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ABSTRACT

In this paper we present runoff simulations for snow and icemelt for the basins of Rhine-Felsberg,
Rhéne-Sion and Ticino-Bellinzona. We use high resolution multispectral remote sensing data to
map snow and ice cover of selected years. Further, we use GIS based extrapolation techniques to
evaluate cloud and forest covered areas with respect to snow cover.

We use the deterministic hydrologic model SRM+G to simulate the daily runoff of selected years.
Conditions for a norm year in terms of normalized daily values for snow cover depletion, tempera-
ture and precipitation for the time period 1961 to 1990 have been established. Based on norm year
conditions we did climate change simulations for the scenarios 2030 and 2100, which are charac-
terized by increasing temperatures during winter and summer and increased precipitation during
winter. The results show different characteristic behaviour for the three basins. The highly glaciated
basin Rhone-Sion shows an influence of enforced summer icemelt, the low glaciated Rhine-
Felsberg and Ticino-Bellinzona an earlier snowmelt.

INTRODUCTION

Multispectral optical remote sensing data are particularly qualified for monitoring the extension of
the alpine snow and ice cover (1,2,3). The optical satellite sensors are not capable of penetrating
clouds, so images with more than 20% cloudiness can not be used for interpretation. However, these
problems with partly cloud covered images can widely be mastered since Ehrler showed a method
to extrapolate cloud covered areas (4).

Combining the remote sensing derived snow and ice cover maps with a hydrologic runoff model the
daily runoff can be calculated (4,5). Snow and icemelt are important contributors to the total yearly
runoff volume in high apine basins. The seasonal snow melts progressively during spring and
summer. The snow cover in lower regions of the Alps disappears in March — April, in higher re-
gions in May — August. Sometimes summer new snow delays the ongoing snowmelt. The glacier
icemelt results after the glacier areas become snowfree, starting in summer and ending with the
autumn snowfall events in September — October. Alpine glaciers are very sensitive to temperature
changes because their temperatures lie close to melting point and the refreezing point of water (6).
From this point of view it is important to investigate individually the runoff resulting from snow
and ice in awarmer climate. Contributing to the research related to snowmelt runoff modelling un-
der the influence of climate change (7,8), we include the glaciermelt in climate change simulations.
The study is carried out for the three Swiss test basins Rhine-Felsberg (3241 kn?, 575 — 3614 m
a.s.l.), Rhone-Sion (3371 kn?, 488 — 4634 m a.sl.) and Ticino-Bellinzona (1515 kn?, 192 — 3402 m
as.l.) located as shown in Figure 1. The basins are characterized with different topographic,
physiographic and climatic conditions. Rhone-Sion is 17% glaciated, Rhine-Felsberg contains just
1.9% and Ticino-Bellinzona has almost no glacier areas (0.5%).
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Figure1l: Location of the three alpine basins Rhine-Felsberg, Rhone-Son and Ticino-Bellinzona
in Switzerland.

METHODS

Show and Ice Cover Mapping Using Remote Sensing

For each alpine basin as mentioned above the snow and ice covered areas have been monitored
during the melting season from March — October for various years. Primarily cloud free data sets
with 4 — 12 images per season have been chosen from various high resolution satellite sensors like
Landsat-MSS, Landsat -TM and SPOT-XS. The imagery was geometrically and radiometrically
corrected. Due to the enormous topographic range of the test basins, geometric orthorectification
was done with a digital elevation model (DEM 25m resolution). The maximum error amounts to 2
pixels with Landsat and to 4 pixels with SPOT data (in the case of a 19° side-looking sensor).
Figure 2 shows an example of an orthorectified Landsat-TM image of the basin Ticino-Bellinzona.
The radiometric correction eliminates atmospheric and topographic induced radiation errors and is
based on additional scene information and the DEM. We performed this correction with programs
of Sandmeier (9). Further, we masked out the cloud and forest covered areas. The forested areas are
problematic for snow cover interpretation, since very often the snow is underestimated. We used
supervised (maximum likelihood) and unsupervised (K-means clustering) multispectral classifica-
tion methods to label the pixel, and merged the results to “snow”, “ice”, and “snowfree non-ice”. A
first visua inspection pointed to wrong declarations of ice and rocks and, especialy in Ticino-
Bellinzona, with snow pixel within sparse forest. In a second approach the results have been com-
pared with snow-measurements of SLF (10). Figure 3 shows a result of the classification processin
the Ticino-Bellinzona basin.

