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Snow Wetness Influence on
Impulse Radar Snow Surveys
Theoretical and Laboratory Study
A. Lundberg and H. Thunehed
Lulei University of Technology,
SE-97 1 87 Lulei, Sweden

The snow-water equivalent of late-winter snowpack is of utmost importance for
hydropower production in areas where a large proportion of the reservoir water
emanates from snowmelt. Impulse radar can be used to estimate the snow-water
equivalent of the snowpack and thus the expected snowmelt discharge. Impulse
radar is now in operational use in some Scandinavian basins. With radar technology the radar wave propagation time in the snowpack is converted into snowwater equivalent with help of a parameter usually termed the a-value. Use of
radar technology during late winter brings about risk for measurements on wet
snow. The a-value for dry snow cannot be used directly for wet snow. We have
found that a liquid-water content of 5% (by volume) reduces the a-value by
approximately 20%. In this paper an equation, based on snow density and snow
liquid water content, for calculation of wet-snow a-value is presented.

Introduction

In Scandinavia a large proportion of the hydropower production emanates from
snowmelt in mountainous areas. Hydropower companies need snowmelt runoff
forecasts for efficient reservoir operation and estimates of snow-water equivalent
(SWE) is thus important. In mountains the snow-cover depth is quite variable due to
snow redistribution and accurate estimates of SWE become difficult. Manual density and snow depth measurements used in traditional snow surveys are costly. Satellite methods are not operational to any large extent in Scandinavia (Lundberg and
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Halldin 1999). In order to develop more efficient and accurate methods for snow
surveys several efforts to apply impulse radar technology have been made (e.g. U1riksen 1982; 1985; Killingtveit and Sand 1988; Andersen et al. 1987; Brandt 199 1 ;
Bruland and Sand 1996; Sand and Bruland 1998). Airborne devices are used in Sweden (e.g. Ulriksen 1985; Brandt 1991 ; Lundberg et a/. 1999) and impulse radar measurements from helicopter have been in operational use in Sweden since 1986 (Wikstrom 1999, personal communication). Measurements from the snowpack surface
are preferred in Norway since the very steep terrain makes it difficult to make airborne measurements (e.g. Killingtveit and Sand 1988; Bruland and Sand 1996; Sand
and Bruland 1998).
With radar technology, SWE is determined from the radar wave propagation time
in the snowpack. The wave propagates from a transmitter (located above the snow
surface) through the snowpack to the soil surface and then back to a receiver (at the
same level as the transmitter). The travel time in air is subtracted. The propagation
time in the snowpack, called the two-way travel time (twt)is then used to determine
SWE according to
S h E = a twt

(twt in nanoseconds)

(1)

Lundberg et al. (1999) showed that for dry snow the a-value ranges from 0.036 to
0.045m ns-1 for densities ranging from 300 to 400 kg m-3. They also showed that a
is a function of snow density ps and dry snow dielectric constant ED^

where EDS can be estimated from ps with

was calculated with a dielectric mixing model using E and the volume fractions
O of the constituents following Roth et al. (1 990). For dry snow the a-value can thus
be estimated using snow density only

