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ABSTRACT. Time-dom ain reOectometry (T DR) is widely used in soi l physics to 
determine wa ter content. Existing equipment and methods can be adapted to measure
ments of snow wetness. The main advantages compared to other methods a re f1 exibility 
in constructing sensors, minimal influence on snow cover during measurements and en
sors can be multiplexed. 'rVe developed sensors suitable for continuous and non-continuous 
measurements of snow we tness and density, measured the apparent permittivity in di ffe r
ent snow densities and snow types, and compared the measurements to ex i ting mixing 
fo rmulas for mixtures of snow and air . In dry snow, density was measured fro m 110 to 
470 kg m- 3

. The residual error is 14 kg m- 3 and the 95% confidence interval of our model 
is 3 kg m - 3. To measure snow density a nd wetness continuously suitable sensors have been 
constructed. Their sm all size and high surface a rea to weight ratio minimizes their move
ment in the snowpack, except when they a re exposed to intense solar radiation. Resul ts 
show that changes in dry-snow density of less than 5 kg m - 3 can be detected. Infilt ration 
of even small amounts of water clearly shows up in the permittivity. At the surface of the 
snowpack, problems occur due to the formation of air pockets a round the sensors during 
long-term measurements. 

INTRODUCTION 

Snow can be considered as a heterogeneous dielectric mate
rial consisting ofice, air and, in wet snow, of water. The den
sity of snow and its liquid-water content are correlated to the 
di electric properti es. They are most often measured by 
capacitive methods. The methods developed for snow 
(Denoth and others, 1984; Denoth, 1989; M iitzler, 1996) can 
only be used for short-term measurements, because the 
required sensors are of a higher specific density than seas
ona l snow and absorb a substanti al amount of sola r radi
ation when they are located near the surface. Metallic 
cabl e time-domain refl ectometry (TDR) has gained wide
spread u e for measuring water content in soil s and rocks 
(Topp and others, 1982; H erkelrath and others, 1991). A 
significant advantage compa red to capacitive methods is 

the small sensitivity to vari able conductivity. TDR sensors 
can be conrigured in different ways with little effort. This 
cha racteristic can be used to make sensors of different geo
metries, specifically adapted to the medium of interest. A 
disadvantage compared to capacitive measurements is the 
complex signa l which is received by TDR. This signal 

requires a non-tr ivial interpretation before the permittivity 
can be calcul ated. The first application of T DR to the meas
urement of snow density and wetness was by Stein and K ane 
(1983). They only showed the signa l but did not make cali
brations. Schneebeli and Davis (1993) calibrated the dielec
tric consta nt and snow wetness for a limited number of 

values. Stein and others (1997) compa red the di electric cons
tant measured by TDR to snow density and we tness. Lund
berg (1996) concentrated on the measurement of snow 

we tness a nd fi t ted an empirical modelLO seasona l snow of a 
higher density (350 kg m 3). 

Another possibility for measuring the di elec tric snow
cover properties over time is rada r (Gubler and Hiller, 

1984). R adar is a truly non-destructive technique. H owever, 
the layer-to-Iayer va riation of the permittivity can only be 
determined by destructively measuring the snow density 
and height of each layer. 

THEORY 

TheTDR method measures the re turn time of a n electronic 
pulse transmitted through a finite-Icng th cable or probe. 
The return time of the pulse is a ffec ted by both the length 
of the cable or probe (travel d istance) a nd the permittivity 
of the insulator a round the cable or probe (propagation 

velocity). Changes in impedance along the cable produce 
additiona l refl ections that can be used to identify the 
location of the change. vVhen the physical leng th of the 
probe is known, the permittivity of the insulator (snow) 
around the probe can be determined. T he band of frequency 
where the permittivity is measured depends on the rise time 

of the pulse. Commercia l TDR instruments a re often in the 
range 10 MHz to I GHz, with the cent ral frequency around 
200 MHz. T his corresponds to a ri se ti me of about 200 ps. 

The apparent permittivity Ca is defined as 

I 1 + VI + tan2 8 
Ea = E 2 (1) 

where c' is the real pa rt orthe relative permittivity, c" is the 
imaginary part of the relative permittivity and the loss tan-
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gent tan {5 = c" / c'. The real part of the relative permittivity 
of ice is 3.15 and of air 1.00. The travel time of the electro
magnetic pulse within the snow is determined by measuring 
the impedance mismatch at the beginning and end of the 
probe. The difference between these two locations gives an 
electromagnetic length lel. The relation between geometric 
probe length I, the apparent electromagnetic length leJ and 
the apparent permittivity CA is 

leJ2 

Ca = (ql)2 (2) 

Due to impedance mismatches caused by impedance jumps 
(especia ll y within the multiplexer), reflections occur which 
make calculation of the very small imaginary part of the 
permittivity c difficult if not impossible. For this work, we 
assume that for the frequency domain used byTDR the ratio 
c" / E' « 1. The loss tangent would then be very small and 
the apparent permittivity corresponds to the real part of the 
permittivity. 

