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ABSTRACT: Remote sensing data can provide images of snow covered areas and, therefore,
it is possible to follow the time evolution of snow melting spatial patterns with increasing
spatial and temporal resolution. Snow cover patterns are dominated by the complex
interplay of topography, radiation forcings and atmospheric turbulent transfer processes.
The snow cover evolution in an alpine basin in Trentino (Italy) is here studied, comparing
the simulations of the distributed hydrological model GEOtop with remotely sensed data.
GEOtop describes the soil-snow-atmosphere energy and mass exchanges, taking into account
the snow physics and the topographic effects of elevation, slope and aspect on solar radiation
and air temperature. the Snow cover extent has been provided by MODIS 8-day composite
maps with a resolution of 500 metres. The model reproduces the physical features of snow
melting reasonably and shows a fair agreement with the data. The relative importance of
precipitation, solar radiation, and temperature to control the snow accumulation and
melting processes is also investigated.
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INTRODUCTION

To have information about the evolution of the snow cover extent and the snow water equivalent
is very useful for the water resource management, and in relation to climate change. So far
temperature index models, like SRM (Martinec and Rango, 1986), based on a statistical relation
between snow melting and temperature, have been widely used. Although many of these models
have evolved so that topographic effects could be considered (Cazorzi and Dalla Fontana, 1995),
distributed physically based models, like ISNOBAL (Marks et al., 1999) can provide more
detailed information about snow physics and improved predictions of snow cover. Their
application also allows to study what phenomena may be important in snow accumulation and
melting, and what may be the sensitivity to changes of atmospheric forcing.

At the same time, remote sensing data are available with improved spatial and temporal
resolution (for example MODIS (Hall et al., 2002) and NOHRSC (Hall et al., 2000)). Several
models, using remote sensing data as input (Turpin et al., 1999) or to perform data assimilation
(Carroll et al., 2006), have been recently developed. However, in mountain basins, remote sensing
data can be affected by some errors, and consistent physical modelling maintains great
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importance, because snow cover patterns are dominated by the complex interplay of topography,
radiation forcing and atmospheric turbulent transfer processes (Pomeroy et al., 2003).

The GEOtop model (Rigon et al., 2006) is a distributed hydrological model that solves the
energy and water balance on a landscape whose topographical surface is described by a digital
elevation model. The model has been conceived to be applied to mountain basins characterized by
complex topography, where snow accumulation and melting have to be accounted. GEOtop
includes a snow module, the first version (version 0.875) of which was the object of a previous
work (Zanotti et al., 2004), where its capability to predict the snow water equivalent (SWE)
evolution in a point was tested, and the results were compared with local measurements. In Zanotti
et al. (2004) an application on a small mountain basin with a surface area of a few square
kilometres was then presented, but the results could not be checked in more than one measurement
point. Since then, the snow cover module in GEOtop has been improved (version 0.9375) such
that a multilayer representation has been implemented, similar to the one of the CLM land surface
model (Oleson et al., 2004). The GEOtop snow module is quite similar to ISNOBAL (Marks et al.,
1999), as it solves the snow energy balance, but it is part of a complete hydrological model that
considers the whole soil-snow system. The next step is to predict the snow cover evolution and its
variability at the distributed scale.

Some works have been published about the temporal distribution of snow cover, for example
Alfnes et al. (2004) using statistical tools. In order to do this, a distributed field of the
meteorological forcing as input data is needed, or, if only a few measurement stations are available
throughout the basin, we need to find some criteria to spatially extrapolate the measurements,
although they might lead to some errors.

An application in an Alpine basin with surface area of about 250 square kilometres is shown
here. The snow cover extension area is compared with corresponding maps provided by remote
sensing techniques. In particular, MODIS maps (Hall et al., 2002; Riggs et al., 2003) have been
used because the Aqua and Terra satellites overpass locations daily. Snow products are delivered
at a spatial resolution of 500 metres, which is sufficient to keep the signature of the topographic
features in an Alpine environment (Cline et al., 1998) where the snow cover spatial distribution is
strongly dependent on aspect and elevation. In addition, the MODIS data are easily available for
applicative uses.

