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ABSTRACT: The manual measurement of snow density through sample collection and 
liquid water content by calorimetry can be cumbersome and time consuming, while 
electronic methods are considerably faster.  Field and laboratory experiments were 
conducted to compare several techniques for measuring snow density and moisture 
content. Two methods for the measurement of snow moisture were used in both field and 
laboratory settings: the Denoth meter capacitance plate and the Toikka Oy “Snow Fork” 
microwave resonance technique.  Snow density was measured using three techniques: a 
direct sample measurement (rectangular snow scoop); snow fork; and, in the lab setting, 
the Bruker Sky-Scan 1173 Micro CT – X-ray scanner using image analysis techniques.  

Results show that the snow fork densities are generally reliable in dry snow but become 
inaccurate (low) in wet snow. Density from direct sampling was on average 0.037 g/cc 
greater than the snow fork density. Densities measured by the Micro-CT were inaccurate 
once the snow began to melt, primarily due to sample collection and processing 
technique.  For moisture measurements, we found the Snow Fork to be a reliable tool for 
measuring the moisture content and density of snow. The Denoth moisture values are on 
average 0.054% by volume higher than the snow fork moisture. All Denoths tested, 
report similar moisture values, which was encouraging as these devices are over 20 years 
old and there is no other source for calibration. 

KEY WORDS: Density, Moisture, Snow. 
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OBJECTIVES 

The objectives of this work were two fold (1) determine the accuracy and reliability of 
the Toikka Snow fork by comparing the density and moisture data it collects to moisture 
data from Denoth meters and directly sampled snow densities, and (2) compare different 
Denoth meters used by CRREL in order to ensure that they are producing similar results. 

1 EXPERIMENTAL PROGRAM 

1.1 Instrument Descriptions 

The Denoth snow moisture meter is an electronic device that measures the real part of the 
dielectric constant of snow at 20 MHz Empirical relationships with snow moisture and 
density allow the calculation of snow volume wetness (Denoth, 1989). Density must be 
measured separately for input into the equation. This was done using a 100 cm3 
rectangular box cutter, and weighing the sample on a digital scale.  These measurements 
were taken in the side wall of the snow block, Figure 2 and 3 CRREL has five Denoth 
meters in its inventory.  In the laboratory setting, each was used to check their current 
accuracy and calibration with each other? Two Denoth meters were available for use in 
the field. One belonging to CRREL, and a second belonging to another agency. 
Measurements within 5cm of the ground are affected by the dielectric properties of the 
underlying surface and should be interpreted with caution. 

The “Snow Fork” manufactured by TOIKKAoy measures the real and imaginary 
components of the dielectric constant of snow using microwave resonance in the range of 
500 to 900 MHz The dielectric constant can be related to snow density and liquid water 
content through semi-empirical relationships (Tiuri and Sihvola, 1986). Here, the snow 
fork was used to measure density and liquid water content (wetness). This was done by 
installing the snow fork into the snow block at the beginning of the experiment and 
autonomously recording the data for the duration of the experiment, Figures 3 and 4. In 
the field measurements were taken every 5cm of depth. Similar to the Denoth Meter, 
observations within 5cm of the ground should be interpreted with caution. 

Micro CT scan, or Computer Tomography was performed on three occasions during the 
laboratory tests, at the start of experiment, two hour and five hours elapsed time into the 
experiment. Samples were removed from the snow block and measured with the Bruker 
Skyscan 1173 μCT scanner. The micro-CT scanner is housed in a -10oC freezer to 
prevent additional melting of the samples during measurement.  The scans were 
measured with 40 kV X-rays at 200 mA and the nominal resolution was 15-20 μm. This 
instrument produces a three-dimensional (3-D) representation of the snow from which 
density, grain size and other statistical measurements. 
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1.2 Laboratory experimental design 

A snow sample was constructed in an insulated box approximately 0.9m x 0.6m, filled to 
a depth of 0.25m with manufactured snow, Figure 3.   To do this the snow was sieved so 
that it was uniform and allowed to sit for more than 24 hours so the snow would settle 
and sinter similar to a natural snow pack. A string of five temperature sensors was 
inserted vertically into the snow at the corner of the box. The day of testing, the box was 
placed outside it in a shaded location. The snow fork was inserted into a hole in the side 
of the box 10 cm above the bottom of the box. A white cloth was placed over the snow 
fork to prevent it from self-heating and thus affecting the measurement. 

Figure 1. Denoth meter (left) and Snow Fork (right) alone and taking field measurements. 

Figure 2. Inserting the Denoth meters into the side of the snow vertically. 
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Figure 3. Inserting the Denoth meters into the side of the snow vertically. 

Figure 4. Placement of instrumentation within the snow box. 

The snow fork recorded data automatically every 15 minutes.  In addition we recorded 
the Denoth meter readings, snow density and temperature manually every half an hour for 
the first 2.5 hours of the experiment and then 3.5 hours and 5.5 hours of the experiment. 

Temperature was measured in two ways. The installed temperature string melted out 
prematurely due to snow melting out around the wires, thus we switched to using a digital 
read-out temperature probe.   

Density measurements were taken every time we took the Denoth meter and temperature 
measurements. We obtained density measurements using a stainless steel box cutter with 
a height of 3 cm and a volume of 100 cm3 and weighing the resulting snow sample.  On 
three occasions we removed samples for CT scanning by taking a small cylindrical vial 
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and pushing it into the snow. By measuring and weighing the samples a bulk density 
value was obtained.    

