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In the Arctic regions snow cover has a major influence on the environment both 
in a hydrological and ecological context. Due to strong winds and open terrain 
the snow is heavily redistributed and the snow depth is quite variable. This has a 
significant influence on the duration of the melting season, on the possibilities of 
greenhouse gas exchange, the plant growing season and therefore the arctic ter- 
restrial fauna. The aim of this study is to describe the snow depth variability by 
detailed measurement of snow distribution in a 3 km2 site near to ~ ~ - A l e s u n d  at 
79" north of Svalbard and to link this to topography and climate at the location. 
The measurements were carried out in a grid of 100 m by 100 m cells using the 
SIR-2 Georadar from Geophysical Survey System Inc. (GSSI). 

Differential GPS was used to create a detailed Digital Elevation Model 
(DEM) and the snow depth data were correlated to topographic data. The aver- 
age snowdepth in the area was about 70 cm with a standard deviation of 40 cm. 
Statistical distribution and spatial correlation for the snow depths were found. 
The method was found acceptable for snow distribution mapping. The main ob- 
servation was the major accumulation in the west facing slopes due to easterly 
winds that are dominant in this area. 

Introduction 

As long as a thick layer of snow covers the surface of the arctic tundra the tempera- 
ture of soil underlaid by permafrost is kept well below OoC and the processes within 
the active layer are retarded. During the period of snowmelt the snow cover gets 
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thinner and the temperature of the soil rises with increased biological activity. The 
processes producing the greenhouse gases, Carbon dioxide and Methane become 
more active, the plants prepare for the growing season, and the active layer starts to 
develop. The snow cover is both a limiting factor and during early spring an impor- 
tant water resource for several processes in the arctic environment. It is therefore im- 
portant to have knowledge of its distribution and the main governing processes. 

Due to the large effort it takes to collect snow depth data manually over a large 
area, different methods have been used to describe the snow distribution. Numerical 
modelling (Liston and Sturm 1997) has in many cases shown good results but leads 
to high model complexity and long computer run time. Remote sensing (Andersen 
1982; Engman and Guerney 1991 ; Konig and Sturm 1998; Rango 1980) is efficient 
to detect snow covered area but can not be used directly to find snow depths. Other 
methods such as extracting topographic parameters from maps (Tveit 1980) to esti- 
mate snow depth variability has also been used. Since the introduction of digital ter- 
rain models and Geographical Information System this method has become more ef- 
ficient. In hydrological modelling where snow distribution is taken into account in- 
formation on distribution is usually based on information from satellite images (An- 
dersen 1982; Martinec 1985) or by using snow distribution curves (Killingtveit and 
Saelthun 1995). As distributed hydrological models with more correct physical de- 
scription of the processes replace lumped models, there is a need for better temporal 
and spatial snow data. 

New measuring methods have made it possible to measure snow depth over large 
areas with far less effort than earlier (Sand and Bruland 1998). By using Georadar 
connected to a snowmobile it is possible to measure snow depths down to more than 
7 m depth with 25 cm interval at a travelling speed of 20 kmh. This makes it possi- 
ble to make detailed snow depth maps over large areas based on measured data. 

In this study radar surveys have been made in a 2 km x 1.5 km area outside Ny- 
Alesund at 790 north at Svalbard (Fig. 1) in order to describe the snow distribution in 
this area. After snowmelt the same terrain was mapped using highly accurate differ- 
ential GPS and a detailed digital terrain model was constructed. These data sets are 
combined and the correlation is studied and commented. 

Study Area 

The study was conducted close to ~ ~ - A l e s u n d ,  the centre for Norwegian arctic re- 
search, at 78055'N, 1 lo56'E at Svalbard. The 3 km2 study area is located in the low- 
er part of Bayelva catchment. The topography and vegetation within the measure- 
ment grid is representative for most lowland areas at Svalbard. It consists of a flat 
riverbed in the centre, on the west side an east-facing slope towards the Schetelig 
mountain and some small but sharp ridges in the north-west comer. 

