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ABSTRACT 

A suite of small, battery operated devices for implantation in a snow pack has made its first 

season of measurements in the Winter of 2017.  They measure and log sensor outputs related to 

snow pack parameters of temperature, density, moisture and grain size.  The temperature is 

provided by an electronic thermometer; snow density and moisture affect an open resonant circuit 

operating near 900MHz; grain size and density affect the scattering of an optical link operating at 

880nm. 

Ten units were deployed at the Mesa Lakes Ranger Station on Grand Mesa, CO as part of the 

Local Scale Observation Site (LSOS) of NASA's Snow Experiment (SnowEx).  The LSOS hosted 

a micro-meteorological station for the same duration as the longest deployed snow sensor units.  

During the SnowEx Intensive Observation Period (IOP), from 06 to 24 Feb 2017, the LSOS was 

the site of snow pit excavations.  The units were deployed in pairs on 01 Oct 2016 (on the ground), 

twice during a snowstorm on 16 Dec 2016, and twice on 20 Feb 2017.  In all cases, the units were 

placed by hand on the top of the snowpack, with its sensor face vertical and facing north. The units 

deployed in Feb were retrieved on 25 Feb, at the end of the IOP. 

Laboratory-based calibrations have been applied to the data, and the resulting snowpack 

parameters are compared to available ground truth collected adjacent to them.   
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INTRODUCTION   

The quantification of the accumulation of snow on the ground is notoriously difficult to achieve.  

One reason for the slow progress of remote sensing techniques for the measurement of snow on 

the ground is the fact that even obtaining ground truth is difficult.  This document presents a 

means of collecting time series of point measurements of parameters of snow packs, using a 

design for a small, low-power, wireless sensor module that logs information about the 

temperature, density, wetness and snow optical diameter that is local to the data logger.   
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Figure 1.  Two completed snow sensor modules that measure snow pack temperature, density, 

moisture, and grain size.  The coin is a US quarter dollar.  The unit on the left has the sensor face 

towards the camera; the unit on the right has its user interface towards the camera and the lid 

removed for clarity. 

 

 

This information is the most important for modeling the brightness temperature of the snow 

pack (eg. Brucker et al., 2011).  The spectral gradient of the brightness temperature is the basis for 

the workhorse algorithms of the retrieval of snow accumulation from remote sensing (eg. 

Hallikainen and Jolma, 1986; Chang et al., 1997).  These differential scatter darkening algorithms 

must be tuned separately for each region (eg. Tait, 1998).  Tedesco et al. (2010) recommend 

dynamic tuning coefficients based on snow evolution models driven by weather data, and, since an 

open-loop model isn’t sufficient by itself, with ground truth measurements.   

These in-situ sensors record these important snow pack point parameters for the duration of the 

snow season with user-selectable temporal resolution as fine as 1 minute.  They consume about 

0.4 mW in their quiescent state, and about 100 mJ for every measurement of all the parameters, 

which takes about 3 seconds to complete.  Thus, measuring once every 5 minutes, it consumes less 

than 1 mW on average, which prior experimentation has determined as an upper limit to power 

dissipation to prevent observable metamorphism due to the heat created.   

The sensors are configured via a serial interface that plugs into a USB port.  Configuration is 

performed by the user with simple typed commands in standard interfaces, such as Arduino’s 

SerialMonitor which works in Linux, Mac and Windows environments.  As a data logger, the data 

is not available until the unit is retrieved from the environment and the data downloaded via the 

serial interface.  In the works is a wireless interface.  The hardware supports such an interface, but 

the software must be written to do this.   

DESCRIPTION OF THE TECHNOLOGY 

Figure 1 depicts two of the in-situ snow sensor modules.  The unit on the left has its sensor face 

towards the camera.  The white printed circuit board (PCB) contains the sensor for dry snow 



density and snow moisture.  A microstrip resonant circuit is under the white solder mask, and 

electric fields traveling on this circuit penetrate the space above the PCB, and so the material in 

contact with the PCB will affect the circuit performance.  To the right of the PCB in the unit on 

the left in Fig. 1, and in the right in Fig. 2 (bottom), is an optical link for grain size 

characterization.  A byproduct of this measurement is a quantification of the ambient light level, 

‘tho this measurement has not been calibrated yet.  Finally, electronic thermometers on the main 

(green) PCB measure the ambient temperature of the snow pack.   

 

Figure 2.  Electronic circuits of the main printed circuit board (PCB). 

 



Figure 3.  Laboratory measurements of the microwave resonator responses of unit 41082B for air and solid 

tap water ice, at the temperatures indicated.  

