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1 A B S T R A C T  

The stratigraphy of an alpine snowpack is very important for avalanche danger assessment, as well as 
interpretation of remote sensing measurements for hydrologic purposes. Since spatial variability is often 
widespread, due mainly to wind, microclimatic and topographic effects, extrapolating point measurements 
can be difficult. Radar is an advantageous tool tbr studying spatial variability, as large areas can be covered 
quickly with high resolution. It is non-intrusive so that spatially and temporally continuous measurements 
can be made throughout the winter. Many previous studies have shown correlations between snowpit and 
radar measurements, however signal interpretation remains challenging. 

We compare measurements from a portable high frequency (8-18 GHz) Frequency Modulated Continuous 
Wave (FMCW) radar with manual snowpit data (including high resolution (5 cm) density samples), SnowMi- 
croPen (SMP) measurements, and Near-Infrared (NIR) photography. Measurements were made made during 
the 2003-2004 winter at several sites in Davos, Switzerland. We focus on measurements made during one day 
when all of the instruments successfully collected data. The radar is very sensitive to large density contrasts, 
therefore ice-lenses, sun-crusts, and other large changes in hardness cause strong reflections. More subtle 
or less steep density changes, however, which are resolved well with the SnowMicroPen, cause radar signals 
which are still difficult to interpret. 

A large degree of spatial variability, at very small length scales (< 10 cm) along radar traverses was 
apparent, and measurements of this variability were repeatable. These data indicate that the length scale 
of variability of crusts may be much smaller than we were previously able to measure, due to the minimum 
horizontal resolution possible with other instruments. Major stratigraphic horizons, however, could be 
followed along radar profiles and identified in SMP measurements. A very thin hard crust (0.2-0.4 mm) that 
was continuous caused strong signals that were identifiable in both the SMP and the radar measurements 
at five different sites along a 10 meter traverse, however other crusts and layer transitions showed different 
degrees of variability. 

I N T R O D U C T I O N  

Mechanical properties of snow control the snow- 
pack's response to the forces present in its environ- 
ment. Making accurate predictions of the behavior 
of snow under a wide range of conditions is impor- 
tant for avalanche hazard assessment as well as many 

engineering problems. Snow is a very complicated 
material to model, however, due to variability both 
temporally and spatially on a wide range of length 
scales. In order to accurately characterize the length 
scales at which variations exist, and to attempt to 
better understand the  length scales which are im- 
portant in the avalanche formation process, there 
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is a need for a technique which can make measure- 
ments rapidly over large areas with high resolution. 
To accurately study temporal changes, since spatial 
variability can exist on very small length scales, a 
non-destructive technique is very advantageous. 

Currently avalanche professionals make mechan- 
ical measurements at very different length scales, 
from micrometer scales (SMP) to studies on entire 
avalanche slopes. Recent studies have shown that 
large spatial variability can exist on length scales 
ranging from less than a meter to hundreds of kilo- 
meters (Sturm and others, 2004). 

Mechanical tests are time consuming, however, 
therefore it is impractical to make measurements at 
large length scales but also with high resolution to 
address the question of what length scales are impor- 
tant for the avalanche formation process. When the 
length scale at which variability exists is unknown, it 
is difficult to extrapolate from careful point measure- 
ments of mechanical properties. Proxies for strength, 
such as density, grain size and type, and hardness are 
often used, as these properties are relatively much 
easier to measure and model. Dielectric properties 
of snow are also effected by all of these character- 
istics, and much work has been done to model the 
influence of each based on in-situ measurements (e.g. 
Tiuri and others, 1984; Denoth, 1994; Schneebeli and 
others, 1998). 

A transmitted radar signal will reflect from large 
changes in  dielectric properties, which often exist 
at layer boundaries in the snow stratigraphy, due 
to changes in physical properties. Large changes in 
density, grain size and type, and hardness, which 
cause discontinuous dielectric properties that radar 
is sensitive to, are often observed at sliding layers 
in slab avalanches. The ability to track these tran- 
sitions over large areas could allow characterization 
of the geometry and variability of a snow slab. Al- 
though the dielectric and mechanical properties of 
snow are related in an unknown and complicated 
way, radar may be a useful tool for following impor- 
tant layers and transitions that  are observed using 
mechanical tests such as the SnowMicroPen (SMP). 