1.3 Field measurements 

The snow fork and Denoth meters were also compared during two field campaigns. The 
first testing was in January 2018, in West Yellowstone, Montana at the Nevada 
Automotive Test Center’s (NATC) Winter Test Facility. A second set of field data was 
obtained in February 2018 in Calumet, Michigan at the Keweenaw Research Center 
(KRC) a research agency of Michigan Technological University. Both of these facilities 
boast miles of consistently groomed surfaces for vehicle testing, as well as areas of 
naturally fallen snow.  

Groomed surfaces were often too hard or too thin to insert the instruments. They were 
mainly used in the virgin snow pack. The snow fork was inserted horizontal into the face 
of the wall of a snow pit every 5 cm with depth.  The Denoth meter plate was placed on 
the surface of the snow for a ½ plane reading, and also inserted horizontally into the snow 
pit for measurements every 10 cm with depth. Figure 1. 

2 RESULTS 

Figure 5 shows the density data collected by the snow fork, micro-CT scans, and from 
snow samples during the lab experiment.  The measurements did not measure the same 
exact snow sample. For density, the box cutter samples were taken along the edge of the 
box where there may be been differential melting due to edge affects.  The snow fork, 
however was on the interior of the block of snow – and measuring the same area of snow 
– thus is it more consistent between readings. The snow fork has an upper limit of 10%
moisture content above which all data was removed from the plot.

Liquid moisture content in the snow is plotted in the Figure 6. All methods and 
measurements track each other well.  The spike in snow fork moisture at the four hour 
mark of the experiment is outside of the range of the instrument.  This is thought to be 
when the pool of water that accumulated on the bottom of the sample container was at its 
maximum, and just before it drained away (visual evidence)   

Sample images from the micro-CT are seen in Figure 7. You can see the snow grains 
(white), and the pore space (black).  This is a good visual representation of how the snow 
pores fill in with melt water as the pack is warming. 
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Figure 5. Time series of density measured by the snow fork, box sampler, and micro-CT. 

Figure 6. Comparison of moisture contents measured by the snow fork and five denoth 
meters. 
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Figure 7. Images from the CT scanner, initial conditions (top) through final measurement 
(bottom right). 

Both the Denoth and the snow fork methods were used in field testing in Montana and 
Michigan in early 2018.  Figure 9 shows plots of snow densities, temperature profiles and 
moisture content from 2 snow pits at KRC on 19 February 2018. The pits were in 
undisturbed snow, near to each other but in different conditions. The first was on an old 
flat roadway while the second was in the edge of the woods. Snow density measurements 
were made by both direct volume sampling (green), and with the Finnish Fork (blue). 
Black, dotted line in plots represents the calculated average between these measurements, 
with a shaded area in between. Temperature measurements were made with a handheld 
type-T thermocouple. Dashed lines and shaded area (pink) represent a ±1.0 degree 
standard error (typical for a type-T thermocouple). Black diamond shows air temperature 
as measured 3 cm above the ground. Snow moisture measurements were made using two 
Denoth sensors. The results were averaged and are shown as a black, dotted line, with a 
shaded are in between.  
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Figure 8. Snow pit density, temperature and snow moisture profiles for KRC as 
recorded for 19-Feb through 23-Feb, 2018. 

Comparison of data from all sites samples at the 2 field sites was performed. Figure 9. At 
both of the field sites, the snow pack was cold and dry, with moistures less than 1.5%. 
Density and moisture readings were averaged throughout the snow pack for statistical 
analysis between sampling sites. Due to all samples having a really low moisture content, 
this resulted in the conclusion that the sample density and snow fork densities were not 
statistically equivalent (T-Test, p = 0.00043) and that the sample density is on average 
0.037 g/cm3 greater than the snow fork density. Moisture measurements also were not 
statistically equivalent (Wilcoxon rank test, p = 0.001). This may be due to the errors 
associated with measuring a separate snow density, which is slightly at a different 
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location to avoid sample contamination. With low moisture and measurement errors, the 
moisture would return a value that is less than zero which is not possible.  If these 
negative numbers are rounded up to zero, the Denoth moisture values are on average 
0.054 % by volume higher than the snow fork moisture, and 0.24 % by volume higher 
when negative moisture values are rounded to 0. Field measurements taken using two 
Denoth meters in the field (noted as Sally’s and Russ’s in Figure 8) resulted in them 
being statistically equivalent (Wilcoxon rank test, p = 0.73) and thus interchangeable. 

Figure 9. Field data of average snow density and moisture at various sites. 

3 CONCLUSIONS 

The Toikka snow fork and Denoth meter are both viable instruments for measuring snow 
moisture. In our studies, the snow fork recorded both slightly lower density and moisture 
values but was within acceptable range of variability for the snow conditions that were 
encountered. Use of the Denoth meters, is time consuming as manually measured snow 
density measurements must be performed, whereas the snow fork measures both density 
and moisture thus allowing for more measurements to be taken in an allotted time.  Both 
methods tracked well in both field and lab experiments and all five of CRREL’s 20+ year 
old Denoth meters were still within tolerances of the values presented and compared well 
with the newer technology snow fork.  
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