The microwave circuit is set up as a resonator.  Continuous wave (ie. single frequency) power is 

swept from 827 MHz to 963 MHz in 64 steps, and the power that makes it through the resonator is 

measured. The density of the dry snow pack manifests itself via the snow pack dielectric constant 

as a reduction in the resonant frequency of the resonator.  Moisture also affects the resonator, but 

in addition to moving the resonant frequency, moisture also reduces the power through the device, 

and manifests itself as an increased resonant bandwidth.  To a much lesser degree, temperature 

also changes the resonant performance.  Figure 3 shows some calibration data for unit 41082B, in 

which two measurements of air, at room temperature and below freezing, are compared to each 

other and to solid ice.  The resonant frequency is inversely related to the microwave index of 

refraction, and, for dry snow, this is directly related to the snow density.   

The optical link is used to characterize the size of the snow grains.  An infrared emitter sends 

pulses of infrared light with a peak wavelength of 880nm through the clear polycarbonate case 

into the snow pack.  To compensate for ambient light level within the snow pack, the emitter is 

toggled on and off at a rate of 1 kHz.  Two infrared detectors, one “near” at 2 cm from the emitter 

and one “far” at 3 cm from the emitter, measure the changes in light level due to scattering in the 

snow pack.  Active filters remove the DC level, due to ambient light, and the detector output is 

recorded at 2kHz, with alternate data of the emitter on and off states.  The difference of these 

states is the useful data from the individual detectors.  The further difference of the near data 

minus far data constitutes a double difference, and this double difference is strongly dependent on 

the grain size.  Figure 4 shows this double difference for halite (table salt) that has been ground 

and sieved into different crystal sizes.  The double difference is roughly proportional to the square 

root of the mean grain diameter, for grain diameters from 0.1 mm to 2.5 mm.  These 

measurements of salt are performed for each unit, and the data regressed as a power law 

relationship.  The distinction between the halite crystals and distilled water ice chips is less than 

the error in the measurements of the ice, so we do not (yet) make an adjustment for the fact that 

the media have different optical indices of refraction.   

 

 

 

 

 



Figure 4.  Measurements of the optical double difference vs. halite grain size, for different units.  The halite 

serves as a stand-in for ice. 

DATA FROM THE FIRST SEASON 

Figures 5-7 show what this hardware can do.  These are time-series of hourly snow pack 

measurements, for the winter of 2016-2017 at the Mesa Lakes Ranger Station on Grand Mesa, 

CO, USA.  The Ranger Station was part of the Local Scale Observation Site (LSOS) of NASA’s 

Snow Experiment (SnowEx) year 1 campaign.  Snow sensor units were deployed in pairs on the 

days in Table I.   

The first pair were deployed in October, well before snow began to accumulate.  Thus, these 

units gathered data at the base of the snow pack, when it did start to accumulate on 2016 Nov 18 

(day of water year 48) as provided by the Mesa Lakes SNOTEL (Schaefer and Paetzold, 2000; 

http://wcc.sc.egov.usda.gov/nwcc/site?sitenum=622).  The last two pairs were deployed during the 

Intensive Observation Period (IOP) of SnowEx, and were retrieved at the end of the IOP for initial 

data evaluation.  As such, these units only collected a few days of data.  Three pairs were deployed 

in the middle of December, when a major snow storm added significant snow to the pack.  The 

SNOTEL reports a peak snow depth of 168cm on Jan 25 (dowy 116) and peak snow water 

equivalent (SWE) of 480mm in early April (dowy 188-193).  The last day of measurable snow at 

the SNOTEL was Jun 01 (dowy 243).   

 

 



Table 1. Snow sensor deployment parameters for SnowEx year 1 campaign.  The date of last data 

represents the day in which the snow sensor was retrieved, except for units 405C3C, 403415, and 

41142B (in red), for which data collection stopped when the battery was exhausted. 

 Snow Sensor Deployment Data 

Snow depth at 

time of 

deployment 

Date of first 

data 

Snow Sensor 

1 serial 

number 

Date of last 

data, SS1 

Snow Sensor 

2 serial 

number 

Date of last 

data SS2 

0 cm   2016/10/02 40DC14 2017/05/30 405C3C 2016/12/08 

47 cm   2016/12/15 40F404 2017/04/21 403415 2017/03/29 

82 cm   2016/12/16 40142B 2017/04/21 41342D 2017/04/21 

125 cm   2016/12/17 40B82F 2017/04/21 41142B 2017/02/05 

134 cm   2017/02/20 40642A 2017/02/25 41082B 2017/02/25 

134 cm   2017/02/22 40E82A 2017/02/25 41182C 2017/02/25 

 

Deployment consisted of placing the in-situ sensor on top of the existing snow pack (or the 

ground) with a long wall of the unit down (ie. same orientation as in Fig. 1).  The sensor face was 

vertical and the entire unit oriented so that the sensor face was to the north.  The pairs were placed 

somewhat at random, but approximately 1m apart, in a 3m x 3m portion of the LSOS reserved for 

SnowEx ground truth measurements.  This portion of the LSOS was not used by other SnowEx 

groups for any purpose.   

