice contents is that SWE is estimated with an error of ±5% or less when
the noise in measured two-way travel time has a standard deviation of at most 0.15 ns.

In case C, the relative error in estimated SWE was plotted as a function of standard
deviation of noise added to two-way travel time and resulting amplitude, separately for
each value of liquid water and ice content. The resulting 30 graphs are not presented here,
but the conclusion is that in the presence of noise in measured travel time, the tolerance
for noise in measured amplitude decreases to at most 15% (22.5% for a higher ice content).
For this range of noise in amplitude, the acceptable level of noise in measured travel time
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Figure 5: Relative error in estimated SWE in a single-layer snowpack with ice content 30% as
a function of liquid water content ("water) and standard deviation of noise added to resulting
amplitude (A). In graph (b), each point of the grid corresponds to a conducted simulation; the
areas where the modulus of relative error in SWE is less than 5% are marked in green.
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Figure 6: Relative error in estimated SWE in a single-layer snowpack with ice content 30% as
a function of liquid water content ("water) and standard deviation of noise added to two-way
travel time (twt). In graph (b), each point of the grid corresponds to a conducted simulation;
the areas where the modulus of relative error in SWE is less than 5% are marked in green.
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remains at 0.15 ns. In addition, we observed that the tolerance for noise decreases
further for liquid water content close to 0%. This indicates that the proposed method is
not particularly suitable for dry snow.

In case D, the relative error in estimated SWE was plotted as a function of snowpack
depth and standard deviation of noise added to resulting amplitude, separately for each
value of ice and liquid water content. As expected from the results of the simulation
case A (snow depth 0.9 m), SWE is estimated with an error of ±5% or less when the
noise in measured amplitude has a standard deviation below 25%–35% (depending on
ice content) and snowpacks depth is 0.9 m or less. For snowpacks up to 1.3 m deep, the
standard deviation of the noise in amplitude cannot exceed 22.5%, and for snowpacks up
to 2.1 m deep, the maximum acceptable standard deviation of noise is only 15%. This
is probably due to a decreased accuracy of the common mid-point method, since the
recommended maximum depth is half the larger antenna separation (which is 2 m in our
simulations).

In case E, the relative error in estimated SWE was plotted as a function of snowpack
depth and standard deviation of noise added to two-way travel time, separately for each
value of ice and liquid water content. We conclude that SWE is estimated with an error
of ±5% or less for any snowpack depth in the whole modeled range from 0.3 to 2.1 m
and for all considered ice contents when the noise in measured travel time has a standard
deviation of at most 0.075 ns. This limitation can be relaxed to at most 0.15 ns for
snowpacks characterized by a higher ice content (25%–30%) as well as for snowpacks less
than 1.3 m deep.

5.2 Cases F–I: Simulations of Two-Layer Snowpacks

In these four cases, snow in one of the layers was assumed to be dry. The results,
however, can be interpreted more generally, as additional simulations have shown that
the di!erence in liquid water content between the layers is much more significant than
the actual values of liquid water content. In other words, increasing liquid water content
in both layers by the same percentage (with liquid water content up to 4.5% by volume)
does not significantly a!ect the accuracy of SWE estimates.

In the cases F and G, we modeled a two-layer snowpack with liquid water in the top
(case F) and bottom (case G) layer; both layers were of the same thickness that varied
from 0.3 to 0.8 m. We did not model any measurement errors. For each layer thickness
and ice content, the relative error in estimated SWE was plotted as a function of liquid
water content in the top/bottom layer; an example of the graphs for ice content 30% and
layer thickness 0.5 m is presented in Figure 7.

The results are summarized in Figure 8, where the maximum liquid water content
for which the modulus of relative error in estimated SWE is less than 5% is presented
for each layer thickness and ice content. When liquid water is present in the top layer,
the maximum liquid water content varies from 0.5% to 2%, depending on layer thickness
and ice content; a larger layer thickness (and hence a larger total snowpack depth) and a
higher ice content contribute to a larger maximum value of liquid water content. When
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Figure 7: Relative error in estimated SWE plotted as a function of liquid water content, for
liquid water present in the top layer (a) and the bottom layer (b), ice content 30%, and layer
thickness 0.5 m. The interval of relative error in SWE (–5%,5%) is marked.
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Figure 8: Maximum liquid water content for which the modulus of relative error in SWE is less
than 5%, plotted as a function of layer thickness in a snowpack with two equally thick layers, for
the cases when liquid water is present in the top layer (a) and the bottom layer (b). Ice content
is 20% (red lines and circles), 25% (blue lines and dots), and 30% (black lines and squares).

liquid water is present in the bottom layer and each layer is at least 0.5 m thick, SWE
is estimated with an accuracy of ±5% or better for any values of liquid water content in
the modeled range (0% to 4.5%). For thinner layers, however, the maximum liquid water
content is considerably less.

We observed (see Figure 7) that when water content is present in the top layer, SWE
is overestimated. Conversely, when water content is present in the bottom layer, SWE
is underestimated. This is due to the di!erence between the actual reflectivity of the
snow/ground interface and the reflectivity calculated in the proposed SWE estimation
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Figure 9: Maximum liquid water content for which the modulus of relative error in SWE is less
than 5%, plotted as a function of top layer thickness (with total snowpack depth 0.9 m), for the
cases when liquid water is present in the top layer (a) and the bottom layer (b). Ice content is
20% (red lines and circles), 25% (blue lines and dots), and 30% (black lines and squares).

method. The actual reflectivity depends, for a given permittivity of the ground, on the
e!ective permittivity and hence the liquid water content in the lower layer, while the
calculated reflectivity depends on the e!ective permittivity of the snowpack as a whole.
The di!erence between them will have a di!erent sign depending on whether the e!ective
permittivity of the snowpack is smaller than the permittivity of the lower snow layer,
resulting in over- or underestimation of SWE.

