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Abstract. The most widely used method for snow dynamic on the management of water resources in mountain basins, a
simulation relies on temperature index approach, that makesonsiderable amount of research effort has been done leading
snow melt and accumulation processes depend on air tempete several major improvements in the modelling technique
ature related parameters. A recently used approach to cali®erbunt et al., 2003; Huwald et al., 2006; Shamir and Geor-
brate these parameters is to compare model results with snogakakos, 2006).

coverage retrieved from satellite images. In area with com- Despite the important role played by the snow and despite
plex topography and heterogeneous land cover, snow covethe capability reached by scientists and technicians to model
age may be affected by the presence of shaded area or denige dynamic, one of the main uncertainties lies in the determi-
forest that make pixels to be falsely classified as uncoverednation of the snow covered areas and of their water equiva-
These circumstances may have, in turn, an influence on calilent. This is due to the well known difficulties of monitoring
bration of model parameters. snow parameters and of detecting the snow coverage on areas

In this paper we propose a simple procedure to correcof complex topography or densely forested (Bocchiola and
snow coverage retrieved from satellite images. We show thaRosso, 2007; Simpson et al., 1998; Baral and Gupta, 1997).
using raw snow coverage to calibrate snow model may leadNowadays, the potentiality of images from remote sensing
to parameter values out of the range accepted by literaturds well assessed by the scientific community (Baumgartner
so that the timing of snow dynamics measured at two grouncet al., 1994; Metsiimiiki et al., 1998; Parajka and Bloschl,
stations is not correctly simulated. Moreover, when the snow2008), but the conversion from qualitative data to quantita-
model is implemented into a continuous distributed hydro-tive ones is still very complex. This is due to the spatial and
logical model, we show that calibration against correctedradiometric integration underlined in the pixel value of dig-
snow coverage reduces the error in the simulation of riverital number given for any satellite image. This problem is
flow in an Alpine catchment. evident in several fields of land observation.

Several methodologies have been considered to improve
the use of satellite images ranging from the field of numeri-
cal modelling and ground measurements of snow parameters
(Dressler et al., 2006; Bitner et al., 2000; Lee et al., 2005;

The snow dynamic and its spatial variability act as a “largeRanzi et al., 1999, Tachner et al., 1998) to the development
mountain” reservoir due to the shift in time of the water vol- Of empirical relationships between flow discharge and snow
ume determining the flow regime in the rivers network. Its @cumulation and melt (Martinec, 1960).

role is well known to be very important on the river flow hy-  In literature different techniques have been developed
drograph for low as well as for high discharge regimes (Gurtzfor operational snow cover monitoring (Romanov et al.,

et al., 2002). For this reason and for its operative impact2003; Foppa et al., 2007). This work proposes a sim-
ple elevation based procedure to correct snow coverage re-

) trieved from NOAA AVHRR (Advanced Very High Res-
Correspondence tdC. Corbari olution Radiometer) satellite images (NOAA, 2000), from
BY (chiara.corbari@mail.polimi.it) falsely uncovered pixels. Snow coverage is used to calibrate
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a distributed model, based on air temperature thresholds (Sa
landin et al., 2004), for the simulation of snow dynamic on

. ©  Hydrometric Stations
alpine watersheds. s Thermometers
The proposed methodology is validated at local scale by o Rain Gauges
the comparison of modelled and measured snow depth dy- o Snowmeters

namic. However this approach gives only a qualitative ver- [ Anza Basin
ification of the timing of the snow dynamic because snow N/ Country Border
gauges do not provide information on the snow water equiva- E Lakes
lent. The methodology is also validated at basin scale where 7/ River Netwark
a good agreement between observed and simulated hydro Heights [ma.s| ]
graphs at the river Toce basin outlet (Italy) is observed after [ ]192-800
model was calibrated against corrected images. 800 - 1400
1400 - 2000
I 2000 - 2600
2 Site and data description I 7600 - 3200
I 3200 - 3800
The subject area is the river Toce basin, a typical alpine basin . I 3800 - 4248
with a total drainage area of about 1534%nThe basin is
located in the north of the Piedmont region in Italy (Fig. 1). 0 2

