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ABSTRACT 

Using tripod mounted LiDAR, imagery scans of targeted areas of snow covered terrain were collected at 
various intervals during Winter 2008 both at the main study site of the Central Sierra Snow Laboratory and at a 
State of California snow course on Donner Summit, California.  LiDAR’s high measurement accuracy in both range 
and position facilitates the generation of very detailed three-dimensional data sets that were then analyzed for snow 
volume over the targeted area.  Repeated scans of targeted areas were used to calculate changes in snow depth and 
volume.  Snow depth values as measured by the LiDAR scanner correlated well (R2 = 0.96) with coincident hand 
measured values. 

INTRODUCTION 

Information on the spatial and temporal distribution of total snow depth (HS) is a key parameter for climate 
modelling, river flow and flood forecasting, snow drift assessment, and avalanche hazard analysis.  Remotely 
sensed extent and duration of snow cover across complex, often vegetation-covered terrain, typically reveals data at 
the resolution of meters or tens of meters.  Ground-based LiDAR has the potential for measuring HS at centimeter 
or sub-centimeter resolution with a target range from 3 meters to a kilometer. 

LiDAR, an acronym for Light Detection and Ranging, is an 
imaging system that uses a high frequency infrared laser for measuring 
the distance and direction to a target.  Various LiDAR systems are 
employed on spacecraft, aircraft, and stationary ground platforms.  
Distance measurements are made by differencing the time between laser 
light emission and its return to the system receiver after reflection off a 
target.  Direction measurements are dependent on the laser head’s 
rotational and linear step increment.  Data sets derived from LiDAR scans 
are rendered into three-dimensional surface images of the target from 
which a multitude of measurements can be obtained.  LiDAR 
measurements have numerous applications in the fields of engineering, 
urban planning, industry, and geophysical research.  The imaging of snow 
cover using ground-based LiDAR is a relatively new application of the 

technology. 

METHODS 

For this research we used a LiDAR system manufactured by 
Optech, Inc.* of Ontario, Canada.  It employs a Class 1, eye-safe, 1.5 
µm wavelength laser with a measurement range of 3 to 1000 m 
(dependent on target reflective properties; optimal to 700 m), a range 
accuracy of +/- 4 mm, position accuracy of .00115 degrees, and a 
sampling rate of 2500 data points per second.  It is powered by an 
external 24 volt supply.  The unit, approximately 25 cm x 30 cm x 35 
cm in size and weighing 18 kg, is either placed on a solid platform or 
fixed atop a standard land surveying tripod.  The sensitivity of the 
scanning laser is such that in a preliminary test during Winter 2005, 
during snowfall, individual snow crystals were imaged and captured in 
the data field as they fell from the sky. 

_______________________________________ 
Paper presented Western Snow Conference 2008 
1 University of California Berkeley, Central Sierra Snow Laboratory, PO Box 810, Soda Springs, California 95728 
USA, (530) 426-0318, randall@sierra.net 
2 United States Geological Survey, Carnelian Bay, California, jfhowle@usgs.gov 
3 United States Geological Survey, Sacramento, California, gbawden@usgs.gov 
 

Figure 1.  Scanning the Snow Lab 
study site from the kitchen window. 

Figure 2.  LiDAR image of Snow Lab 
study site.  Snow melt lysimeters are 
rectangular features in image center. 
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On October 
30, 2007 we 
imaged the UC 
Berkeley Central 
Sierra Snow 
Laboratory’s 
(39.32557º N, 
120.36799º W, 
2098 m) primary 
study site (Figures 
1 and 2).  Total 
snow depth on this 
day across the site 
was 0.000 m.  This 
dry-ground scan 
was used as a 
baseline with 
which to compare 
future scans of the site under snow cover during both the accumulation and ablation seasons.  Similarly, dry-ground 
(HS = 0.000 m) scans of the immediate terrain surrounding the 
Castle Creek #5 snow course (California Department of Water 
Resources course #65; 39.34957º N, 120.35429º W, 2249 m) in 
the headwaters of the South Fork of the Yuba River watershed 
were done on November 28, 2007.  Both the Snow Lab site and 
the snow course were scanned from several different positions in 
order to minimize shadowing, zones within the targeted area 
blocked from the scanning laser.  Once scans of an area were 
obtained, the data were rendered into a 3-D image and software 
(an InnovMetric* product) was used to view the targeted site from 
any position in space, including below grade.  The photograph in 
Figure 3 was taken from the same position and at the same time as 
the LiDAR scan, but the scan image here is artificially viewed 
from a position higher up, farther to the right, and somewhat 
zoomed in. 