After classification of the images we extrapolated the cloud and forest covered parts in a geo-
graphic information system (GIS) taking advantage of a method developed by Ehrler (4). All im-
ages are segmented into snow cover units (SCU), being defined as regions of equal snow coverage.
Subsequently the forested and cloud covered units are assigned to carry the same snow coverage as
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the corresponding forest-free and cloud-free units. The final result is a set of complete classified
images for each basin.

Figure 2. Detail of a Landsat-TM image, Figure 3: Result from multispectral classifica-
channels 3-2-1, from 25-May-1994 tion. Show-free areas are in green,
showing basin Ticino-Bellinzona snow covered are white and previ-
(red line). OEURIMAGE 1994. ously masked clouds appear grey

RUNOFF MODEL FOR SNOW AND GLACIERMELT

The results from remote sensing and GIS were then linked to a hydrologic runoff model. We used
the SRM+G model to simulate daily runoff. This model is a further development of the snowmelt
runoff model (SRM) (5) and can calculate the glaciermelt as well. SRM+G is a deterministic model
with spatial distribution in elevation zones and subbasins. The model works with the remote sensing
derived snow and ice cover, dailly temperature and precipitation measurements and a set of 11
physically derived parameters. The melt computation is based on the degree-day approach, and uses
the size and distribution of glaciers within the basin as basic input. To illustrate the procedure, the
modified model formulafrom Martinec (5) can be arranged as follows (11):

N
Q'n,+1 = annJrl + (1 - kn+1) . Z(Qrain,'n,,;i + Qnewsnow,n,i + anowmclt,n,i + Qicemelt,n,i)
i=1
Qrain,n,i = Amtal,;i s Cyp ot Pr [?2388]
Qnewsnow,n,i = Amtal,;i cCp ot Qpg - T; - (1 - Stotal‘i) [fﬁégﬂ}
anowmelt,n,i = (Anogl,i *Cs Oy g T; - Snogl‘i) + (Agl,'i *Cs Oy g T;- Sgl,'fi) [?2388]
Qicemelt,n,i = Agl;rl " Cyl t bn,i -1 - (1 - Sgl;rl) [%]

kpyr = m’(Qn)iy

where Q is the average daily discharge [m®s?] with index referring to rain, newsnow, snowmelt and
icemelt. Newsnow indicates snow falling in the summer on a snowfree area whereas snowmelt is
the melt of the seasonal snow cover fallen before 1-April. n is an index indicating the sequence of
days, c the runoff coefficient expressing the losses through evaporation, interception and sublima-
tion as aratio (runoff/precipitation) with index referring to rain, snow and glacier. as is the degree-
day factor for snow [cm °C* d”], ay the degree-day factor for ice [cm °C* d']. While as varies
during the melt season accordingly to changing snow density, a4 stays constant over the season. A is
the area of a zone [kn?] with index referring to glacier, noglacier and total area. The dtitude range
of the zones is approx. 500 m. T is the air temperature at the mean hypsometric elevation of a zone
[°C] and is extrapolated from a network of climate stations with an average temperature gradient of
-0.65 °C per 100 m. P is the precipitation as rain according to the critical temperature at the mean

EARSeL eProceedings No. 1 310



Proceedings of EARSeL-SIG-Workshop Land Ice and Snow, Dresden/FRG, June 16 — 17, 2000

hypsometric elevation of a zone or new snow falling in the summer on snowfree area [cm d*]. Ac-
cording to the complex precipitation situation of the central apine valleys it was a challenge to
adapt the precipitation gradient to the various climate conditions of the three basins. The precipita-
tion gradient changes from O upto 4.5% per 100 m. S isaratio of the snow covered areato the total
area. The recession coefficient k indicates the decline of discharge in a period without snowmelt or
rainfall and depends on the storing capacity of the basin. As can be seen from the Eq., k is a func-
tion from the constants x and y, which are determined for a given basin from previous years. There
are further parameters not listed here, which are described elsewhere (11,12). We tested the model
in several basins and found high accuracy even in basins with 67% glacier areas (11).

