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ABSTRACT

The Durance watershed (14 000km?), located in the French Alps, generates 10% of French hydropower
and provides drinking water to 3 million people. The Catchment land surface model (CLSM), a distributed
land surface model (LSM) with a multilayer, physically based snow model, has been applied in the upstream
part of this watershed, where snowfall accounts for 50% of the precipitation. The CLSM subdivides the upper
Durance watershed, where elevations range from 800 to 4000 m within 3580 km?, into elementary catchments
with an average area of 500 km?. The authors first show the difference between the dynamics of the accu-
mulation and ablation of the snow cover using Moderate Resolution Imaging Spectroradiometer (MODIS)
images and snow-depth measurements. The extent of snow cover increases faster during accumulation than
during ablation because melting occurs at preferential locations. This difference corresponds to the presence
of a hysteresis in the snow-cover depletion curve of these catchments, and the CLSM was adapted by im-
plementing such a hysteresis in the snow-cover depletion curve of the model. Different simulations were
performed to assess the influence of the parameterizations on the water budget and the evolution of the extent
of the snow cover. Using six gauging stations, the authors demonstrate that introducing a hysteresis in the
snow-cover depletion curve improves melting dynamics. They conclude that their adaptation of the CLSM
contributes to a better representation of snowpack dynamics in an LSM that enables mountainous catchments
to be modeled for impact studies such as those of climate change.
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1. Introduction

A strong positive feedback on climate comes from the
surface albedo, especially over snow-covered areas char-
acterized by a high reflectivity. Snow cover is also re-
sponsible for the strong seasonal contrasts observed in the
hydrological regimes of mountainous and high-latitude
regions. During winter, snow cover acts as a water reser-
voir where snowfall accumulates. A large quantity of
water is subsequently released during the melt season.
Modeling snow cover is therefore crucial for accurate
simulation of both the energy and water budgets.

During the last three decades, major efforts have been
made by the land surface model (LSM) community to
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better describe snowpack physics by increasing vertical
resolution and complexifying snow parameterizations.
Such improvements led to better ground thermody-
namics at the continental scale (Loth and Graf 1998;
Stieglitz et al. 2001), but difficulties in simulating the
timing of snowpack ablation remained (Pomeroy et al.
1998; Slater et al. 2001). Accounting for the subgrid
variability of the snow-cover extent is important because
it modifies the energy and water budgets via its effect on
the mean albedo, but also because it changes the dy-
namics of fluxes related to the presence of snow on the
grid cell (e.g., sublimation and melt). Many snow-cover
depletion curves (SCDs) relating the snow-cover fraction
(SCF) of a grid cell to the average snow depth or snow
water equivalent (SWE) were introduced to account for
the horizontal variability of the snow cover within an
LSM’s grid cell (Gray and Male 1981; Hansen et al. 1983;
Verseghy 1991; Douville et al. 1995; Yang et al. 1997;
Roesch et al. 2001; Essery and Pomeroy 2004). The
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FIG. 1. (a) Durance watershed elevations and dam locations. (b) Upper part of the Durance watershed with delineation of elementary
catchments used in the CLSM and locations of the gauging stations and snow depth measurements.

sophistication of these SCDs has increased over the years,
from a linear equation limited by an SWE threshold
(Verseghy 1991; Sellers et al. 1996) applied to all types of
vegetation to more complex algorithms accounting for
vegetation properties, wind effects, or ground roughness
length (Déry et al. 2004; Livneh et al. 2010; Wang 2012).

At a small scale (26 ha), Luce and Tarboton (2004)
highlighted the existence of a hysteresis in the SCD with
different dynamics between accumulation and ablation
periods. During accumulation, the snow-cover extent
quickly reaches full coverage, after which the snowpack
increases homogeneously in depth. In contrast, snow
melts from preferential locations during ablation, leading
to heterogeneous patterns. Liston (2004) also developed
a subgrid snow distribution to describe these two differ-
ent processes and validated this method at the mesoscale
(2500 km?). More recently, Niu and Yang (2007) and
Dutra et al. (2010) introduced a hysteresis in the SCD by
inversely relating the snow-cover area to the snowpack
bulk density: as the snow density increases with respect to
the snow age, the snow-cover area for a given quantity of
snow gets lower later in the snow season. Although this
study showed good consistency with satellite images of

snow cover at a global scale (10000 km?), we concur with
Swenson and Lawrence (2012) that the observed hyster-
esis is more likely due to the variability of topography or
vegetation within the catchment than to the age of snow.