EDS

Maximum SWE is required for optimization of hydropower production. It is thus desirable to make measurements as late as possible during the accumulation season.
During late winter melting may occur or the snowpack may be wetted by rain. A day
with an average air temperature of 4°C produces melt-water corresponding to approximately 5% liquid water content (by volume) for a snowpack with 0.3 m SWE.
For practical reasons measurements from aeroplane or helicopter usually have to be
scheduled a couple of days ahead and measurements on wet snow may be difficult to
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avoid. Impulse radar measurements seem to have been restricted to hydropower applications but there are other possible applications. There is a need of ground-truth
data for verification of satellite images of SWE. Areally averaged SWE are also
needed for studies of ground-snow-forest-atmospheric exchange (Lundberg and
Halldin 1999). In this case SWE is needed during the full winter season including autumn and spring. This brings about risk for measurements performed on wet snow.
There is also a need to quantify the magnitude of the errors introduced when measuring on wet snow and to correct for those errors. The effect of liquid water content
(Ow, % by volume) on the a-value does not seem to have been comprehensively investigated. Annan et al. (1994) sketched the principles for measurements on wet
snow but concluded that determination of SWE was not possible with ground penetrating radar alone when melt had occurred. Killingtveit and Sand (1988) studied
discrepancies ASWE between SWERAD and SWEsuRv for wet snow (SWERAD=
SWE determined with radar technology, SWEsuRv = SWE determined with traditional snow surveys). They failed to establish relationships between ASWE and ps or
liquid water content €Iw. On the other hand there are many reports where the influence of liquid water content on the dielectric constant for wet snow EWS is measured
~
€Iw and ps are presented by
and modelled. Empirical relationships between E W and
e.g. Abdelrazik (1984), Sihvola and Tiuri (1986), Roth et al. (1990), Denoth (1989;
94) and Perla (1 99 1). It thus seems likely that it should be possible to derive the wetsnow a-value from an expression of EWS.

Aim
The aim of this study was therefore to derive expressions for the wet snow a-value
using relationships between E W and
~
Ow. The derived a-values were used to calculate twt and the calculated twt-values were then compared with laboratory radar
measurements of twr. The comparison was made for snow wetness varying from 0 to
9% (by volume) and for snow densities ranging from 223 to 477 kg m-3.
Experiment Design and Radar Measurements

An experiment was designed to illustrate the effect of €Iw on the measured twt for
known SWE and ps. A plywood box with height 1 m and cross-section area of 0.5
m2 was filled with dry snow. Fairly new-fallen snow (a couple of days old) was used
for the experiments. The initial snow density (kg m-3) was determined by weighing
the box empty and full. The box was placed in a temperature controlled room at approximately -2°C and the snow was allowed to adjust to the ambient room temperature.
Radar measurements were conducted using the Raman ground penetrating radar,
450 MHz antenna. The one-way travel time (owt) was measured by placing the
transmitter antenna on top of the snow and the receiver underneath the plywood box
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Fig. 1.
Setjup for the laboratory experiment.
Transillumination measurements were performed in the snow (left) and compared with
the corresponding measurements in air

Receiver

(Fig. I), in order to perform transillumination measurements. A number of traces
were recorded in the middle of the box holding the antennas parallel to the sides of
the box and the antennas were then removed. The measurements were repeated in air
with the same antenna separation distance s. The owt in air can be calculated as: t~ E
SIC,where c is the radar-wave velocity in vacuum 3x108 rnls. The owt in wet snow
was then calculated as: tws = t~ + At, where At was the time delay of the radar wave
in snow compared to air (Fig. 2). With this procedure it was not necessary to determine the exact zero time.
The measurements started with dry snow and the €Iw -content was then step-wise
increased. Batches of 5-litres of water (chilled to close to zero degrees) were evenly
sprinkled over the snowpack with a garden pitcher. The pitcher was equipped with a
small-holed nozzle in order to prevent the presence of ice needles in the added water. Before a batch of water was added owt was determined with radar measurements. The €Iw was determined by two methods: a combined water and energy budget method and a dilution method. The upper level of the snowpack was measured to
keep control of the increase in density due to compaction of the snow-pack. The
changes in density due to added water and due to the extraction of snow samples for
the dilution measurements were compensated for. Four experiments (a, b, c and d)
with varying initial densities were performed. We wanted to start the experiments
with snow temperatures just below zero (without risking uncontrolled melt) and water temperatures just above zero (without risking presence of ice needles). The conditions for the experiments listed in Table 1 illustrates that this was not fully
achieved. The initial snow temperatures for the experiments were approximately
-2°C and the added water temperature was between 0.1 and 0.3"C. The initial densities ranged from 223 to 383 kg m-3. To achieve the high initial snow density of experiment b) the box was step-wise filled with snow. The snow was inserted in approximately 0.2 thick layers and the snow was packed for each inserted layer. Snow
wetness was determined with the combined water and energy budget method for all
experiments and with the dilution method for experiments a) and b).
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Fig. 2. Example of measured trace in snow (top) and in air (bottom). Only the first amvals
are considered. The position of the time scale is arbitrary since only the difference in
amval time (At), i.e. the time delay due to the wet snow, is of importance. At is in this
example 3.9 ns.

