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ABSTRACT 
The Swiss Federal Institute for Snow and Avalanche Research in Davos (SLF) publishes daily 
snow and avalanche information including snow depth maps on a spatial resolution of 1×1 km2 for 
Switzerland. These maps are generated using a spatial interpolation technique based on snow 
station measurements. Although the station network has become denser over the past years, sev-
eral regions do not contribute well to the network. The U.S. National Oceanic and Atmospheric 
Administration (NOAA) Advanced Very High Resolution Radiometer (AVHRR) sensor is used to 
improve the information on snow-covered ground. The fusion of point measurements with small-
scale remote sensing data leads to an improved area-wide snow information. The presented merg-
ing technique based on virtual snow stations is applied for a case study on the Swiss Alps on 4 
January 2005. The combination technique is a new approach and the resulting nation-wide snow 
depth maps show a significant improvement compared to the conventional interpolation with a 
more accurate snow – no snow borderline. The interpolation method seems to be sensitive to an 
accurate snow – no snow classification of the satellite data. The preliminary results are very prom-
ising and a near-real time application is already in operational use. Ongoing work is concentrating 
on the validation of the snow cover maps and improvements to the spatial interpolation method. 
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INTRODUCTION 
Monitoring snow depth in the Swiss Alps has a long tradition. These measurements provide a ba-
sis for avalanche forecasting, hydrological snowmelt runoff modelling and they are an important 
source of information for winter tourism. The Swiss Federal Institute for Snow and Avalanche Re-
search in Davos (SLF) publishes daily information about the avalanche situation and the snow 
conditions in the Swiss Alps. In addition to avalanche, text bulletins, country-wide maps for ava-
lanche danger, snow pack stability, new snow depth and snow depth are primary products of the 
institute’s snow information. 

Snow depth is measured at more than 250 snow and weather stations in Switzerland, mainly in the 
alpine region. These point measurements are used to interpolate area-wide snow depth maps for 
Switzerland. Different authors published interpolation approaches to accomplish this task. Witmer 
(1) developed a method to calculate an area-wide snow depth value taking into account regional 
and topographical influences. These snow depth maps were based on a linear dependency of 
snow depth and altitude for seven predefined climatological regions. This approach has been 
adapted for altitudes lower than 2500 m a.s.l. and published in the Climatological Atlas of Switzer-
land (2). There, snow depth mapping is based on 160 snow stations over the time period from 
1961 to 1980. Kirchhofer (3) also used a simple linear technique but with monthly mean snow 
depth from December to March over the longer period of 1961 to 1990. 

Since 1989 a similar approach has been used at the SLF where the snow depth is calculated for a 
given base elevation (e.g. 1500 m a.s.l.). Auer (4) developed a new model, which does not rely on 
predefined regions. An area-wide base value is determined and adjusted by a regional-to-local 
compensation value. The resulting snow depth map is calculated on a grid cell size of 1×1 km2 
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over Switzerland. First results of this modelling method show more accurate and realistic snow 
depth values than in the old maps, with a well-defined snow – no snow borderline. Especially in 
regions with a dense network of snow stations the interpolation method is fairly accurate. However 
the number of operational snow stations varies during the winter season. This is the case in early 
winter and in spring when the snow observations in lower altitudes are not operated. Therefore, an 
additional snow information source is included by the use of real-time snow cover maps from satel-
lite data. The combination of interpolated snow depth values and the snow cover extent provided 
from satellite data is a challenging task, as the two data sets consist of different spatial scales with 
a different view on the object snow. 

In this paper, we describe and analyse the retrieval of snow depth maps in combination with opera-
tional snow cover maps generated from satellite images. The study includes the entire area of 
Switzerland representing different topography and land cover types. 

