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Spatially predicting surface hoar crystal size in sparse forests using shading in satellite imagery
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ABSTRACT: Surface hoar size and location can help predict avalanche trigger points after burial. This
paper presents an empirical model to predict the size of surface hoar at the small scale, i.e. less than
10 m, in sparsely forested areas. The model is based on 288 point samples of surface hoar crystals,
and uses greyscale values in satellite imagery to map its predictions over a 40-to-100 m scale from a
single point observation. When verified in a different surface hoar formation cycle, at a different location
and aspect, with crystals sized to more than 7 mm, the model predicted the correct size to within 2 mm
of actual size, for 70 percent of the 47 verification points. We present the physical basis for this model
through night time surface temperature measurements and sky view photograph masks obtained with
a wide angle lens. Beyond helping to describe the small scale variance of surface hoar in commonly
skied areas of sparse trees in North America, it confirms processes that drive surface hoar formation
anywhere. And although potentially applicable only to areas with trees and weather similar to those
examined here, this work demonstrates that with the right conditions surface hoar size can be spatially
predicted with reasonable accuracy.
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1. INTRODUCTION

Often, when we measure snow proper-
ties, we measure one point at a time. Be it a pit,
a weather station, a stability test, et cetera, our
hands-on knowledge of the snow over very large
areas comes from measuring very small areas.

The idea of local and general avalanche dan-
ger being different has been visited in other con-
texts (Jamieson et al., 2009), and for good rea-
son. It attracts our interest because it makes the
life of every practitioner even more difficult, this
idea of: What I see and know right here may not
be true right over there.

This captures the concept of variance. Vari-
ance helps assign tangible, usable numbers to
descriptions of highly variable or more consistent
conditions. Spatial variance, in particular, can be
a playing field to map and ponder the wide range
of conditions that create stability or otherwise,
and to visualize places where we may be more
or less willing to assign sweeping generalizations
to an area based on a handful of observations.
We often have a good general idea of the condi-
tions, but desire additional information about the
their extent and/or variance over terrain.

Many of us understand small-scale variance
intuitively, for example, a windswept edge next
to a small loaded roll. This concept – on one
hand an embodiment of the fact that wind remains
near-impossible to model and map using mathe-
matics (Campbell et al., 2004) – can nonetheless
be intuitively understood by practitioners literally
dozens of times per day in the field. So, some
variance can be obvious.

Other variance, however, may not be manage-
able through intuition. Surface hoar serves as a
prime example: Why here, but not there? This
type of variance leaves us mathematical analy-
sis, an unwieldy tool at best when applied to the
natural sciences. Practically speaking, exploring
variance this way begins as insight into only small
pieces of the puzzle, and the narrow focus of this
paper is no exception.

Despite this, spatial variability of surface hoar
is of great interest: Depending on the user
group, between 34 and 50 percent of fatal slab
avalanches occur on surface hoar in southwest
Montana and the Columbia mountains in Canada
(Cooperstein, 2008). And, the real motivation lies
in the future, where we all hope these pieces
come together into a greater form of overall vi-
sualization and understanding.

This paper presents an explanation for some
of the spatial variance of surface hoar in sparse
forests. Knowing the size and presence or ab-
sence of surface hoar and why can probably di-
rectly help predict avalanche triggers later on af-
ter burial. Though not of concern in all skiing ar-
eas world-wide, these types of treed skiing ar-
eas are ubiquitous across western Canada. And,
the physics revealed by treed areas apply every-
where, albeit on different scales.

2. METHODS

As authors, we had a simple goal: build a
model to reasonably predict the small scale spa-
tial variability of surface hoar size, while only us-
ing readily available tools and information. To ac-
complish this, we sampled two 40 x 40 m ar-
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eas repeatedly during the January 2009 surface
hoar formation period in the Roger’s Pass area of
Glacier National Park, British Columbia. The ar-
eas, at 1900 m elevation, face north (Area I) and
northeast (Area II) and consist of rolls up to 25
degrees of incline and variable tree cover.

Figure 1 shows a part of one of the areas from
a vantage point on a nearby knoll. Each sample
area contained 48 points, at which surface hoar
size was sampled daily by hand, and the locations
of which were placed randomly along six tran-
sects (Shea and Jamieson, 2009b, submitted).
Positions of these points were laid out by hand,
and recorded using a pinpoint analysis from thou-
sands of GPS points per sample from a common
handheld GPS receiver. The same points were
visited each day in each sample.

We recorded minimum and maximum sizes
of surface hoar crystals observed at each point,
which gave us a mean size measurement for
each point. In our analysis, we used only these
mean sizes. Over the three days in January, sur-
face hoar crystal sizes in the areas had an overall
mean of 7.4 mm (both areas), a maximum of 14.7
mm (Area I) and 12.5 mm (Area II), and a mini-
mum of 0 mm (no surface hoar) in both areas.