2.1 P r e v i o u s  s n o w  r a d a r  s t u d i e s  

In comparison with radar work in other media, re- 
search on radar measurements in snow has been much 
less. Previous impulse radar studies (Vickers and 
Rose, 1972; Sand and Bruland, 1998; Lundberg and 
others, 2000) have shown that  the technique is sen- 
sitive to snowpack layering and that  total snow wa- 
ter equivalent could be estimated to 5-10%. Harper 
and Bradford (2003) made 3D impulse radar mea- 

surements in a 20 m × 20 m study plot on a glacier, 
saw little spatial variability in the radar measure- 
ments and found general agreement between manual 
density measurements and a low resolution Common 
Mid-point (CMP) inversion of radar measurements 
done at one location (3 layers in 250 cm). The reso- 
lution of the commercially available impulse radars 
limits their use for avalanche applications, however. 

Frequency Modulated Continuous Wave (FMCW) 
radar measurements have the advantage of much 
higher frequency than commercially available im- 
pulse radars, as well as much larger bandwidth which 
results in higher resolution and greater sensitivity to 
thin layers and more subtle transitions. There have 
been many more studies in alpine snowpacks with 
FMCW radars, and here we give a brief summary. 
Early work by Ellerbruch and Boyne (1980) and 
Gubler and Hiller (1984) showed that surface and 
ground reflections were clearly visible, so that SWE 
could be estimated to within 4- 5%.~ Reflections from 
depth hoar layers were observed, and changes due 
to surface melting could be seen. Gubler and Hiller 
(1984) a.lso showed that the technique could be used 
measure the speeds and heights of avalanches, and 
their system is still in use by SLF today. Gubler 
and Weilenmann (1986) made static measurements 
while removing layers sequentially from the surface, 
and also qualitatively compared FMCW radar mea- 
surements with ram and morphological profiles. Fu- 
jino and others (1985) and Forster and others (1991) 
observed snow stratigraphy that related to snowpit 
measurements at one site, and Gubler and Rychetnik 
(I 99 I) present profiles that indicate significantly less 
snow layering in.forest stands than in open fields. 

More recently, Koh and Jordan (1995) were able 
to detect a subsurface melt event predicted by a 
thermal snow model, Holmgren and others (1998) 
measured snowdepth along very long traverses, and 
Gogineni and others (2003) have used an FMCW 
radar to measure snow thickness on sea ice. Marshall 
and others (in press(a), 2004)located the depths of 
major radar reflections with metal reflectors, which 
agreed with layer boundaries observed in a nearby 
snowpit, and found that  the location of' reflections 
occurred at large changes in dielectric properties that 
were measured with an in-situ dielectric sensor. This 
study found that  spatial variability in the radar sig- 
nal occurred on length scales less than 1 meter, and 
that the measurement of this spatial variability is 
repeatable. Marshall and others (in press(b)) found 
that a wide bandwidth that  covered X and Ku-band 
frequencies (8-18 GHz) provided the most informa- 
tion in a dry snowpack, wheras C-band frequencies 
(2-6 GHz) were optimal for deep, wet snowpacks. 
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3 M E T H O D S  

3.1 F M C W  radar  

The F M C W  technique has been described elsewhere 
(e.g. Stove, 1992), and in this s tudy we use a sys- 
tem similar to tha t  used in previous studies. Im- 
provements in radar hardware,  however, allow us 
to operate over a broader bandwidth,  resulting in 
greater resolution than previous work. We have de- 
veloped software which controls the data  acquisi- 
tion system and allows real-time processing of the 
measurements.  Impedance mismatches in the radar 
cause constant ins t rumentat ion-re la ted signals, which 
can make layer tracking difficult. In order to isolate 
these effects, we made measurements  at one position 
while we varied the height of the radar. A measure- 
ment of this type is shown in Figure 1. Note that  sig- 
nals that  change position during this measurement  
are related to the snowpack, while constant signals 
are caused by the ins t rumenta t ion  and need to be 
accurately removed. 
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Figure 1' Snowpack measurements made while changing 
antenna height, to locate instrumentation-related sig- 
nals. Black indicates a strong reflection, white indicates 
no reflection. 

