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The snow-water equivalent (SWE) of the seasonal snow cover is an important 
component of the water cycle in the Swiss Alps. It is used for predicting 
seasonal discharge, for short-range discharge forecasts and also for assessing 
water quality aspects. The SWE has been measured every two weeks at about 
50 stations located between 860 and 2,540 m a.s.1. for more than 30 years. In 
addition there are special investigation areas with stations located between 600 
m and 2,900 m a.s.1. where SWE is measured once per winter. The main 
characteristics of temporal and spatial SWE distributions are analyzed. The 
variations of SWE values depend in ranking order on elevation, on the year-to- 
year variations, on the region and on the exposition. The standardized SWE- 
values depend mostly on the year-to-year variations and on the region. 

Introduction 

The important role of the temporary storage of water in the form of snow in the 
Swiss Alps has long been recognized in the literature. In respect to discharge, 
earliest contributions were made by Lutschg (1945), Hoeck (1951), and Church 
(1957), among others. The main processes acting in the snow cover were described 
first by Bader et al. (1939), and the melting process received due attention in the 
early contributions of Zingg (1951) and Hoeck (1952). As a result, snow cover 
measurements were not only performed by the Swiss Meteorological Institute and 
the Swiss Federal Institute of Snow and Avalanche Research (SLF) on a routine 
basis, but also by various hydro-electric power companies and research institutions. 
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A coordinated effort to measure the snow-water equivalent (SWE) was initiated in 
1943144 by E. Hoeck. Details on this measurement network are presented below. 
These data acquired are being used operationally for the prediction of streamflow 
(Lang et al. 1993) and were published in part in the Annals of the SLF (Winter- 
berichte). A comprehensive analysis of the long-term series of measured snow- 
water equivalent is presented by Rohrer (1992), and this paper summarizes the 
first part of it. The second part concerning the simulation of the SWE is given in the 
companion paper by Rohrer and Braun (1993). 

Fig. 1. Measurement network of the snow-water equivalent stations operated by the Swiss 
Fed. Inst. of Tech. (ETHZ) and the Swiss Fed. Inst, for Snow and Avalanche Res. 
(SLF). Insert map of the Wagital basin snow network, n=number of measurements 
at each location 

Measurement Network ETHUSLF of the Snow-Water Equivalent 

In 1943144, a network to measure the snow-water equivalent in the Swiss alpine and 
lower alpine regions was initiated at the Swiss Federal Institute of Technology in 
Zurich (ETHZ), Hydrology section, which until 1983 was part of the Laboratory of 
Hydraulics, Hydrology and Glaciology (VAW). At a pole, snow depth readings are 
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Table 1 - List of stations including elevation and period of observations of the snow-water 
equivalent network operated by ETHZ/SLF; only stations still in use o r  with 
record lengths of more than 10 years are given. 

- - -- - 

Stauon Elevation Penod of 
(m a.s.1.) observation 

above 2500 m 

Arosa 
Barberine 
Bivio 
Bourg-St. Pierre 
Biischalp 
car&& 
Dams 
Fetan 
Garichte/Mertmen 

Grimsel 
Grindelwald-Bort 
Basliberg 
La orossa 
MaLbun 
Maloja 
Maweisin 
M(lrren 
Rlgl-Scheidegg 
Roblei 
Saas-Fee 
San Berwdtno 
Sasso della Emmia 

Station Elevation Period of 
(m a.s.1.) obscrvarion 

An&nnatt 
Bedretto 
Bosco Gurin 
Braumlald 
Disentis 
FiOnlYay 
Flmserberg 
Imerferrera 

Kippel 
Klosters-EW 

norgins 
minster 
Nante 
NaraI 
Oberiberg 
Obersaxen 
~ i g l - K l l ) ~ t e ~ l i  
Rumein 
s-asalp 
sedrun 
s ia t  
SPl-n 
St .  Anchien 
s t .  Maria 
StOOS 
Ulrichen 
Wiles 