In cases H and I, we also modeled a two-layer snowpack with liquid water in the top
(case H) and bottom (case I) layer. In these cases, the total snowpack depth was kept
constant at 0.9 m and the thickness of the top layer varied from 0.3 to 0.6 m. For each
value of top layer thickness and ice content, the relative error in estimated SWE was
plotted as a function of liquid water content in the top/bottom layer.

The results are summarized in Figure 9, where the maximum liquid water content
for which the modulus of relative error in estimated SWE is less than 5% is presented
for each value of top layer thickness and ice content. When liquid water is present in
the top layer, the maximum liquid water content varies from 0.5% to 1.5%, depending
on layer thickness and ice content. When liquid water is present in the bottom layer,
maximum values of liquid water content are substantially higher. In both cases, not only
a higher ice content leads to a larger maximum value of liquid water content, but we also
observe that as the top layer gets thicker (and hence the bottom layer gets thinner), the
maximum value of liquid water content increases.
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5.3 Case J: Simulations of Single-Layer Snowpacks with Ground
Surface Not Parallel to Snow Surface

In this case, the relative error in SWE was plotted as a function of water content and the
angle between the ground surface and the snow surface, separately for each ice content.
It became clear that the modulus of relative error in SWE estimates is less than 5% for
angles up to 3! when ice content is 20% and for angles up to 4! when ice content is 30%.
The errors in the estimated SWE are mainly caused by incorrect estimates of the radar
wave travel distance. Therefore, we can expect that they will decrease when the total
travel distance increases, as evidenced in the cases F and G.

6 Conclusions and Future Work

We have presented the simulation results conducted to investigate the sensitivity of the
proposed SWE estimation method to measurement errors in resulting amplitude and
two-way travel time; a layered structure of a snowpack (with layers of di!erent thickness
and water content); and the ground surface not being parallel to the snow surface. The
chosen simulation cases allowed us to study these factors separately. Interactions between
the two sources of measurement errors were also considered. In particular, the following
conclusions can be drawn from the results.

Firstly, the proposed method should not be used for dry snowpacks (see case C).
Secondly, SWE of a single-layer snowpack with volumetric liquid water content up to
4.5% and ice content between 20% and 30%, at most 2.1 m deep, can be estimated with
an error of ±5% or less if:

• the noise (measurement error) in resulting amplitude has a standard deviation of
less than 15% (22.5% for snowpacks with higher ice content or less than 1.3 m
deep), and

• the noise (measurement error) in two-way travel time has a standard deviation of
less than 0.075 ns (0.15 ns for snowpacks with higher ice content or less than 1.3
m deep).

This applies to a snowpack with the snow/ground interface parallel to the snow sur-
face, in the case when radar equipment is similar to the one modeled in our simulations
(800 MHz antennas). Note also that the range of snowpack depth for which the proposed
method produces accurate results depends on the di!erence between the two antenna
separations in the common mid-point survey, which in our simulations were 0.14 and 2
m.

Another conclusion is that in a two-layer snowpack, if the upper layer is characterized
by a higher water content than the lower layer, SWE is overestimated. In this case, the
di!erence in water content between the layers has to remain low for the modulus of
the error in SWE to be less than 5%. If the relationship between water content in the
two layers is reversed, SWE is underestimated, and the tolerance for the di!erence in
liquid water content between the layers is significantly higher. Both cases are realistic;
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the former is more common since the snow normally melts from the top, and the latter
can be a result of a re-freezing event. If the conditions are such that snow in the top
layer melts during the day and re-freezes at night, accuracy of SWE estimations can be
increased by conducting measurements early in the morning.

Finally, the proposed method seems to be very sensitive to the snow/ground interface
not being parallel to the snow surface, as the common mid-point method produces an
incorrect estimation of snow depth and radar wave velocity. In a single-layer snowpack,
for the error in SWE to be ±5% or less, the slope of the ground surface (compared to the
snow surface) may not exceed 3–4!. However, it is possible that in reality, the method
is significantly more robust in this respect when SWE is obtained by an aggregation of
multiple estimations along a measurement profile.

The presented simulation results allowed us to assess the sensitivity of the proposed
method for estimation of SWE to some typical sources of error. In the future, they
should be complemented by field experiments and a comparison of the proposed method
to other methods.
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Abstract

Estimates of snow water equivalent (SWE) with ground penetrating radar can be used to
calibrate and validate measurements of SWE over large areas conducted from satellites
and aircrafts. However, such radar estimates typically su!er from low accuracy in wet
snowpacks due to a built-in assumption of dry snow. To remedy the problem, we sug-
gested determining liquid water content from path-dependent attenuation. We present
the results of a field evaluation of this method, which demonstrate that, in a wet snowpack
between 0.9 and 3 m deep and with about 5 vol.% of liquid water, liquid water content
is underestimated by about 50% (on average). Nevertheless, the method decreases the
mean error in SWE estimates to 16% compared to 34% when the presence of liquid water
in snow is ignored and 31% when SWE is determined directly from two-way travel time
and calibrated for manually measured snow density.

KEY WORDS ground penetrating radar; liquid water content; path-dependent attenua-
tion; radar wave propagation velocity; snow water equivalent; wet snow

1 Introduction

Information on seasonal and glacier snow covers is of great interest for many reasons. A
large fraction of the world’s population, about 17%, depend on meltwater from glaciers
or from seasonal snow covers on large mountain ranges (e.g. in the Himalaya and in
the Andes; see Barnett et al., 2005) for their water supply. In the Arctic regions, up to
80% of the river water flow emanates from snow melt (König and Sturm, 1998); in the
Austrian Alps, this fraction amounts to 60% (Escher-Vetter et al., 2009). Moreover, some
of the most severe precipitation-based floods result from rain-on-snow events (Jones and
Perkins, 2010).