We have developed an efficient signal process- 
ing algorithm to remove the inst rumentat ion-rela ted 
signals using measurements  made with the horns 
pointed at the sky. After these are removed, an au- 
tomated algorithm picks tl~e locations of the major 
reflections. The same measurement  from Figure 1 is 
shown after these algorithms have been applied in 
Figure 2. Note tha t  now the first major  reflection is 
caused by the snow surface, and interior reflections 
can be clearly traced throughout  the measurement.  
An au tomated  algori thm is used to pick the surface 

(first clear signal), as well as all of the internal reflec- 
tions. Note tha t  in both  Fig. 1 and 2 no horizontal 
smoothing (i.e. stacking) has been performed; these 
are 250 independent  measurements.  
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Figure 2" Snowpack measurements made while changing 
antenna height, to locate instrumentation-related sig- 
nals, which have been removed with. a signal process- 
ing algorithm. Black indicates a strong reflection, white 
indicates no reflection. 

3.2 Other  i n s t r u m e n t s  

We used several other snow science techniques to 
measure the snow stratigraphy. A s tandard snowpit 
was excavated after the radar  measurements  were 
finished, and density, tempera ture ,  grain size and 
type, and hardness were measured. Density was 
measured with a 100 cm a cutter  at 5 cm increments, 
with three separate measurements  made at each depth. 
Small samples were also preserved for later labora- 
tory analysis. 

The pit wall was photographed with a near-infrared 
(NIR) digital camera. This type of measurement is 
known to be sensitive to grain size, however quanti- 
tative processing techniques are still being developed 
(Matzl and Schneebeli, 2002). 

Mechanical measurements  were made with the 
SnowMicroPen (SMP), a highly accurate, very high 
resolution snow penetrometer .  This instrument  uses 
a stepping motor  to drive a small diameter  cone into 
the snow while making measurements  of force at the 
tip. Its vertical resolution is 4 >m. It was developed 
by (Johnson and Schneebeli, 1999; Schneebeli and 
Johnson, 1998) and many years of validation tests 
have been performed (Schneebeli and others, 1999; 
Pielmeier and Schneebeli, 2003). 
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4 ,  R E S U L T S  

In this paper  we present  resul ts  from measuremen t s  
made  near SLF on Februa ry  20, 2005. An F M C W  
profile was per formed over a 10 m distance,  a n d  5 
sites along the profile were chosen for SMP mea- 
surements .  At each of these 5 sites, we made  stat ic  
measurements .  This  profile is shown in Figure  3. 
Note tha t  the locat ions where  we s topped  moving 
are obvious due t'o the  cons tan t  signal, and illus- 

t ra tes  the repea tab i l i ty  of the measurement .  Large 
spat ial  variabil i ty exists be tween  stops,  which span 
about  2.5 m. 
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Figure 3: FMCW profile at SLF, February 20, 2005. 

The areas where the signal is constant are locations 

where we made static tests for comparison with the SMP, 

labeled ~1-5. The location of the snowpit and NIR mea- 
surement are also indicated. 

Due to the large degree of variability, we felt 

it was important to accurately characterize the lo- 

cations where the SMP measurements were made. 

We therefore made measurements at these locations 

while changing the antenna height (footprint), as 
shown in Fig. i and 2. 

Since magnitude inibrmation is di~cult to inter- 

pret and can be affected by layer geometry, horn 

angle, system drift, and temperature, here we focus 

on the location of major reflectors. The depth below 

the snow surface for each reflector that was picked 

by the algorithm was calculated, and a probability 

density function (PDF) was computed for all of the 

reflectors that were picked during the measurement. 

