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ABSTRACT 

 

 An important consideration for water resource planning is snowmelt runoff timing. Runoff timing can be 

determined by the difficult to observe physical process of water movement through a seasonal snowpack. The aim of 

this study is to present a novel method that combines light detection and ranging (LiDAR) with ground penetrating 

radar (GPR) to non-destructively observe the spatial distribution of bulk liquid water content in a seasonal snowpack 

during spring snowmelt. We develop these methods in a manner to be applicable within a short time window, 

making it possible to spatially observe rapid changes that occur to this property (sub-daily timescale). We applied 

these methods at three experimental plots across elevational gradients in Colorado, showing the high variability of 

liquid water content in snow. Volumetric liquid water contents ranged from near zero to 19% within the scale of 

meters. We also show the rapid changes in bulk liquid water content that occur over sub-daily time scales. Results of 

this study show the importance of the lateral flow of water in higher elevation snowpacks and how this process may 

change in a future climate. The presented methods have a reasonable amount of uncertainty in bulk liquid water 

content (maximum of 1.5%) making this an applicable method for future studies to observe the complex spatio-

temporal dynamics of liquid water in snow. (KEYWORDS:  snowmelt, flowpaths, liquid water in snow, dye tracers, 

GPR, LiDAR) 

 

INTRODUCTION 
 

 Appropriately representing snowmelt infiltration is important to predicting streamflow (McNamara et al., 

2005). However, snowmelt infiltration is highly variable temporally (Webb et al., 2017) and spatially as a result of 

preferential flowpaths that form in a snowpack (Avanzi et al., 2017; Schneebeli, 1995; Webb et al., 2015; Williams 

et al., 2010). The flow of water down sloping interfaces creates localized infiltration (Webb et al., 2018a,b) and can 

deposit water directly into a stream channel, bypassing soil interaction (Eiriksson et al., 2013). One-dimensional 

(vertical) water flow modeling through snow has improved runoff estimates in flat, open terrain (Avanzi et al., 2016; 

Wever et al., 2014; Würzer et al., 2017). However, the complexity of this process increases as slope and forest 

canopy effects are introduced (Webb et al., 2018a), justifying the need to observe the spatial variability of meltwater 

flow in complex environments to properly constrain modeling efforts. 

  

 Several methods exist to remotely monitor changes to the cryosphere over large areas (Cao et al., 2015; 

Flanner et al., 2011; Pistone et al., 2014; Richardson et al., 2014; Tedesco et al., 2013) but complications arise in 

complex terrain, forested areas, or when the snow becomes wet. Airborne measurements have improved current 

techniques for observing complex individual headwater catchments (Bair et al., 2016; Painter et al., 2016). However, 

these methods are unable to capture rapid changes in properties such as liquid water content (LWC) due to limited 

temporal resolution. Continuously observing the LWC of snow has also advanced in recent years for point 

measurements using upward looking ground penetrating radar (GPR) (Heilig et al., 2015; Schmid et al., 2015). 

Spatially observing LWC has been accomplished over short distances (Bradford et al., 2009; Techel and Pielmeier, 

2011). However, measuring the LWC of snow currently requires destructive sampling methods; e.g. when using 

instruments like a Denoth Meter or Finnish Snow Fork (e.g. Techel and Pielmeier, 2011). The use of GPR has 

recently afforded non-destructive sampling of LWC in snow. For example, Bradford et al. (2009) non-destructively 

observed LWC over a 35 m long transect using 16 passes over the same transect. These above methods for 

observing the LWC of snow are limited either spatially to a point or temporally to a single point in time. 
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Two methods that have yet to be combined are light detection and ranging (LiDAR) and GPR. LiDAR has 

been extensively used to map snow depth in complex terrain (Deems et al., 2013; Deems et al., 2008; Painter et al., 

2016) and GPR has been used effectively to survey snow for almost any environmental condition (Holbrook et al.,  

2016; Marshall and Koh, 2008; Marshall et al., 2007; Webb, 2017). However, these two well established methods 

have yet to be combined to fully exploit the benefits of each. For this study, we combine the spatial distribution of 

snow depth using a terrestrial LiDAR system with measurements of dielectric properties of the snowpack from a 

common offset pulse wave GPR system. To our knowledge, this is the first time these types of datasets have been 

combined to non-destructively derive the spatial distribution of LWC in a melting snowpack.  