Current global warming, which mainly a!ects conditions at high altitudes, also ac-
tualizes the need for information about snow covers. Characterization of snowpacks has
therefore become of interest in many scientific areas. It is vital, for example, for under-
standing climate feedback (Bavay et al., 2009) and frost penetration processes (Lindström
et al., 2002); for estimation of polar and glacier ice mass budgets (e.g. Richardson et al.,
1997); for hydropower management applications (Laukkanen, 2004); for flood forecasts
and flood prevention (e.g. Jones and Perkins, 2010); and for avalanche risk assessment
(Bebi et al., 2009). Snow information is also important for prediction of various aspects of
ecosystems, such as the accessibility of forage for birds of prey, small mammals, reindeers,
etc. (Jones et al., 2001).

Distributed data on snow depth and density and snow water equivalent (SWE) with
a high spatial and temporal resolution are essential for validation of snow drift models
(e.g. Prokop et al., 2008) and runo! snow models (e.g. Lindström et al., 2010). At the
same time, validation of regional and global climate models relies on snow information
with lower demands on spatial resolution.

There is therefore a great need for distributed snow data, mainly for SWE data but
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also for snow depths, density and stratigraphy, from many stakeholders. Such data can
vary substantially both in space and time; for example, the spatial variability is influenced
by a variety of factors such as altitude, latitude, slope angel, wind and solar radiation
exposure, vegetation, etc. (Lundberg et al., 2010). However, today’s measurement tech-
niques do not meet the demands on distributed snow data. The traditional manual
measurements are quite accurate but are typically labor intensive and time consuming.
When measuring from satellites, airplanes or unmanned aircrafts, large areas can be cov-
ered quickly but the results have low accuracy; such methods are therefore dependent on
ground-based measurement techniques for calibration and validation (Lundberg et al.,
2010).

Ground penetrating radar (GPR) has the potential to provide such ground-based
measurements. In a GPR survey, electromagnetic waves propagate through the snowpack
and are reflected from the snow/ground interface (or from layers within the snowpack);
snow depth and density, and thereby also SWE, are traditionally estimated from the
two-way travel time of the radar signal. If a radar system is operated from a vehicle
such as a helicopter or a snowmobile, transects of snow depth and SWE can be obtained
relatively quickly (Andréasson et al., 2001; Marchand et al., 2001; Yankielun et al., 2004;
Marchand and Killingtveit, 2005; Machguth et al., 2006).

When SWE is estimated from radar wave two-way travel time, the linear function
used for estimation should be calibrated for density of a particular snowpack, which
requires one or several manual measurements (e.g. Lundberg et al., 2000; Sand and
Bruland, 1998). In addition, this method typically su!ers from low accuracy when snow
contains even a small amount of liquid water (Lundberg and Thunehed, 2000) since radar
wave propagation velocity, and hence the travel time, is highly dependent on the liquid
water content. This presents a problem because, in a significant number of cases, SWE
measurements have to be conducted on wet snowpacks.

To avoid laborious and time-consuming manual measurements, snow depth and den-
sity can be estimated directly from radar data if radar wave propagation velocity is known
(which can be obtained, for example, with the common mid-point method). While snow
depth can be estimated from velocity and two-way travel time, density is estimated us-
ing some empirical formula that includes ice, air and liquid water content in snow (e.g.
Sihvola, 1999). Hence SWE can be determined if liquid water content is known or can
be assumed to be zero. It is therefore highly desirable to be able to estimate liquid water
content directly from radar data.

At least two di!erent methods have been proposed in recent years, with liquid water
content estimated from radar wave attenuation in snow. One method relies on measuring
the frequency-dependent attenuation of radar waves to estimate liquid water content
(Bradford and Harper, 2006; Bradford et al., 2009). Bradford et al. (2009) tested this
method on a 1.2-m-thick snowpack with average liquid water content of 1.4 vol.%, and the
absolute uncertainty in liquid water content was limited to 0.5 vol.%. The other method
is based on comparing attenuation of two radar waves traveling along di!erent paths
through the snowpack but sharing a single reflection point on the ground (Granlund, 2009;
Sundström et al., 2012); this approach is referred to as the path-dependent attenuation
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Figure 1: SWE estimation with the PDA method for a particular measurement point, from two
radar waves traveling di!erent paths through the snow but sharing the same reflection point at
the ground (S1 – S5: calculation steps 1 to 5).

(PDA) method.
We present the results of a field experiment conducted to investigate applicability of

the PDA method during snowmelt, which was the first field evaluation of the method
(for earlier simulations of the method see Sundström et al., 2012). The snowpack in
the experiment was characterized by liquid water content of around 5 vol.% and the
snow depth varied from about 0.9 to 3 m. Radar data was collected using a multi-
channel GPR system with ground-coupled antennas with nominal frequencies of 800
MHz; this radar setup allowed us to obtain a common mid-point (CMP) gather at each
measurement point. Evaluation of the method was performed by comparing the values
of SWE (i.e. snow depth and density) estimated with the PDA method (method A),
radar-only estimation with liquid water content assumed to be zero (method B) and the
traditional method based on a linear relationship between SWE and two-way travel time,
calibrated for manually measured snow density (method C). Estimated values of SWE
were also compared to reference values obtained by manual measurements with a snow
tube.

2 Estimating SWE with Ground Penetrating Radar

This section describes how SWE of a wet snowpack can be determined from radar wave
data using the three di!erent methods compared in the field experiment.

Method A: PDA

For each measurement point, SWE is estimated with the PDA method as follows (see
also Figure 1):
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Figure 2: The main lobe of the Ricker wavelet, which is a good approximation of a typical
impulse radar signal.

Step 0. Determining two-way travel time and amplitude from radar data.