All but three of the in-situ snow sensors collected data for the duration of their deployment.  

These three stopped collecting data due to loss of charge on their lithium ion batteries.  It was later 

determined that these units were subjected to a deep discharge that likely damaged the batteries 

during initial testing of the unit’s hardware and software in the laboratory.  These batteries (and 

those for a few others) will be replaced before these units are deployed again.  The evolution of 

the software since these deep discharge events has significantly lowered power consumption, 

reducing the risk of these events, and the expected implementation of a shut-down routine 

automatically triggered by low voltages will further minimize the likelihood of these damaging 

event.   

For clarity in the figures to follow, data from only six of these 12 units will be shown:  those 

with the longest time series that coincides with the presence of the snow pack.   

Figure 5 shows the temperature record retrieved from six of these units.  The temperatures 

oscillate wildly for those that are not yet buried by snow, as they experience the daily air 

temperature swings.  Around dowy 90, shortly after the major snow storms of December, the 

temperatures rise, and the oscillations dampen, as one goes deeper into the snow pack.  The snow 

pack warms as the winter season progresses, until around dowy 165, when all of the thermometers 

flatline.  This indicates that the entire snow pack is melting.  On dowy 177, unit 403415 suddenly 

gives readings of much colder temperatures.  Shortly after this event, this unit ceased logging data, 

indicating a discharged battery:  the low temperature readings are anomalous side effect of its low 

power.  On dowy 203 most of the snow sensors were retrieved from the still-melting snow pack so 

that results could be reported at the Eastern Snow Conference.   

There is a significant negative bias of about one degree Celsius in these temperature readings.  

The cause is currently under investigation.  However, the isothermal behavior of the snow pack in 

early Spring makes it obvious what the bias is.  Indeed, one can see that the temperatures at the 

same height in the snow pack are not merely highly correlated, but are in near agreement, 

throughout the winter.  Thus, should we need an empirical correction, it is easy to obtain.   

 

 



Figure 5.  Thermometer readings of in-situ snow sensors embedded in a snow pack at the Ranger 

Station on Grand Mesa CO during SnowEx year 1.  The legend indicates the depth of the snow 

pack at the time the snow sensor was deployed, which are followed by the instrument’s serial 

number.   

 

We are currently investigating whether the source of the temperature bias is a reference voltage 

used for the analog-to-digital converter that is distinctly different near freezing than it is at room 

temperature, or if the digital output voltage level used to power the electronic thermometer is 

insufficient for the thermometer’s specified accuracy.  The former would require another 

calibration datum, while the latter may require the main printed circuit board to be revised to have 

the digital output switch the battery voltage to drive the thermometer rather than directly powering 

it.   

Figure 6 shows the partly calibrated snow density data retrieved from the in-situ snow sensors.  

The shift of the resonant frequency from that of air is used to find a dielectric constant.  This 

dielectric constant is then used to infer the snow bulk density, but the possible influence of 

moisture on the dielectric is not considered in this figure.  Thus, the figure shows sudden and 

dramatic increases in reported snow density at the onset of melt on dowy 165.  The measured 

resonator quality factor will be used for the detection and quantification of moisture.  The black 

curve, for unit 40DC14 at the bottom of the snow pack, uses an earlier version of the resonator 

which is noisier than the other units that are equipped with the latest resonator.  It also shows a 

more enhanced response to moisture, which can be most clearly seen in the relative warm period 

from dowy 135 thru 150.  The effect of the major snowstorm of dowy 75-77 on the snow density 

can be clearly seen:  the density at the bottom of the snow pack climbs from 150 kg/m3 to 250 

kg/m3, and the sensors further up in the snow pack show sudden rises that correspond to them 

getting buried.  The two snow sensors at 47cm depth show very good agreement with each other 

before slowly diverging as the winter progresses.  The snow that fell in the middle of the storm 

(monitored by the sensor at 82cm) was warmer and heavier than the snow both earlier and later in 

the storm, as evidenced by its greater initial density.  The snow that fell at the end of the storm 

was much colder, and was much lighter, and the snow sensor 40B82F could not be deployed 

directly on the surface of the snow pack, but rather sank about 15cm into the snow pack to where 

the snow was sufficiently dense to support it.  So while it is appropriate that its readings are of a  



 

Figure 6.  Retrieved snow density from snow sensors embedded in a snow pack at the Ranger Station on 

Grand Mesa CO during SnowEx year 1.  The legend is the same as for the previous figure.  The density is 

derived from the dielectric constant, assuming a dry snow pack.  Effects of moisture, most obvious after the 

snow started melting around dowy 165, have not been removed.  Unit 40DC14 (black curve) uses an earlier 

version of the resonator board which is both noisier and more sensitive to moisture than the other units. 