Zenuatt 1620 1947- 
Ze-ila 1740 1965- Brandhaltli 950 1944-1986 

Zws 1710 1951- Gitlenau 860 1968- 
Imerthal (Stock) 910 1943- 
Klontal 860 1943- 
SiNsee 895 1943- 

taken every morning, the density of new snow is measured in the morning if new 
snow depth exceeds 10 cm, and the density of the total snow cover is assessed in a 
snow pit nearby at the beginning and the middle of each month. The gravimetric 
method is employed, and the snow samples are taken using an aluminium cylinder 
having a cross-sectional area of 70 cm2 and a length of 55 cm. The mass of the snow 
sample is measured either by a spring balance or by melting and using a graduated 
measurement cylinder. At present, this network of some 50 stations is further 
maintained by the Department of Geography at ETH and the Swiss Federal Insti- 
tute of Snow and Avalanche Research (SLF). Fig. 1 shows the location of the 
stations, and Table 1 gives further details concerning elevation and length of obser- 
vation of each station. 
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In addition, some results of the Wagital' Hydroelectric Power Company measure- 
ments of the snow water equivalent are taken dong snow courses around 1 April 
each year, which generally represents the maximum snow accumulation for this 
basin. 

MettmenIGarichte 1600 m - 5-year moving average 

KlBntal (Martlberg) 860 m 

~ n m m a ~ m a m s n m m ~ r i ~  1 March 

Fig. 2. Long-term variation and moving 5-year average of the snow-water equivalent at 
appr. time of maximum accumulation measured at index points: a) MettmenIGarich- 
te, 1,600 m a.s.l., as of 1 April, 1943-1992; b) Klontal, 860 m a.s.l., as of 1 March, 
1946-1992. 

Variation of the Maximum Snow Accumulation from Year to Year 

Long-Term Variation of the Snow-Water Equivalent at Index Points 
Fig. 2. shows the long-term variation of the snow-water equivalent of the two 
stations MettmenIGarichte (as of 1 April) and of Klontal (as of 1 March). It can be 
seen'that this annual maximum snow storage varies from year to year to a great 
extent at both stations. While there is a slight increase in the snow-water equivalent 
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~ ~ ~ r s e ~ a s ~ m s n r s r s 1 9 *  Year 

Fig. 3. Long-term variation of basin snow storage (in mio m3) in the Wagital catchment for 
elevation zones 900-1,500 and 1,500-2,300 m a.s.1 (see also Fig. 1). The mean value 
rn of abt. 16.3 mio m3 corresponds to appr. 370 mm for the whole basin, the standard 
deviation s corresponds to 170 mm. Figure based on Lepori (1993). 

over the past 50 years at the MettmenIGarichte station, no such trend can be seen 
for the Klontal station. Such lengthy time-series of snow storage at index points are 
very valuable in today's discussion concerning the influence of a changed climate 
on snow cover. As an example, Bultot et al. (1992) predicted a reduction in the 
snow-water equivalent of up to 50 % in the elevation zone 1,200 to 1,500 m a.s.1. 
due to a doubling of CO;, in the atmosphere. It is evident that a continued effort to 
monitor the snow cover at these index points is essential in the future, so that such 
predictions can be tested against observations. 

Long-Term Variation in Basin Snow Storage 
Fig. 3 shows the variation of basin snow storage of the Wagital catchment on 1 
April over the last 50 years, based on the measurements at locations indicated in 
Fig. 1. The mean value lies at 16.3 Mio m3 corresponding to 370 mm. The year-to- 
year variation is remarkable: the maximum of 726 mm in 1970 is 8 times higher 
than the minimum of 92 mm observed in 1972. More details concerning the remain- 
ing parts of the water balance of this basin are given by Lepori (1993). 

Principal Component Analysis of the Snow-Water Equivalent of Selected stations 
The water equivalent measurements taken 1 April and 1 May between 1975 and 
1989 at 9 high elevation stations were analyzed using principal component analysis 
as described in Kendall and Stuart (1966) and Fahrmeier and Hammerle (1974) for 
example. The first principal component explains some 60 % and 50 % of the varia- 
tion of all stations for 1 April and 1 May, respectively, which can be interpreted as 
the year-to-year variation of snow storage. The second principal component ex- 
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plains some 26 % of the snow storage variation at both dates, and two groups can 
be distinguished: northern and southern alpine stations. The results pertaining to 1 
April confirm previous findings by Jensen (1979) who investigated a larger number 
of stations and another reference period. It is interesting to note that the station 
Zervreila cannot be clearly characterized as the northern or southern alpine type, 
and that the station Mauvoisin (1,810 m, Val de Bagnes in the Valais) is clearly 
northern alpine. This may be related to the particular topographical situation of 
this station being open to the north-westerly winds (for more details see Lang and 
Rohrer 1987). 