60 Kilometers

Its elevation ranges from 193 ma.s.l. at the outlet to ap- !
proximately 4600 ma.s.l. at the Monte Rosa crest, with
nearly 32% of the total area above 2000 ma.s.l. The averaggig. 1. The Toce watershed extracted from the digital elevation
elevation is 1641 ma.s.l. The land cover is: forest (70%),model showing locations of the rain gauges, thermometers for air
bare rocks (9%), agricultural (7%), natural grassland (6%),emperature measurements and hydrometric stations. Red rectangle
urban (4%) and water bodies (4%). encloses the area shown in Fig. 4.

Climate conditions are typically humid, characterized by
higher precipitations in autumn and spring. The annual av- . .
erage precipitation exceeds 2000 mm. Climatic characteristl ou'rllyb?r sgb-hourly time d":;er\g' tr-]r he Iocat;ons fOf th.e t25
tics, together with morphology and soil texture, frequently avaiiable rain gauges and the ermometers for air tem-

induced flood events in the past years. Most of the presenteﬁ?rature measurements at 2m above the ground are shown in

results are related to the Anza river basin, a tributary of theTl)gc'elba?ilr?rc?lillitt“Cczzzlzrgvl?gCElr;isgat:l.:)goanr]énat\lgi(laaztlgpfr?)trrghf
river Toce, with a total drainage area of about 26 2km ' o
v w nag ! January 2000 to 31 December 2003.

2.1 Physiographic basin characterization . .
2.3 Snow data: satellite images and ground

Available digital cartographic data include: the Digi- measurements

tal Elevation Model (DEM) available in raster format at o _
100 mx 100 m resolution; CORINE land cover maps (CEC, The satellite images used to retrieve snow coverage are taken

1994: EEA, 2000) updated in the year 2000 available inPY AVHRR (Advanced Very High Resolution Radiometer)
vector format; pedologic characteristics for soils available " Poard the polar satellites NOAA. The AVHRR (NOAA,

in vector format. From the available basic thematic layers,2000) is @ six channel radiometer that detects energy in the

basin parameters required for the application of the hydro_visible and in the infrared spectral bands. These images are

logical model have been derived at a spatial resolution Oicharacte_rized by a nqminal spatial resolution of 1.1km at
500mx500m. These include: Curve Number (Soil Con- nadir while the resolution decreases to 3km at the very edge

servation Service, 1986), flow direction, slope and aspect?f the scan. For the selected images, the study area is centred

residual and saturated soil moisture, albedo, pore size distril? the satellite scan to overcome this problem. Selected im-

bution index, saturated hydraulic conductivity, wilting point, 29€S aré georeferenced using common software for remote

field capacity and soil depth. Se”Si”Q analysis. ,
The images are updated by a new passage of the satellite

2.2 Hydrologic and meteorological data twice a day, one in daytime and the other after the sunset.
However for this study only daytime images were consid-

For this study, meteorological and hydrologic measuredered.

ground data were collected by the telemetric monitoring sys- For the four years studied, up to 23 images referring both

tem of the Regione Piemonte. Rainfall, air temperature, inci-to the accumulation period and, most frequently, to the melt-

dent short wave solar radiation and air relative humidity dataing period were collected. Since in the visible band reflec-

are available from 1 January 2000 to 31 December 2004 ativity of cloud and snow is very similar (Henderson-Sellers,
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Fig. 2. Maps of the pixels classified as snow coveral] figher crests induced shadowed pixéd$ énd resulting snow coverage after
elevation based correction)( Maps are related to the 10 February 2001 NOAA-AVHRR image.