Two-way travel time twt (ns) of a radar wave is determined for each trace by
identifying the maximum of the main lobe (Figure 2) of the snow/ground reflection
in a radargram (Figure 3) and then performing time-zero correction.

The amplitude A of a radar wave (an input to the PDA method) is determined
from the analytic signal (AS) of each radar trace f(t):

AS(t) = f(t) + i ·H(f)(t) (1)

i.e. the real part of AS is the trace itself and the imaginary part is its Hilbert
transform. The instantaneous amplitude Ainst(t) (also called amplitude envelope
or reflection strength) is calculated as the absolute value of AS

Ainst(t) = |AS(t)| (2)

The instantaneous amplitude (which is equivalent to the envelope function of the
radar trace) is a robust, smoothed, polarity-independent measure of the energy in
the trace at a given time (Robertson and Nogami, 1984). The amplitude of a radar
wave is therefore defined as the instantaneous amplitude picked at the peak (tpeak)
of the envelope function within a time gate (t0 # ,, t0 + ,) around t0, the location
of the main lobe of the reflected wave, with the time gate chosen so that it roughly
corresponds to the size of the main lobe.
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Figure 3: A radargram from the field experiment, with reflection from the snow/ground interface
marked in white.

Note that tpeak, the location of the peak of the envelope function, is determined from
AS, which is calculated after an approximate correction for spherical spreading of
the wave, performed by scaling the amplitudes by time (Bradford et al., 2009).
However, the actual input to the PDA method is chosen as the instantaneous
amplitude at the same location tpeak but taken from the envelope function calculated
without such correction, since the PDA method itself includes a more accurate
correction for geometrical spreading.

Step1. Calculating snow depth, travel path lengths, incidence angle at the snow/ground
interface and the real part of electrical permittivity of snow from a CMP gather.

From distances between the antennas S1 and S2 (m) and from two-way travel times
of radar waves in the CMP gather at each measurement point along a transect,
the e!ective radar wave propagation velocity v (m/s) and the snow depth d (m)
can be estimated with the CMP method under the assumption of a single-layered
snowpack with parallel snow and ground surfaces. Under the same assumption, the
travel path lengths L1 and L2 (m) and the incidence angles at the snow/ground
interface $1 and $2 (rad) for each radar measurement in the CMP gather is obtained
from the geometry of the ray path. Finally, the real part of the e!ective relative
electrical permittivity of snow is calculated as "#s = c2/(v2µs) , where c is the speed
of light in vacuum (m/s) and µs $ 1 is relative magnetic permeability of snow.

Step 2. Calculating electrical conductivity of snow from two radar signals.

For ground-coupled radar antennas (placed directly on the snow surface) and with
relative magnetic permeability of snow assumed to be equal to unity, the resulting
amplitude of a wave traveling through a homogenous snowpack to the ground and
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back can be expressed as (Cai and McMechan, 1995):

A =
A0DTDRR

G
e"!L, with % $

&s

2

.

µ0

"0"#s
(3)

A0 is e!ective source amplitude; DT and DR are directivity of the transmitter
and receiver antennas; G is geometrical spreading of radar waves; R is reflectivity
of the snow/ground interface; L is the length of radar wave travel path in snow
(m); "#s is the real part of e!ective relative electrical permittivity of snow; and &s

is real e!ective electrical conductivity of snow (S/m) (e!ective values are used to
account for possible inhomogeneity). The constants µ0 (Vs/Am) and "0 (As/Vm)
are magnetic permeability and electrical permittivity of free space, respectively.

The directivity terms for the transmitter and receiver antenna together with the
e!ective source amplitude should be derived experimentally for specific radar equip-
ment as a function of the transmission/reception angle and the electrical permit-
tivity of snow. This can be done by establishing the corresponding term in air
A0D[air] and correcting for focusing or dispersion that occurs when antennas are
placed directly on the snow surface. Using a simple model obtained from Snell’s
law, for a spherical radar wave we have
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(4)

where "a is the electrical permittivity of the antenna housing.

Geometrical spreading in a homogenous medium is usually assumed to be propor-
tional to the distance traveled from the transmitter; we assume G = 2

!
' · L. The

reflectivity of the snow/ground interface is given by Fresnel’s equations, separately
for s- and p-polarized1 radar waves. Using Snell’s law, geometrical spreading can
be expressed as a function of the incidence angle at the snow/ground interface $
(rad) and relative electrical permittivity of the ground "ground (Reitz et al., 1993).
Combining the equation for s-polarized waves (which was the case for the radar
setup in our field experiment) with equation (3), e!ective electrical conductivity of
snow can be expressed as a function of relative electrical permittivity of the ground:
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(5)

Equation (5) contains two unknowns: e!ective electrical conductivity of snow and
electrical permittivity of the ground. With resulting amplitude, travel path length

1Electric field vectors of p-polarized waves are parallel to the plane of incidence and those of s-
polarized waves are perpendicular to the plane of incidence (Reitz et al., 1993). In radar applications,
polarization depends on the radar antenna setup.
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and incidence angle at the snow/ground interface determined in step 0 and 1 for
two di!erent radar signals in a CMP gather, a system of two equations is obtained
for each measurement point. This system can be solved numerically to determine &s

by investigating "ground in the expected range from 3 (frozen ground) to 87 (liquid
water at 0!C), in steps of 0.1, choosing the value with the minimum error in &s.

Step 3. Calculating liquid water content.

We know that &s = &dc+"##s(, where &dc is the direct-current electrical conductivity,
"##s is the imaginary part of electrical permittivity of snow and ( is the angular
frequency of a radar wave (rad/s). In GPR studies of snow, it is generally assumed
that &dc $ 0. Liquid water content can then be determined from "##s and the
imaginary part of electrical permittivity of water "##w (Tiuri et al., 1984):

"##s =
,

0.10 #w + 0.80 #2w
-

"##w (6)

where #w is volumetric liquid water content.