Table 1

- Initial and final snowpack densities (PINIT,PFINAL),heights (hINIT,hRNAL)and
temperatures (TSINIT, TSFINAL). Final wetness 8ktNAL),masses (mw) and average
temperatures (Tw) of added water. Mass of water frozen by change in snow cold
content (m $ ). Mass of water melted by heat content of added water (m:).

Variable

Exp. a)

PINIT(kg m-3)
PFINAL (kg m-3)
P IN IT (m)
FINAL (m)
8
(% by volume)
TJN'T ("C)

ENAL

QNAL

(OC)

mw (kg)
Tw ('C)
m; (kg>
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Exp. b)

Exp. c)

Exp. d)

-

-
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Wetness Measurements

Water Budget - Energy Budget (WBEB) Method - The liquid water content of a
snowpack can be determined from a combined water and energy budget if the temperatures of the snow and added water are known. If the initial snow temperature is
below zero the "cold content" of the snowpack will freeze some of the added water.
The frozen water mass mt; (kg) can be calculated from the snow mass ms (kg) and
the snow temperature Ts ("C) with

CIceis the specific heat of ice at 0°C = 2.35~103J kg-1 "C-1,and L is the latent heat
of fusion, 334x103 J kg-3. The added water will melt some snow if the water temperature is above zero. The melted snow mass mE (kg) can be calculated with Eq.
(5) if the snow mass, temperature and specific heat is substituted by corresponding
values for the added water, i.e. mw, Tw and Cw = 4.18~103J kg-' "C-1.
Dilution Method - Davis et al. (1985) described in detail a method to quickly determine the liquid water fraction xw of wet snow and we followed their recommendations. Snow samples were taken with a hollow cylinder tube with cross-sectional
area 1.96~10-3m2. A stock solution of mass mStockand concentration cstock was
in a thermos. A
mixed thoroughly with the wet snow sample (with mass mSample)
stock solution of approximately 0.01 N hydrochloric acid and a mStock/mSample
ratio
in the range 0.5 to 0.8 was used. The stock solution was cooled to = 0°C before being added to the wet snow sample in the thermos. The mixture in the insulated container (thermos bottle) was vigorously shaken for at least 30 seconds. A sample of
the mixture of the stock solution and the snow liquid water (with concentration cMi,)
was then extracted from the thermos with the help of a syringe. The syringe was
equipped with a filter (to avoid including ice crystals). The unknown water fraction
xw of the snow sample was then determined as

where cw,,, is the concentration of the liquid water in the snow. The conductivity
was determined with a CDM 83 Conductivity meter (Radiometer, Copenhagen) and
then transformed to concentrations as shown in Davis et al. (1985). The last term,
containing the temperature of the added stock solution TStock,CWand L compensated for the snow melted by the stock solution (if the solution had a temperature above
0°C). The volumetric liquid water content €Iw was then determined by
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where pw is the density of water.

Theory
The a-value for wet snow can be calculated with Eq. (2) if E ~ isS substituted by the
dielectric constant for the wet snow &ws (Lundberg et al. 1999).
1.5x10

a=

-4

ps

JEWS

(m ns

-1

1

Dielectric Properties of Wet Snow

The dielectric constant of a mixed non-magnetic media can be estimated with a three
phase mixing model (e.g. Birchak et al. 1974; Roth et al. 1990; Perla 1991)

where 8 are the volume fractions of the constituents. Here ~ I , Adenotes the constituents of wet snow i.e. water, ice and air respectively. Many authors (e.g. Freedman and Vogiatzis 1979; Roth et al. 1990; Bergstrom 1997) have found good agreement between calculated and measured E using the three phase mixing model and q
= 0.5 for different geological media. For wet snow Lundberg (1997) found fair
agreement between measured and modelled E with the same q -value. The q-values
optimized by Perla (1 99 1) for wet snow range around 0.5 (See Table 2). With q = 0.5
the denominator of Eq. (8) becomes