1984), it is difficult to distinguish between them. Therefore,
only images without clouds were used.

Ground measurements of snow height are given by 1 snow
gauge located in the river Anza basin at an elevation over
2000 ma.s.l. and by another snow gauge in the river Toce
basin; these data are available with a time step of 30 min for
the period 2000—2003.

3 Snow cover classification from satellite for complex
topography

Snow covered pixels were classified with a supervised aprig. 3. Incident short wave radiation components in mountain re-
proach from the visible band (Choudhury, 1979). However gions for clear sky condition: direct., scatteredp and reflected
some anomalies were encountered mostly on those pixels afrom neighbour terrain, A.
fected by shadow or densely forested coverage. In fact, it was
noted that in some circumstances, pixels that should have ) ) )
been covered by snow were classified as snow free pixels. InfeSampled at the same spatial resolution of NOAA images
consistencies in snow coverage retrieved from satellite can b€100 m). A map of shadowed pixels was produced, related
detected using in situ information. Ground observations from{© the time when the satellite image was taken. A module
snow station measurements (Fig. 1) were compared again$gking into account the shadow effect induced by topography
snow coverage of the corresponding pixel from the 23 satel¥as developed. The algorithm calculates the angléye-
lite images used in this study. At Antrona station, on a totaltween the point with maximum elevation in the direction of
number of 19 days in which station measured a positive snowl€ solar beam, denoted by coordinatgs y, z», and the
depth, pixel was classified as snow free 10 times, with an er€xamined cell, denoted by coordinated yo, zo (Fig- 3):
ror of 52.63%. At Macugnaga station, on a total number of
9 days in which station measured a positive snow depth, pixel/f=arCtg[(zm —20)/ \/ tm—X0)2 + (m _)’0)2:| (1)
was classified as snow free 7 times, with an error of 77.7%.

Influence of topography and forest on pixel classification If ¢ is higher then the sun elevation, the cell is shadowed.
is shown in Fig. 2. A subarea of the entire basin, char- An elevation based correction was applied to snow cover-
acterized by pronounced peaks and deep valleys as well amge retrieved from satellite image. According to this method
forested coverage, is presented. Digital elevation model wasall pixels above a reference elevation were considered as
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snow covered. Reference elevation is fixed as the mean ele-

vation, taken from the digital elevation model, of pixels clas- Atmospheric
sified as snow covered. forcings
The corrected image was compared to the original one l
and a strong correlation is shown between shadowed pixels
and pixels falsely classified as not covered by snow (Fig. 2). Spatial Interpolation:
In this area, forest seems to have less influence on snow Thiessen, IDW
cover classification as shown by forest cover retrieved from
CORINE land cover map. The effectiveness of this sim- v Soil
ple method to correct snow coverage can be assessed tak{ Snow > parameters
ing into account ground observations from snow station mea- Model v - DEM
surements. Both at Antrona and Macugnaga station, the com- Water p;ga‘it;ttgr;
parison with corrected snow coverage, reveals a complete balance
agreement (100%). All anomalies have been removed by the l
correction procedure. In Table 1 the percentage of snow cov- v v
ered pixels from raw satellite images (second column) and Drainage Surface River network
after elevation correction (third column) is reported. Runoff definition
4 The hydrological model l l
Hydrological simulations were performed using the FEST- Rﬁﬂg:rg: E/I(Lustll?r?gum
WB distributed water balance model (Montaldo et al., 2007; reservoir Cunge
Rabuffetti et al., 2008; Ravazzani et al., 2008). FEST-WB | I
computes the main processes of the hydrological cycle: evap-
otranspiration, infiltration, surface runoff, flow routing, sub- v
surface flow and snow dynamics (Fig. 4). The computation | Outflow hydrograph |

domain is discretized with a mesh of regular square cells in
each of which water fluxes are calculated at hourly time step