 

 The goal of this study is to present a novel methodology that combines LiDAR and GPR to non-

destructively observe the spatial distribution of bulk LWC in a seasonal snowpack during spring snowmelt. We aim 

to develop these methods to be applicable in a short time window, making it possible to observe rapid changes (i.e. 

sub-daily timescales) that occur to these properties spatially.   

 

MATERIALS AND METHODS 

 

Field Sites 

 The developed methods were tested at two locations in the Niwot Ridge research area in the Colorado 

Rocky Mountains, one near treeline (NT) at an elevation of 3350 masl and one above treeline (AT) at an elevation of 

3530 masl. Each site has continuous observations of snow depth and air temperature adjacent to experimental plots. 

Both sites have southern facing slope aspects and ~10° slope angles. The NT site is an open meadow that develops a 

large, prominent snow drift from westward winds and bounding forest whereas the AT is a leeward hillslope that 

receives wind deposition across the entire site. The experimental plots are approximately 800 m2 for NT and 1100 

m2 for AT with ~200 m of GPR surveys conducted at each location. Snowmelt was surveyed at NT on April 12, 

2017 and at AT twice on May 15 and once on May 16, 2017 to observe changes in LWC at the sub-daily and daily 

timescales. 

 

Terrestrial LiDAR 

 The spatial distribution of snow depth (ds) was determined using the well-established method of terrestrial 

LiDAR scanning (Deems et al., 2013; Painter et al., 2016). We used a Riegl VZ-400 LiDAR scanner from a single 

scan position for each study site. Georeferencing and aligning multiple scans was accomplished using Riegl 

RiSCAN Pro software. Ground surface scans occurred in September, 2016 and were georeferenced using four 16.5 

cm diameter reflective targets with Trimble R10 rover GPS units (minimum of 20 minute occupation time) corrected 

to a Trimble NetR9 base station with a Zephyr Geodetic antenna. During these scans, at least 5 additional 5-cm 

diameter reflective discs were attached to permanent structures (e.g. buildings, scaffolding, etc.) and large tree 

trunks as permanent tie points. Snow surface scans occurred in the spring of 2017 from as close to the original scan 

position as possible. Permanent tie points and planar structures were used to align all scans through the RiSCAN 

multi-scan adjustment processing. The accuracy of these methods was determined to be 2 cm or less. The LiDAR 

scans were aggregated to produce 50 cm resolution digital elevation models (DEMs) of the ground and snow 

surfaces. Snow depth was then calculated by subtracting the ground surface DEMs from snow surface DEMs. 

 

Ground Penetrating Radar 

 Two-way-traveltime (TWT) of GPR waves through snow were obtained on the same days as snow surface 

LiDAR scans. We used a Mala Geoscience, Inc. ProEx control unit pulse GPR system with an 800 MHz shielded 

antenna. The antenna was fixed in place on a plastic sled towed behind the user (Figure 1). A GPS antenna 

connected to the ProEx control unit registered location information every second. Survey transects were marked 

with 2.5 cm diameter, 30 cm long plastic pipes inserted halfway into the snow every five to ten meters along the 

transect. Fiducial marks were created at these markers for alignment of all surveys. Both the survey ski tracks and 

the markers were discernable in LiDAR scans, allowing for quality assessment of alignment.  

 

 Radar pulses were triggered on 0.05 s intervals using eight times stacking and a total time window of 50 ns. 