The instrument towers surrounding the Snow Lab study 
site, and a tower and old instrument pole adjacent to the Castle 
Creek snow course, are used as “hard” targets, that is, targeted 
areas within the LiDAR scan field that will not change position (or 
be buried in snow) between any two scans and are therefore 
employed as alignment features.  Hard targets are essential for 
aligning scans from different times and from different positions.  
From a single scan, or once data sets from two (or more) scans 
were aligned, we delineate specific regions with lines, polygons, 
and polyhedrons in order to calculate (changes in) distance, area, 
or volume. 

Figure 4 shows the combination of three scans of the Snow 
Lab’s study site: a dry-ground scan and the superposition of the 
snowpack surface scanned January 3 (HS = 0.775 m) and January 
7, 2008 (HS = 1.700 m).  HS—either hand measured (probed) or 
from the LiDAR data—was recorded to the nearest 0.5 cm.  The 
snow surface during these days was void of free water.  On 
January 3, Tsurf (surface snow temperature) = -2.2º C; surface 
grains consisted of fragmented and precipitation particles size (E) 
1.5 mm with some isolated surface hoar up to 4 mm.  On January 
7, Tsurf = -3.9º C; the surface grains consisted of precipitation particles (E = .25 mm) and graupel (E = 1 mm).  The 

Figure 3.  A photograph and LiDAR scan of the Snow Lab study site January 7, 2008.  The 
black shadows cast by the pipes in the foreground of the LiDAR scan represent areas of no 
data.  These areas are reduced or eliminated by scanning the site from a variety of 
positions. 

Figure 5.  Snowpack surface of January 7, 
2008 (HS = 1.700 m) isolated over the 
south snowmelt lysimeter pan. 

Figure 4.  LiDAR data depicting dry ground 
and the snowpack surface of January 3 (HS 
= 0.775 m) and January 7, 2008 (HS = 
1.700 m). 
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reflected signal from the LiDAR laser was strong from this dry snow.  Targeted specifically are the two snowmelt 
lysimeter pans at the Snow Lab study site.  Each of the two pans has an area of 18.695 m2 and it is over the south 
(left as viewed in the images) pan that we isolate the January 7 snowpack surface in vertical (z axis) projection 
(Figure 5).  The volume of this “cube” of snow sitting over the south melt pan is then easily calculated as 32.330 
m3.  Applying the concurrent hand-measured average snowpack density of 262 kg/m3 yields a snow water 
equivalent (SWE) volume of 8.470 m3 (linear depth of 0.455 m) over the melt pan.  It should be noted that 
volumetric measurements from any size polyhedron(s)—very large or very small—can be calculated anywhere 
within the LiDAR data field.  

A  LiDAR scan of the Snow Lab study site was next aquired on March 28, 2008 during which free water 
was present among the surface grains (mostly clustered rounds and polyforms, Tsurf = -0.4º C, average E = 4 mm).  
Good reflectance and laser signal return was obtained off this wet snow surface.  A snow volume of 34.055 m3 was 
measured over the south melt pan with an HS of 1.820 m and snow water volume of 14.305 m3.  Average snowpack 
density was measured at 420 kg/m3.  This is a 5.835 m3 water volume (0.310 m linear depth) increase since the 
January 7 scan.  During these 81 days, 0.523 m precipitation was measured at the Snow Lab and 3.711 m3 water 
was recorded as outflow from the south snowmelt lysimeter pan.  The LiDAR data helps construct a simple SWE 
volume mass balance over the snowmelt pan of  

SWEJan 7 + precipt – outflow = SWEMar 28 

8.470 m3 + 9.777 m3 – 3.711 m3
 = 14.536 m3. 

