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ABSTRACT: Quantifying the density (ρ) and liquid water content (LWC) of snow is crucial for any 
physical process in the snowpack. A widely used method to measure those quantities involves a ca-
pacitance sensor that subjects the snow to an electrical field, an idea first introduced by Denoth (1989). 
While this dielectric measurement principle is known to be well-working from yearlong use of Denoth 
prototype sensors, such instruments are not yet commercially available. To this end, we developed a 
new ρ and LWC sensor with the goal of producing a small batch series in the near future. The sensor 
is a single coplanar capacitor integrated onto a printed circuit board that measures the relative permit-
tivity (ε) of snow. We evaluated the sensor in the field through 13 dry and wet snow profiles and com-
pared ε-values obtained from the new sensor with those measured with a Denoth prototype. An addi-
tional validation was carried out in the cold lab on homogenous dry and wet snow samples. Field meas-
urements deviated on average by 0.5 % (RMSE) and lab measurements by 1% (RMSE) from the ref-
erence values. A comparison of the snow density, retrieved from ε using the Denoth inversion, with 
densities from volume weighing revealed an average deviation of about 4 kg m-3 (1.3 %). The new 
sensor provides a reliable instrument to replace the established, but no longer available Denoth sen-
sors. The accuracy of the new (and likewise the old) sensor may be even improved if a better inversion 
model was available. A thorough understanding of the uncertainties in the dielectric calibration and 
uncertainties of the empirical permittivity parameterization relating ε, ρ and LWC may therefore lead to 
improved estimates in the future using the same device.  

KEYWORDS: snow density, snow wetness, liquid water content, capacitive sensor, permittivity, dielec-
tric method, snow profile. 

1. INTRODUCTION 
Quantifying the density (ρ) of snow and its liquid 
water content (LWC) is crucial to investigate any 
physical process within the snowpack. While 
measuring density using the volume weighing 
method is long-established, determining LWC re-
mains challenging, particularly in field conditions 
(Colbeck, 1978, Fasani et al., 2023). One prom-
ising method to measure ρ or LWC involves a ca-
pacitance sensor that subjects the snow to an 
electrical field, an idea first introduced by Denoth 
et al. (1982a, 1982b, 1984, 1989, 1994). The prin-
ciple is based on the fact that air, ice, and water 
have different relative permittivity values (ε) for 
frequencies between 0.01 and 1 GHz (Evans, 
1965). Thus, depending on the proportions of ice, 
air and water within a snow volume, the meas-
ured capacitance changes. Despite the measure-
ment principle was proven to be well-working 
from yearlong use of Denoth prototype sensors, 

such instruments are not yet commercially avail-
able. To fill this gap, we developed a new snow 
density and LWC sensor with the goal of produc-
ing a small batch series in the near future. 

2. INSTRUMENT SPECIFICATIONS 
The new capacitive sensor (NCS) features a rel-
atively large sensor plate (173 x 117 mm), which 
provides a sufficient measurement volume, but 
still can be easily inserted into a snow pit wall and 
is compatible with the controllers of existing SLF 
SnowSensor or InfraSnow systems (Fig. 1). The 
sensor is a single coplanar capacitor integrated 
onto a thin 0.8 mm printed circuit board, as a com-
promise between strength and flexibility to ensure 
tight contact with the snow after insertion. The ca-
pacitor forms an oscillator together with a quartz 
crystal, such that any changes in capacitance 
lead to changes in oscillator frequency (Δf).  
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Figure 1: The old Denoth sensor and the new ca-
pacitive snow sensor (NCS). 

3. INSTRUMENT CALIBRATION 
The sensor was calibrated using an empiric ε-Δf 
relation from measurements on three materials 
(air εair = 1; polytetrafluoroethylene εPTFE = 2.1, 
polymethylmethacrylate εPMMA = 2.7) with known 
permittivity. The setup is shown in Figure 2. Cali-
bration measurements at 0 °C and 27 °C revealed 
no relevant influence of temperature on the die-
lectric properties of the materials. 

 
Figure 2: Calibration measurement with PTFE.  