Fig. 4. Principal component analysis of snow-water equivalent of 9 stations situated at high 
elevations (1,740-2,536 m a.s.1) for 1 April and 1 May, 1975-1989. 
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Fig. 5. Standardized snow-water equivalent values of all stations as shown in Fig. 1 on 1 
April and 1 May, as well as for the southern and northern alpine station groups, 
1975-1992. 
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Standardized Values of the Snow-Water Equivalent: Regional Characteristics 
Based on the principal component analysis as described above standardized values 
of the snow-water equivalent were calculated for the northern and southern alpine 
station groups, and also for all 9 stations as a whole. Fig. 5 shows the results for 1 
April and 1 May: in 10 cases the deviation from the mean is in the same sense for 
both northern and southern stations, and in 7 cases it is in the opposite direction. It 
is noted that quite drastic changes in the snow accumulation situation can occur 
between 1 April and 1 May, particularly for the southern stations (see years 1977, 
1986 and 1989), where warm Mediterranean air masses can cause heavy snow falls. 

Seasonal and Altitudinal Dependence of the Snow Cover 

Seasonal Variation of the Snow-Water Equivalent at Index Points 
The seasonal variation (November till June) of the snow-water equivalent was 
investigated for all 50 stations of the ETHZISLF network, and presented in the 
Hydrological Atlas of Switzerland (1992). As an example, the results for Ander- 
matt (1,440 m, period 1947147 to 1987188) are shown in Fig. 6. Generally snow 
storage is at its maximum in mid-March, in the extreme case of 1977 it occurred in 
mid-April at this elevation. 

Seasonal and Altitudinal Dependence of the Snow-Water Equivalent in Various Reg- 
ions of the Alps 
For the various regions of the Swiss Alps the altitudinal dependence of SWE during 
the course of the winter season was determined (Rohrer 1992), and the results for 
the north-eastern slope of the Alps and the inner-alpine regions are given in Fig. 7. 
There is a striking difference between the two regions: while on the north-eastern 
slope of the Alps the accumulation gradient increases progressively with the sea- 
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Fig. 6. Seasonal variation of minimum, mean and maximum snow-water equivalent at 
Andermatt, 1,440 m a.s.l., 1946147-1987188 (42 years). 
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- - Nonh-enctm slope of the AIDS 
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inner-alpine regions 
3 

Fig. 8. Long-term mean of altitude dependence of snow storage in the Wagital basin for 1 
April, 1942143-1988189. Open squares: southern aspect. Filled squares: units 
oriented towards N ,E, W. 

Fig. 7. Mean altitude dependence of snow-water equivalent in course of winter season 
from 1960171 to 1984185 for a) the north-eastern slope of the Alps; b) inner-alpine 
regions. 

son, no such dependency can be seen in the inner-alpine regions. There, precipita- 
tion events are less frequent, and when snowfall occurs and is observed over all 
elevation zones, no obvious increase in snow storage is observed with elevation. 
On the alpine slope oriented towards the westerly winds, however, frequent advec- 
tion of warm humid air causes stronger snow accumulation at higher elevations. 
Similar results are reported by Witmer (1986) for snow depth data. 

In a lower northern-alpine basin (Alptal) at elevations between 1,140 and 1,450 
m a.s.1. Keller et al. (1984) found, a mean snow accumulation gradient of about 100 
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mm/100 m elevation change for open and 50 mm/100 m for forested areas. At 
considerably higher elevations (1,900 m till 2,800 m a.s.1.) in the Linth-Limmern 
area Steinegger (1990) found a mean increase of SWE with elevation of 51 mm/100 
m based on measurements taken 1 May during the period 1965 till 1985. The 
gradient varied greatly from year to year, with a minimum value of 22 mmI100 m in 
1983 and a maximum of 97 mm/100 m in 1984. 