DERIVATION OF THE NORM YEAR

For each basin runoff simulations were made for selected years within the period 1983 — 1994. In
order to compare the basins with each other and to have a basis for calculating climate scenarios, it
is important to derive average conditions related to climatic measures and snow cover depletion of
the period 1961 — 1990. We performed a normalization of temperature, precipitation and derivation
of average snow cover depletion curves and got the values of the so called norm year for each ba-
sin. The normalization of the meteorological parametersis based on the following formulas:

Lo = Ti# (T~ 1) Pram = Py 5

where T; is the daily measured temperature, (Te1-00— T) the difference of long time monthly average
of the period 1961 —1990 and T the actual monthly mean, P; the daily measured precipitation, [JPe;-
90 the monthly sum of the period 1961 —1990 and [P the monthly sum of the actua month. We de-
rived the snow cover of the norm year by reshaping curves of the snow cover depletion from the
initial year to the normalized climate conditions.

With the normalized temperature, precipitation and snow cover depletion we calculated the runoff
of the norm years. Assigning the runoff to runoff regime nomenclatures of Aschwanden (13), the
regime of Rhine-Felsberg is nivo-glacial, of Rhone-Sion b-glacial, and of Ticino-Bellinzona is ni-
val-méridional.

CLIMATE CHANGE SCENARIOS

Temperature Precipitation
Winter Summer Winter | Summer
Rhine-Felsberg 2030 +1.1 +1.2 +5 -
2100 +3.1 +3.4 +10 -
Rhéne-Sion 2030 +0.9 +1.1 +5 -
2100 +2.9 +3.3 +10 -
Ticino-Béllinzona | 2030 +0.9 +1.3 +5 -
2100 +2.9 +3.5 +10 -

Table 1:

Regional climate scenarios based on downscaling of IPCC scenarios (14,15). The

shown values refer to the average climate of the period 1961 — 1990. There will be no
precipitation changes during summer.

As a further step, we investigated climate change simulations with various scenarios. The two se-
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lected scenarios (Table 1) are taken from the Intergovernmental Panel on Climate Change (IPCC)
(14) adapted to regional aspects by downscaling (15).

The new snow cover for the climate scenarios has been determined using modified snow cover de-
pletion curves (MDC) for each zone reshaping curves from the initial year to the average climatic
conditions (Figure 4). MDC characterise the snow cover depletion during the melt season. The
MDC contain at the y-axis the extension of the snow cover as derived on certain dates from satellite
remote sensing and interpolated by the model [%] and at the x-axis the calculated melt depths as
derived from meteorological data [cm]. Changes of the MDC are a measure of a changing snow
situation. The initial MDC includes the new snow seen by the satellite, we call this MDC incl. Us-
ing the SRM+G, we can derive the MDC without new snow, called MDC excl. This MDC excl can
be adapted to a new climate situation. For this purpose the winter snow accumulation of the initial
winter and new climate winter are compared. Case 1 shows a situation with less snow accumulation
than the initial year, the curve is shifted to the left by the amount of the difference and called MDC
excl wa. The index wa means winter adjusted. Case 2 shows a situation with more winter snow ac-
cumulation than the initial year, the curve is scaled with a factor

Snow coverage [%]

" Meltdepth fem]

case 1: yd . )
¥ Y case 2:

MDC excl MDC expanded = MDC excl wa

"IMDC excl ™.

Snow coverage [%]
Snow coverage [%]

Melidepth fom) Melidepth fom|

MDC incl clim MDC incl clim

Snow coverage [%]
Snow coverage [%]

| MDC exclwa

Maltdepth jem] Meitdepth fem]

Figure4: Derivation of the snow coverage for climate change scenarios with modified snow cover
depletion curves (MDC). Case 1 shows less snow and case 2 more snow than the initial
year. The index incl means with new snow (seen by the satellite), excl means without
new snow (substracted by model). Final product isthe MDC incl clim (red line).
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derived from the difference and called again MDC excl wa. As afinal step we add with the SRM+G
the new snow for the changed climate to the MDC excl wa and get the MDC incl clim. The whole
procedure enables us to react to various snow conditions with data from only one year of satellite
derived snow cover situation.