Snow cover maps provided by remote sensing have already been used, mainly as an auxiliary to
the models (Lee et al., 2005; Turpin et al., 1999), but here they are used only to check the model
results. The problem of the initial SWE distribution does not exist as the simulation starts from a
late summer initial condition, when in the considered basin no snow is present.

Our aim in this paper is to test the capability of the model to reproduce a realistic snow cover
evolution during a whole winter season and to investigate the relative importance of precipitation,
solar radiation, and temperature to control the snow accumulation and melting processes in an
Alpine environment, with reference to its time evolution and its dependence on elevation and
aspect. We want to develop a modelling framework as physically based as possible, though
parsimonious in its input data requirements and, therefore, easily applicable for operational use
(Carroll et al, 2006).

THE MODEL

The GEOtop model has been fully described in Rigon et al. (2006) and in Bertoldi et al. (2006).
This model has been conceived to be an integration of a rainfall-runoff model and a land surface
model as it solves the three-dimensional soil water budget equation together with the one-
dimensional energy budget equation, so that it can calculate the spatial distribution of many hydro-
meteorological variables (such as soil moisture, surface temperature, convective and radiative
fluxes) without losing the main purpose of hydrological models, that is predicting the water
discharge at a specific closure section. However, this paper is focused on the simulation of the
spatial patterns and of the time evolution of the snow covered area and of the SWE at basin scale.
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In the following paragraph the main improvements of the snow module with reference to the
version presented in Rigon et al. (2006) are briefly discussed.

In the version 0.9375 of the snow module in GEOtop, the snow cover is described with a
multilayer scheme. For each snow layer the liquid and solid water budget equations and the energy
budget equation are solved together with the continuity equation and a formula linking the phase
change with the temperature. So five equations for the following five unknowns are available:
liquid and ice contents, porosity, snow temperature, and amount of water changing phase.

The water budget equations, for liquid water and ice, are expressed as follows:

- L(2.2)

where 0, and 6; are the nondimensional liquid water and ice content, t is time, z the vertical
coordinate (positive upwards), p,, and p; the density of liquid water and ice, respectively, Q,, and
Q; the vertical flux of liquid water and ice (the latter is equal to 0 except at the snow-atmosphere
interface where it becomes the snow precipitation), and W is the amount of water changing phase
(positive in the case of melting, negative in the case of freezing). As the liquid water flow inside
the snow cover is mainly due to gravity, the equations are solved only in the vertical direction,
neglecting the lateral flow inside the snowpack, but not in the underlying soil. Q; depends on the
liquid water fraction in the snow exceeding the capillary retention as in Colbeck and Anderson

(1982).
The energy budget equation is the following:
T T\ J0,U
C6_+Lfﬂ=i(k&_)+m (3)
ot 7 Jdr Jz\ Iz oz

where T is the temperature, L; the latent heat of fusion, Uy, the specific energy content of the liquid
water, and k and C the thermal conductivity and the thermal capacity, respectively, calculated as
averages of the values of the different phases present. The equation (3) is solved with the
following boundary condition at the snow-atmosphere interface, where the exchange fluxes occur:

(k£)=—Rn+H+L 4)
Jz

where R, is the net radiation, H the sensible heat flux and L the latent heat flux (both positive
upwards). The treatment of radiation is essentially the same as in Zanotti et al. (2004). The effects
of shadowing, slope and aspect, which are extremely important in a complex topography, are
taken into account for direct shortwave radiation, and the sky view factor is considered for the
diffuse shortwave radiation and for the longwave radiation. Shortwave radiation is parameterized
as in Igbal (1983). Longwave radiation is calculated using Stefan-Boltzmann formula. Whereas
the outcoming longwave radiation is clearly dependent on the surface temperature, there are some
uncertainties in calculating the incoming longwave radiation, as the latter depends on the entire
profile of the air temperature above the snowpack. Different experimental formulae, as those of
Brutsaert (1975), Satterlund (1979), and Idso (1981), that parameterize this component of
radiation in function of the skin temperature, have been used. The convective heat fluxes are
calculated after Monin-Obukhov similarity theory, using the stability function of Businger et al.
(1981). As they depend also on surface temperature, which is unknown as long as the energy
budget is not solved, some iterations are needed.
The continuity equation correlates the different phases in the snowpack:

6w+0i+0v=1 (5)
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where 0, is the nondimensional gas and vapour content, that is the porosity.