A continuous calibration curve was obtained by a 
2nd order polynomial fit (Fig. 3). For high permit-
tivity values the maximal raw signal deviation (Δf) 
among the 8 calibration curves was about 0.4 kHz 
(shown by the marker width), indicating the need 
to implement individual sensor calibration factors 
for each sensor.  

4. EVALUATION 
We evaluated the sensor in the field based on 
data revealed from 13 dry and wet snow profiles. 
First, we compared all ε-values obtained from the 

NCS with those measured with a Denoth proto-
type by their root mean square error (RMSE) and 
correlation coefficient (r). The same comparison 
was done with the data of each snow profile sep-
arately. Finally, we deduced ρ and LWC from ε to 
express deviation between the sensors by rele-
vant quantities for snow practitioners. In addition, 
ρ and LWC as calculated from ε were compared 
with independent ρ and LWC measurements us-
ing volume weighing (ρcutter; n = 1…3), and melt-
ing calorimetry (n = 4…6) (Kawashima et al., 
1998), respectively.  

 
Figure 3: Calibration curves of 8 NCS. 

 

4.1 Field measurements 
Over all field measurements, the relative RMSE 
of ε was 0.5 % comparing NCS measurements to 
the ones measured with the Denoth sensor. For 
ε-values below 2 the two sensors were in good 
agreement (Fig. 4).  

 
Figure 4: Comparison of all single permittivity 
measurement revealed from the NCS and the De-
noth sensor. 
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For higher values the deviations between the two 
sensors increased and a few NCS measurements 
showed a distinct deviation towards higher values 
leading to correlation coefficient of only 0.84. The 
overall linear fit showed that, on average, the sen-
sors agreed well with a slope of 0.97 ± 0.05 (95-
confidence interval) and an intercept of 0.07.  

The relative (absolute) RMSE over a single snow 
profile ranged from 0.4 % (0.007) to 3.8 % (0.077) 
with an average relative RMSE of 1.5 % (Fig. 4). 
Twelve out of 13 permittivity profiles correlated 
well between 0.61 and 0.92. 

As shown in Figure 6 (right), larger deviations 
were mainly found if the snow was considerably 
wet or due to thin layers which were difficult to 
align horizontally with the measurement locations 
of the two sensors. Moreover, in some cases high 
LWC exceeded the measurement range of the 
Denoth sensor (Fig. 5 right: asterisk marker).  

 

 
Figure 5: Relative RMSE and correlation coeffi-
cients (colors) of each snow profile comparing the 
permittivity measured with the NCS and the De-
noth sensor. 

From snow profiles which were clearly below 0 °C 
the density of dry snow ρdry was calculated using 
the inversion of following empirical formula (De-
noth, 1989): 

𝜖𝜖 = 1 + 1.92 ∙ 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑 + 0.44 ∙ 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑2  (1) 

The retrieved ρdry deviated on average of about 4 
kg m-3 (1.3 %) compared to the densities from vol-
ume weighing. Figure 7 shows the bias (underes-
timation) between the two ρ-measurement meth-
ods which increased for values above about 200 
kg m-3. For both permittivity sensors, relative 
RMSE (1.3…1.4 %), correlation coefficients 
(0.75…0.76) and slopes of the linear fit were 
within a similar range (0.65…0.70).  

 
Figure 6: Two permittivity and snow temperature 
(blue) profiles revealed from the NCS (red) and 
from the Denoth sensor (black). Left) Profile on 
April 6th showing small deviations (RMSErel = 1.1 
%; r = 0.98). Right) Profile on May 8th showing 
partly larger deviations at wet snow layers 
(RMSErel = 3.8 %; r = 0.62).  