Eq. (10) can be expanded and simplified into

JEWS = l +

clpS

+ e2ew

The simplification is made using the relationship between the volume constituents,
eA= 1 - 01- €IW and the definition of ps = ( O w w + 81pI + eApA) (Lundberg et al.
Table 2 - Optimised 9-values for different snow wetness Ow (Modified from Perla 1991).

Ow

(% by volume)

9
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1999). The fact that p~ << pw and p~ was also used. The. & w is temperature and frequency dependent. The value for EW varies from about 88 at 0°C to 81 at 20°C and
can be regarded as independent of frequency for frequencies < 1 GHz (Kendra et al.
1994; Perla 1991). For numerical values of EW = 88, &I = 3.17, &A = 1.0 and p l = 917
kg m-3 the constants cl and c2 became 0.000851 and 7.529 respectively (Lundberg
et al. 1999). Eqs. (8) and (1 1) gives

Denoth (1989; 94) and Sihvola and Tiuri (1986) separated the influence of ps and
ew on EWS according to

A similar formula can be derived from Eq. (1 1)
cWs= ( ( l + c 1 ~ s ) + ~ 2 8 W ) 2 =( l + c I pS)2

+~

(

I

+

C

~ + ~( ~~ ) ~C 0~ (~~1 4~) )

Eq. (15) is similar to Eq. (13) with c3 = 2cl, cq = c:, cg = 2c2, C6 = c: . An additional term with the constant c7 = 2clc2 in front of the product p,ew also emerges. The
constants in Eq. (13) calculated from the mixing model using q = 0.5 are shown in
Table 3 together with constants determined empirically by Sihvola and Tiuri (1 986)
and Denoth (1989; 94). The dielectric constants for pure ice El and for pure water EW
were also calculated (See last two columns of Table 3 using Eq. (13) and the conTable 3 - Constants in Eq. (13) from different studies. Estimates of &[ and c calculated using
Eq. (13) and the constants.
Study

c3

C4

C5

C6

c7

frequency

EW

EI

D = Denoth (1989; 94), S = Sihvola and Tiuri (1986),R = Derived from Roth et al. (1990) assuming e w = 88 i.e. frequency <1 GHz , * Modified from Roth to fit measured data, P = Perla et al. (1991) EW calculated with Eq. (15) and O w = 100%.
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stants c3-c7 from Table 3. A combination of Eqs. (I), (8) and (15) gives the twt-valSWE

4 1+C3PS + c , + P+~ eSeW+ c 6 8 W + c78wps

twt =
1.5~io-~p

A combination of Eqs. (I), (8) and (1 1) gives a simpler expression for twt

The a-value for wet snow can thus be calculated

Another empirical method to estimate E for a composite media used on snow (Perla
1991) is

The constants (-0.43, -50 and -100) given in Eq. (19) were determined by Perla
(1991) using the full range of pwand ps. Combination of Eqs. (I), (8) and (19) then
gives the twt-value
=

