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ABSTRACT 
 

    The paper presents an evaluation of airborne laser scanning technology for the application 
of spatial snow depth mapping under varying canopy conditions. Airborne LiDAR (Light 
Detection And Ranging) surveys were conducted over a small site of variable forest coverage both 
prior to and during peak snow pack accumulation. Ground measurements of snow depth were 
collected near the time of the winter LiDAR survey for comparison. Despite shallow snowpack 
conditions and logistical survey problems, useful results were obtained: 
1) Fall and winter LiDAR intercomparison reflects actual snowpack distribution patterns. 
2) Comparison of LiDAR derived depth estimates with ground based transect measurements 

show similar spatial patterns with only a small height difference.  
3) Canopy and under-story conditions are thought to introduce small and correctible quasi-

systematic errors in LiDAR and ground based snow depth estimation. 
 
INTRODUCTION 
 
Rationale 
 

Knowledge of spring snowpack conditions within a watershed is essential if water availability 
and flood peaks following the onset of melt are to be predicted. Evaluating snowpack conditions 
in forest regions is particularly important as the canopy cover influences accumulation and melt 
processes and therefore has a marked effect on the downstream hydrograph (e.g. Elder et al, 
1998). Current ground based snow depth measurements are manually intensive, limited in spatial 
extent and generally costly in remote areas. In addition, manually assessing snowpack depth 
distribution under forest canopies can be awkward due to difficult ground conditions (Adams and 
Barr, 1970). There is significant justification, therefore, for investigating other techniques of 
snowpack distribution measurement in such areas. Recently, Derksen et al (2001) demonstrated 
that passive microwave technology is useful for estimation of snow water equivalent (SWE) in 
forest regions to within 20 mm of ground observations. However, such methods are unreliable for 
dense canopies and during snowmelt, and the spatial resolution is very low (Derksen et al, 2001). 
This paper presents an evaluation of high-resolution airborne laser scanning technology for the 
application of spatial snow depth (not SWE) mapping under varying forest canopy conditions. 
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Airborne Laser Scanning 
 

Due to continual advances in LiDAR technology, lasers are increasingly being adopted to 
accurately measure distances. Airborne laser altimetry combines knowledge of the speed of light, 
the location of the laser head in space and the time from laser pulse transmission to reception to 
determine a co-ordinate on the ground. Utilising scanning technology, laser pulses are swept left 
and right, perpendicular to the flight line resulting in a “saw tooth” pattern of ground points. The 
resultant data can be used to create a very high-resolution digital terrain model of the ground 
surface. To ensure the data collected are reflective of actual ground conditions, it is necessary to 
reference the laser head (from which the laser pulse is emitted) to known control points on the 
ground. This is achieved using differential GPS, whereby at least one GPS receiver and antenna is 
located over a known control point within 50 km of the survey area and another is located inside 
the aircraft. Through post processing of the aircraft GPS trajectory, the location of the laser head is 
fixed in space every second. The quality of the final data product is largely related to the accuracy 
of the GPS trajectory. Further refinement of the trajectory and compensation for aircraft attitude 
variation (pitch, roll and yaw) is achieved by post processing data collected by an onboard inertial 
navigation system (INS) at 50 Hz. Current technology can collect multiple returns at a pulse 
repetition frequency (PRF) greater than 33 kHz. The resultant laser spot spacing on the ground can 
be as low as 50 cm in both x and y directions and the ground swath typically varies between 0 and 
2000 m depending on flying altitude and scan angle. For more information see Gutelius (1998). 

Airborne scanning laser altimetry is becoming increasingly popular for a variety of 
geophysical applications. For example: various forest inventory applications such as canopy 
closure, tree height and stand density (e.g. St-Onge et al, 2000; Means et al, 2000); glaciological 
applications (Hopkinson et al, 2001); radiation loading scaling issues (Chasmer and Hopkinson, 
2001); and various other fields ranging from shoreline degradation to hydro wire damage in 
remote regions (e.g. Flood and Gutelius, 1997).  