DATA 
In situ snow depth data 
In Switzerland snow depth is measured by the SLF and the national weather service MeteoSwiss. 
The SLF operates two different types of networks, the conventional observation stations and the 
automatic snow and weather stations. The SLF conventional observation stations are generally 
located at alpine villages and ski resorts. Their observation program goes beyond purely meteoro-
logical parameters. Beside weather information, new snow and snow depth measurements, a vari-
ety of other snow parameters are observed and recorded on a daily basis. The SLF automatic 
snow and wind stations are situated at altitudes above about 2000 m a.s.l., close to avalanche 
starting zones. MeteoSwiss also operates a man-operated network and an automatic measure-
ment network. The MeteoSwiss observer stations are mainly situated at lower elevations below 
about 1000 m a.s.l. more or less evenly distributed over the country. The MeteoSwiss automatic 
snow stations were built in co-operation with the SLF. These snow stations are located at higher 
altitudes above about 2000 m a.s.l. regularly distributed over the Swiss Alps. Figure 1 shows the 
location of all snow stations in winter 2004/2005. The total number of snow stations is 253, 
whereof 5 to 10% may be out of order on a certain day. The total number of snow measurements 
is greatly reduced in early winter and spring due to a shorter period of observation of the observa-
tion stations at lower altitudes. 

 

 
Figure 1: Swiss snow measurement network. 
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Satellite data 
The operational polar orbiting NOAA satellites provide daily images from the AVHRR (Advanced 
Very High Resolution Radiometer) scanner with 1.1 km spatial resolution. The AVHRR scanner 
has five spectral bands measuring reflected solar (visible and near-infrared) energy and emitted 
thermal energy from the earth’s surface and the atmosphere. The Remote Sensing Research 
Group at the University of Bern, Switzerland, receives and archives NOAA-AVHRR HRPT data 
covering the area of the whole European Alps from 40.5°N to 50°N and 0°E to 17°E. Since the 
beginning of 2002, an operational status to process the data in near real-time has been in use. 

In the presented paper, NOAA-17 morning passes are used due to the illumination conditions in 
winter and the advantage of the purely reflective channel 3A (1.6 µm) for an improved snow/cloud 
discrimination. Additionally, we are dealing with channel 1 (0.6 µm) and 2 (0.9 µm). The pre-
processing includes calibration according to the KLM User’s Guide (5), georeferencing including a 
feature-matching algorithm to geocode the satellite data with sub-pixel accuracy and an atmos-
pheric correction of the visible channels 1 and 2. Atmospheric correction is based on the SMAC 
algorithm (Simplified Method for Atmospheric Corrections) (6). Atmospheric parameters are de-
rived from the NCEP data sets (National Center for Environmental Prediction) and from the Alpine 
Model (aLMo) of MeteoSwiss, whereas the atmospherical aerosol content is extracted from the 
same AVHRR data set processed. Data sets are orthorectified using the terrain model GTOPO30. 
This is an essential step to take into consideration the geometric distortions introduced by the 
complex topography and the scan geometry. Cloud detection and masking are done using the 
Cloud and Surface Parameter Retrieval (CASPR) package (7). 

METHODS 
Snow depth interpolation 
The spatial distribution of the snow depth varies for different scales, but is dominated by altitude 
and is secondarily influenced by topographical parameters such as slope and aspect due to differ-
ences in incoming solar radiation and wind. These terrain characteristics have an effect on snow 
depth especially at lower altitudes mainly due to the difference in incoming solar radiation between 
north-facing and south-facing slopes (1). The factors depend on the weather situation and the ra-
diation intensity varies on a high temporal and spatial resolution, which makes a determination on 
a 1 km grid size difficult. A nation-wide study of the alpine surface radiation budget is ongoing work 
and might contribute to understand the impact of slope and aspect on the snow depth in different 
elevation zones.  

In this study we present a spatial interpolation method, which is based on the dependency of snow 
depth and altitude above sea level as well as the local and regional characteristics of the snow 
distribution. 

The algorithm incorporates two steps. 

First, the country-wide base value is determined, which describes the correlation between the 
snow depth and altitude for two elevation zones above and below 1300 m. This linear function 
represents the dependency of snow depth and altitude as an overall function for whole Switzer-
land. This general description is an approximation explaining 50-70% of the total variance of the 
snow depth with the variable altitude. 