t w t = SWE

"WS

1

~ ~ 8 ~ - 4 3 8 ~ 8 ~ - 5-1008A8W
0 8 8

i=I,A,Q

-k

W I

Comparison between Models and Measurements
The owt-values determined with radar measurements were converted to twt-values.
The twt-values were modelled using Eq. (16) and the values for the constants listed
in Table 3. Constants derived from Roth et al. (1990) are denoted (R) and constants
from Denoth (1989; 1994) and Shivola and Tiuri (1986) are denoted (D) and (S) respectively. Note that Eq. (17) is a special case of Eq. (16) with the constants given
by (R). twt-values were also determined with Eq. (20). The modelled twt-values
were compared with the twt-values determined with radar technique.
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Fig. 3. mt-values modelled with Eq. (17) (using constants R in Table 3) compared with twtvalues determined by radar measurements. The letters denote the different experiments listed in Table 1. a) Wetness determined with WBEB. b) Wetness determined
with dilution method.
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Fig. 4. Modelled mt-values (WBEB method used to determine wetness) versus mt-values
measured with radar technique. Modelled mt-values using Eq. (16) and constants
from Table 3. a) D constants from Denoth (1 989; 94), b) S constants from Shivola and
Tiuri (1986). c) Twt modelled with Eq. (19) derived using &wsfrom Perla (1991).
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Fig. 5. Modelled mt-values using Eq. (1 7)
versus mt-values determined with
radar technology. The figures denote
approximate snow wetness (% by
volume). Wetness determined with
8
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of snow density ps and snow liquid
water content ew. Wetness determined with WBEB-method.

Results
The twt-values determined using the constants (R) from Table 3 and Eq. (17) agree
fairly well with the twt-values determined with radar measurements (Fig. 3). The
agreement between modelled and measured twt-values was slightly better when the
wetness was determined with the WBEB method than with the dilution method (cf.
Figs. 3a and b). The model predicts slightly lower hut-values than the measured twtvalues for high twt-values (Fig. 3a). The constants (R) (cf. Figs. 3a and 4a) give a
slightly better fit to the measured data than the constants (D). The constants (S) and
also using EWS from Perla (199 1) for modelling hut (Eq. 19) seem to underestimate
the hut-values (see Figs. 4 b and c). The agreement between the measured and modelled twt-values using Eq. (17) is good for Ow less than 6% (Fig. 5) while for higher
Ow-values the modelled twt-values are slightly lower than the measured values. The
two circled measurements with OW = 9% were measured before and after a 90"
change of the orientation of the transmitting and the receiving antennae. The a-values calculated with Eq. (1 8) for different Ow illustrates that the a-value is approximately 20% lower for a snow with Ow =5% compared to dry snow (Fig. 6 and Table
4).

Downloaded from http://iwaponline.com/hr/article-pdf/31/2/89/2485/89.pdf
by guest

A. Lundberg and H. Thunehed

Table 4 - The a-value in Eq. (18) as function of snow density ps and snow liquid water content Bw (% by volume).

ow (%I

Ps
(kg m-3)