The average survey travel speed was ~0.5 m/s resulting in ~40 returns per meter. The RadExplorer Software 

package (Deco-Geophysical Co ltd., distributed by Mala Geosciences) was used for time-zero adjustment, taken as 

the first break in the first wavelet, a dewow filter, and spherical divergence correction to compensate for signal 

attenuation. The reflection of the snow-soil interface (e.g. Figure 1) was then picked and TWT averaged over 50 cm 

increments. 
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(a) 

 
 

(b) 

 
Figure 1.  (a) The ground penetrating radar unit being towed behind the user (left) and (b) an example radargram 

clearly showing the reflection from the snow-soil interface (right). 

 

Liquid Water Content Inversion 

 A GPR pulse is an electromagnetic wave that travels through the snowpack and is reflected off changes in 

material properties such as density, with the strongest reflection often from the snow-soil interface (Figure 1) 

(Bradford et al., 2009; Holbrook et al., 2016; Webb, 2017). The effective dielectric permittivity (εeff) of snow is 
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sensitive to snowpack density and LWC (Bradford et al., 2009; Heilig et al., 2015), and is calculated from the 

observed velocity (v) of the radar wave through (e.g. Mitterer et al., 2011): 

 

𝜀𝑒𝑓𝑓 = (
𝑣

𝑐
)

2

 (Eq. 1) 

 

Where c is the speed of light in a vacuum (~0.3 m/ns) and v is calculated using: 

 

𝑣 =  
𝑑𝑠

(𝑇𝑊𝑇
2⁄ )

 (Eq. 2) 

  

 The bulk volumetric LWC (θw) of snow is calculated from εeff using the Roth et al. (1990) three phase 

mixing model that is commonly applied (Heilig et al., 2015; Koch et al., 2014; Mitterer et al., 2011; Schmid et al., 

2015): 
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 (Eq. 3) 

 

Where ρd is the dry density of snow, ρi is the density of ice (917 kg/m3), εi, εa, and εw are the dielectric permittivities 

of ice, air, and liquid water, respectively. At 0° C these dielectric permittivities are known (εi = 3.18, εa = 1.0, and εw 

= 87.9). For this study we observe ρd through manual snow pit measurements and assume it is spatially uniform 

within each plot. 

 

Manual Snow Observations 

 Manual snow pit observations were collected adjacent to experimental plots on the same day of surveys. 

Density profiles were collected at 10 cm increments using a 1 L wedge cutter, grain size and type were observed 

with a hand lense and crystal card, and temperatures measured using dial thermometers at 10 cm increments. The 

bulk density (ρs) from snow pit profiles were taken as the average of all 1 L density measurements. The ρd parameter 

for equation (3) was estimated from ρs using: 
 

𝜌𝑠 = 𝜌𝑑 + 𝜃𝑤𝜌𝑤 (Eq. 4) 

 

Where ρw is the density of liquid water. We estimate a weighted average θw for each 10 cm density from visually 

observed wetness (dry = 0.00, moist = 0.02, wet = 0.06, very wet = 0.12, and slushy = 0.15) to estimate ρd from ρs 

(Bradford et al., 2009; Techel and Pielmeier, 2011). This qualitative estimation introduces minimal error at the 

observed density values (> 300 kg/m3) when using equation (3) due to the low sensitivity of calculations to density 

(Figure 2). 

 

 
Figure 2.  The results of liquid water content using equation (3) for a range of densities between 300 and 550 kg/m3 

and the observed velocity of the radar wave. 
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RESULTS 

 

 Each snow survey captured snowpacks approaching isothermal conditions with observed surface melt. 

Meteorological conditions during the AT survey were highly variable due to an approaching storm. The average ρs 

was 438 kg/m3 for NT and 472 kg/m3 for AT corresponding to estimated ρd values of 425 kg/m3 (~3% LWC) and 

450 kg/m3 (~5% LWC), respectively.  

 

 The snow-soil interface resulted in strong GPR reflections over the entire length of each transect (example 

for NT shown in Figure 1). Observed radar velocities ranged from 0.1 m/ns to 0.23 m/ns at NT, and 0.13 m/ns to 

0.24 m/ns at AT. Resulting θw ranged from 0 to 19% for NT and 0 to 10% for AT. The NT site shows large 

differences of 13% θw over a distance of only 1 m (Figure 3). The NT site showed these large differences over short 

distances multiple times at areas where LWC appear to accumulate (Figure 4). The AT observations had slightly less 

variability with changes of nearly 9% over a similar distance (Figure 5). Average θw was 3.4% for NT and 1.6%, 

2.7%, and 2.4% for AT on May 15 at ~1 pm, May 15 ~3 pm, and May 16 ~7 pm, respectively (Figure 5).  