Depths that always showed a reflection (continuous 

layers) have a large PDF, while reflections that had a 

spatially variable depth near this position have a low 

PDF. This PDF is therefore a measurement of how 

continuous a given reflector is, while the horn height 

was varied at a fixed horizontal position. While the 

horn height changed, the radar footprint varied from 

10 cm x I0 cm to 1 m x 1 m. Note that the SMP 

measurement represents one measurement 1 cm × I 

cm within this footprint, however a statistical sam- 

ple of many SMP measurements within the radar 
footprint would be ideal. 

Fig. 4 shows the SMP measurement and the pro- 

cessed radar data. Peaks in the radar PDF above a 

threshold of 0.02 were automatically chosen, and the 

location of these peaks is shown with a gray line on 

both plots, with a thickness equal to the radar res- 

olution (1.5 cm). Note that the radar shows peaks 

that are highly correlated with peaks in the SMP 

signal below 40 cm, where there were numerous ice 

lenses observed in the snowpit (Fig. 5). 
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Figure  4' Comparison of FMCW radar and SMP at 
location #4. Note the good agreement between radar 
reflections and la rgeSMP signals below 40 cm. 

In the upper  pa r t  of the  snowpack, we also ob- 
served some consis tent  features  in bo th  measure- 
ments.  At ~-,25 cm dep th  there  was a very thin 
crust  tha t  was appa ren t  in the  SMP signal but  not 
in the snowpit.  This  th in  layer also caused a reflec- 
t ion in the radar  signal at all 5 of the comparison 
sites, even though  it was only 0.2-0.4 mm'thick.  Fig- 
ure 6 shows SMP measu remen t s  at 3 of the compar-  
ison sites, with the  locat ions  of the  radar  reflections 
shown again in gray (~25 cm at site 2,4 and ~30 cm 

at site 5). Note also the two transitions above 25 cm 

that also agree well at all 3 sites. These upper two 

transitions were also visible in both instruments at 

4 of the 5 sites. It appears that this feature, and 

especially the ice layer, can be tracked by the radar. 

Measurements were made with an NIR camera 

in the snowpit, between SMP sites 4 and 5. This 
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Figure 5' Standard snowpit measurements. Density 
profile shown in black, gray shade shows hardness mea- 
surements. Grain size and type are indicated on the left. 

is shown in grayscale in Fig. 7. In this image, dark 
indicates areas of large grain size, and light indicates 
areas of smaller grain sizes. Note that  the series of 
ice lenses below 40 cm are visible as a dark area, and 
that  there appears to be significant variability within 
the wall of the pit above 40 cm. This variability was 
not visible with the naked eye. 

Figure 7: Near-infrared image taken of snowpit wall. 
Note dark area in the lower half of the pit, caused by the 
thin ice layers (small arrowhead), and the large variabil- 
i tyin the upper half (large arrowhead). 
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Figure 6: Comparison of FMCW radar and SMP at lo- 
cations ://:2,4,5. Note the good agreement between radar 
reflections and three transitions in the SMP signal at 
25 cm depth and above (three radar reflections below the 
surface). 

C O N C L U S I O N S  

This preliminary comparison of F M C W  radar mea- 
surements and other snow science instruments is en- 
couraging. The s tandard snowpit measurements 
showed many hard ice layers that  were observed in 
the radar measurements,  as well as in the SMP and 
NIR data. A sub-millimeter ice lens was found in all 
5 SMP measurements,  and this caused a reflection 
in the radar measurement at all 5 locations as well. 
The depths of other features in the SMP measure- 
ments were also highly correlated with the depths 
of major radar reflections, indicating that  it is pos- 
sible to track important  snowpack layer boundaries 
with an F M C W  radar. The F M C W  radar is not 
able to identify weak layers within the snowpack, 
however weak layers very often have a hard crust or 
layer above or below, causing a discontinuity in the 
dielectric properties that  the radar is sensitive to. 
F M C W  radar and the SnowMicroPen may be pow- 
erful tools to use together, as the SMP can find im- 
portant  transitions in the snowpack and characterize 
their mechanical properties, while the radar can be 
used to follow these transitions along profiles and 
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character ize  their  variability. Many  more  compari-  

son tests  will allow a more  quan t i t a t i ve  compar i son  

between the two in s t rumen t s ,  and these  are p lanned  
for the next  few winters.  
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