0.0

2.5

5.0

7.5

10.0

ao%-05%
a08

100
200
300
400
500
600
700
800
900

0.014
0.026
0.036
0.045
0.053
0.060
0.066
0.07 1
0.076

0.022
0.031
0.039
0.046
0.053
0.059
0.064
0.069

0.019
0.028
0.035
0.042
0.048
0.053
0.058
0.063

0.0 17
0.025
0.032
0.038
0.043
0.049
0.053
0.058

0.016
0.022
0.029
0.034
0.040
0.045
0.049
0.054

24
23
22
21
20
19
18
18

Discussion
The modelled twt-values agree acceptably well with the measured twt-values for the
constants (R) and (D), even if the modelled values are a bit underestimated at high
wetness. A better fit between modelled and measured twt-values can easily be
achieved by increasing one of the constants in front of Ow in Table 3 (i.e. constants
c5-c7)If e.g. the (R)-constants are used but c5 is increased to 23.7 instead of 15.05 a
better fit between modelled twt-values will be achieved. The EW-valuecalculated
with those constants (Ow = 100%) will however become 96.6 which is far from the
correct value 88.0 (see * in Table 3). Also the (D)-constants do not give a realistic
value of E W (see Table 3).
The temperature in the environmental room was set to -1°C during the experiments, but the temperature fluctuated a few degrees. It is not likely that these fluctuations could have produced melt or refreezing to such an extent that corrections
should be made. The heat content of the added water (corresponding to a maximum
melt of less than 0.2 kg or 0.1% Ow) was not compensated for in the calculations.
Nor was the "cold content<<of the cold air in the snowpack considered.
The dilution method was expected to give more accurate Ow -values than the
WBEB method and dilution measurements were planned for all experiments. During experiment b), with packed snow, we noticed that the wetness of the snow samples did not seem to increase evenly when we added more water. The sizes of the
snow samples were too small to give accurate average Ow-values when the snow
was packed. It was not possible to increase the number of samples without significantly disturbing the snow pack and the dilution method was thus abandoned. The
infiltrated water was probably not evenly distributed and denser snow layers prevented the water from percolating evenly through the snow pack and preferred path-
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ways for liquid H20 was probably developed. The discrepancy between the two
radar measurements (Atwt (1 ns) made for the same wetness and density, but with a
90 degree change in orientation for the radar measurements, also illustrates the
anisotropy of the snow wetness (Fig. 5). At the highest liquid water contents the water was concentrated at the base of the snowpack. We did not verify that the base of
the box was horizontal during the experiments neither did we assure that no depression of the box base occurred. It was thus possible that more water could accumulate
at some locations than at others at the base of the snow pack. This could account for
at least part of the discrepancy between measured and modelled twt-values at high
€Iw contents.
A possible difficulty with radar measurements on wet snow in the field, (not treated here) is the difficulty to distinguish the reflection in a nearly saturated layer at the
base of the snowpack from the reflection at the ground surface. This difficulty was
avoided by measuring om instead of twt in our experiments.
Snow Wetness Estimates

It is advisable to avoid making snow radar measurements when the snow is wet
since it is difficult and time consuming to measure €Iw. Comparative studies for €Iw
measurement techniques and instruments are presented by e.g. Denoth et al. (1984)
and Boyne and Fisk (1987). Methods for in situ determination of €Iw are listed in
Table 5. An indirect method to estimate snow wetness resulting from melt is the socalled degree-day or index method. The daily melt QMELT(mm, day-1) is calculated
as the product of a degree-day-factor D F (mm,"C-1, day-1) and the number of degrees the average daily air-temperature T ("C) exceeds a threshold temperature TT
("C)

D F and TT determined for rural areas in northern Sweden and Alaska are shown in
Table 6. Both studies using watershed runoff techniques use D F = 3.5 (mm,"C-1,
day-1) while the DF-values determined using snow courses are more spread. The degree-index method does not include radiation and when the melt periods were separated into early and late melt the D F became lower for early melt than for late melt
(See Table 6).
Table 5

- Methods for in situ measurements of snow wetness.

Method

Reference

Calorimetric method Radok et al. (1961)
Dilution method
Snow-fork

Method

Reference

TDR-method

Schneebeli and
ColCou (1 997)
Denoth (1997)
Louge et al.
(1998)

Monopole-antenna
Davis et al. (1985)
Sihvola and Tiuri (1986) Capacitance sounding
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Northern Sweden
Alaska, 68"37'N 149"17'W
Lulei, 6 5 0 3 8 ' 22"
~ 15'0
Luleb, 6S038'N 22"15'0
Lulei, 6S038'N 22"15'0
Alaska, 68"37'N 149"17'W

Location

15-24 April, 2 25 April-I0 May, 330 March-15 April, 416 April-23 April

Watershed runoff
Watershed runoff
Snow courses
Large lysimeters
Snow courses
Snow courses

Technique

3.3
2.7

3.5
6.1

= 3.5

average

3.01
0.7 - 1.7
1.03

early

late

5.9 - 8.62
3.3 - 6.5
5.74

DF (mm,C-1, day-1)

0
-1.9 to 0.5
0
0
0
-0.2

TT (C)

Degree-day-factors DF (separated into early and late snowmelt period) and threshold temperatures TT (C) determined for open
fields in northern Sweden and Alaska.