Therefore, the base value is adjusted with a local to regional compensation factor in a second step. 
This results in the following general formula: 

      jjj AhGHS += )(      (1) 

where:  HS: snow depth in cm  
 G: base value in cm  
 A: compensation value in cm  
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 h: altitude of the grid cell in m a.s.l.  
 j: grid cell to be calculated 

The compensation value is added to the base value to adjust the snow depth value for each cell in 
the 1×1 km2 grid. This compensation value is calculated by inverse distance weighting of the dif-
ference of the base value and the measured value for the three stations nearest to the grid cell. 
Consequently the formula for the compensation value is: 
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where:  hj: altitude of the grid cell i in m a.s.l.  
   dji: distance between grid cell j and observation station i in km  
  HSi: measured snow depth at observation station i  in cm  
  G(hi): base value of modelled snow depth at the observation station in cm  
  hi: altitude of the observation station in m a.s.l.  
  j: grid cell j, to be varied at a 1 km grid over the whole area  
  i: observation station i, i=3 and minimum distance to the grid cell j. 

An example for the application of this spatial interpolation method with in situ snow depth data from 
January 4, 2005 is shown in Figure 5. 

Snow cover maps from satellite data 
The medium spatial resolution of the AVHRR sensor of 1.1 km at nadir is a challenge in rugged 
relief with small patches of snow and a heterogeneous land surface. Due to this effect, each pixel 
potentially represents a mixture of different land cover types. To overcome this difficulty, snow 
cover proportions within a pixel are calculated. The estimation of snow information at sub-pixel 
scale is presented in different papers (8,9,10,11). Satellite imagery from different sensors have 
been used for estimating fractional snow cover within a sensor pixel (12,13). The linear spectral 
mixture algorithm is one of the most commonly used techniques to estimate snow cover propor-
tions and has proven to be effective at local to regional scales as well as in alpine topography (14).  

Linear mixture modelling (15) is based on the assumption that the signal received at the sensor is 
a linear mixture of pure-element reflections called endmembers. The weights of these endmem-
bers represent the percentage of the pixel area occupied by each ground cover type. The weight-
ing coefficients (fractions) are constrained to be physically meaningful e.g. non-negative and sum 
to one. The system is solved by a least-square solution to minimize the unmodelled sum of 
squares of errors. The endmember selection is a crucial step in the spectral mixture analysis ap-
proach. 

In the presented processing, the endmember selection and spectra mixture modelling is scene 
based. First, a Principal Component Analysis (PCA) is used to remove spectral redundancy and to 
improve the spectral separability. The first two eigenchannels of the first three AVHRR/3 channels 
contain considerably more than 90% of the total variance. This method requires no a priori knowl-
edge of the data set or spectral properties of the land cover types. The concept of convex geome-
try introduced first by Settle and Drake (16) is based on the assumption that points lying on the 
outer line of a polygon surrounding the data cloud have the purest image spectra, whereas mixed 
pixels lie within the data space. Some of these points represent snow by their spectral signature 
and differ substantially from other pure spectra. The maximum number of endmembers is limited 
by the number of spectral bands of the sensor used. In this case, either endmember pairs or triples 
could be built. The use of endmember pairs is computationally less demanding but implicates to 
partition unmodelled endmembers into fractions, creating a fraction error. Sets of image endmem-
ber pairs are built consisting of the selected snow endmember and an additional unknown image 
endmember which is not further analysed. The number of endmembers and the snow image end-
member are fixed, whereas one endmember type can vary. These endmember combinations are 
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used to describe all the pixels in the AVHRR data set. By creating multiple endmember combina-
tions, the spectral variability of an image element is more effectively taken into account (17). The 
data set is unmixed using all endmember combinations. The output of each mixing model is a frac-
tion image of the unknown endmember and the snow endmember. In addition, a root mean 
squared (RMS) error image represents the modelling error for each pixel. The fraction of snow in a 
specific pixel corresponds to the model with the lowest RMS for this image element. The described 
procedure is an automatically straightforward approach for operational and near real-time applica-
tions. Further information on the separated processing steps and a discussion of the method is 
described by (18). 