Finally, we need to find a relation between the snow temperature and the phase change. We
have chosen that the phase change should occur when the temperature in each snow layer is equal
to 273.15 K: neither the temperature is allowed to increase as long as ice is present nor can it
decrease until liquid water is entirely frozen. Therefore,

W=0 if T=273.15K ; W =0 if T=273.15K ©6)

Thus the system of equations (1)-(2)-(3)-(5)-(6) is solved with a finite difference method with
respect to the unknowns T, W, 0y, 6;, 0,.

The snow layers have a varying thickness in accordance with the snow precipitation and snow
metamorphism (Anderson, 1976). The algorithms to combine and subdivide snow layers have
been taken from Oleson et al. (2004), which makes it possible to describe the density changes of
the snow pack.

APPLICATION

The model has been applied to the upper part of Brenta Basin (Trentino, Italy), in the Eastern
Italian Alps, a basin with a surface area of about 250 square kilometres. Its elevation ranges from
340 m as.l. to 2303 m a.s.l., and the land cover is very variable. The bottom of the valley is
urbanized, and many small villages are present, although there is still a wide countryside area.
Two lakes, with total area of about 6 square kilometres, are also present. They play an important
role in the regulation of the discharge, but, as here our main interest is to follow the snow cover
evolution, they are neglected. As elevation increases, woodland prevails, even if there are some
small resort villages and wide grassland and pasture areas. The vegetation limit ranges from 1900
m a.s.l. to 2000 m a.s.l.. The snow cover has been simulated for the season 2003-2004, namely
from 16™ October 2003 to 16™ June 2004, using a model grid resolution of 250 m.

METEOROLOGICAL DATA

For the time considered, hourly precipitation measurement data were available for 15 stations
located in the basin or in the nearby areas. Precipitation was then distributed according to kriging
techniques, and it was split into liquid and solid form in conformity with the air temperature,
defining a threshold air temperature Ty above which the precipitation is always liquid and another
threshold temperature Ts below which the precipitation is always solid, as in U.S. Army Corps of
Engineers (1956). These threshold temperatures are considered tuneable and adjustable
parameters. In fact, as discussed later, in order to catch the snow events with precision, it results
very important to distribute the air temperature in the basin accurately.

Hourly air temperature observations performed in 17 meteorological stations in and around the
basin were used to find a linear dependence of the temperature on the elevation, which is
considered variable in time, but valid all over the basin, and an hourly value of the lapse rate was
found.

Figure 1 shows the relation between the air temperature measurements averaged on the whole
season and the station elevations. The temperature variation presents a clear linear trend with a
lapse rate of 3.9 °C/km (regression constant equal to 0.94), which is lower than the lapse rate
normally used (6.5 °C/km). This means that at the annual scale the temperature measurements do
not exhibit evident and regular variability with the horizontal coordinates. However, some stations
located approximately at the same elevation can record temperature differences of some degrees
(at the most 2 °C) due to local factors (for example shadowing) and to particular meteorological
events. This could be a measure of the error in the temperature estimation.
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Figure 1: Variation of the season average of the air temperature measurements with the elevations of the
meteorological stations (dots), and regression line.
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Figure 2: Time evolution of the hourly and daily average lapse rate inferred by the measurements.

But if the time evolution of the lapse rate, daily and hourly averaged (Figure 2) is plotted, it can
be noticed that during the winter there are frequent periods of thermal inversion, with a nearly
isotherm atmosphere, but during the spring time the lapse rate is more clearly defined and reaches
values around the adiabatic lapse rate. The lapse rate also shows a typical daily cycle, with a
marked nocturnal inversion in winter. The definition of a correct value of the lapse rate is critical
to capture the correct snow-rain limit. Therefore, we have chosen to use an hourly varying lapse
rate as input data for the model.
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The relative humidity and the wind velocity are kept constant all over the basin.