Equation (6) is valid for the radar frequency of 1 GHz, where "##w = 9, but it can
also be used with other frequencies if the electrical permittivity of snow is scaled to
1 GHz (Tiuri et al., 1984). An alternative to using equation (6) is to use another
experimentally obtained relationship between electrical conductivity of snow and
liquid water content, e.g. one established for a nominal frequency of 800 MHz by
Granlund et al. (2010).

Step 4. Calculating snow density.

A number of empirical equations have been suggested for the relation between elec-
trical permittivity and density of wet snow, and the review by Frolov and Macheret
(1999) showed that most of them are comparable. Using the equations by Tiuri
et al. (1984), density of snow in the pendular regime (i.e. snow with the presence
of liquid water where air exists in continuous paths and the grain-grain bounds are
strong; Singh and Singh, 2001) can be determined from volumetric liquid water
content #w (vol.%) and the real part of electrical permittivity of snow via ‘dry den-
sity’ of snow !d (relative density of dry snow compared to water) and equivalent
dry snow permittivity "#d:

!s = (!d + #w)!w (7)

"#d = 1 + 1.7!d + 0.7!2d (8)

"#s = (0.10 #w + 0.80 #2w)"
#
w + "#d (9)

where "#w is the real part of electrical permittivity of water; !w is water density
(kg/m3); and !s is snow density (kg/m3). Similarly to equation (6), equation (9)
is valid for the radar frequency of 1 GHz where "#w = 87 at 0!C, but it can also be
used for other frequencies if the measured electrical permittivity of snow is scaled to
1 GHz (Tiuri et al., 1984). Note that in the range from 1 MHz to 2 GHz, the real
part of electrical permittivity is approximately frequency independent (Bradford
et al., 2009).
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Step 5. Calculating SWE.

With snow depth and density known, SWE (m) is determined using its definition:

SWE =
d !s
!w

(10)

Method B: Estimation of SWE under the assumption of dry snow

This method is very similar to the PDA method but the liquid water content is set to
zero:

• two-way travel time is determined from radar data;

• snow depth and the real part of electrical permittivity of snow are obtained from a
CMP gather;

• snow density is calculated using equations (7)–(9) with liquid water content set to
0;

• SWE is calculated using equation (10).

Method C: Estimation of SWE from radar wave two-way travel time (with
calibration for snow density)

This method represents a group of traditional methods where SWE (m) is estimated
directly from radar wave two-way travel time twt (ns), which requires only one radar
channel. We use the linear formula from Lundberg et al. (2000), further investigated by
Lundberg and Thunehed (2000):

SWE =
1.5 · 10"4 !s

1 + 8.51 · 10"4 !s
twt (11)

The relation between SWE and two-way travel time should therefore be calibrated for
snow density !s (kg/m3) which can be obtained, for example, with one or several manual
measurements per measurement line; it could also be estimated from radar wave propa-
gation velocity using mixture formulae such as equations (7)–(9). In the experiment, !s
was calculated as the mean value of manually measured snow density at eleven reference
points.

3 The Field Experiment

The location of the experiment was in the watershed of the Lake Korsvattnet (63!50# N;
13!30# E) in the Swedish mountains in the county of Jämtland (in sub-Arctic). The
measurement site was well above the tree line, at about 750 m a.s.l. The measurement
line was 250 m long, heading uphill on the southeast side of a mountain. The slope was
very moderate along the first 150 m and the snow depth was around 1 m. The slope was
steeper at the end of the line, but a snowmobile could still easily be driven at a constant
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low speed. Further, it was obvious that the maximum snow depth in the last third of the
line was quite large (several meters), allowing for testing of the PDA method at larger
snow depths.

The experiment was conducted on 19 April 2011 from 10:00 to 12:30 and included one
set of radar measurements and manual measurements at reference points. The relatively
short time frame should decrease the risk of a change in snow properties between radar
and manual measurements. The sun was shining during the whole experiment and the
air temperature was about 5!C. The air temperature had been above zero at daytime
for several weeks, but the night before the experiment the temperature dropped below
zero. This resulted in a wet snowpack (the average value of liquid water content at each
reference point was about 5–7 vol.% according to snow fork measurements) with drier
snow at the top (about 2 vol.%). The snowpack was assumed to be in the pendular
regime (liquid water content in the range from 3 to 8 vol.%; see Singh and Singh 2001).
It should however be noted that some measurements of liquid water content at each
reference point were outside this range.

Radar measurements were conducted along a single line, with total measurement time
of about 5 minutes; the measurements can therefore be assumed to have been conducted
at the same time. In addition, at the start of the experiment the sledge was lifted in the
air to obtain reference radar measurements for time-zero correction (the time of the first
arrival is unknown in raw radar data and has to be determined).

Reference measurements of SWE and liquid water content were conducted along the
measurement line at points separated by 25 m. Snow depth and density were measured
with a snow tube (Federal Snow Sampler), with three measurements conducted in near
proximity of each reference point and average values used in calculations of SWE.

Reference measurements of liquid water content were taken using a snow fork which,
for the range of liquid water content in the experiment, has relative error of less than 5%
(Sihvola and Tiuri, 1986). Measurements were taken with vertical steps of 2 cm the first
20 cm from the top and then with steps of 5 cm. The length of the snow fork was 1.5
m and hence no liquid water content measurements beneath that depth were obtained.
At the last three points along the profile (at 200, 225 and 250 m), the deepest measured
value of liquid water content was used for the whole segment below 1.5 m. This probably
resulted in an overestimation of the total liquid water content as we would expect the snow
to be drier at larger depths. The values of liquid water content at di!erent depths were
aggregated into a single value representing the whole snowpack. Only one measurement
profile was taken at each reference point, since performing multiple measurements would
substantially increase the total measurement time and hence the risk of a change in snow
properties between radar and manual measurements.