Merging of in situ snow depth data with satellite data 
The process of combining measured snow depth data with the snow cover extent from satellite 
data to calculate an area-wide snow depth map is a complex process and presented here for the 
first time. The aim is to improve the area-wide snow depth interpolation by the use of operational 
snow cover maps to refine the snow depth maps at the snow – no snow borderline. One must keep 
in mind that the two data sets consist of different spatial scales. A direct intersect of the two data 
sets was analysed but rejected, because a smooth transition of the snow depth is not achievable 
and because the cloud coverage in the satellite data leads to further implementation problems. The 
satellite snow cover data gives important information as to the extent of the snow-free area where 
the snow measurements are sparse. The definition of snow-free pixels from the AVHRR sub-pixel 
snow cover map is a crucial factor, as almost each pixel contains a certain amount of snow. The 
modelling constraints and the two-endmember model are responsible for this effect, as each pixel 
is unmixed using a snow spectra which might not even exist in the corresponding pixel. Figure 2 
shows the histogram of the snow cover proportions from all cloud-free pixels in the presented data 
set. 

 
Figure 2: Frequency distribution of the sub-pixel snow values from the snow cover map processed 
on January 4, 2005, 09:53 UTC. 

It is obvious that the histogram has a non-uniform distribution with a peak at the lower end of the 
snow cover fraction scale. The frequency distribution of pixels from several regions assumed to be 
totally snow-free has a normal distribution pattern of snow fraction values. Therefore, we define a 
threshold of two times the snow cover value of this peak. All pixels with a snow cover proportion 
below this value are labelled snow-free. In this case the threshold is set at a snow cover fraction 
value of 15%. 

First attempts of merging the two data sets were made with a regular grid at a cell size of 5 and 
10 km. All grid points were intersected with the binary snow cover map and the points with no snow 
values were entered as virtual snow stations with a zero snow depth value into the snow depth 
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interpolation. All other virtual snow stations were not included in the calculation. The test results for 
the 5 km grid were very promising, but the computation time exceeded the requirements of an in-
teractive application. The 10 km grid was too coarse to improve the snow depth interpolation 
model. The regular grid approach was also too restraining, because many points were located at 
places at higher elevations, where the snow cover is more likely to last. Thus, a new approach was 
followed to gain an irregular network of points along the course of the main rivers (see Figure 3). 

At these lower elevations the snow cover season is in general short which will result in a larger 
number of virtual snow stations to feed the snow depth interpolation model. This approach leads to 
an improved snow depth calculation with an acceptable computation time. 

 
Figure 3: Binary snow cover map using a threshold of 15% snow cover fraction. The virtual snow 
stations are displayed, whereof the yellow points are classified to no snow with a snow depth of 
0 cm in the interpolation method. A binary water mask and cloud mask is used to exclude corre-
sponding pixels from the interpolation process. 

RESULTS 
The described approach is presented for a data set of January 4, 2005 in the following. Switzer-
land is almost cloud-free on that day, as seen in the NOAA AVHRR image in Figure 4. 

The resulting binary snow cover map generated from the sub-pixel snow information shows a 
nearly closed snow cover in the alpine region and the prealps of Switzerland. The area-wide snow 
depth map was calculated with and without the use of the satellite data. The following figures show 
a series of maps that clearly express the influence of merging the measured snow depth with the 
snow cover extent from satellite data. In Figure 5, calculated with snow depth measurements only, 
the snow cover is extending further into the low lands. High snow depth values are found in the 
central Swiss Alps, especially in the eastern part of the northern slope of the Alps and in the 
southern part of the Alps next to the Lake Maggiore. In general the snow depth situation is below 
average for this time of the year. 

In Figure 6, calculated by using the satellite data, the snow–no snow border fits closer to the snow 
cover extent gained from the satellite data and the overestimated snow depth values in the regions 
mentioned above disappeared. 
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Figure 4: The Swiss Alps viewed from the NOAA-17 by the AVHRR sensor on January 4, 2005, 
09:53 UTC (False colour composite, R: Channel 1, G: Channel 2, B: Channel 3). 

 
Figure 5: Snow depth map calculated with in situ snow depth data only. 