Bergstrom (1990)
Hinzeman & Kane (199 1)
Lundberg, (1979)
Westerstrom, (1982)
Beyere1 (1999)
Kane et al. (1997)

Study

Table 6

E
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3
2
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The order of magnitude of Ow produced by melt on open fields can be estimated
using the DF-value (3.5 mm,"C-I, day-I) and Tr (=O°C) determined from runoff
studies. During a 24-hour period with an average air temperature of 4°C a melt of
14 mm is produced. This melt corresponds to Ow 4%for a snowpack with 1 m
depth and a density of 300 kgIm3.
Melt takes place at the snow surface, with free air access. Refreezing takes place
throughout the entire snowpack and the air has to penetrate the whole snowpack in
order to refreeze the melted water. Air-temperature is thus less effective when it
comes to refreezing the melted water. An order of magnitude smaller D F is usually
used for refreezing. This means that it will require 10 days with an average air-temperature of -4°C to assure that all the melted water in this example has refrozen.
If Ow and ps can be regarded as fairly constant over the studied area the a-value
can be determined empirically by using results from the simultaneous measurements
of m t and SWE at the same location. Another possibility might be to make radar velocity measurements from the snow surface using common inidpoint technique
(CMP) or wide-angle reflection and refraction (WARR) technique (e.g. Parasnis
1997) and thus determine E W ~ .

-

Conclusion
The a-value calculated from snow density only should not be used for wet snow. The
actual wet-snow a-value is lower than the dry-snow value. A liquid-water content of
.
radar measurements should be
5% (by volume) reduces the a-value by ~ 2 0 %Snow
avoided during periods with liquid water in the snowpack. If this is not possible,
measurements or estimates of OW should be made and the a-value should be corrected for Ow. Eqs. (17) and (18), derived from the mixing model (Eq. (9)) with q = 0.5
give:

- good agreement between modelled and measured mt-values for the normal wetness range for old snow (Ow 54%)
- fair agreement between modelled and measured twt-values for extremely wet
snow (6% < Ow I9%)
- a simple expression for GWs
- a correct estimate of EW
- simple expressions for twt and the a-value.
The equations thus seem well suited for estimates of snow wetness influence on impulse radar measurements. It would be helpful if field measurements were available
to verify the findings.

Downloaded from http://iwaponline.com/hr/article-pdf/31/2/89/2485/89.pdf
by guest

A. Lundberg and H.Thunehed

Acknowledgements
The study was sponsored by the Swedish Water Regulation Enterprises (VASO). We
are grateful to our colleagues at the Department of Environmental Engineering for
their assistance with the experiment and for reading and giving valuable comments
on the manuscript.