Radar setup and properties

Radar measurements were conducted on four radar channels using a multi-channel RA-
MAC/GPR system from Mal̊a Geoscience, with shielded antennas with a nominal fre-
quency of 800 MHz. Sampling frequencies of about 16 GHz and time windows of about 65
ns were used; these settings were chosen to achieve the best possible resolution of radar
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Figure 4: The term combining e!ective source amplitude and directivity as a function of the
angle of transmission and reception, obtained for radar waves traveling through air.

data without risking overloading the system or missing the snow/ground reflection.
The antennas were placed in a wooden sledge to form a multi-o!set antenna array. The

setup allowed us to conduct CMP measurements with antenna o!sets of 14, 60, 124 and
198 cm. The measurements were conducted by drawing the sledge behind a snowmobile
at a constant low speed and were triggered with a hip chain every 23 cm. There was
therefore a potential deviation between the points of the manual measurements and the
corresponding GPR measurement of up to 23 cm. However, with a radar footprint of
about 80% to 90% of snow depth, this should not substantially a!ect our results.

For the radar equipment used in the experiment, relative electrical permittivity of
the antenna housing (ABS plastic) was "a = 3.8. The term combining the e!ective
source amplitude with the transmitter and receiver directivity in air A0D[air] had been
determined in a separate experiment as a function of the transmission/reception angle $
(rad) in the interval (0!,60!):

A0D[air]($) = 103(75$3 # 163$2 + 22$+ 112) (12)

(see Figure 4 and equation (12); Granlund, 2009). The transmission and the recep-
tion angles are assumed to be equal in the PDA method; they were also equal in our
experiment.

Analysis of radar data

Both the PDA method (method A) and the method B include determination of both radar
wave propagation velocity and snow depth from radar data using the CMP method.
However, in our evaluation of the PDA method we only considered the points where
manual measurements of snow depth were conducted. This allowed us to obtain a more
accurate estimate of velocity by considering two-way travel time from the four available
radar channels; the value of velocity that gave the least-square error sum in snow depth
(compared to the manually measured depth) was chosen. Snow depth (used as an input
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to the methods A and B) was then determined from the radar wave propagation velocity
and the travel time for the radar channel with the antenna separation of 0.14 m. This
approach allowed us to exclude errors due to CMP measurements and focus on how the
accuracy of the obtained liquid water content influences the SWE estimates. Note also
that to attenuate noise in two-way travel time, a running average over five consecutive
measurement points (spanning a distance of 92 cm) was applied (this was done for all
the three methods).

SWE (and liquid water content for the PDA method) were determined as described
in ‘Estimating SWE with Ground Penetrating Radar’, with the following additions.

Method A: PDA

• To attenuate noise in the amplitude, a running average over five consecutive mea-
surement points (spanning a distance of 92 cm) was applied; this roughly cor-
responds to the minimum radar footprint on the snow/ground interface in this
particular experiment.

• For each point along the measurement line, a system of two equations (equation
(5)) was set up for two measurements in a CMP gather with antenna o!set of 14
and 198 cm.

• The value of 1 GHz was used as the radar frequency since the mean frequency of
the transmitters and the receivers was close to 1 GHz. No scaling of the real or the
imaginary part of electrical permittivity was therefore performed.

• Any negative values of liquid water content were set to zero before calculating SWE.

Method B: Estimation of SWE under the assumption of dry snow

Since the mean frequency of the transmitters and the receivers was close to 1 GHz,
no scaling of the real part of electrical permittivity was performed.

Method C: Estimation of SWE from radar wave two-way travel time (with calibration
for snow density)

To calibrate the relationship between SWE and two-way travel time (equation (11)),
the mean value of all the manually measured snow densities at the reference points
was used.

Errors in SWE estimated with the PDA method are likely to be caused by incorrectly
determined velocity, approximation errors in the mixture formulae, i.e. equations (7)–
(9), or otherwise incorrectly determined liquid water content (due to invalid assumption
about the snow surface being parallel to the ground surface and a single-layered snowpack;
Sundström et al., 2012). To investigate the origin of errors, two additional tests were
conducted. In the first test, snow density for each reference point was determined using
equations (7)–(9) from liquid water content measured with the snow fork, SWE was
calculated from snow density and the error in SWE (compared to reference measurements
of SWE) was determined. In the second test, we used equations (7)–(9) to determine
the liquid water content at each reference point that would produce the correct value of
SWE.
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Table 1: Radar wave propagation velocity at the reference points obtained from manually mea-
sured snow depth and two-way travel times for the four available radar channels. Snow depth
estimated from the velocity and the two-way travel time for the radar channel with antenna
separation 0.14 m is also given, together with the relative error in snow depth (compared to the
reference values).

Point, Reference Estimated Estimated Relative error
m depth, m velocity, m/ns depth, m in depth, %

0 1.01 0.19 1.01 0
25 1.30 0.22 1.27 –2
50 1.30 0.19 1.31 1
75 1.12 0.19 1.12 1
100 1.00 0.20 1.00 0
125 0.89 0.19 0.90 0
150 0.86 0.21 0.87 1
175 1.15 0.19 1.15 1
200 2.01 0.19 2.00 –1
225 3.20 0.20 3.20 0
250 3.06 0.19 3.06 0

4 Results

With radar wave propagation velocity obtained from manually measured snow depth
and two-way travel times (for the four available radar channels), the error in snow depth
varies from –2% to 1% (Table 1). Snow depth is estimated from the velocity and two-
way travel time for the radar channel with antenna separation 0.14 m. The propagation
velocity is in general in the range 0.19–0.20 m/ns except for two points (at 25 and 150
m) where the velocity is 0.22 and 0.21 m/ns, respectively (Table 1).