Coaxial cable RG-188 Aluminium tube, 3 mm diam. 

r1li=~ =========~2~mm .. 
300 mm 

Fig. 1. Sketch if the construction snow probe. The snow probe 
is connected by a thin coaxial cable to the cable tester or the 
coaxial multiplexer. 

METHOD 

The experimental equipment consists of a cable tester (Tek
tronix 1502B), a notebook computer and theTDR probe. For 
continuous measurements in the snowpack, the automated 
measurements are done by interfacing a Campbell CRIO 
data logger and coaxial multiplexer. Two different types of 
TDR probe have been developed for measurements in snow. 
One is used for measurements in snow pits or in the labora
tory (called the manual probe); the second one is used for 
long-term measurements within the snowpack (called the 
snow probe). The manual probe has a length of 28 cm and 
is two-pronged. Special attention has been given to an elec
tromagnetically smooth transition from the coaxial cable to 
the two-pronged probe. The resulting signal is then as good 
as that from a three-pronged probe (cf. Zegelin and others, 
1989). The ends of the two steel rods are sharp tips, such that 
even hard snow can be penetrated. A guide keeps the rods 
parallel when they are inserted and are removed before 
measurement. The snow probe is constructed from a thin
walled aluminum tube (3 mm diameter, thickness of wall 
0.3 mm ) (Fig. I). The length of the probe is 300 mm. Instead 
of the usual open circu it, the probe is short-circuited. This 
feature stabilizes the rods mechanically and changes the 
resulting signal only by sign (Fig. 2). The connectors are 
screwed SMA type and cables are thin 5 Ohm coaxial 
(RG-18B). The total weight of the sensor is about 10 g. A 
semi-rigid aluminum frame with dimensions of 
50 cm x 50 cm has been constructed to position the probes 
flat on the snow surface. Three probes are fixed on the frame 
with 0.1 mm diameter nylon thread. 

The electromagnetic length of the signal is calculated 
directly from the digitized signal. The digitized signal, con
sisting of 251 values and with a vertical resolution of 128 di
gits is first smoothed with a five-point moving average and 
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converted to a real valued array (Fig. 2). This array is used to 
calculate the first derivative (centered difference). High 
values of the first derivative define an impedance mismatch. 
The algorithm checks for the first and second high value of 
the first derivative. These values are then used to locate the 
steady and rising part of the signal. Straight lines are fitted 
to the pieces and the intersections of the lines define the start 
of an impedance mismatch. The difference between these 
two values is used to calculate the electromagnetic length. 
This algorithm is simi lar to that ofHeimovaara and Bouten 
(1990) but a simple linear regression is used instead of a 
weighted one, with no loss in locating the mismatch. 
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Fig. 2. Example if a digitized waviformJrom the snow probe. 
The end rifLectiolZ is inverted compared to a normal probe (see 
Fig. 3). 

LABORATORY MEASUREMENTS 

The calibration of snow density was done using different 
snow types and temperatures. The measurements at the 
Swiss Federal Institute for Snow and Avalanche Research 
(SFISAR) were made in the field, while those at the Centre 
d' Etude de la Neige (CEN) were done using sieved snow in 
the laboratory (Fig. 3). Both datasets show a similar amount 
of scatter. No influence of snow type or temperature cou ld 
be observed. Grain-size has no effect on the measured per
mittivity. The apparent permittivity is highly correlated 
with gravimetrically determined snow density (correlation 
coefficient r = 0.988). The formula 

C:rf = 0.99 + 0.00213ps (3) 

where Ps is the density of snow in kg m 3, is the best fi t to the 
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Fig. 3. Example if a digitized waviform. The thick line is the 
aquired wave. The absolute value rif the first derivative di
minishes with increasing travel time due to dispersion. 
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data. This is very similar to the linear model of Tiuri and 

others (1984) where they proposed E~ff = 1 + 0.0017 Ps 
+0.0007 Ps 2. However, a systematic deviation between the 
measured values and the second-order polynomial model 
from Tiuri and others (1984) as well from Matzler (1996), 
who found that c~ff = 0.99 + 0.00159ps + 0.00186Ps3, 

occurs (Fig. 4). The fit ofMatzler shows excellent agreement 
of the measurements with theory. The permittivities meas

ured with TDR are higher. We suppose that this deviation 
is caused by the small compaction of the snow around the 
rods. The highest sensitivity of the electromagnetic fi eld is 
directly around the rods (Knight and others, 1994) and the 
sign of the deviation is in the direction expected by such an 

effect. This hypothesis is supported by comparing the sen

sors used for the empirical fits of Tiuri and others (1984), 
Denoth (1989) and Miitzler (1996). The measurements by 
Tiuri and others were made using a two-pronged capacitive 
probe, those of Denoth using a plate and Matzler's using a 
coaxial probe. The coaxial probe has the least compaction 
and the most homogeneous electromagnetic field. The 
measurements byTiuri and others are between our relation
ship and that of Matzler. The relationship of Denoth is 
between ours and Tiuri and others. M easurements using a 
coaxial probe correspond to a very high degree to those of 
Matzler (personal communication from B. Lesaffre and F. 
Touvier, 1997). We conclude that the combined effects of com
paction and distribution of the electromagnetic field caused 
by different sensors are important for measuring the relative 
permillivity in snow. 
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Fig. 4. Measured dry-snow density compared to the measured 
real part if the permittivity (symbols) and compared to em
piricalfits ifsnow density to permittivity. 