PARAMETERS OF THE MODEL

The parameters of the model were guessed in order to obtain the best agreement with the remote
sensing data. By all means, only a few parameters are important for the snow cover description.
They are the temperature roughness length, the wind velocity roughness length, the capillary water
amount retained by the snow, and the threshold temperatures aforesaid. The following table
reports the value of these parameters with the reference.

Table 1. Main parameters of the snow module in GEOtop

Value | Parameter Description Reference
0.05 ZoT Temperature roughness length [m] Calibration
0.5 Zov Wind velocity roughness length [m] Calibration
0.04 S, Liquid water in snow retained by capillarity Jordan (1991)
forces, as fraction of porosity [-]
2.0 Ty Temperature above which all the precipitation is Calibration
rain [°C]
0.5 Ts Temperature below which all the precipitation is Calibration
snow [°C]
MODIS

The Moderate Resolution Imaging Spectroradiometer (MODIS) is a 36-channel sensor
measuring the spectral range from visible to thermal-infrared. It was launched as part of the
payload of the Terra (12/1999) and Aqua (5/2002) satellites. Among other products, daily and 8-
day composite snow related maps are produced at 500 m and 1000 m resolution. The maps created
over land include daily snow albedo and 8-day maximum snow extent. For the latter multiple days
of observations for a cell are examined. If snow cover is found for at least one day the cell is
indicated as snow. Other values are lake ice, cloud, ocean, inland water and land. If no snow is
found in the cell, the most frequent value of the other classes is assigned. Due to the 8-day
compositing technique, the impact of clouds is minimized (Riggs et al., 2003).

In this study we have used the MOD10A2 8-day composite maximum snow extent data at level
V004. The data were processed in GRASS GIS (Neteler, 2005).

However, MODIS snow cover maps can be affected by some errors, the most common of which
are the errors of commission. This means mapping cells as snow covered when the occurrence of
snow is extremely unlikely. These errors are usually associated with the least favorable conditions
of illumination and cloud type for optimal snow mapping (Riggs and Hall, 2006).

COMPARISON BETWEEN THE RESULTS OF THE MODEL AND MODIS DATA

Snow covered area spatial distribution

In this paragraph the MODIS 8-day maximum snow extent maps and the corresponding 8-day
GEOtop model output maps are compared. The snow free area is reported in green, and the snow
covered area is in white. Whereas MODIS can only provide information about the presence of
snow, the model gives results about the amount of SWE, which is reported in the pictures in
white-blue colour scale. Five pairs of maps have been chosen as representative of the main
qualities and problems of the models.

200




Figure 3: 8-day composite maps (24th October 2003) for snow cover obtained by MODIS (left) and by the
model (right). The snow free area is reported in green, the snow covered area is in white in MODIS map, in
white-blue colour scale (legend on the right) in the model map.

Figure 4: 8-day composite maps (17th November 2003) for snow cover obtained by MODIS (left) and by the
model (right). The snow free area is reported in green, the snow covered area is in white in MODIS map, in

white-blue colour scale (legend on the right) in the model map.

The first pair of pictures (Figure 3) regards the autumn season: snow cover is present only at the
highest elevations, and the model predicts reasonably the snow limit. However, in the model
output map the snow limit strictly follows the elevation contour lines, because snow precipitation
mainly depends on the air temperature, which, in turn, depends only on elevation. In the MODIS
map the snow limit is close to the elevation contour, but there are some deviations probably due to
local variations of air temperature, or, simply, to the coarser resolution of the MODIS maps (500
m grid cell) than in the model maps (250 m grid cell).
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Figure 5: 8-day composite maps (17th January 2004) for snow cover obtained by MODIS (left) and by the
model (right). The snow free area is reported in green, the snow covered area is in white in MODIS map, in
white-blue colour scale (legend on the right) in the model map. The pixels for which it was not possible to
detect snow due to cloud cover are in yellow.

Figure 6: 8-day composite maps (29h March 2004) for snow cover obtained by MODIS (left) and by the
model (right). The snow free area is reported in green, the snow covered area is in white in MODIS map, in
white-blue colour scale (legend on the right) in the model map.