Fig. 8 shows the mean altitudinal dependence of the SWE as measured 1 April in 
the Wagital catchment (900 till 1,800 m a.s.l.), based on the period 1942143 till 
1988189, given separately for southern exposed units (gradient = 69 mm/100 m) 
and the units oriented towards N, E and W (gradient = 82 mrn/100 m). 

Seasonal and Altitudinal Variation of the Density of New Snow and Total Snow Cover 
For the stations of Sihlsee (895 m) and Weissfluhjoch (2,536) the mean densities of 
new snow are given in Table 2 for the months November to April. It is remarkable 
that the new snow densities are quite constant through the winter season. Only in 
May and July does Weissfluhjoch experience higher densities (139.1 and 180 kg/m3, 
respectively, n = 443 and 277). The dependency of new snow density on air 
temperature and wind speed has more thoroughly been investigated by Meister 
(1986). 

Fig. 9 summarizes the statistical distribution of snow densities at four stations 
between 855 m and 1,835 m a.s.1. for the total winter period. It can be seen that 
there is no apparent dependency between snow density and elevation, and a mean 
value of 99.2 kg/m3 is based on 48 measurement locations (n = 22'166). Therefore, 
an approximate value of 100 kg/m3 can well be used for modelling purposes. 

Fig. 10 shows snow density as a function of season at three locations of different 
elevations. It can be shown that there is a steady increase of snow density with 
progressing season within a band width of about 150 to 220 kg/m3 at high elevations 
(2,535 m a.s.l.), while in lower elevations this trend is less pronounced and the 
band width is much larger. It is obvious from these temporal variations that snow 
depth alone is a rather poor measure of total snow cover storage, in particular in 
the lower regions. 

Table 2 - Seasonal variation of new snow density at the Sihlsee Station (895 m a.s.1.) and 
Weissfluhjoch (2,536 m). 

Nov. Dec. Jan. Feb. March April 

Sihlsee 
Mean [kg/m3] 95.2 101.8 96.7 94.8 96.7 105.0 
n 54 85 117 95 76 55 

Weissfluhjoch 
Mean [kg/m3] 102.2 101.2 96.3 98.2 96.3 99.1 
n 428 492 540 458 535 535 
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Fig. 9. Distribution of density of new snow as measured at 4 stations. a) Klontal, 855 m 
a.s.1 1967168-1984185; b) Braunwald, 1,340 m a.s.1. 1960161-1984185; c) Triibsee, 
1,800 m a.s.1. 1956157-1984185; d) Hasliberg, 1,835 m a.s.1. 1960161-1984185. 
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Fig. 10. Seasonal variation of measured snow density at 3 index points: a) Klontal, 855 m 
a.s.1. 1945146-1984185; b) Andermatt, 1,550 rn a.s.1. 1946147-1987188; c) Weiss- 
fluhjoch, 2,536 m a.s.1. 1947148-1984185. 

Summary and Conclusions 

Based on direct measurements of the snow-water equivalent taken twice a month 
at some 50 stations, some of which have made recordings since the early 1940s, the 
variations of the maximum snow accumulation from year to year were analyzed for 
the Swiss Alps. Maximum snow storage varies greatly from year to year, and no 
obvious trend can be detected. A principal component analysis at 9 stations at high 
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elevations indicates that over 50 % of the variation can be attributed to the year-to- 
year variation, and that a northern and a southern alpine station group can be 
distinguished, explaining another 25 % of the variation. It can be shown that the 
snow accumulation situation can change drastically between 1 April and 1 May, 
particularly for the southern stations. Some examples of the seasonal variation of 
snow storage (water equivalent and snow density) are given, and the altitudinal 
dependence of snow storage is analyzed for the northern-alpine and inner-alpine 
region. The mean density of new snow is 99.2 kg/m3 based on over 22,000 individu- 
al measurements, and it does not vary greatly with season. 

The data of this measurement network form a valuable basis for the assessment 
of the current snow accumulation situation, and hence for the prediction of 
streamflow. They serve as a means to validate snow models, which, in their turn, 
use the standard meteorological observations. A great effort should be undertaken 
to continue these measurements. 
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