Manual snow tube measurements of snow density are in the range 377–536 kg/m3,
while the range of density estimates obtained with the PDA method is much wider: 304–
646 kg/m3 (Table 2). Manual snow fork measurements of liquid water content are in the
range 2.6–7 vol.%, while most estimates with the PDA method are in the range 1.7–4
vol.% with 3 out of 11 measurements producing values equal or close to 0 vol.% (Table
2). Notably, while the estimates of snow densities are both over- and underestimated
compared to the reference measurements, all values of liquid water content are underesti-
mated (Table 2 and Figure 5). On average, the PDA method overestimates snow density
by 16% and underestimates liquid water content by 51%.

Table 2 also includes the values of liquid water content that, combined with radar wave
propagation velocity obtained using all available radar channels and manually measured
snow depth, produce correct values of SWE for each measurement point. In this case, the
di!erence between the calculated liquid water content and the snow fork measurements is
much smaller (about –12% on average). Moreover, if the two points where the calculated
water content is negative are excluded, the average di!erence is only about 6%. This
suggests that the main error in the estimates of SWE with the PDA method lies in
the liquid water content determination. However, since the radar wave propagation
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Table 2: Reference values of snow depth, density and liquid water content; snow density and
liquid water content estimated using the PDA method; and relative estimation errors. For depth
and density, an average of three manual measurements is presented for each reference point,
together with the standard deviation.

Point, Reference measurements Estimation from radar data

m Depth Std.dev. Density Std.dev. LWC Density Rel.err. LWC Rel.err. LWCa Rel.err.
m cm kg/m3 kg/m3 vol.% kg/m3 % vol.% % vol.% %

0 1.01 0.5 512 14 5.3 568 11 2.5 –53 3.8 –21
25 1.30 0.5 446 11 4.0 304 –32 3.2 –21 –1.1 –129
50 1.30 0.8 491 31 7.0 643 31 2.4 –66 5.6 –20
75 1.12 0.5 454 11 4.8 601 32 3.4 –28 6.2 30
100 1.00 2.6 377 22 5.2 581 40 0b –100 4.2 –20
125 0.89 3.3 417 15 5.2 479 15 4.9 –6 5.9 14
150 0.86 2.9 536 18 4.2 346 –35 4.4 –6 –0.1 –101
175 1.15 0.9 471 11 4.9 597 27 3.8 –22 6.1 26
200 2.01 0.9 468 11 5.2 633 35 2.1 –60 5.5 7
225 3.20 4.9 472 10 3.8 609 29 0b –100 3.8 1
250 3.06 1.4 527 15 2.6 647 23 0.1 –97 3.5 39

Mean error 16% –51% –12%

aLiquid water content that results in a correct value of SWE
bNegative values of liquid water content are set to zero

velocities were estimated using the manual snow depth measurements and not with the
CMP method, it is also important to recognize that the PDA method is highly sensitive
to errors in velocity estimates.

The obtained values of SWE are presented in Figure 6. The mean error in SWE
obtained with the PDA method (16%) is smaller than the mean error in SWE calculated
based on the assumption of dry snow (method B, 34%) or determined directly from the
two-way travel time (method C, 31%) (Table 3). If we consider the di!erences between
the errors at each measurement point and calculate the mean di!erence between the
methods, we can see that:

• the PDA method o!ers a definite improvement compared to method B; the error
in SWE is decreased on average by 18% from 34% to 16%, with 95% confidence
interval [8%, 28%]; and

• the PDA method’s improvement compared to method C is less statistically sig-
nificant; the error in SWE is decreased by 14% from 31% to 16%, but the 95%
confidence interval [1%, 29%] is close to 0.

SWE calculated with the PDA method from manually measured liquid water content
is also presented in Table 3. The mean relative error is –6% with a confidence interval
from –20% to 8%, which is in line with the previous results that showed how liquid water
content estimated to optimize the SWE estimates were close but slightly lower than the
snow fork measurements (Table 2). This is further support for the conclusion that the
main error in the PDA method is in determination of liquid water content. If water
content estimates could be improved, the current accuracy in determining depth and
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Table 3: Reference values of snow depth and SWE at the reference points and relative errors
in SWE estimates obtained with di!erent estimation methods. PDA: SWE estimated with the
PDA method investigated in this paper; TWT: SWE obtained using a linear function of two-
way travel time; ‘Dry snow’: SWE calculated with liquid water content set to zero; PDA with
reference LWC: SWE calculated with manually measured liquid water content as input.

Point, Reference measurements Relative error in SWE, %

m Depth, m SWE, m PDA ‘Dry snow’ TWT PDA with
(Method A) (Method B) (Method C) reference LWC

0 1.01 0.52 11 26 21 –13
25 1.30 0.58 –33 –6 20 –44
50 1.30 0.64 32 46 32 –20
75 1.12 0.51 33 58 43 19
100 1.00 0.42 40 40 44 –15
125 0.89 0.37 15 61 52 11
150 0.86 0.46 –35 0 10 –32
175 1.15 0.54 28 55 39 16
200 2.01 0.95 35 47 35 5
225 3.20 1.51 29 29 28 0
250 3.06 1.62 23 23 17 8

Mean error with 16% 34% 31% –6%
95% confidence interval [–1%, 34%] [19%, 49%] [22%, 40%] [–20%, 8%]

radar wave velocity from the radar data would be adequate to reduce the errors in SWE
estimates to below 10%. However, we still need to be able to improve velocity estimates
without using manual snow depth data.

5 Discussion

The results of this study clearly show that neglecting or underestimating liquid water
content leads to an overestimation of snow density and SWE when estimated from GPR
propagation velocity and two-way travel time. The new PDA method largely improved
the SWE estimates compared to the methods neglecting liquid water content. Still, the
liquid water content was underestimated by about 51% with the PDA method compared
to the snow fork measurements, which resulted in a consequent overestimation of snow
density and SWE by about 16% (Table 2). Potentially, the remaining errors in liquid
water content, snow density and SWE could be due to many reasons such as: incorrectly
determined radar wave propagation velocity; absence of common reflection points for the
CMP analysis; mixing formula errors; or manual snow depth and snow fork measurement
errors. It is important to discuss and eliminate the uncertainty in these aspects as much
as possible in order to evaluate the e"ciency of the PDA method itself.