The second pair (Figure 4) is an example of the late autumn season, after several days without
solid precipitation. The snow patterns are controlled here also by slope and aspect, and there are
some white spots inside the snow free area in the pixels receiving a less amount of radiation. The
agreement is fairly good, although not all the white spots agree in detail, but it has to be taken into
account that MODIS maps may be affected by some commission errors (for example the white
spot located near the lake in the bottom of the valley is very unlikely).
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The third pair (Figure 5) represents the snow cover after a snowfall in winter. It is difficult for
the model to reproduce the snow in the bottom of the valley, as the air temperature field can be
uneven and snow precipitation occurs usually at low elevations when the air temperature is close
or even slightly above 0°C. For this reason the threshold temperature above which the
precipitation is always liquid and the threshold temperature below which the precipitation is
always solid have been fixed to 2 °C and 0.5 °C, respectively, after some calibrations. These values
are a little different from the values proposed in US Army Corps of Engineers (1956), respectively
3 °C and -1 °C. The areas located at the bottom valley are quite large, but they are usually covered
by a small amount of snow, which melts quickly.

The fourth pair (Figure 6) is relative to early springtime. The snow patterns are dominated by
elevation, as a consequence of late snowfall events, as well as by slope and aspect, as it is possible
to appreciate the differential melting in north facing and south spacing slopes, even though in the
two maps the snow limit can be slightly different. In this time SWE reaches its maximum value at
the highest elevations.

Figure 7: 8-day composite maps (16" May 2004) for snow cover obtained by MODIS (left) and by the model
(right). The snow free area is reported in green, the snow covered area is in white in MODIS map, in white-
blue colour scale (legend on the right) in the model map.

Finally, the fifth pair (Figure 7) refers to late springtime: snow cover is present only at the
highest elevations, and the snow patterns in the two maps are similar. However, the model result
map shows a little faster melting on the south facing slopes than the MODIS map, which, on the
other hand, may also be affected by commission errors, because it shows a snow limit lower in the
south facing slopes than in the north facing slopes.

In conclusion, the model seems to catch quite well the main patterns of the snow cover extent,
which are dominated firstly by elevation, and secondly by slope and aspect. In order to reproduce
the snow cover in the best way, it seems crucial to catch the snowfall elevation limits, and to
calculate accurately the radiation fluxes and the radiation topographic controls, which play a
fundamental role in melting.

Snow covered area as a fraction of total area

The model simulates SWE as a continuous variable and, therefore, a SWE threshold value
should be chosen to consider the pixel as entirely covered by snow. Figure 8 reports the evolution
in time of the snow covered surface as fraction of the total basin area, using threshold values of 1
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mm or 10 mm. This has been done to draw a better comparison between the model and the remote
sensing data, as MODIS cannot detect snow if SWE is very small. Moreover, the MODIS data are
sometimes affected by uncertainty due to the persistence of cloud cover, and the related range of
variability in the snow cover area is shown in the figure.

The agreement is good, in particular in the melting season. However, the limitations of the
MODIS 8 day product have to be considered. Large uncertainties during the precipitation periods
due to the cloud cover can occur, and the product has a resolution which does not always allow to
appreciate the detailed elevation patterns of snow cover, as the mountain basin considered is
characterized by strong elevation gradients.

The model underestimates the snow cover extent in the early snow events, probably because it
does not predict well the snowfall in the bottom of the valley, which covers quite a wide area. As
it has been said in the previous paragraph, it is difficult to distinguish the rain and snow events,
because they are not only dominated by the air temperature at the ground, but by the entire
temperature profile. The MODIS curve agrees more with the 1 mm threshold model result curve:
this probably means that a thin layer of fresh snow in the bottom of the valley, where vegetation is
not dense, is easily recognized by remote sensing techniques.

The model snow cover extent is much less sensitive to the threshold value during the spring,
when the averaged SWE distribution is higher and more strongly dependent on elevation, as
discussed later.
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Figure 8: Fraction of the total basin area covered by at least | mm (grey continuous line) and 10 mm (black
continuous line) of SWE, according to the model results, and snow covered area according to MODIS
(dashed black lines) with uncertainty range due to cloudiness against time.