The model needs spatially distributed meteorological forc-
ings: precipitation, air temperature, air relative humidity, and
solar net radiation, sum of shortwave and longwave compowhereTj,,, and Tup are air temperatures below/above which
nents. The observed data at ground stations are interpolateg]| precipitation falls as snow/rain, respectively, to be found
to a regular grid using the inverse distance weighting techy means of calibration.
nique. Spatial distribution of air temperature local measure- The snow melt simulation is based on the degree day con-
ments takes into account the reduction of temperature withcept (Martinec, 1960). The melt rate in mM,, is propor-
altitude, with a constant lapse rate-00.0063Cm™*. Ther-  tional to the difference between air temperature and a prede-
mal inversion phenomena are neglected. Shortwave net radfined threshold temperaturg,:
ation involved in evaporative processes is calculated consid- )
ering the effect of topography (Mancini et al., 2005). Long- 37 _ { Cn(Ta=Tp) i Tu>Tp @)
wave net radiation is evaluated as a function of air tempera- it Ta<T)
ture (Goudriaan, 1977).

The snow module of FEST-WB includes snow melt and
snow accumulation dynamics. The partitioning of total pre-
cipitation, P, in liquid, P;, and solid,P, phase is a function
of air temperaturel, (Tarboton et al., 1994):

Fig. 4. Scheme of the hydrological model.

whereC,, (m°C~1s71) is an empirical coefficient depending
on meteorological conditions and geographic location.

The terrain covered by snow is supposed to be frozen and
hence the melted water is prevented from infiltrating into the
soil. Conversely, the liquid fraction of snow water equivalent,

_ Ry, sum of melted water and liquid precipitation, is supposed
Pi=apP (2a) . .
to flow cell by cell through the snow pack with a linear reser-
P,=(1—ap)P (2b) voir routing scheme (Ponce, 1989) with a celerity of 1.67
10-3m/s (Salandin et al., 2004). Whet reaches a cell not
wherea p is computed by: covered by snow, it is added to the liquid precipitation of that
cell.
0 if Tu <Tiow Runoff is computed for each elementary cell according to
op= 1 if T,>Typ (3) a modified SCS-CN method extended for continuous simu-
% if Tiow<Tu<Tup lation (Ravazzani et al., 2007) where the potential maximum
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Table 1. Percentage of snow covered pixels from raw satellite images and after elevation correction and for simulated maps with different
air temperature thresholds of snow accumulation.

satellite snow snow snow snow snow
Date satellite with temperature temperature temperature temperature temperature

corection  thresholds thresholds thresholds thresholds thresholds

(—3,0) (-5,-2) (0,0 1,3 ,7)

26 Sep 2000 4.6 4.6 4.6 1.9 5.6 8.3 9.7
5 Dec 2000 45.4 69.0 55.1 14.8 60.6 62.5 71.3
10 Feb 2001 56.5 76.4 63.9 54.2 67.6 83.3 86.1
5 Mar 2001 67.6 84.3 66.2 60.2 66.2 67.1 76.4
23 Mar 2001 93.1 93.1 50.5 39.4 50.9 52.8 55.6
1 Apr 2001 49.5 53.7 48.1 36.6 48.6 49.5 53.2
19 May 2001 324 45.4 255 18.1 26.9 27.8 35.6
17 Oct 2001 4.2 4.2 3.7 3.7 4.2 6.5 6.9
10 Nov 2001 4.2 4.2 4.6 3.2 6.9 7.4 7.9
8 Dec 2001 0.0 11.6 15.7 11.1 16.2 26.9 27.8
3 Jan 2002 5.6 28.2 59.3 46.8 62.0 62.5 62.5
2 Feb 2002 4.6 16.2 20.4 12 21.3 22.7 23.1
4 Mar 2002 67.6 77.8 62.5 51.9 64.8 66.7 72.7
1 Apr 2002 11.6 11.6 25.0 19.9 25.0 29.2 30.6
11 Jun 2002 24.1 24.1 9.3 7.9 12.5 13.9 65.7
1 Oct 2002 1.9 1.9 2.3 0.5 3.7 4.2 6.9
2 Nov 2002 21.3 33.8 8.3 5.1 9.7 12.5 13.9
1 Dec 2002 45.8 52.3 46.3 36.1 54.6 61.1 77.3
3 Jan 2003 43.5 48.1 45.8 39.4 51.9 60.2 65.3
11 Feb 2003 31.0 45.4 68.1 67.1 69.9 70.8 73.1
7 Mar 2003 67.6 52.3 47.7 33.8 48.6 56.5 62.5
5 Apr 2003 35.2 49.1 30.1 18.5 34.3 35.6 44.4
24 Apr 2003 36.1 39.8 25.9 17.1 28.2 29.6 34.7