 
Study Area 

The North Tract of York Regional Forest (Figure 1) is approximately 50km north of Toronto 
in Southern Ontario and was selected for this study for a variety of reasons. Most importantly, the 
site lies on the flight path used by Optech Inc. (a Canadian scanning LiDAR manufacturer) for 
their routine “Airborne Laser Terrain Mapper” (ALTM) system calibrations. Thus, the required 
surveys could be incorporated into Optech’s flight-testing schedule on a “window of opportunity” 
basis at no cost to the investigators. In addition, a local silvicultural company, Silv-Econ, manages 
the investigated forest sites and therefore GIS layers of forest inventory data and aerial 
photographs of the study area have already been collated and were available for this investigation. 
The forest is regionally owned and publicly accessible, thus simplifying field data collection.  

The study area overlies an undulating glacial till lithology and displays similar vegetation 
types to other managed forests in the region. The survey polygon illustrated in Figure 1 covers 
approximately half of one concession within the North Tract (2 km x 1.2 km) and the site chosen 
for analysis is a subset of the survey polygon covering an area of 700 m x 850 m. The chosen 
study site has an elevational variation of around 30 m and displays a variety of common canopy 
and ground cover characteristics over a relatively small area. Three different canopy cover types 
were chosen for comparison:  
1) Mature Red and White Pine plantation of trees over 20 m in height (75% of the study site); 
2) Mature Sugar Maple deciduous stand with trees up to 30 m in height (22% of study site); 
3) Mixed young coniferous and deciduous stand. This area was clearcut in 1990 and has not 

been managed since. It is in an abandoned state at present and has a very irregular and, in 
places, dense canopy of up to 4 m in height. (<3% of the study site). 

 
 



 

Figure 1: North Tract of York Regional Forest, Southe
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METHODS 
 

Airborne LiDAR Survey 
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Table 1:  Survey input and output parameters for fall and winter flights. 
Fall (ground) Survey 

Input:       Output:          
Repetition rate  10 kHz    X spacing 1.31 m   
Scanner frequency 21 Hz    Y spacing 1.04 m  
Scan angle   +/- 10 deg   Foot print 0.19 m   
Aircraft velocity 55 m/s    Swath width 247 m  
Flying altitude  700 m  
Line spacing  200 m 

Winter (snowpack) Survey 
Repetition rate  25 kHz    X spacing 1.07 m   
Scanner frequency 28 Hz    Y spacing 1.22 m  
Scan angle   +/- 20 deg   Foot print 0.20 m  
Aircraft velocity 60 m/s    Swath width 546 m  
Flying altitude  750 m  
Line spacing  400 m 
 

LiDAR Post Processing and Snow Surface DEM Generation 
 

During post-processing, the raw laser data were combined with GPS and INS data to generate 
xyz data files of the survey points. With Optech’s recent ALTM systems it is possible to collect 
both first and last pulse returns, which in theory allows the simultaneous collection of both canopy 
and ground surface points. In addition, it is possible to divide the laser data into separate files of 
ground and vegetation data using Optech’s “in-house” vegetation classification algorithm, which 
uses an iterative windowed spatial filter technique to classify the points. This classification 
procedure was used on both survey data sets to remove the influence of vegetation so that the 
ground surface of the fall could be compared directly with the snowpack surface at the end of 
winter. Numerical analysis and volumetric calculations between surfaces are difficult using raw 
xyz data and so each of the data sets were gridded to a 1 m raster matrix to facilitate direct 
comparisons. A 1 m resolution was chosen to slightly oversample the raw data density in an effort 
to maintain point integrity. 