The glacier vector data used in this study are taken from Maisch (16). The data were derived from
aerial photographs and field measurements and show an average state of the year 1973 which is a
good representation for the norm year. Starting again from this norm year, we calculated the glacier
areas for the two scenarios 2030 and 2100 by shifting the 2:1 equilibrium line (EL) according to the
summer temperature change given in Table 1. The 2:1 EL assumes a distribution of 2 parts accu-
mulation and 1 part ablation area on the glacier. Therefore the EL will be shifted +150 m per °C
temperature rise. Corresponding to the EL shift we diminished the total glacier area.

Calculating the glacier scenarios for Rhéne-Sion with the given summer temperature change, we
derived a situation where the glaciers almost dissappeared. The initia glacier area was 619 km?.
The calculated glacier areas for the climate change scenario 2030 was 560 km? with an EL rise of
165 m and for the 2100 scenario was 180 kn? with an EL rise of 495 m. In the case of the more
extreme scenario 2100 two thirds of the total glacier area have disappeared.

RESULTSAND DISCUSSION

By modelling the daily runoff for the three basins we observed different trends. As can be seen from
Table 2, the yearly runoff volume in the high glaciated Rhéne-Sion increases with the scenarios
2030 and 2100 whereas in basins without big glaciers the runoff volume decreases. We attribute this
to the influence of the glaciermelt, because more glacier ice is melted than stored in a warming cli-
mate. The glacier areas in the other two basins are so small that they do not affect the total runoff
amount at the gauge station. It can be stated, that the runoff amount of scenario 2100 is higher than
2030 in Rhéne-Sion and Ticino-Bellinzona, but less in Rhine-Felsberg. This is a consequence of the
runoff composition resp. of the runoff regimes (see previous chapter). Both glacial regimes of
Rhine-Felsberg and Rhone-Sion show only a low influence of winter precipitation. However, the
regime of Ticino-Bellinzona is nival-méridional, which means that the influence of October pre-
cipitation is in second position of the monthly ranking. The reason for the high runoff volume in
2100 in Rhone-Sion is the increasing glaciermelt and in Ticino-Bellinzona the effect of the increase
of winter precipitation. Rhine-Felsberg has neither big glacier areas nor high winter precipitation.

Rhine-Felsberg Rhone-Sion Ticino-Bellinzona
00 Q norm year 3882:10° m° 3288.10° m’ 2314-10° m®
0 Q 2030 3596:10° m° 3631.10° m° 2127.10° m®
(— 7.4%) (+10.4%) (- 8.1%)
0 Q2100 3515.10° m° 3704-10° m’ 2168:10° m°
(— 9.4%) (+12.7%) (- 6.3%)

Table2: Results of runoff modelling for norm years and scenarios. The high glaciated Rhone-
Son shows different behaviour as the low glaciated Rhine-Felsberg and Ticino-
Bellinzona.

Based on Figures 5+6, the hydrographs for the scenario 2100 differ massively from the norm hy-
drographs. The hydrograph of Rhine-Felsberg is not printed here, but looks similar to Ticino-
Bellinzona. The Rhéne-Sion hydrograph shows more runoff in winter and spring, but less in sum-
mer and autumn. This indicates a shift from winter snowfall to winter rain and means that part of
the winter precipitation is no longer stored in the seasonal snow cover, but becomes promptly ef-
fective to the runoff. This amount of water is not available during the summer. Furthermore we can
observe a seasonal shift of snowmelt from summer to spring time, both due to the temperature in-
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crease. The runoff contribution from the glaciersis increasing. This process will continue as long as

the main part of the glaciersis melting.

The Ticino-Bellinzona hydrograph for scenario 2100 shows more runoff during wintertime, two
significant peaks in April and May and much less runoff in June and July. As with the other basins,
the winter precipitation appears in the scenarios more often in the form of rain than of snow fall,
although the evaporation is higher in the warming climate.
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Figure5: Runoff computation for basin Rhone-Son. The hydrograph for scenario 2100 (blue
line) shows a higher volume than for the normyear (orange line).
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Figure6: Runoff computation for basin Ticino-Bellinzona. The hydrograph for scenario 2100
(blue line) shows a lower volume than for the norm year (orange line).
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CONCLUSIONS

The study shows a method to calculate runoff from snow- and icemelt using meteorological data
and remote sensing derived snow and ice cover maps.

In order to compare different regions with each other we derived norm year conditions for snow
cover depletion, temperature and precipitation.

Climate change scenarios for warming climate show different impacts on the three basins, de-
pending on the basin characteristics and the degree of glaciation.
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