DEPENDENCE OF SNOW COVER ON ELEVATION AND ASPECT

In this paragraph the model results are used to find some relations between SWE, elevation and
aspect for the basin considered. The basin is here divided into 10 elevation ranks, each spanning
200 metres. SWE is then averaged in each rank. Figure 9 shows the time evolution of SWE for 4
different elevation ranks, and it can be noticed that its maximum value shifts later into spring as
elevation gets higher. At the bottom of the valley a strong snowfall occurred at the beginning of
March, but at higher elevations other strong snowfalls occurred later.
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Figure 9: Time evolution of SWE averaged in 4 elevation ranks

The slope of the SWE profile with respect to elevation changes after every snowfall and with
the season. Here some examples after 3 different snowfall events - in autumn, in winter, and in
early springtime - are shown in Figures 10, 11, and 12.
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Figure 10: Daily averaged SWE-elevation chart for 4 days after a strong autumn snowfall (occurred on 8"

November 2003)
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Figure 12: Daily averaged SWE-elevation chart for 5 days after a strong spring snowfall (occurred on 11®

March 2004)

For the autumn snowfall (Figure 10), at the lower elevations SWE exhibits little dependence on
elevation. In fact, snowfall has more or less the same intensity at the elevations higher than the
snow limit (ranging from 700 m to 1000 m a.s.l.), but at the lower elevations snow was not
formerly present at the ground. On the contrary, at the higher elevations other snowfalls had
already occurred earlier with different snow limits, and this results in a linear relation. Some days
after the snowfall, an increase in temperature causes rainfall events at the lower elevations, where
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melting occurs, whereas at the higher elevations other snowfall events still occur, and the curve
becomes steeper. For the winter snowfall (Figure 11), the relation is almost linear for all the
elevations, as many other snowfall events had formerly occurred, and there is no melting.
Concerning the early spring snowfall (Figure 12), just after the snowfall the relation is linear but
after some days differential melting occurs at the lower elevations, this causes a steepening of the
curve and an increase in its concavity, whereas at the higher elevations there is still snow
accumulation.

In conclusion, the relation between SWE and elevation is more or less linear, but in autumn
SWE is weekly dependent on elevation, whereas the dependence is very strong in spring, due to
differential melting and to the succession of the snowfall events.
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Figure 13: Time evolution of the ratio between SWE averaged only in north facing pixels and SWE
averaged, for 2 elevation ranks

In Figure 13 the dependence of SWE on aspect is explored. The ratio between the SWE
averaged in the north facing pixels and the SWE averaged in all pixels for each of the elevation
ranks can be an index to evaluate the importance of the effects exerted by radiation and aspect. We
consider as north facing pixels those characterized by aspect ranging from -20° to +20°, being 0°
the north aspect. Figure 13 shows the time evolution of this ratio for 2 different elevation ranks,
one characteristic of the bottom of the valley and the other of the higher elevations. When the ratio
is close to 1 no significant relation of SWE with aspect is present. When differential melting
between N and S facing slopes occurs, the ratio increases to very high values. It can be noticed
that in the bottom of the valley differential melting is always present all through the winter, except
immediately after snowfalls. At the higher elevations, on the contrary, melting is aspect dominated
only in autumn and in spring.
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CONCLUSION

The comparison of the GEOtop SWE results with MODIS snow extent maps shows a fairly
good agreement. The problems of the model are mainly due to uncertainties about the distribution
of the meteorological forcing in space and time, as only measurements in some points are
available. Only total precipitation is measured, and a criterion based on two thresholds on the air
temperature has been used to distinguish solid and liquid precipitation. However, threshold values
a little higher than the values found in literature were needed to reproduce the snow cover at the
bottom of the valley. An hourly varying lapse rate was inferred by the temperature measurements,
and was used as input data for the model.

Though characterized by some commission errors, MODIS maps can be valuable tools to
validate distributed models. However, images of finer resolution and more frequent overpassing
time would be better tools.

With the results of the model we investigated the relationship between SWE and elevation and
aspect in different seasons. It has been shown that the dependence of SWE on elevation is more or
less linear, but tends to be weaker in autumn and stronger in spring. Moreover, differential melting
in north and south facing slopes occurs all through the winter at lower elevation (approximately
below 800 m a.s.l.), whereas it is present only in autumn and in spring at the higher elevations.
However, these relations should be verified in other applications to different and wider basins.
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