 
Figure 6: Snow depth map calculated with in situ snow depth data and no snow values from satellite data. 
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The difference calculated from data in Figure 5 minus those in Figure 6 is shown in Figure 7 and 
allows a more detailed analysis of the two calculations. The red colours indicate areas where the 
snow depth increased with the introduction of the virtual snow stations extracted from the satellite 
snow cover extent. These areas are mainly found at higher elevations but also in the north-eastern 
part of Switzerland. The blue areas, however, indicate regions with decreased snow depth. These 
are mainly located in lower elevation zones of the central lowland as well as at high altitudes of 
southern and eastern Switzerland. These areas are subject to further analysis. 

 
Figure 7: Snow depth difference map from Figures 5 and 6. Dark colours show areas with a high 
influence of the snow depth calculation including the no snow values from the virtual snow stations. 

 
Figure 8: Snow depth map calculated with in situ snow depth data and no snow values from satel-
lite data, whereof some misclassified virtual stations were excluded from the calculation. 

The virtual snow stations included in the interpolation with a snow depth of zero centimetres are 
marked as yellow points in Figure 3. Some of these stations fall into pixels that are classified as no 
snow but surrounded by a greater snow-covered area. These scattered small areas have the effect 
of a high weight in the calculation of the base and compensation value and result in high differ-
ences. These isolated virtual snow stations were identified with the help of adjacent snow depth 
measurements and erased in a second calculation. The result in Figure 8 and the difference calcu-
lated from Figure 5 minus Figure 8 data shown in Figure 9 highlight very good improvements in the 
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regions identified above when compared visually with the false colour composite (Figure 4) and the 
binary snow cover map (Figure 3). 

The red areas indicating an increase of snow depth are less prominent. The blue areas indicating a 
decrease of snow depth are closely related to the location of the virtual stations. Excluding the out-
lier stations from the interpolation leads to smaller differences in the snow depth estimation. In 
general, the lower altitudes show a decrease and higher altitudes an increase of snow depth com-
pared to the interpolation using snow measurements only. 

 
Figure 9: Snow depth difference map from Figure 5 minus Figure 8 data. Excluding isolated virtual 
snow stations surrounded by larger snow-covered areas from the interpolation leads to lower dif-
ferences in the snow depth estimation. 

CONCLUSIONS AND OUTLOOK 
The former interpolation method for area-wide snow depth mapping based on (1) has been substi-
tuted by a new approach taking the complex topography of the Alps into account. This was possi-
ble because the observation network has been enlarged during the past years. Nevertheless, due 
to its distribution and reduced operation in certain periods, some areas remain with few snow ob-
servations. Therefore, operational snow cover maps from polar-orbiting NOAA satellites are used 
to fill these gaps. The merging of discrete point field observations with the smaller scale of satellite 
data is difficult because of the scale differences. The use of a virtual snow station network derived 
from the binary classified AVHRR data set improves the snow depth interpolation compared to the 
snow depth map calculated from in situ snow depth data only. For the presented case study an 
increase of snow depth in higher elevation zones was observed, whereas a decrease of snow oc-
curred at lower altitudes. These results are promising and the described approach is already in 
operational use. The merging of the two data sets is sensitive to isolated virtual snow stations lo-
cated in a snow-free classified pixel surrounded by larger snow-covered areas. The binary snow 
cover classification provides useful additional snow information for spatial interpolation of snow 
depth when cloud contamination is small. The analysis shows that a solid method for snow-no 
snow classification in the processing of the satellite data is essential to the quality of the final snow 
depth map. Therefore, an accuracy assessment of the snow cover fraction maps obtains highest 
priority. The performance of the AVHRR sub-pixel algorithm will be determined using different 
snow-covered regions in the European Alps. High-spatial resolution data will be used as ground 
truth to calculate the percentage of snow cover for AVHRR 1 km grid cells for an overall error esti-
mation. In this respect special attention will be paid to the effects of the large viewing angle of the 
AVHRR in the alpine terrain. Further analysis will be carried out to improve the spatial interpolation 
method used to calculate the area-wide snow depth maps. 
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