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Abstract 

In many parts of the world, snowmelt energetics are dominated by incoming solar radiation.  
This is the case in the Canadian Rockies, where sunny winters result in high insolation. Solar 
irradiance at the snow surface is affected by the atmosphere, the slope and aspect of the 
immediate topography, and shading from surrounding terrain.  Errors in estimating solar 
irradiation are cumulative over a season and can lead to large errors in snowmelt predictions. 
Current gridded methods used to estimate solar irradiance in complex terrain work best with 
high-resolution DEMs, such as those produced using LiDAR. The requirement for high-
resolution DEMs is a significant problem when modelling large spatial domains due to the lack 
of LiDAR elevation information over much of Canada.  However, it is possible that adaptive 
triangular meshes, a type of unstructured triangular mesh that can adapt to fine-scale processes 
during model runtime, are more efficient in their use of DEM data than fixed grids when 
producing solar irradiance maps.  A field and modelling study aimed at determining the effect of 
changes in DEM resolution on fixed grid and adaptive mesh irradiation calculations is discussed 
in this paper.  As part of this study, the accuracy of these techniques is compared to 
measurements of mountain shadows and solar irradiance collected in the Marmot Creek 
Research Basin, Alberta.  Time-lapse digital cameras and networks of radiometers provide 
datasets for diagnosis of model accuracy.   

Introduction 
In areas of variable topography, a 

surface's aspect significantly controls how 
much incident solar radiation a surface is 
exposed to. In a catchment in the Yukon, 
Canada, Pomeroy et al. (2003) found that on 
a clear day at midday, a south-facing surface 
had 80% more radiation than the north-
facing surface. Carey and Woo (1998) found 
that aspect played a significant role in 
snowpack melt timing and attributed this as 
one factor that accentuates the contrast in 
timing and magnitude of the snowmelt 
between north and south facing slopes. 
Chueca and Julián (2004) found that 
shortwave radiation had implications for 
glacial ablation, concluding that the 
morphology and spatial distribution of small 

cirque glaciers could be primarily attributed 
to the differences in shortwave incoming 
radiation.  

Structured meshes in GIS are 
generally referred to as rasters or grids. 
Raster based models are common because 
their computer representation can be trivially 
implemented using two dimensional arrays, 
a feature intrinsic to any modern 
programming language. Despite their 
widespread use, rasters have a number of 
significant limitations for use in 
hydrological modelling: drainage directions 
are often constrained to 45௢ intervals, and 
geometric artifacts and other sub-grid 
variability can be artificially introduced 
because of the ridged structure (Tucker, 
2001). Representing a non-rectangular 
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Model development 
A raster dataset, such as that derived 

from LiDAR, may be triangulated using 
Delaunay triangulation. Using this method, 
the triangulation could be constrained to the 
model domain, streams, or any other feature 
as required. Once the triangulation is 
constructed, shading locations can be 
mapped using, and expanding upon, the 
method proposed by Montero, et al. (2009). 
Other methods such as ray tracing are 
possible, however when working with 
arbitrarily orientated triangles it becomes 
difficult to know how many directions to 
look in. As the topographic scale changes, 
the look directions and collision tests must 
change, further increasing the uncertainty of 
the tests, and increasing the computational 
costs. 

The method of Montero et al. (2009) 
determines shaded areas by determining 
what triangles are in front of other triangles 
with respect to the sun. To do this, the 
coordinate system is rotated so that the 
vertical coordinate (z) is rotated until it 
points at the sun. In this rotated 
configuration, some triangles may be located 
between the sun and other triangles, and 
therefore result in shading.  Details of this 
rotation follow. 

Let ݄௢ be the solar elevation, and ܣ௢ 
be the solar azimuth (clockwise from north, 
in radians) for a certain time t. Then the 
vector defining the solar beam (ݏԦሻ in terms 
of a unit spherical coordinate system is 
given by 

Ԧݏ ൌ ൥
cos ݄௢ sin ௢ܣ
cos ݄௢ cos ௢ܣ

sin ݄௢
൩. 

Let x,y,z be a reference coordinate system 
with x positive in the east, y positive in the 
north, and z positive in the vertical direction 
that the topographic data is defined in. Let 
x’,y’,z’ be a coordinate system obtained by 
performing an XZX Euler rotation of x,y,z. 

Let ܴ௫ be the x rotation matrix and ܴ௭ be the 
z rotation matrix given as: 

ܴ௫ ൌ ൥
1 0 0
0 cos߶ െ sin߶
0 sin߶ cos߶

൩ 

and  

ܴ௭ ൌ ൥
cos߶ െ sin߶ 0
sin߶ cos߶ 0
0 0 1

൩. 

Then the rotation from x,y,z to x’,y’,z’ is 
done via the Euler rotation E where 

ܧ ൌ ܴ௫ሺെݍ௢ሻܴ௭ሺെݖ଴ሻܴ௫ሺ0ሻ 

ܧ ൌ

൥
cos ௢ݖ sin ௢ݖ 0

െ cos ௢ݍ sin ௢ݖ cos ௢ݍ cos ଴ݖ sin 	௢ݍ
sin ௢ݍ sin ௢ݖ െ sin ௢ݍ cos ௢ݖ cos ௢ݍ

൩. 

Where, borrowing from Montero, et al. 
௢ݍ  ,(2009) ൌ

గ

ଶ
െ ݄௢ and  ݖ௢ ൌ ߨ െ   .௢ܣ

The rotation E is applied to each vertex of 
every triangle. Then the rotated triangles can 
be projected onto the x’y’ plane by ignoring 
their z’ values; that is, they are shown as 2D 
triangles. The triangles can then be coloured 
according to each of the 3 vertex’s z’ values. 
An example of this is shown in Figure 3; the 
colours represent the z’ values of each 
triangle, ranging from blue for low, and red 
for high. The scene is shown with the 
observer between the sun and the terrain. No 
scale is given because the z’ values are not 
physical values and are relative, denoting 
“closer to” the sun for high values, and 
“farther from” the sun for low values. This is 
shown from a different perspective in Figure 
4, with the observer located looking 
approximately towards the sun.   

Shadow detection 
Montero et al. (2009) suggested 

constructing the entire triangulation via 
nested triangles. However, this does not 
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