retention,S, is updated cell by cell at the beginning of rainfall is computed with a linear reservoir routing scheme (Ponce,

as a linear function of the degree of saturation, 1989) with a celerity calculated as a function of the soil sat-
urated conductivity.
§=51(1-¢) ®) The model was subjected to a rigorous process of calibra-

where S is the maximum value of when the soil is dry tipn a”‘?' vaIidation._The ayailable data sets for _hydrolqgical
(AMC 1). The dynamic of the soil moistug for a cell not simulations were divided into two nqt ovgrlapplpg periods.
covered by snow, is described by the water balance equatior;l:—he_ year 20_00 was used as the callpr_athn period. The re-
maining period was used for the verification of the model
90 1 performance without any further adjustment of the param-
Y (Pi—R—D—ET) (6)  eters. Calibration of the infiltration related parameters was
made by comparing simulated and observed discharge at the
whereRr is surface runoff fluxp is drainage flux, ET is evap- river Toce outlet. For more details the reader can refer to
otranspiration rate and is the soil depth. Soil moisture in Rabuffetti et al., 2008. The calibration of the accumulation
cells covered by snow is assumed not varying with time.  parameterdioy andTyp in Eq. (3) and of the snow melt pa-
The actual evapotranspiration, ET, is computed as a fracrameters];, andC,, in Eq. (4), is described in the following
tion of the potential rate tuned by a function that, in turn, subsections.
depends on soil moisture content (Montaldo et al., 2003). Po-
tential evapotranspiration is computed with a radiation-basedt.1 Calibration and validation of snow accumulation
equation (Priestley and Taylor, 1972). parameters from satellite images
The surface flow routing, computed on those cells not cov-
ered by snow, is based on the Muskingum-Cunge method'he calibration of the snow accumulation temperature pa-
in its non-linear form with the time variable celerity (Mon- rameters Tioy and Typ, in Eq. (3), is based on the compar-
taldo et al., 2007). Subsurface flow routing, similarly to ison of simulated snow cover extent with the one retrieved
the method implemented for the routing into the snow pack,from satellite images. At first the snow melt paramet&js,
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Fig. 5. CPI values of the comparison between the raw satellite im-Fig. 7. CPI values of the comparison between the corrected satellite
ages and the simulated distributed data for different valu@&af images and the simulated distributed data for different values of Cm
andTyp °C (in brackets) for the calibration period. (mmd-1°C—1) and fixed values ofjoy = Tup=0°C (in brackets)

for the calibration and the validation period.