From previous studies it is known that CMP estimates of radar wave propagation
velocity, and hence relative electric permittivity, are largely uncertain when snow depth
is equal to or larger than the maximum antenna separation in a CMP gather. The errors
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Figure 5: Estimates of liquid water content (LWC) at the reference points obtained with the
PDA method, compared to manual measurements. Negative values of LWC are set to zero. The
error bars show the specified measurement accuracy of the snow fork (5%).
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Figure 6: Reference values and estimates of SWE at the reference points, with SWE estimated
with 3 methods: the PDA method; based on the dry snow assumption; and from two-way travel
time. The error bars show the standard deviation of the manual snow tube measurements
conducted at each reference point.
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can be both negative or positive (as also shown by the results in this study), but it
is more common to get too-low velocities if the CMP analysis involves minimizing the
di!erence in estimated depth between the channels (low velocity results in smaller depth
values and thus smaller di!erences).

In the current analysis, the radar wave propagation velocity was estimated using the
observed snow depths; the uncertainty in the velocities thus depends both on the manual
snow depth measurements and on the two-way travel time determination. The estimated
velocities at the measurement points 25 and 150 m were somewhat higher than at the
other points (0.22 and 0.21 m/ns, respectively, compared to 0.19–0.20 m/ns at the other
points); these were also the points with underestimated SWE values, which goes against
the general trend of overestimating SWE. Too-high velocity estimates can be due to either
too-large snow depth observations or too-low two-way travel time values. The manual
snow depth observations were taken as the mean of three snow tube measurements close
to the reference points. Even if it is more di"cult to drive a snow tube into the soil
than, for instance, an avalanche probe, it is still possible if the top soil is soft. There
were in fact patches with soft wetlands along the measurement profile. Alternatively, a
too-large snow depth observation can be due to radar waves reflected from some other,
closer point at the snow/ground interface than the point of the corresponding manual
measurements. Too-low two-way travel times were also possible, for instance if there
were strong reflections from interfaces between wet and dry snow. Even if we do not
have any strong evidence, it is quite likely that the errors in SWE and LWC associated
with reference points at 25 and 150 m could be explained by problems in the velocity
estimates caused by errors either in the snow depth measurements or in the two-way
travel time determination.

Replacing the estimated liquid water content with the snow fork measurements re-
sulted in snow density and SWE values that were much closer to the observed values than
the PDA estimates. The SWE estimates were in fact slightly lower than the manual data
(–6% relative error on average). Similarly, if the values of liquid water content were cho-
sen to optimize the SWE estimates, they were much closer to the snow fork measurements
than the corresponding PDA measurements (again the points at 25 and 150 m were the
exceptions). Firstly, these results show that if propagation velocity is correct (it should
be, since we used the observed depth to derive it) and the liquid water content is correct
(assuming that the snow fork data is correct), the applied mixing formulae (Tiuri et al.,
1984) are reasonable and result in good estimates of snow density and SWE. Secondly,
this indicates that the remaining error found in the PDA results (51% too-low LWC and
16% too-high density and SWE) cannot be explained by errors in the velocity or in the
mixing formulae, but are more likely to be found within the PDA method itself. These
errors have been discussed and quantified by Sundström et al., 2012.

We should also consider possible errors in our experiment setup that can lead to
incorrect estimates and therefore give grounds for questioning our conclusions. One of
the factors a!ecting our results is the accuracy of our estimates of radar wave propagation
velocity. The estimates of liquid water content, snow depth and density and SWE are
highly dependent on the propagation velocity, which in our experiment was obtained as
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the velocity giving the least-square error sum of snow depth estimated from radar data
for the four available radar channels. This approach was chosen to eliminate possible
errors in the CMP method, since its reliability is known to decrease when snow depth
is larger than half the largest antenna o!set (1 m in our antenna setup, compared to
the larger snow depth of 2–3 m in the last two reference points) or if the assumption
of parallel ground and snow surfaces is invalid. The results of the method’s application
in field conditions can therefore be further a!ected by errors in velocity obtained with
the CMP method, although no conclusion can be drawn on whether the e!ect on SWE
estimates would be negative or positive.

6 Conclusion

The presented results suggest that for a wet snowpack (liquid water content of 3–8 vol.%),
the PDA method underestimates liquid water content by about 50% on average. This
improves the accuracy of SWE estimates compared to calculations that simply ignore
liquid water content in snow or when SWE is estimated via a linear function of two-way
travel time that is calibrated with manual measurements of snow density (method C). In
our experiment, the mean relative error in SWE estimated with the PDA method was
about 16%, compared to 31% for method C and 34% for ‘dry snow’ calculations (method
B).

These methods can also be compared from a more practical point of view. The
PDA method requires measurements on at least two measuring channels, which makes
the data interpretation more time-consuming than for the other two methods, and the
equipment could be heavier and more expensive. On the other hand, using the PDA
method (method A) or assuming dry snow (method B) does not require any manual
measurements, which are necessary if SWE is estimated via a linear formula calibrated
for snow density (method C).

Another method for determining liquid water content of a wet snowpack, based on
measuring frequency-dependent attenuation of radar wave, was shown to achieve an
absolute uncertainty in liquid water content less than 0.5 vol.% (Bradford et al., 2009).
This accuracy, however, was obtained on a thinner snowpack than in our experiment (1.2
compared to 0.9–3 m) and with a substantially smaller average liquid water content (1.4
vol.% compared to 5 vol.%).
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