References
Abdelrazik, M. A. (1984) Measurement and modelling of the dielectric behaviour of snow in
the 1.0 to 37.0 GHz frequency range, PhD Dissertation, Department of Electrical and Computer Engineering, University of Kansas, 422 pp.
Andersen, T., Lundteigen Fossdal, M., Killingtveit, A., and Sand, K. (1987) The snow
radar: A new device for areal snow depth measurements, In: Proceedings from "Hydropower 87" International Conference, Trondheim, Norway, June 30 July 2, 1987, Norwegian Hydrotechnical Laboratory Bulletins, 274, pp. 269-28.
Annan, A,, Cosway, S., and Sigurdsson, T. (1994) GPR for snow pack water content, In: Proceedings of the 5:th international conference on ground penetrating radar, June, 1994,
Kitchener, Ontario, Canada, Waterloo Centre for groundwater Research & Canadian Geotechnical Society, pp. 465-475.
Bergstrom, J. (1997) Development of a geophysical method for investigating and monitoring
the integrity of sealing layers on mining waste deposits. Final report, Swedish Environmental Protection Agency, Research for a low-waste ecocyclic society (AFR), AFR-report
No. 164, 89 pp.
Bergstrom, S. (1990) Parametervarden for HBV-modellen i Sverige, erfarenheter frdn modellkalibreringar under perioden 1975-1989, SMHI Hydrologi, Nr 28, SMHIs tryckeri, Norrkoping, 35 pp. (in Swedish)
Beyerel, H. (1999) Increased melt rate due to wood ash on snow, Master's thesis, Luled University of Technology, Division of Water Resources Engineering, 199:246 CIV, 29 pp.
Birchak, J. R., Gardner, C. G., Hipp, J. E., and Victor, J. M. (1974) High dielectric constant
microwave probes for sensing soil moisture, Proc. IEEE, Vol. 62, pp. 93-98.
Boyne H. S., and Fisk, D. (1987) A comparison of snow cover liquid water measurement
techniques, Water Resources Research, Vol. 23, pp. 1833-1836.
Brandt, M. (1991) Snomatningar med georadar och snotaxeringar i ovre Lulealven, in
Swedish (Snowpack measurements using surveys and radar technology in the Luled river).
SMHI-hydrologi, No 33, SMH1:s tryckeri, Norrkoping, pp. 19.
Bruland, O., and Sand, K. (1996) Operational snow surveys by radar, In: Sigurasson, O.,
Einarsson, K., and Adalsteinsson (Eds.) Nordic Hydrological Conference 1996. Akureyri,
Iceland 13-15 August 1996. Volume 1. NHP-Report No 40. Icelandic Hydrological Committee, Reykjavik. pp. 110-119.
Davis, R. E., Dozier, J. LaChapelle, E. R., and Perla, R. (1985) Field and laboratory measurements of snow liquid water by dilution, Water Resources Research, Vol. 21, pp. 1415-1420.
Denoth, A. (1989) Snow dielectric measurements, Advanced Space Research, Vol, 9, pp. 233243.

-

-

Downloaded from http://iwaponline.com/hr/article-pdf/31/2/89/2485/89.pdf
by guest

Downloaded from http://iwaponline.com/hr/article-pdf/31/2/89/2485/89.pdf
by guest

A. Lundberg and H. Thunehed
Resources Research, Vol. 26, pp. 226-273.
Sand, K., and Bruland, 0. (1998) Application of Georadar for snow cover surveying, Nordic
Hydrology Vol. 29, pp.36 1-370.
Schneebeli, M., and ColCou, C. (1997) Measurement of density and wetness in snow using
time-domain reflectrometry, Annales of Glaciology, Vol. 26, pp. 69-72.
Sihvola, A., and Tiuri, M. (1986) Snow fork for Field Determination of the Density and Wetness Profiles of a Snow Pack, IEEE Transactions of Geoscience and Remote Rensing, Vol.
Ge-24, pp. 7 17-721.
Stein, J., and Kane, D.L. (1983) Monitoring the unfrozen water content of soil and snow using Time Domain Reflectometry, Water Resources Research, Vol. 19, pp. 1573-1584.
Ulriksen, P. (1982) Applications of impulse radar to civil engineering, Doctoral Thesis, Department of Engineering Geology, Lund University of Technology, Lund. 179 pp.
Ulriksen, P. (1985) Profiler genom snotacket registrerade i mars, 1983 med LTH:s 900 Mhz
impulsradarsystem, in Swedish (Snow profiles registered March, 1983 with LTH:s 900
Mhz impulse radar system), Vannet i Norden, Vol. 4, pp. 47-70.
Wikstrom, P. (1999) Radarteam Sweden Ltd., Gransvagen, 51, S-961 37 Boden, Sweden.
Westerstrom, G., (1982) Estimating snow cover runoff by the degree-day approach, Vannet i
Norden, Vol. 3,47-53.

Received: 25 June, 1999
Revised: 21 November, 1999
Accepted: 25 November 1999

Address:
Angela Lundberg,
Water Resources Engineering,
LuleA University of Technology,
SE-97 1 87 LuleA,
Sweden.

H.Thunehed,
Applied Geophysics,
Lule%University of Technology,
SE-97 1 87 LuleA,
Sweden.

Downloaded from http://iwaponline.com/hr/article-pdf/31/2/89/2485/89.pdf
by guest