 

 
Figure 3.  Example results at the near tree line site along a 15 m section displaying the observed snow depth, GPR 

travel time, calculated velocity, and bulk liquid water content. 

 

 The AT surveys show rapid increase in θw over a 2 hour period with multiple locations increasing by 5% 

(Figure 5). The total range change was -2 to 5% displaying the high spatial variability, though most of the plot 

increased from 0 to 5% (Figure 5). At the daily timescale, changes varied from -4 to 5% over a 30 h period. Patterns 

of high and low θw at AT occurred at similar locations for all three surveys (Figure 5).  

 

 The NT ds distribution shows the prominent snow drift that forms each year (Figure 4). This produced large 

incidence angles from the LiDAR scan position combined with poor reflectance due to a wet snow surface in some 

areas, reducing the area successfully surveyed for ds (blank areas in Figure 4). The AT site produced less LiDAR 

issues providing successful ds observations for the entire plot (Figure 5). The range of observed ds was 0.1 m to 2.8 

m for NT and 0.6 m to 2.8 m for AT. 
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Figure 4.  Results of the near treeline survey showing the spatial distribution of snow depth and bulk liquid water 

content. Contours shown are snow surface elevation at 0.25 m intervals. 

 

 
Figure 5.  Results of the above treeline surveys showing the spatial distribution of snow depth and bulk liquid water 

contents for three different surveys (left) and the change in bulk liquid water content between surveys (right). 

Contours shown are snow surface elevation at 0.25 m intervals. 
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DISCUSSION 

 

 We were successful in non-destructively observing the spatial distribution of θw in a melting snowpack at 

spatial scales not previously achieved. The shortest time between surveys was two hours, though this method could 

be applied at sub-hourly time steps. The 200 m transects were surveyed within ten minutes, thus 1000 m transects 

could potentially be surveyed at hourly time steps. The LiDAR scans were more time-limiting, taking approximately 

30 minutes at the single scan position. However, the GPR and LiDAR data presented in this study were collected by 

an individual investigator during snowmelt and the total survey time could be shortened with multiple investigators 

that independently collect GPR, LiDAR, and snow pit observations.  

 

 This study shows the high spatio-temporal variability in θw that can only be observed in a non-destructive 

manner. Though snow depth can be measured using a depth probe, this would destroy the microstructure and layer 

interfaces at each probe location, creating vertical pathways for the draining of liquid water from a snowpack. The 

non-destructive methods of LiDAR allow for the movement of liquid water within a snowpack to occur undisturbed.  

  

Uncertainty in Methods 

 Unrealistic θw values occurred in less than 5% of all observations within the range of uncertainty (slightly 

negative, generally > -0.5% θw). The highest uncertainty occurred at NT in shallow snow depth. The 2 cm snow 

depth accuracy results in increased uncertainty in θw observations for shallow snow through velocity calculations 

using equation (2). Observed snow depth at NT was as low as 0.1 m. However, average depth along transects was 

1.37 m at NT and 2.04 m at AT propagating to an average θw uncertainty less than 0.005 from snow depth.  

 

 A second source of uncertainty originates in picking the snow-soil interface reflection in GPR data. We 

estimate a TWT uncertainty less than 5% from the wavelength of the 800 MHz antenna. This propagates to an 

average θw uncertainty less than 0.007 that will increase for low snow depths. 

 

 Additional uncertainty occurs in snow density observations and LWC approximations using equation (4). 

The 1 L wedge cutter is accurate within 5% (Proksch et al., 2016) and we estimate the manual LWC approximations 

could error up to 5% resulting in a maximum dry snow density uncertainty of 10%. This results in θw uncertainty 

less than 0.002 due to the minimal impact of density on θw (Figure 2). The uncertainties discussed above combine 

for an estimated total θw uncertainty of 0.015 (1.5%). 