The survey carried out in December went well, with GPS trajectory RMS errors below 3 cm 
over the survey polygon. Unfortunately, the February flight had a poor GPS trajectory due to 
several missing epochs (gaps in raw GPS files) and RMS errors were greater than 10 cm. The poor 
GPS of the second survey put into question the absolute accuracy of the xyz positions calculated 
for the winter ground/snowpack surface. The calibrations of both sensors, however, were very 
good and the relative accuracy within each of the data sets was also considered good. It was 
therefore necessary to “tie” the two data sets together using ground control. For LiDAR data sets 
of this nature (i.e. internally sound but with a potential absolute shift), registration is simple and all 
that is needed is a single “tie point”. Unfortunately, there were no control points or solid features 
within the study site that could be used for accurate registration, however, solid roadside curb 
edges about 1 km to the west of the study site were visible in both surveys and were adequate for 
this task. Due to the poor GPS of the second survey, it was found that a shift of 0 m, 2.1 m and 0.7 
m was needed in the x,y and z, respectively. Following gridding and registration of the LiDAR 
DEMs, it was then possible to subtract the fall data from that of winter to assess the spatial 
variability of snowpack conditions and calculate the overall snow cover volume. 

 
Ground Based Data Collection 

           
Three days prior to the winter airborne survey, five snow depth transects were surveyed 

within the study site (the surveys were meant to coincide but low cloud prevented the flight). The 
first transect covered the length of the deciduous stand (370 m) and depth measurements were 
made every 31 m. Nested depth measurements were made in a diamond shape radiating out 1 m 
from a central point along the transect. Two more snow transects were laid down in each of the 
other forest types with depth measurements collected every 10 m. The depth measurements 
collected on the ground were subsequently compared with cross sections through the winter – fall 
LiDAR DEM subtraction surface to assess whether or not there was any correspondence.  
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RESULTS & DISCUSSION 
 
LiDAR Derived Snowpack Volume 
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Figure 3: Shaded relief images of the fall LiDAR survey (using the 1210 sensor) within the study area. To the 
left is the 1m gridded LiDAR surface of all “last pulse data” and to the right is the 1m vegetation-removed 
image. Forest areas investigated are labelled A: conifer forest; B: mixed forest; C: Sugar Maple stand.  
 

The difference between the 1m gridded “ground” cover DEMs for fall and winter is illustrated 
in Figure 4 and the statistics are provided in Table 2. Although the range of snow depth values (as 
inferred from the ground DEM subtraction) was over 3m, it is apparent from the statistical 
summary that 50% of the depth values were between 20 and 40 cm with a mean of around 30 cm. 
Most of the negative values were probably erroneous data points in one or other of the survey sets 
and were considered of little significance due to the computed negative volume constituting less 
than 0.3% of the positive snowpack volume.  

 
Table 2: Surface difference statistics after 
subtracting the fall ground DEM from that of 
winter. 

Surface difference (cm) Volume (m3)
Average 29.8 Positive 135950
Minimum -90 Negative 377
Maximum 260
Median 28.6 Number of cells = 455966
25th percentile 19.5
75th percentile 38.3
Standard deviation 15.4  

 
There are a few small areas (A, B and C on Figure 4) of over 1m in depth and these were also 

considered erroneous for the following reasons:  
A) The linear feature along side the footpath was the result of selective logging between the two 

surveys. Several small conifers had been felled and laid down on the side of the path. Snow 
accumulated on the logs causing an apparently higher ground surface than actually existed.  

B) At this location was a collection of very densely packed mixed trees and bushes of less than 4 
metres in height. In the fall, some of the LiDAR returns penetrated to the ground but during 
the winter, snow accumulation on the low-lying canopy shielded the ground from view and 
the vegetation classification algorithm interpreted the ground as lying within the canopy.  

C) The wide scan of the winter survey combined with dense forest resulted in reduced “ground 
hits”. The problem was compounded in this small area due to relatively steep terrain and 
subsequent difficulty interpolating where the ground should be during rasterisation.  
As with the negative depth values, the areas with depths greater than 1 m did not cause 

significant error, as they constituted less than 1% of the total positive volume. For depths greater 
than 75 cm the volume contribution was less than 5%.  
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Figure 4:  Map of the transects overlain onto a snowpack depth surface image 
generated by subtracting the fall DEM from the winter DEM. Features A – D are 
discussed in the text. 

 
Table 3: Statistical summary of ground 
and LiDAR derived snowpack depths 
along transects. 