At the East side there are two east-west oriented ridges, Rabben and Kolhaugen, 
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Fig. 1. ~ ~ - A l e s u n d  is located at the Bregger peninsula Northwest at Svalbard. The study area 
is located between the terminal moraines of  the Brggger glaciers (the shaded area) and 
the airstrip at Rabben. 

with the lakes Storvatnet and Tvillingvatnet in between (Fig.1) The steepest slopes 
are found around Kolhaugen with an inclination up to 10 deg. Except from the 
riverbed with only gravel, the area has a uniform lichen cover and areas with Rock 
Sedge (Carex rupestris) and Mountain Avens (Dryas octopetala). As for the rest of 
Svalbard there is no tall vegetation that has any influence on the snow accumulation. 
The study area is surrounded by tall steep mountains in southeast and southwest, the 
Zeppelin and Schetlig Mountain, the terminal moraines below the Br@gger Glaciers 
in south and a open horizon to Kongsfjorden to the north. The dominant wind direc- 
tion (Fig.2) is longitudinally to the Kongsfjord from the East. The long time average 
precipitation for a year in ~~-Alesund is 372 mm. Approximately 65 8 this falls as 
snow during the period from mid September to end of May (Hanssen-Bauer 1990) 
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Fig. 2. The measured grid where the markers at the lines are positions logged at a GPS. The graph at the low right corner shows the ave- 
rage wind speeds and thk number of wind observations for every 10" section during the winter 1997 to 1998. 
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Fig. 3. Verification of Radar Measurement by comparing digitalized radar data to manual 
snow depth measurement at every 5 metre along a test line. 

Measurements and Method 

The objective of the study is to quantitatively describe the snow distribution for the 
3 km2 area. In order to achieve this it is necessary to have a strategy with very dense 
measurements. To avoid systematic errors caused by biased sampling due to acces- 
sibility, snow mobile driving conditions and snow accumulation features, a grid of 
straight profiles perpendicular to each other was chosen. Due to the relatively gentle 
topography in the study area it was assumed that a sufficient accuracy would be 
achieved with 100 m distance between the profiles. The mileage recorder on the 
snowmobile was used to set the endpoints of the profiles, and a GPS was used to 
keep the course along the profile and to log positions along the tracks. 

A GSSI SIR-2 Georadar with a 500 MHz antenna was used to measure the snow 
depth. This instrument has earlier shown high efficiency and good accuracy in snow 
surveying (Sand and Bruland 1998). The principle of the radar measurement tech- 
nique is described by Hamran (1996) and Sand and Bruland (1998). The radar mea- 
surement was calibrated and verified by doing 45 manual depth and 3 density con- 
trol measurements along a 225 m long test line (Fig.3). The radar sends an impulse 
triggered by a survey wheel and records the TwoWayTraveltime (TWT) the signal 
uses through the snow pack and back to the receiver antenna. The radar was set to 
measure at every 25 cm. The recorded travel time is converted to snow depth (d) by 
using the empirical formula for the permittivity, & j d s ,  of dry snow tound in Ulaby et 
al. 1986. 

TWT c v 3 -  L- 

and 
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Where p, is snow density in glcm3, v is pulse velocity and c is the velocity of light. 
The temperature was below 0°C in the entire snow pack during the measuring peri- 
od and the formula for the permittivity of dry snow could be used. 

During 2 days in early June in total 268783 snow depths where measured with ap- 
proximately one half in each of the two directions along a total distance of approxi- 
mately 67 km (Fig.2). Positions along the profiles were logged with a Global Posi- 
tioning System (GPS). 

A topographic map was constructed by the data collected after the snowmelt by 
the use of a differential GPS system with high accuracy. These data sets were com- 
bined in order to visualise the correlation between topography, dominant wind di- 
rection and snow distribution. The Norwegian Polar Institute in ~ ~ - A l e s u n d  mea- 
sures wind speed and wind direction four times a day. The dominant wind direction 
(Fig.2) is found by averaging wind speed observations and by counting number of 
observations for every lo0 sector through the snow accumulation period. 

Results 

The position of every measurement was found from the positions logged at the GPS 
and a snow depth map could be constructed by using the surface mapping system 
Surfer. By combining information about the wind during the accumulation period 
and an overlay of these maps, snowdrift formation and snow erosion pattern can be 
explained (Fig.4). 