Figure 1: Photo of a portion of the sampled areas.
Notice the ski tracks across the area for scale.
This area is quite sheltered from wind. During the
January surface hoar cycle, the winds in the area
ranged from only 1 to 12 km h−1.

No research has sampled the spatial variabil-
ity of surface hoar size on these scales before.
Höller explored the spatial variability of dewpoint
in trees (Höller, 1998) with an intensive weather
study but only a few sample points in and out
of trees stands. Many other meteorological-type
surface hoar research (Hachikubo and Akitaya,
1997; Föhn, 2001; Lang et al., 1984; Cooperstein
et al., 2004) also use calculations based on only
a few points. To build this model, we used 288
surface hoar size samples taken over three days.

Other spatial studies have occurred on larger

scales (Schweizer and Kronholm, 2007; Feick
et al., 2007) with limited application to prediction.
Schweizer’s study successfully uses the semivar-
iogram in the analysis; that method provided no
useful results for us here.

However, while sampling, we observed a de-
pendence between surface hoar size and nearby
trees. Our points were randomly spaced and lay
both under and outside of tree canopies. So, for
prediction we needed a way to assess nearness
to trees without having to go out and map every
tree in an area by hand. To do this, we used the
satellite imagery found on Google Earth during
early 2009, and we projected it as flat rasters via
cubic interpolation. Examples of mapped surface
hoar size over one of the the two sample areas
and the corresponding satellite imagery can be
seen in Figure 2.

2.1 Model

Our model predicts the point size of sur-
face hoar using the value of greyscale whiteness
around the point on the satellite image. With ex-
ploratory statistics, we discovered the best corre-
lation between surface hoar size and greyscale
whiteness values came from an average of pixels
around each sample point location. Specifically,
the average included all of the pixels within a 4
m radius around each point. From now on, when
we refer to greyscale whiteness value, we actu-
ally mean a value of pixels averaged over a 4 m
radius at that point.

Correlation (Pearson’s) between surface hoar
size and greyscale whiteness ranged from 0.32
to 0.71 with significance values all p < 0.05. Five
of the six sample iterations had correlations better
than 0.42, and significance better than p < 0.001.

To capture this correlation, we assigned a cer-
tain amount of greyscale whiteness to indicate
a certain increase in surface hoar size at each
point. For example, for the January cycle, we
found an overall value of 0.012/mm or 1.2 per-
cent more greyscale whiteness per mm increase
in surface hoar size. This value requires a sin-
gle field sample to scale up to variance over a
40 to 100 m area, as well as the satellite im-
agery for that area. Details on the scaling and
model construction may be found in Shea and
Jamieson (2009a, submitted). More than a pre-
dictive model, however, it can allow us to test
whether the same conditions exist elsewhere and
detect outliers from this pattern.

2.2 Verification and results

Using the model to re-‘predict’ the sizes in the
January cycle from a single open area surface
hoar size and the greyscale satellite imagery pro-
duced very good results. Overall, the mean of the
(Actual−Predicted) residuals equaled 2.1 mm for



International Snow Science Workshop, Davos 2009, Proceedings

104

(a) Inverse distance weighted map of mean
crystal sizes for one day at the Area I location

(b) Satellite image for Area I, large shadows
correspond to trees.

Figure 2: Visual overview of surface hoar sizes in Area I, and the satellite photo of the area. Black dots
indicate the actual size sample locations. Satellite imagery is provided under the Google Earth terms of
use, copyright 2009 TeleAtlas, 2009 British Columbia, and 2007 Google Earth.

Area I, and 2.6 mm for Area II. The standard de-
viation of those same residuals equaled 2.8 mm
for both Area I and Area II. We show plots of an
example day per area of predicted versus actual
crystal sizes in Figure 3.

During a different surface hoar formation cycle
(17 February to 20 February, 2009), at a different
location (150 km to the northwest), and a differ-
ent aspect (south facing), we obtained an aver-
age single sample from an average open area. At
the same time, we also sampled the remaining 47
points in the surrounding area to use to confirm
our predictions from the single point sample.

The single point contained surface hoar with
mean size 5 mm (verification samples in the area
contained crystals of 7 mm), giving a grey change
per mm growth of 0.086/mm.

Using the model, we then predicted the sizes
at each point that we sampled, and compared
the predictions to the actual sampled values. The
model predicted the correct size of surface hoar
to within 1.5 mm for 60 percent of the points,
and to within 2 mm for 70 percent of the points.
The model produced a mean of absolute value
residuals equal to 1.52 mm – meaning that, as
before, actual crystal sizes were generally larger
than predicted – and a standard deviation of ac-
tual residuals equal to 1.80 mm.

Visually, the crystal size map confirms the
same shading effect we observed in January; the
satellite greyscale image and corresponding map
are shown in Figure 4.