Corrected classified images - calibration L
100 4 . has been used in literature, froml°C to 3?C (Tarboton et
90 | : al., 1996), from—1°C to 7C (Braun, 1991), from 0% to
J l. ° 1°C (US Army Corps of Engineers, 1956) and Martinec and
_ 809 . 2 *(:30) Rango (1986) referred to a maximum value oPE5
& 70 | § , am H(13) The available images data set was divided into two not
) (-5,-2) . . . . S
60 o 5 °(L7) overlapping periods. The calibration period is from 1 Au-
- IS : ° .(OZO) gust 2000 to 1 June 2002, while the validation period goes
501 ¢ from 1 August 2002 to 31 December 2003. Calibration and
40 ‘ ‘ ‘ validation were performed on the Anza river basin.
12/8/00  19/4/01  25/12/01  1/9/02 9/5/03 The calibration offiow and7yp was based on “trial and er-
ror” approach, varying the value in the rang&°C=. 7°C.
— — To this purpose, simulated snow water equivalent maps are
100 Corrected classified images - validation transformed in binary data: when snow depth is greater than
zero, the pixel is marked as “snow” while, when height is
90 - zero, the pixel is marked as “no-snow”. The calibration was
80 j—‘—‘—.—’—’—L based on two objective indices: the minimization of the root
T s é . mean squared error (RMSE) calculated on the number of
o 707 : *(30) . O
(13) snow covered pixels and the maximization of the correct per-
60 (5.2) formance index (CPI) (Ravazzani et al., 2007). Root mean
50 - ®(1,7) squared error is defined as follows:
A4 @ (0,0)
40 T T T { 1
21/10/02  10/12/02  29/1/03  20/3/03  9/5/03 RMSE=,/ = (N,,— N;) (7)
n

Fig. 6. CPI values of the comparison between the corrected satelwhere” is the total number of imagesy), is the number

lite images and the simulated distributed data for different values®f Simulated snow covered pixels in a map, a¥fi is the
of Tiow andTyp°C (in brackets) for the calibration period and the number of observed snow covered pixels in a satellite im-

validation period. age. RMSE does not take into account the spatial distribution
of the snow covered pixels. CPI overcomes this limit. In
fact, computation of CPI is based on pixel to pixel analy-
andC,, in Eqg. (4), are assumed to be, respectiveNe @nd  sis, where contingency tables (Mason and Graham, 1999) for
4.32mmd?1°C1. These values result from an antecedentcomparing the observed satellite images and the simulated
calibration of the FEST-WB snow melt model in a small distributed data for different combination B, and7joy are
basin near Macugnaga (Salandin et al., 2004). built up. The contingency tables are a means to assess the
The threshold temperature valué&g,, and7y,, depend on  ability of the model to correctly catch the spatial distribution
local meteorological conditions, so a wide range of valuesof the snow or its temporal dynamic (Sect. 5). Defining a
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Macugnaga station

Simulated (-3,0) Simulated (-1,3) Simulated (-5,-2)
No snow | Snow No snow Snow No snow Snow
el
% No 789 191 No 770 209 No 882 98
§ snow show snow
°© Snow 47 433 Snow 37 443 Snow 115 365
Simulated (0,0) Simulated (1,7)
No snow Snow No snow | Snow

kel

§ No 817 162 No 700 280

& | snow snow

8

Snow 40 440 Snow 35 445
Antrona station
Simulated (-3,0) Simulated (-1,3) Simulated (-5,-2)
No snow | Snow No snow | Snow No snow | Snow
el
% No 469 144 No 444 169 No 548 65
§ snow show snow
© Snow 21 824 Snow 18 827 Snow 111 734
Simulated (0,0) Simulated (1,7)
No snow | Snow No snow | Snow

el

g No 475 138 No 389 224

% | snow show

g

Snow 22 823 Snow 18 827

Fig. 8. Contingency tables of binary comparison between measured snow heights and simulated results in Macugnaga and in Antrona Lago
stations for different values dio, and7yp (in brackets). Results are expressed in days.

hit when there is a PerfeCt agreement between the Ob_serve‘ﬁ;lble 2. Numerical criteria for the calibration of the parameters
ground cover condition (“snow” —“no-snow”) and the simu- 7, and 1y, of the snow accumulation model. Root mean squared
lated one, the CPl is defined as the ratio between the numbeiyror (RMSE) is reported for both the set of not corrected classified
of hits and the total number of outcomes. We note (Fig. 5images and corrected ones.

and Table 2) that the values of the calibrating parameters that

maximise CPIl and minimize RMSE are5°C for Tjoy and Tiow = Tup RMSE (pixels) RMSE (pixels)

—2°C for Typ. However these values have to be discarded not corrected images  corrected images

because they exceed the range accepted by literature.