The TDR measurements reported here are significantly 
better than those reported by Stein and others (1997). Their 
correlation coefficient r is 0.78 for their best model and over 
a smaller range of densities (150- 400 kg m- 3

) than measu red 
in this study. 

The wet-snow measurements in the laboratory do not 

show a good correlation to water content, especially when 
measured with different densities. This is caused by the dif
ficulties in manufacturing sufficiently large and homoge
neously wet-snow samples. Due to the rapid drainage of 
water from the snow, the samples taken for an independent 
determination of the water are already drier than the meas

urements taken with TDR at a high snow wetness. A more 
reliable method must therefore be sought. It was not possi-
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ble to improve the results of Schneebeli and Davis (1993) 

and Lundberg (1996) significantly. 
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rIg. 5. M eteorological and snow dataJor thejield measure
ments at Col de Porte. The snow density with disk is measured 
using a moving disk. Their heights are continous(y measured 
and the density can be calculated from the initial density and 
the settlement. The snow tempemture is measured at the 
depths Cl/the TDR snow probes. 

FIELD MEASUREMENTS 

The field measurements were done at Col de Porte in the 
French Alps (1325 m a.s.l.). The six probes were placed on 
the snow surface during a snowfall (Fig. 5). The probes were 
buried about 20 cm deep from day 2 to 22 and 5 cm deep 

from day 22 to 55 (Fig. 6). The calculated density (Equation 
(3)) of the snow measured by the probes is shown in Figure 
7. The snow was dry until day 19. The increase in density 
caused by the settlement of the snow can be seen clearly. 
The calculated densities are lower than those measured in 
a nearby snow pit. Based on the few data, two explanations 
are possible. First, it may be the im'erse effect observed 
during the laboratory calibration, because the snow probe 
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Fig. 6. DejJth if the TDR snow probes below the sUlface. 
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causes no compaction compa red to the hand probe. Sec
ond ly, the snow-pit measurements are different from the 
density a t the location of the TDR probes. The ca lculated 
density from di sks moving in the snowpaek is significa ntly 
lower on day 15 than the den ity measured in the snow pit 
(Fig. 5). 
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Fig. 7. Density caLcuLated ji-om the change in permittivity 
withilllhe mow cover sllOwllJor the six probes within the same 
Laye?: The dots show the density measured in a nearby snow 
pit. 

During the measurements, a high-frequency scatter is 
observed (Fig. 8). We suppose that thi s is caused by an in
stability in the electronics. These jumps could be removed 
using a median smoother to the time series. 

29 30 31 32 
Jul ian Day 

rIg. 8. OriginaL signaL qfthe TDR measurements ( Line with 
/Joints) and median smoothed signal. Thejunz/Js are caused by 
the electronics used. 

The sudden increase in density during a nd after day 23 is 
caused by liquid water (meltwa ter) and densification. The 
calculated density recedes to 200 kg m 3 following day 25. 
This may be caused by the formation of an a ir pocket around 
the probes due to insulation, because from this time the snow 
probe was buried only by about 50 mm of snow. Although 
the snow temperature was nea r to O°C during the day, the 
signal shows no meltwater infiltrat ion with daily temper
ature fluctuations du ring days 24 to 42. From days 42 to 48, 
an increase in "density" can be recognized but this value 
cannot be quantitatively interpreted. Afterward s, the 
probe appeared at the surface of the snow. 
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CONCLUSIONS 

TDR can be used to determine snow density with high pre
cision and over an extended period, even when the sensor is 
only buried shallowly. It shows a very similar relationship 
between apparent permittivity and snow density as do other 

methods, which are based on frequency-domain method s. 
The lightweight sensors show prom ising potential for con
tinuous measurement of the perm ittivity of snow in the fi eld. 
In addition, the multiplex ing poss ibilities will permit 
detai led analysis of infiltration patterns and variations in 
se tt lement. Calibration of the TDR system for liquid-water 
content has not yet been successful , because of the difficul
ties caused by manufaCluring wet-snow samples. Infiltra
ti on events could be clearly detected with the continuously 
monitoring snow probe and the estimated water content 
was reasonable. Additional measurements are necessa ry, 

especia lly at greater depth, to evaluate the performance of 

the continuous measurements definitivel y. 
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