 
Figure 7: Comparison of the snow density de-
duced from permittivity measurements with the 
Denoth sensor (top) and the NCS (bottom). 
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4.2 Laboratory measurements 
To extend the validation to more controlled condi-
tions, transformed and settled natural snow (RG, 
1.5 mm), which was stored for several weeks, 
was used for the laboratory experiments. The 
SSA measured with an InfraSnow device was 8.6 
± 0.5 mm-1. A defined mass (ca. 4 kg) of snow 
was sieved (4 mm) into a box standing in an ice 
bath where a defined mass (236…635 g) of 0 °C 
water was added and mixed. The wet snow was 
then filled into another box to optimally conduct 
the ε measurements (Fig. 8). The air temperature 
at the cold lab ranged around -0.3 ± 0.4 °C. Snow 
density was measured (n = 6) by volume weigh-
ing before sieving when the snow was still in a dry 
and sintered state (ρdry = 472 ± 21 kg m-3) and 
after the ε measurements (561 ± 47 kg m-3).  

 

 
Figure 8: Setting of the measurements in the cold 
lab on prepared wet snow samples.  

The permittivities of the dry and wet snow sam-
ples, measured with the two sensors were 
strongly correlated (r = 0.997, Fig. 9). However, 
the slope of fit was slightly steeper than the x=y 
diagonal (1.08 ± 0.08; 95-confidence interval). 
The relative RMSE between the two sensors was 
about 1 %, which translates to a difference in ε of 
0.03. The reproducibility of the measurements on 
same snow samples expressed as the standard 
deviation of 5 measurements ranged from 0.02 to 
0.1 for the Denoth sensor and from 0.02 to 0.13 
for the NCS.  

LWC calculated from the empiric formula (Eq. 2) 
of Denoth (1989), including the average dry snow 
density ρdry, revealed values from -0.3 to 9 vol.% 
for the NCS (Fig. 6 - colormap), and from 0 to 8.4 
vol.% for the Denoth sensor.  

𝜖𝜖 = 1 + 1.92 ∙ 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑 + 0.44 ∙ 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑2 + 0.187 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿
+ 0.0045 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿2 (2) 

Both, uncertainties of ε and of ρdry propagates to 
the uncertainty of the dielectric LWC measure-
ment. A permittivity deviation of 0.1 increased the 

calculated LWC by about 0.4 vol.%. A density de-
viation of -20 kg m-3 increased the calculated 
LWC by about 0.2 vol.%. LWC measurements of 
the wet snow samples using melting calorimetry 
revealed distinctively higher LWC between 7 ± 
0.6 vol.% and 13.9 ± 1.3 vol.%. As discussed in 
chapter 5, those data were not used as reference 
values. 

 
Figure 9: Comparison of the mean (n = 3…5) per-
mittivity, measured with the NCS and the Denoth 
sensor in the cold lab on prepared dry (n = 3) and 
wet (n = 5) snow samples. The colors indicate the 
LWC calculated from εNCS using Eq. 2. 

5. DISCUSSION 
We presented a new capacitive sensor which was 
validated to measure the snow’s permittivity val-
idly and reliably compared to an established in-
strument. For both, the new and the reference in-
strument, a calibration with known dielectric ma-
terial constitutes the (ground truth) basis of the 
measurement principle. Whereas for the Denoth 
sensor the calibration curve was linearized, pos-
sibly to allow an easier two-point calibration (air, 
PTFE), the NCS is calibrated on three points (air, 
PTFE, PMMA) using a 2nd order polynomial fit. 
Deviations between the sensors at higher ε as 
found on wet snow, could be caused by those dif-
ferent calibrations. To improve the NCS calibra-
tion, the inclusion of additional calibration materi-
als with precisely known ε-values between 3 and 
5 are foreseen. The propagation of possible cali-
bration uncertainties to the measurement results 
are so far unknown. They may result from impre-
cise ε reference values of the calibration materi-
als or from the extrapolation procedure in the cal-
ibration curves. 

To deduce ρ and LWC from ε, empiric permittivity 
relations must be used. Present formulation is 
based on the assumption that ε only depends on 
ρ and LWC, whereas geometry of the ice matrix 
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and water inclusions can be neglected (Denoth, 
2003). As visible in the presented data (Fig. 4), 
deviations increased with increasing ε. When an-
alyzing the snow profiles in detail, in some cases 
this might have been caused by a limited sensi-
tivity of the Denoth sensor for high ε-values. How-
ever, considering all lab and field data, it ap-
peared that in the upper measurement range, 
εNCS tend to deviate towards higher values. To 
confirm this observation, additional wet snow 
measurements in the cold lab are needed.  