The results of the calibration based on the corrected im- 0.+0 44 36

. - -1+3 48 38

ages are summarised in Fig. 6a and Table 2. The values of 5. g 43 38
the best fit calibrating parameters areCOfor 7oy and GC 1;7 55 41
for Typ, in the range accepted by literature. 5. _2 42 47
In Fig. 6b results for the validation period are reported. 4= 1 46 45

As for calibration period the values of parameters that retain
maximum value of CPI are°C for Tiow andTyp..

4.2 Calibration and validation of snow melt parameters ) o
from satellite images In literature a large variability of th€',,, parameter values

exists ranging from 2.7 mmrd °C~1to 11.6 mmd?*°C1,
The calibration of the snow melt paramey;, in Eq.(4), is  varying from site to site related to differences in the impor-
based on the comparison of simulated snow cover extent witfiance of the radiation components, air temperature and wind
the one retrieved from satellite images, as for the accumulavelocity (Hock, 2003; Martinec, 1960).
tion parameters, while the parametris considered equal After fixing Tiow and Typ equal to OC, the calibration
to 0°C (Hock, 2003). and the validation ofC,, were based on the *“trial and

www.hydrol-earth-syst-sci.net/13/639/2009/ Hydrol. Earth Syst. Sci., 13,68892009
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value of the calibrating parameter that maximise CPI is 8 g
4.32mmd?lec1 g 1000 - s
- 60
5 Simulated snow dynamic and ground measurements o "
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To assess the influence that a suboptimal set of parameters

calibrated against raw snow coverage may have on the SlmIfig. 10. Comparison between the observed and the simulated

ulation of snow dynamic, we compare simulation results to - (m3) with the selected temperature threshdig = —3 and
ground measured snow heights. We recall that the output Ofrup: 0) from the calibration with raw satellite images and with the

snow model is the snow water equivalent. The purpose Okelected the selected temperature threshBigh = Tup=0) from
the model is, in fact, to take into account the effect of snowcalibration and validation with corrected satellite images at the river

dynamics on the river flow at the basin scale. It is not its cross section of Candoglia in the Toce basin.

intention to reproduce the complex processes that describe

evolution of the internal state of the snow cover (Essery et al.,

1999; Diamond and Lowry, 1953) as it is required, for exam-tables that are build up including simulated snow data for
ple, for avalanche forecasting (Brun et al., 1992). Thereforedifferent combination of §p and Tow and observed snow
snow density is not known and direct comparison of simu-depth, similarly to method explained in 4.1. The snow melt
lated snow water equivalent and measured snow heights iparametersC,, and T}, are considered constant and respec-
not possible. However, a possible approach is to compare theévely equal to 4.32 mmd! °C~1 and @C in this analysis. In
“snow"-"no snow” binary series to assess the time variabil- Fig. 8 contingency tables for five combinationsTf, and

ity of the snow dynamics, namely the snow persistence, thely, are reported for the studied stations. For the Macugnaga
beginning of accumulation and the end of depletion periodsstation the combination of temperatures that better represents
A comprehensive index can be calculated from contingencyground cover condition igjow = Typ= 0°C (CPI=86.2%),
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V_V'th, only 202 dlscrepa_nt days on ":_1 tot.al of 1458,’ CON- Taple 3. Numeral criteria for the intercomparison of observed
firming the results obtallnedl from calibration of distributed pqrographs and FEST-WB simulation withyp=—2°C and
model. The other combinations of temperaturgg,= 3°C Tiow = —5°C and withTjo,, = Tup = 0°C for three flood events at
and Tiow = —1°C andTyp=-2°C andTjow = —5°C, denote  Candoglia. 5 indicates the Nash and Sutcliffe (1970) model ef-
CPI of, respectively, 83.1% and 85.4%. Fp=0°C and ficiency, ¢, indicates the peak discharge percentage errorsand
Tiow = —3°C CPl s equal to 83.7%, while fdf,,=7°C and indicates the cumulated volume percentage error.