Statistics (cm) Maple Conifer Mixed Overall
mean 40 25 40 35
min 8 2 7 2
max 71 63 83 83
25th percentile 35 16 31 22
75th percentile 47 34 51 46
std dev 11 13 14 14
Number 194 131 77 402

Statistics (cm) Maple Conifer Mixed Overall
mean 44 33 51 42
min 29 12 23 12
max 59 60 64 64
25th percentile 39 25 46 35
75th percentile 47 42 57 49
std dev 6 13 9 12
Number 65 48 37 150

Ground Sampled Transects

LiDAR Transects

 
 

Assuming that the difference between the fall and winter ground DEMs was due to snowpack 
variability, then the effects of landcover and topography on snow depth should be evident. Figure 
4 illustrates significant snow depth variability and it therefore needed to be determined whether or 
not these variations were commensurate with known distribution patterns and observations on the 
ground. A qualitative assessment of the patterns visible in Figure 4 provided several observations: 
1) Snowpack was deeper in forested clearings than beneath adjacent canopy (see circle “D”); 
2) Snowpack was shallow on ridge tops and deep in valley bottoms (see circle “E”); 
3) Snowpack tended to be deeper and more variable in the deciduous stand; 



 

4) Topography dominated snow depth in open areas and canopy closure dominated snow depth 
in conifer plantations (e.g. McKay and Gray, 1981; Adams and Barr, 1979); 

5) Snow depth along footpaths was lower than adjacent areas (due to trampling). 
6) Snow accumulation was deeper around the inside edge of the mixed forest area and there 

were areas where depth apparently diminished with distance from footpaths. These may be 
examples of wind induced edge effects (e.g. Goodison et al, 1981)  

These observations tend to be in agreement with current knowledge of snowpack distribution 
patterns (for example MacKay and Gray, 1981). The next step was to assess the accuracy of these 
computed snowpack depths and volumes.  In Figure 5 the snow depth transects measured on the 
ground were compared with LiDAR transects taken along approximately the same lines (Nb. it is 
impossible to know if the lines and sample points coincided exactly as ground surveyed reference 
points within the study area could not be obtained). Comparative statistics are provided in Table 3. 
 

  

Figure 5:  Comparison of maximum, minimum and average ground measured snow 
depth with difference between winter and fall LiDAR snow surfaces for 
approximately equivalent transects. 
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Transect Comparisons 
 

Given the locally variable nature of snowpack depth, the widely spaced ground based 
measurements and LiDAR spot spacings of between 1 and 4m for both fall and winter, it was 
impossible to directly compare snow depth measurements using the two techniques. Ideally, each 
ground-measured depth would have been surveyed in with a GPS receiver to facilitate direct 
comparison with LiDAR points. However, given the dense canopy conditions and a lack of nearby 
control points for a “real time kinematic” (RTK) GPS survey, this was not possible. Despite these 
difficulties, Figure 5 illustrates reasonable correspondence between the LiDAR generated depth 
surface and the ground based measurements. At least in the Sugar Maple and the first Mixed 
Forest transects, there did appear to be correspondence in both depth measurements and variability 
along the length of the transect. With the shorter transects, it was difficult to assess the trend in 
snow depth variability over the short distances travelled. 

A problem with the transect information was that the total length for each forest type was not 
relative to its area. For example, conifer plantation was the dominant landcover (75% by area) but 
the transect in the deciduous stand (22% by area) was longer with more sample points. 
Recalculating snow depth statistics to account for the varying spatial dominance of landcover, the 
overall mean for the LiDAR derived transects became 28.8 cm and 36.0 cm for the ground 
measurements. The LiDAR transects therefore indicated a snow depth 1cm (or 3.3%) lower than 
that calculated from the comparison of the LiDAR DEM surfaces (Table 2). This could have been 
due to unrepresentative transect locations or erroneous points over the DEM surfaces. However, 
1cm was well within the quoted 15 cm accuracy of the ALTM and was of little concern.  

The summary statistics in Table 3 facilitated a more quantitative evaluation of the comparison 
between ground and LiDAR derived measurements along the transects. The main observations 
were that LiDAR derived depth measurements appeared to have greater ranges and variability, and 
were systematically lower than ground measurements. Given the greater number of points and 
potential lack of exact correspondence between ALTM ground shots surveyed in the fall and 
winter, the high range and variability was to be expected. However, an average difference of 7 cm 
required further investigation. Although 7cm was very small in absolute terms the overall 
proportional difference for this shallow snowpack was 19%. 