3. DISCUSSION

Trees affect a number of physical processes
intimately involved in surface hoar formation. Ex-
treme surface cooling – created by longwave
radiation loss from the snow surface at night

(Brun and Armstrong, 2008) – drives the diffu-
sion needed to grow surface hoar. Trees can pre-
vent this longwave radiation loss and even radi-
ate longwave radiation of their own (Sicart et al.,
2004). They can also affect surface wind, which
in turn limits turbulent transfer of moisture.

To examine the role of longwave radiation be-
hind the workings of our model, we performed an
additional experiment. On a fourth day during the
January cycle, and on the same areas and at the
same points as described in the Methods section
above, we measured the surface hoar sizes both
at night (4 through 6 am) and during the day (10
am through noon). We also measured the sur-
face temperature of the snow at each point using
handheld IR (infrared) thermometers. We found
good correlation between nighttime surface point
temperatures and surface hoar size (Pearson’s -
0.64 and -0.74, both p < 0.001), but weak and
non-significant correlation with surface hoar size
and daytime surface point temperatures.

We performed yet another experiment to con-
firm the link between longwave radiation loss,
trees, and temperature during a cycle at the end
of February, 2009. We repeated the day/night
size and temperature measurements, and we
also took 175-degree wide angle photos of slope-
perpendicular skyview at each point. For this final
experiment, we only used one area, 40 m on a
side, north-facing, and next to Area I described in
Methods above.

Theoretically, skyview refers to the amount of
open sky available for snow surface longwave ra-
diation losses at night. To show this, we masked
each of the 48 photos by hand into areas of sky
(white) or no sky (black). An example can be
seen in Figure 5. We found good correlation be-
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(a) Crossplot of predicted size versus actual
size for north-facing sample area, Area I.

(b) Crossplot of predicted size vs. actual size
for northeast-facing sample area, Area II.

Figure 3: Crossplots of predicted versus actual surface hoar crystal size for both sample areas. Note
the better correlation in Area I; Area II had more tree patches and thus probably better tree-influenced
surface hoar sizes.

(a) Inverse Distance Weighted map of surface
hoar sizes sampled for comparison (b) Corresponding greyscale satellite image.

Figure 4: Crystal size map and image used for verification in the mid February cycle. Note the slant
in tree shading projection on this South aspect satellite image. Satellite image is provided under the
Google Earth terms of use, copyright 2009 TeleAtlas, 2009 British Columbia, and 2007 Google Earth.

tween open skyview percentage (white) and both
night surface hoar size and night surface tem-
perature (Pearson’s 0.52 and -0.46 respectively,
p < 0.001), confirming that generally, the more
skyview a point on the ground sees, the colder the
surface temperatures get at night, and the bigger
the surface hoar grows as a result.

3.1 Limitations

This generalization shows how lucky we were
to capture conditions that allow such a careful
examination of trees, skyview, surface temper-
atures, and their relation to surface hoar size.
Complications may be easily found. For exam-
ple, in the original model construction, the north
area (Area I) had better correlation with greyscale

values than the northeast area (Area II) did. This
may be due to the higher number of trees in the
north area, making the trees more of an influ-
ential factor. It may also be due to the fact that
east-facing aspects generally receive more short-
wave radiation that they must overcome via long-
wave radiation losses at night to grow surface
hoar (Cooperstein, 2008), and so shortwave ra-
diation was more affective and variable in Area II.

Other limitations may include those times
when diffusion becomes so effective that small
surface hoar may be found under, and even on
trees themselves. Also, our day-to-day changes
in surface hoar size were very small. Great me-
teorological changes within a formation period –
and thus in the size of surface hoar – change the
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Figure 5: Example photograph of skyview for a given point, and its white and black mask matrix.

general size of the layer, and these large chang-
ing effects may not vary with the tree cover. Con-
ditions like these, such as strong winds moving
through the trees, certainly prevent a stringent
application of this model to all situations.

In addition, in modeling terms, 40 by 40 m ar-
eas are quite small to be predicting over when
we are still striving to predict surface hoar for-
mation over skiing terrain (Lehning et al., 2002;
Föhn, 2001). These effects should not be scaled
to larger values of kilometers as at that point other
effects (aspect, elevation, etc) may dominate. In
addition, in entirely open areas the greyscale re-
lation will almost certainly not hold at all because
in those areas radiation and wind step up to much
greater roles.

4. CONCLUSIONS

In summary, this represents not a complete
predictive model but a beginning. Its verification
in this paper should not imply intent for wide use,
rather it should help confirm our intuition about
part of the physics that form surface hoar. In gen-
eral, it helps validate our intuition about small-
scale longwave radiation escape and its relation
to surface hoar growth. For application, it repre-
sents a first step in mapping and predicting sur-
face hoar growth on a sub-10 m scale, a feat con-
sidered generally very difficult if not impossible.
Such extreme modeling difficulty may continue to
be true for prediction in many places yet, but for
now we can take the first steps in understanding
the variability caused by trees and skyview.
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