The average snow depth was found to be 70 cm with a maximum of 308 cm and a 
standard deviation of 40 cm. There was a difference of 4 cm in the average depth be- 
tween measurements along the NW-SE profiles and NE-SW profiles. Areas with 
snow depths a half standard deviation less than mean snow depth ( < 50 cm) are de- 
fined as erosion areas, those with depth a half standard deviation larger than mean 
( > 90 cm) are defined as accumulation areas and those with snow depths in between 
are called equilibrium areas. The erosion areas amount to 34%, the accumulation ar- 
eas to 22% and the areas in equilibrium to 44 %. Two large snowdrifts were found, 
both in the bottom of long west facing slopes. Erosion dominated more along the 
Rabben ridge in Northeast, than in the rest of the area were the erosion features are 
more scattered. There is a higher spatial correlation between measurements along 
the NW-SE running profiles than along the profiles running NE-SW (Fig.5). This 
can be explained by lower topographically variation in the NE-SW direction and 
that the wind smoothes the snow surface to a larger extent in this direction. 

Fig. 4. Contour map and visualised map of the snow distribution at the study area in May 
1998. Accumulation and erosion areas are defined as areas with snow depths a half 
standard deviation higherflower than average snow depth. The dotted line at the low- 
er map indicates the outline of the measured grid. Prevailing wind direction is indicat- 
ed. 
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Fig. 5. Spatial correlation between adjacent measurements along snow profiles. A correlation 
coefficient higher than 0.3 indicates significant correlation. 

Statistical Analysis 

In this study the statistical distribution and spatial correlation is analysed. This data 
set is extensive compared to manually collected snow depth data sets and therefore a 
better basis for further analyses. The statistical distribution of the measurements will 
give a very reliable estimate of the variation in snow depth in the area. Analysis of 
spatial correlation will reveal correlation between individual measurements and 
show if the grid cells are small enough to ensure representative sampling. In further 
studies the snow depth measurements can be combined with the topography data in 
a GIS in order to study correlation between erosion and snow accumulation pattern 
and topographic features. This can be compared to results from simulations in a dy- 
namic numerical snow transport model where the end of season snow distribution 
can be found by the model based on the climatic data for the accumulation season. 

The spatial correlation between adjacent snow depth measurements along the pro- 
files was calculated by the following formula 

where xi and xi+k is measured snow depth number i and i+k with k.AL interval, p 
and oare average snow depth and standard deviation based on N observation, Fig. 5 
shows that snow depths within a distance of around 15 m to 20 m are significantly 
correlated to each other. 
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Fig. 6. Frequency distribution of the measured snow depths compared to a Log- Normal Dis- 
tribution and a combined Normal and Log-Normal Distribution with the same mean 
value and standard deviation. 

The variation coefficient of the snow depths, C,,, was calculated by the following 
equation to be 0.58 

The distribution of the measured snow depths was computed and a Log Normal dis- 
tribution was fitted to this empirical distribution (Fig. 6) by applying the lognormal 
cumulative distribution function 

where x is snow depth, p and o are average snow depth and standard deviation. The 
adaptation is good at the lower and upper end of the distribution, but there is a dif- 
ference between the medians of the distributions. A weighted combination between 
a Log-Normal and a Normal distribution (Eq.(6)) gave a better result 

where a and b are the best combination of weights found for this data set. 
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Discussion and Conclusions 

Fig. 4 shows that most areas with accumulation and erosion features can be ex- 
plained by slope exposure towards the dominating wind. Though, there are some ar- 
eas where one would expect different results. This is especially true at some exposed 
ridges and slopes where it seems more likely to find erosion than an equilibrium 
condition. ~ ~ - A l e s u n d  is, as is Svalbard in general, exposed to strong winds and one 
should expect the snow to be strongly redistributed. From the map we can see that 
this is not necessarily the case. A variation coefficient for the area of 0.58 is close to 
what Tveit and Killingtveit (1994) reported from measurements in DeGeer valley 
close to Longyearbyen on Svalbard, but low compared to normal values ranging 
from 0.5 to 1.5 found in Norwegian mountainous catchments (Andersen et al. 1982). 
A snow surface exposed to strong winds turns rapidly into a hard crust and prevents 
further erosion. The results indicate that this process possibly is more effective on 
Svalbard with its arctic climate than in Norwegian mountains. Some of the features 
can also be explained by the fact that the map is a result of interpolation between the 
measurements. This can give incorrect results over a hill with deeper snow depths 
measured at each side. If the latter is the case it shows that a finer grid is necessary 
to describe the distribution more exactly. The difference in average snow depth 
along the NW-SE and NE-SW profiles also indicates that result would benefit from 
a finer grid. This difference also shows the need for having profiles in both direc- 
tions. 