A systematic lowering of the LiDAR depth measurements could occur if the ground data were 
incorrectly referenced to the nearby elevational control points for either the fall or winter survey. 
Given the range of error associated with individual laser shots (1 σ = 15cm) an incorrect elevation 
reference was a distinct possibility. However, of interest was that the difference between LiDAR 
derived and ground measured snow depth was variable between each of the site types; i.e. 
although the average difference was 7cm, the differences for Maple, Pine and Mixed were 4, 8 and 
11cm, respectively. The observation that the Sugar Maple stand has a difference below 7cm 
suggested that there was not a systematic LiDAR referencing discrepancy of this magnitude.  

 
Ground Covers 
 

A possible explanation for variable depth measurement discrepancies is linked to the fact that 
the ground cover beneath each of the canopy covers studied is very different. For example, Figure 
6 illustrates the types of ground cover encountered in the Maple and Pine stands. The ground 
cover of the mixed forest stand cannot be distinguished from the canopy cover due to the densely 
packed, unmanaged and immature nature of the trees. Each of the different ground covers could 
affect snow depth measurements in the following ways: 
1) The Sugar Maple stand had a varied under-story of shrubs and bushes with a relatively 

“solid” soil base to which sunlight could penetrate during the fall. The implication of this 
observation was that the ground classified last pulse LiDAR returns collected in the fall 
would show some variability due to the heterogeneous ground cover but a high proportion of 
“hits” on the true ground surface (to which snow settles) should be collected. The net result of 
the under-story would therefore be a slight overestimation of the LiDAR ground surface 
height. The same difficulties did not exist with the snow surface and the LiDAR derived 
snowpack depth for the Maple stand could therefore be systematically underestimated. A 4cm 



 

underestimation over the Maple stand (22% coverage) would constitute an overall 0.9 cm 
LiDAR depth underestimation. 

2) The Pine plantation had no significant under-story. At ground level was a soft, relatively 
shallow (several cm) and uniform layer of pine needles. The flat and opaque nature of the 
pine needle floor provided a good surface for LiDAR returns and thus the average ground 
elevation predicted from airborne LiDAR measurements should represent the actual ground 
surface to which snow would settle. There was, therefore, no likelihood of a systematic 
underestimation of LiDAR derived snow depth. The transect data, however, suggest that 
LiDAR measurements underestimate snow depth by 8 cm, twice as much as the deciduous 
stand. A question therefore arises regarding the accuracy of the manual measurements and 
whether it was possible that snow depth could have been overestimated on the ground. After a 
subsequent visit to the study site it was found that although the pine needle flooring offered a 
uniform surface for snow accumulation and LiDAR reflection, it did not provide a sufficiently 
firm surface to prevent snow depth probe penetration (see inset to Figure 6). After several 
measurements, it was found that a steel rule could penetrate between 2 and 8 cm with little 
resistance. This additional depth could go unnoticed to the field observer collecting snow 
depth data. Thus, it was possible that the discrepancy observed in snow depth estimation for 
the transects in the conifer plantations was due to ground measurement bias and not LiDAR 
errors. If the ground measurements in the Pine areas (75%) were overestimated by up to 8 cm, 
then this could account for 6 cm of the observed 7 cm discrepancy between the LiDAR and 
ground depth measurements.  
The transects in the dense mixed forest stand followed “lines of least resistance” through 

patches of lighter vegetation. This probably led to an unrepresentative sample of the conditions in 
this stand. However, along the transects, the average LiDAR derived depths were significantly 
lower than measured on the ground. From Figure 6 and Table 3, it is evident that the maximum 
LiDAR depth estimations were greater than ground measurements and the upper quartiles were 
close. The underestimation of depth was therefore due to several shallow depth estimations. This 
may be the result of the relative opacity of the canopy in some areas during both fall and winter 
surveys and the resultant difficulty in accurately classifying LiDAR ground returns. LiDAR is 
probably not very reliable over such canopy conditions and the errors would likely be random. 