As ε measurements with the Denoth sensor could 
not be considered as a ground truth, additional in-
dependent ρ and LWC measurement methods 
were used for the comparison. Densities from vol-
ume weighing (Fig. 7) were systematically higher 
compared to the ones calculated from ε. Whereas 
densities deduced from the Denoth and the NCS 
are essentially identical. On the one hand, the 
bias of ρcutter and ρNCS/denoth could be caused by an 
imperfect contact of the permittivity sensor with 
the snow after insertion. The harder and more 
brittle the snow is, the more difficult it is to insert 
the sensor adequately without creating a small air 
gap on one side of the sensor. Another explana-
tion of the observed deviation of the dielectric and 
the volume weighing method could lay in the em-
piric ρ-ε relation (Eq. 1).  

LWC values obtained by several repeating melt-
ing calorimetric measurements were considera-
bly scattered and had mean values distinctively 
above the ones deduced from ε. Although the cal-
orimetric measurements had a small water-to-
snow mass ratio (1.9…3.9) and were conducted 
under constant and well controlled laboratory 
conditions, more efforts would be required to de-
velop a melting calorimeter and a measurement 
protocol to quantify the LWC with sufficient accu-
racy and precision to serve as reference method. 

REFERENCES 
Colbeck, S.C.: The difficulties of measuring the water satura-

tion and porosity of snow. Journal of Glaciology, 20(82), 
189–201, https://doi.org/10.3189/S0022143000198089, 
1978. 

Denoth, A.: Effect of grain geometry on electrical properties of 
snow at frequencies up to 100 MHz. J. Appl. Phys. 53(11), 
7496–7501. https://doi.org/10.1063/1.330157, 1982a. 

Denoth, A.: The pendular-funicular liquid transition and snow 
metamorphism. Journal of Glaciology, 28(99), 357–364. 
https://doi.org/10.3189/S0022143000011692, 1982b. 

Denoth, A. Foglar, P. Weiland, C. Mätzler, H. Aebischer, M. 
Tiuri, A. Sihvola; A comparative study of instruments for 
measuring the liquid water content of snow. J. Appl. Phys. 
56(7), 2154–2160. https://doi.org/10.1063/1.334215, 
1984. 

Denoth, A.: Snow dielectric measurements. Adv. Space Res. 
9: 233–243, https://doi.org/10.1016/0273-
1177(89)90491-2, 1989. 

Denoth, A.: An electronic device for long-term snow wetness 
recording. Ann. Glaciol. 19, 104–106, 
https://doi.org/10.3189/S0260305500011058, 1994  

Denoth, A.: Structural phase changes of the liquid water com-
ponent in Alpine snow. Cold Regions Science and Tech-
nology 37, 227–232. doi:10.1016/S0165-232X(03)00066-
1, 2003. 

Evans, S. . Dielectric Properties of Ice and Snow–a Review. 
Journal of Glaciology, 5(42), 773–792. 
https://doi.org/10.3189/S0022143000018840, 1965. 

Fasani, D., Cernuschi, F., Colombo, L.P.M.: Calorimetric de-
termination of wet snow liquid water content: The effect 
of test conditions on the calorimeter constant and its im-
pact on the measurement uncertainty. Cold Regions Sci-
ence and Technology, 214, 103959, 
https://doi.org/10.1016/j.coldregions.2023.103959., 
2023. 

Kawashima, K., Endo, T., Takeuchi, Y.: A portable calorimeter 
for measuring liquid-water content of wet snow Ann. Glac-
iol. 26, 103–106. https://doi.org/10.3189/1998AoG26-1-
103-106, 1998

Proceedings, International Snow Science Workshop, Bend, Oregon, 2023

1536


	1. Introduction
	2. Instrument specifications
	3. INSTrument Calibration
	4. Evaluation
	4.1 Field measurements
	4.2 Laboratory measurements

	5. discussion