The snow distribution found in this investigation can be a useful tool for under- 
standing the flora in this area and it can also be used to explain differences in thaw 
depths of the active layer. The distribution found in this study will be compared with 
distributions found for a larger area and for other years in the same area. If this dis- 
tribution can represent a larger area and it is found to be similar every year, it can be 
a useful tool for estimation of snow depth variability in the arctic regions. The data 
will also be very valuable for calibrating and verifying numerical models for snow 
transport. 

References 

Andersen, T. (1982) Operational Snow Mapping by Satellites, Hydrological Aspects of Alpine 
and High-Mountain Areas, edited by J .  W.Glen., IAHS Publication, Vol. 138, pp. 149-154. 

Engman, E. T., and Gurney, R. J. (1991) Remote Sensing in Hydrology, Chapman and Hall. 
~arnran; S. E. (1996) Radar in Glaciology. Lecture notes presented at University Studies at 

~vabard (UNIS) Spring 1996. 
Hanssen-Bauer, I., Solls, M. K., and Steffensen, E. L. (1990) The Climate of Spitbergen, 

DNMI Report 39/90, The Norwegian Meteorological Institute, Oslo, Norway. 
Killingtveit, Aa., and Salthun, N. R. (1995) Hydrology, Hydropower Development, Vol. 7, 

Norwegian University of Technology and Science. 

Downloaded from http://iwa.silverchair.com/hr/article-pdf/32/1/1/5422/1.pdf
by guest
on 22 May 2023



Snow Distribution at a High Arctic Site 

K~nig ,  M., and Sturm, M. (1998) Mapping Snow Distribution in the Alaskan Arctic using 
aerial photography and topographic relationships, War. Resour: Res., Vol. 34, No 12, pp. 
347 1-3483. 

Liston, G. E, and Sturm, M. (1997) A snow-transport model for complex terrain, J. of 
Glaciol., Vol. 44 (148), pp. 498-5 16 

Martinec, J. (1985) Snowmelt Runoff models for Operational Forecasts, Nordic Hydrol., Vol. 
16, pp. 129-136. 

Rango, A. (1980) Operational application of Satellites snow cover observations, Wat. Res. 
Bull., Vol. 16, pp. 1066-1073. 

Sand, K., and Bruland, 0. (1998) Application of Georadar for Snow Cover Surveying, Nordic 
HydroL, Vol. 29 ( 4 4 ,  pp. 361-370. 

Tveit, J., and Killingtveit, Aa. (1994) Snow surveys for studies of Water Budget on Svalbard, 
Proceedings Tenth International Northern Research Basins Symposium and Workshop, 
Svalbard, Norway, pp. 489-509. 

Tveit, J. (1980) Representativitet av Sn~milesystem ut frA topografiske og morfometriske 
parametrar. Ph.D report. Dep. of Hydraulic and Environmental Engineering, Norwegian 
University of Technology and Science (in Norwegian). 

Ulaby, F. T., Moore, R. K., and Fung, A. K. (1986) Microwave Remote Sensing. Active and 
Passive, Vol. 111, Addison-Wesley Pub. Company. 

Received: 10 December, 1999 
Revised: 16 June, 2000 
Accepted: 16 June, 2000 

Downloaded from http://iwa.silverchair.com/hr/article-pdf/32/1/1/5422/1.pdf
by guest
on 22 May 2023



Oddbj~rn Bruland et al. 

Addresses: 
Oddbjam Bruland, 
Norwegian University of Science and Technology, 
Sp.Andersens veg 5, 
N-7491 Trondheim, 
Norway. 
Email: Oddbjom.Bruland@civil.sintef.no 

Anund Killingtveit 
Same address 

Knut Sand, 
University Cources on Svalbard, 
N-9170 Longyearbyen, 
Norway. 

Downloaded from http://iwa.silverchair.com/hr/article-pdf/32/1/1/5422/1.pdf
by guest
on 22 May 2023