 
 

Sugar Maple – ground cover 

 

  

Conifer Plantation – ground cover

Figure 6:  Ground cover beneath forest canopies for sugar maple and pine conifer stands. Inset is a close-up 
of the needle coverage in the pine stand. Note how the steel ruler penetrates the needles at point of 
measurement but the LiDAR pulse covers a larger area and does not penetrate. 



 

It would appear then that different ground covers beneath forest canopies may introduce both 
systematic and random biases in snow depth measurement using both LiDAR and ground based 
techniques. The varied shrubby coverage beneath the deciduous Maple stand may have been 
responsible for the LiDAR underestimation and the pine needle flooring of the conifer plantation 
could have caused a ground-based overestimation of snow depth. A combination of both of these 
potential errors could account for much of the 7cm discrepancy between the LiDAR and ground 
based snow depth estimations. If the LiDAR estimate for the Pine plantation and the ground 
estimate for the Maple stand were considered the more reliable choices, then, the difference in 
snow depth between the two forest types was 57% (LiDAR only = 75% and ground only = 63%). 
Given that the deciduous stand experienced almost no snow interception and the conifer plantation 
had a dense canopy with a significant amount of intercepted snow visible at the time of the snow 
survey, the lower ratio was certainly possible. If, indeed, systematic biases do exist in LiDAR 
depth estimates over certain ground covers, then they could be corrected in other similar surveys if 
there is prior knowledge of the under-story conditions. 
 
CONCLUDING REMARKS 
 

The paper has attempted to evaluate the utility of high resolution scanning airborne LiDAR 
technology for the purpose of snowpack volume estimation over large areas and under varying 
canopy conditions. The study presented here faced difficulties due to the relatively shallow 
average snowpack depth of between 25 and 40cm being little more than two times the quoted 
precision of the ALTM instrument. In addition, due to the surveys being conducted on a “window 
of opportunity” basis and free of charge to the investigators, logistical difficulties were faced with 
regard to survey timing and optimal parameter settings. However, despite the difficulties faced in 
this study, some useful results have been obtained: 
1) LiDAR ground DEM intercomparison for fall and winter surveys does appear to generate a 

“difference” surface that is reflective of realistic snowpack distribution patterns with observed 
variability being commensurate with topographic and canopy closure controls. 

2) Comparison of LiDAR derived depth estimates with ground based transect measurements 
show similar spatial patterns with an overall difference in depth of around 7cm (less than half 
of 1 standard deviation in ALTM accuracy). 

3) Canopy and under-story conditions have been found to introduce small quasi-systematic 
errors in airborne LiDAR and possibly ground based snow depth estimation. With prior 
knowledge of ground cover conditions, however, such errors could be reduced using a 
correction factor specific to certain ground/canopy types. 
Possible improvements for future surveys could be achieved if tie points for LiDAR xyz 

referencing are available within the survey area. For this analysis, a single ground control point 
about 1 km away from the survey site was used for DEM registration and thus introduced some 
uncertainty as to the elevational correspondence of the fall and winter DEMs. In addition, if 
ground transects are to be compared with LiDAR depth estimates it is important to start and end 
the transects either at easily distinguished features or at GPS control points. Further validation of 
the technique could be obtained if a future study concentrated on a gauged watershed to compare 
snow volume and hydrological yield estimates. 

In summary, this paper has demonstrated that airborne LiDAR is potentially a useful addition 
to the water resource manager’s arsenal of tools for hydrological monitoring in difficult regions. 
The utility of this tool would probably be greatest in areas of deeper snowpack conditions, where 
instrument precision becomes less significant, and over remote regions where ground access is 
difficult and costly. In most areas, the “no snow” data set would only need to be collected once 
and in subsequent years monitoring would only require one survey at the end of winter. 
Considering that high-resolution survey data for areas of 100 km2 can be collected in less than 1 
hour (e.g. Hopkinson et al., 2001), it is likely that LiDAR snowpack surveys could provide an 
economically viable supplement to traditional field based techniques. 
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