Tiow = 1°C CPl is 78.5%.

Also for the Antrona Lago stationjoy = Typ=0°C, is Tiow = Tup(—5+—-2)  Tjow + Tup(0+0)
the combination of parameters with the greater value of CPI N &g ey n &g &y
(89%). 26 Sep 2000

0.86 20 33.2 095 33 221
6 Oct 2000
6 Distributed model simulation results
3 Jun 2002
The effect of snow model calibration on discharge simula- 084 17 25.5 098 61 9
6 Jun 2002

tion are shown in Fig. 9. The graphs refer to a flood event

period occurred in November 2002 at the river Anza outlet. 13 Nov 2002

Inthese graphs five series of discharge simulated by means of 033 63 655 099 31 48
the FEST-WB model with different combination of temper- 16 Nov 2002

ature thresholds for snow accumulation, are reported. The
snow melt parameters;,, and 7, are considered constant
and respectively equal to 4.32 mm'dC~1 and G C.

Data are extracted from the continuous simulation for the
period 2000-2003. We see that the hydrological model withThe paper presents a simple operative procedure to correct
Tiow = —5°C andTyp=—2°C simulated the highest volume NOAA-AVHRR satellite images respect to shadowed pixels
and peak discharge. On the contrary, the hydrological simuinduced from high crest in mountain areas and forest cover.
lation with Tiow = 1°C andTyp=7° induced great snow ac- The correction consists in assighing snow coverage to those
cumulation and, as a result, the lowest peak discharge anfixels with an elevation greater than a reference value, cal-
cumulated volume. culated from observed map as the average snow coverage el-

In Fig. 10 three flood events at Candoglia are shown.evation.

Two autumn events (October 2000 and November 2002) Snow coverage maps retrieved from satellite images were
and a summer event (June 2002) are considered and the obised for the calibration of a snow model, based on air tem-
served data are compared with the simulated discharges witperature, integrated in a distributed hydrological model. The
Tup=—2°C andTjow = —5°C and withTjoy = Typ=0°C. calibration procedure that uses raw classified images, how-

After the calibration with the uncorrected satellite images, ever, led to the determination of temperature thresholds in
FEST-WB seems to overestimate peak discharges. Modeh range not accepted by literature. Instead, when using
improvement is evident after the calibration with the cor- corrected snow coverage maps, the best result was most
rected satellite images (Table 3) in terms of flood volume andfrequently achieved when both two temperature parameters
peak discharge errors and of the Nash and Sutcliffe (1970yvere set to 8C. Moreover, simulation of discharge hydro-
model efficiency defined as follows: graph at main river section reached best performance when
the temperature thresholds calibrated with the use of cor-
rected snow extent were used.

Conclusions

=

! 2
‘ (Qm.j—Qo.j) The snow model and the methodology for its calibration
,7:1_]:1 8) were validated at local scale, too. Comparison between sim-
n 2 .
> (Qo.i—00) ulated snow water equivalent and observed snow depth at two
=1 gauges showed that temporal dynamic of snow was better

simulated when the two temperature parameters were set to

wheren, is the total number of time stepg,, ; andQ,, ; are ~ 0°C- - o

the observed and modeled discharges at time gtepspec- The presentgd procedure is suitable also for application to

tively, and 0, is the mean of the observed discharges. Thethos_e river basins where snow depth measurements are not
: . . available.

Nash and Sutcliffe efficiency is commonly used to assess the
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