 

Implications 

 The results of this study show the large variability in θw that occurs over short distances and time periods 

during melt. This is the first time observations of θw in a melting snowpack have been made at these scales. The NT 

site showed the highest spatial variability with θw values up to 19.5% and large differences over distances of 1 m 

(Figure 3, 4). The AT site showed the high temporal variability with changes in θw ranging from -2% to 5% over a 2 

hour period displaying rapid non-uniform temporal variability that occurs (Figure 5). Furthermore, the full range of 

changes in θw occur within a space of a few meters (Figure 5). Liquid water within a snowpack is more spatially and 

temporally variable than previously observed along shorter transects (Bradford et al., 2009; Techel and Pielmeier, 

2011).  

 

 Both NT and AT show the highest θw values in downslope areas of each plot. For NT, high θw occurs in 

similar locations of high snowmelt discharge in snow lysimeters, at the edges of the snow drift (Webb et al., 2018b). 

For AT we observed the spatial and temporal variability of θw, showing changes from -2 to 5% LWC over two 

hours. Furthermore, the observed θw values on the sloping terrain of our study are higher than those in flat terrain 

(Heilig et al., 2015; Koch et al., 2014; Schmid et al., 2015), offering new insight towards the physical process 

diverting and storing liquid water in a snowpack at the plot scale.  

 

 To observe what layer interfaces were diverting meltwater, a complimentary dye tracer experiment was 

occurring at the same time as this study. The dye tracers showed a thicker flow path for AT, a thin flow path NT, 

and no lateral flow paths for an additional experiment in the montane zone (Figure 6). In combination with an 

energy budget analysis to estimate melt rates for each study plot, we estimate that the AT observed changes in θw are 

a result of flow paths converging from a total contributing area of ~17 m2. At NT we estimate a total contributing 

area of ~6 m2. This combined with the dye tracer experiments suggests that longitudinal flow paths are more 
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prominent at higher elevations. In a warming climate, higher elevation snowpacks may shift to have similar snow 

conditions as the lower elevation sites, reducing the influence of lateral intra-snowpack flow paths. 

 

 
Figure 6.  Results of dye tracer experiment showing flow paths that cause longitudinal flow of meltwater. 

 

 Water flowing downslope through snow creates localized areas of high θw (Figure 4). However, the average 

θw observed are similar to those using upward looking GPR (Heilig et al., 2015; Mitterer et al., 2011; Schmid et al., 

2015) and GPS (Koch et al., 2014). Point measurements may capture average θw but lack information about the 

spatial variability of changes. The methods presented here offer insights towards the distance that liquid water 

moves through a snowpack. At the length scales observed (tens of meters), accumulated meltwater will result in 

localized basal discharge that may create saturated flowpaths in the shallow subsurface (Webb et al., 2018a) and 

potentially affect stream-hillslope hydrologic connectivity. The presented methods will be useful for future 

investigations of these complex processes. 

 

CONCLUSIONS 

 

 We were able to non-destructively observe the spatial distribution of liquid water in a melting snowpack at 

spatial scales and time intervals not previously achieved. This method can be used to observe rapid changes in the 

bulk liquid water content of a snowpack at the plot and hillslope scales within 1.5% volumetric liquid water content. 

Results display the high spatial and temporal variability of liquid water content in a seasonal snowpack during melt. 

Results near treeline displayed observations of 0.6% and 13.2% volumetric liquid water content separated by only 1 

m. Results above treeline show changes in liquid water content ranging from -2% to 5% over a 2-hr period and from 

-4% to 5% over a 30-hr period. This shows the non-uniform manner that a snowpack diverts and stores liquid water. 

Future investigations will benefit from applying the presented methods to observe the spatial distribution of liquid 

water content in a snowpack that can vary rapidly. Additional benefit will be gained from utilizing technological 

advances with ground-based radar observations. 
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