The LiDAR measured SWE volume is 98.4 percent of this value.  This equation does not consider mass 
changes due to evaporation, sublimation, condensation, or deposition.  The mean difference in HS between the 
LiDAR measurements and those manually collected across the south melt pan on March 28 is 1.0 cm. 

LiDAR scans of the Castle Creek snow course were acquired on March 28, 2008 concurrent with monthly 
HS and SWE measurements done there.  The snow course consists of a single transect 152 meters in length with ten 
measurement points spaced 15.2 meters apart.  The transect is oriented 314º (true) and runs through openings in 
conifers and across a small meadow.  Snow surface forms on March 28 consisted of 4 – 6 mm wet rounds and 
clusters.  Tsurf was not measured but assumed to be at or near the melt point because of the presence of large 
amounts of free water.  Because of the dense vegetation surrounding the snow course transect, ten separate scans 
were required—and combined—from the November 28 (dry ground) survey to assemble a complete image.  Eight 
scans were assembled to form the March 28 survey.  With only two stationary alignment targets and thousands of 
tree branches in slightly different positions, alignment of these images was challenging.  Snow volume along the 
transect from a swath 7.900 m wide and 151.000 m long was calculated at 2451.700 m3 yielding an average HS of 
2.055 m.  The average manually measured HS across this swath (from ten point-samples) was 2.290 m.   

Nine cylindrical forms, each 5.1 cm in diameter, were isolated from the LiDAR data at nine of the 
measurement points along the transect where HS and SWE were hand measured (Figure 6).  The mean difference 

Figure 6.  A LiDAR scan of the Castle Creek #5 snow course with the snow surface of March 28, 2008 
in superposition.  Software was used to remove background vegetation from the data field.  Evenly 
spaced cylinders are locations of HS and SWE measurement points along the transect.  
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between LiDAR-measured and manually measured HS 
across these nine points is 5.7 cm.  Figure 7 shows the 
comparison of HS for 13 point-measurements from the 
Snow Lab and Castle Creek snow course. 

CONCLUSIONS AND DISCUSSION 

Information on the spatial and temporal 
distribution of HS is a key parameter for climate 
modelling, river flow and flood forecasting, snow drift 
assessment, and avalanche hazard analysis.  Conventional 
methods of measuring HS are limited mostly to single 
point assessments due to time constraints, access 
difficulties, and safety issues of working in snow covered 
terrain, especially mountainous snow covered terrain.  Though large areas of snow covered terrain have been 
imaged by both spacecraft- and aircraft-borne LiDAR, only recently has LiDAR imaging over snow been done at 
the sub-kilometer scale of the ground-based instrument.  Tripod LiDAR’s range of distance measurement is 
significantly less than the airborne systems, but the resolution of target imaging can be four to five orders of 
magnitude more detailed.  Measurements of the snow surface at centimeter or sub-centimeter resolution across 
areas hundreds of thousands of square meters are possible with a single scan.  In inaccessible alpine terrain, 
remotely measuring snow depth may be the only practicle alternative.  With the ability to combine multiple scans 
from different positions, even relatively complex terrain can be rendered into a single three-dimensional surface 
map of great detail.  The surveys of the Castle Creek snow course show the importance of hard targets within the 
scan field.  The more alignment targets, the higher the resolution in aligning different target scans.  By repeating 
target scans, time-series analysis of the snow surface in one-, two-, or three-dimensions can reveal detailed 
information of the snowpack’s accumulation, ablation, distribution, and redistribution. 

This and other research has shown the 1.5 µm wavelength laser commonly used in ground-based LiDAR 
systems as having more than adequate bidirectional reflectance and signal return off of both wet and dry snow 
surfaces, enabling detailed surfaces measurements during any time of the snow season. 
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* Mention of a specific manufacturer or product is for information only.  No commercial endorsement is necessarily implied. 

Figure 7.  Comparison of manual and LiDAR HS 
for thirteen point-measurements. 
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