 

less dense snow pack, we suspect that an air gap between the resonator and the snowpack 

developed that was slowly filled in over time.  All of these sensors show a general trend of 

increasing density over time as compaction occurs.   

 

Figure 7 shows the partly calibrated optical diameter of snow grains retrieved from the snow 

pack.  The solid lines are for snow sensor units that have been individually calibrated with up to 

seven distinct sizes of halite crystals.  The two dashed curves are not individually calibrated, and 

so their readings are suspiciously high, but they shown for their temporal trends.  (Unit 40B82F is 

on the UMich truck, in Colorado at the time of this writing, and unit 41342D had a fabrication 

fault that renders its calibration suspect.)  For the most part, the grain sizes grow slowly over time, 

as expected.  Two notable exceptions are 40B82F (blue curve) and 40DC14 (black curve).  Unit 

40B82F shows a decrease in grain size from dowy 84 to 105, but this is likely an artifact of the 

issues associated with the deployment, as discussed above, until the snow full packed around the 

unit.  The sudden jumps in the data prior to dowy 84 bolster this interpretation.  The snow sensor 

at the bottom of the snow pack exhibits very high values of its light link level, and oscillates with 

an almost monthly period.  This is interpreted as the development of depth hoar, and possibly 

growth of ice crystals directly on the in-situ snow sensor package.  The onset of melt at dowy 165 

results in sudden change in the character of the time series, and should be considered the end of 

the valid data.   



 

Figure 7.  Retrieved snow grain optical diameter.  The dashed curves are for units for which the calibration 

coefficients are an average of those units that have been individually calibrated, and should be considered for 

their trends, not their magnitude. 

While the separate in-situ sensors show considerable consistency with each other, independent 

measurements are needed to assess their accuracy.  This is why the SnowEx LSOS was chosen for 

the deployment of these units.  In the morning of 2017 Feb 14 (dowy 136), two snow pits were 

simultaneously dug at the Ranger Station, and a standard suite of manual measurements were 

undertaken by two snow research groups not affiliated with the University of Michigan.  The 

results of those manual measurements are shown in Fig. 8.  The reported snow depth at the time 

was 150cm.  Unfortunately, these are the only two reports of snow pits dug at the Ranger Station, 

but what is heartening is that the reports agree well with each other.   

The manual temperature profiles agree quite well with that recreated from the in-situ 

instruments, and the agreement is likely better than that shown if the temperature bias identified 

above is removed.   

 

 

 

 



 

Figure 8.  Comparison of data acquired by the snow sensors at 08:00 MST on 2017 Feb 14 (dowy 136) with 

two sets of manual measurements at the same location.  Blue and cyan marks indicate the manual snow pit 

data, while the magenta points are from the electronic snow sensors.  The snow depth was 150cm.  The 

uppermost snow sensor was not in good contact with the snow pack, while the lowest utilized an earlier 

version of the instrument that measured density.   

Left:  temperature profile; middle:  snow density profile; right:  grain size profile. 

CONCLUSIONS 

The University of Michigan has developed a small, self-contained datalogger that is intended for 

operation within a snow pack, in order to measure those point properties of snow packs which 

typically evolve over a snow season.  These properties include temperature, density, wetness, 

grain size and ambient light.  Twelve of these were deployed for varying lengths of time at the 

Mesa Lakes Ranger Station in Grand Mesa National Forest, Colorado, during the year 1 campaign 

of the NASA Snow Experiment (SnowEx).  These instruments collected data at the top of every 

hour.  While these instruments were developed with a focus on low cost and time-series format of 

data collection, the data, calibrated in the lab with proxy materials only, compare favorably with 

limited manual stratigraphy measurements at the site.  The temperatures appear to have a cold bias 

of about 1C.  The snow density measurements agree with manual measurements.  The optical 

grain sizes have a high bias, but with several of the instruments experiencing technical issues 

related to different manufacturing procedures, it is difficult to quantify the magnitude of the bias at 

this time.  The ambient light and wetness measurements have not yet been calibrated.   

After several different electrical and mechanical configurations of these instruments have been 

attempted, this data set points to the best configuration of the electronic sensors.  We are 

modifying the units that had alternative configurations to this best configuration, and currently 

have 15 units in this configuration and expect to have a total of 23 units ready for the winter 2017-

18 field season.   
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