The Catchment land surface model (CLSM) is an LSM
developed by Koster et al. (2000) and Ducharne et al.
(2000) to generate water and energy fluxes between land
surfaces and the atmosphere in general circulation
models (GCMs) in which a multilayer, physically based
snow scheme is included (Lynch-Stieglitz 1994). We ap-
plied this model in the Durance watershed (approxi-
mately 14 000 km?) located in the southern French Alps
with an altitude range of 4000 m (see Fig. 1). We focus on
the upper catchment part, which provides 40% of the
discharge at the outlet of the Durance watershed and
where snowfall accounts for more than 50% of the total
precipitation. A correct estimation of the water resource
and its evolution under climate change is particularly
important as 10% of French hydropower is produced in
the Durance watershed (Fig. 1) and it supplies drinking
water to approximately 3 million people.

The CLSM subdivides the domain into elementary
catchments, here with an average area of 500km?
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TABLE 1. Characteristics of each elementary catchment in the upper Durance River (UDR) watershed. There are six gauging stations in
the upper Durance watershed. U.A.S. is the upstream area at the gauging station and Qs is the mean observed discharge. The SD stations
are stations of snow-depth measurements and Wi, is the parameter introduced to create the hysteresis in the snow cover depletion curve.

Elevation (m) Land cover fraction (%)

Catchment Area U.AS. Oobs Number of Wnelt

ID (km?) (km?) (ms™?) SD stations Mean Range Forest Grass Bare soil (kgm™1)
1 662 548 13.0 12 2133 2675 23 32 45 400
2 296 — — 4 2267 3125 17 31 53 400
3 723 723 11.6 10 2176 2465 29 37 34 300
4 501 2170 494 2 1880 2427 31 37 32 100
5 147 — — 2 2539 1894 6 34 60 500
6 397 549 9.7 3 2093 2021 22 38 40 400
7 401 946 19.5 2 1902 2238 37 30 33 13
8 461 3582 76.3 — 1511 2215 35 45 20 13

UDR 3588 3582 76.3 35 2024 3298 37 36 27 —

(Fig. 1b). Topography, vegetation, and aspect (north
facing or south facing) are highly variable within each
elementary catchment in the upper Durance watershed,
and these three features play a key role in producing
heterogeneous snow cover, especially during melting
events (Gray and Male 1981; Lundberg et al. 1998; Essery
and Pomeroy 2004; Liston 2004; Swenson and Lawrence
2012). Hence, the extent of the snow cover should vary
within each catchment and impact the time and rate of
melt. Therefore, the objectives of this study were first to
investigate whether or not there is a hysteresis in the ob-
served relationship between SCF and SWE using Moderate
Resolution Imaging Spectroradiometer (MODIS) images
and snow-depth measurements and then to assess the in-
fluence of the SCF parameterizations on the simulated
water budget in the context of an Alpine environment.

2. Characterization of the observed hysteresis

The upper Durance River watershed was subdivided
into eight elementary catchments of about 500 km? for
the requirements of the model (section 3). A 25-m dig-
ital elevation model (DEM) produced by the French
National Geographic Institute (IGN) was used to de-
lineate the catchments. Accounting for the locations of
the gauging stations was also important to delineate the
catchments so that the simulations could be validated
with observations. Eventually, lithological data from the
French Geological Survey (BRGM) were collected to
ensure that hydrological catchments were homogeneous
in terms of soil characteristics. Table 1 summarizes the
characteristics of each catchment.

a. Snow-cover area and snow-depth datasets

SCFs were calculated from mid-resolution images of
snow-cover extent provided by MOD10A2 (see http://
nsidc.org/data/docs/daac/modis_vS5/mod10a2_modis_
terra_snow_8-day_global_500m_grid.gd.html), an 8-day

composite snow product from MODIS. Snow-cover and
cloud-cover extents are given as binary information in
500-m pixels from April 2000 to February 2012. A pixel is
labeled as “‘snow covered’ if snow was observed at least
once; a pixel is labeled as clouded if the cell was obscured
by clouds during all observation days (Riggs et al. 2006).
The SCF and cloud-cover fraction of each catchment
were extracted from these images using GIS tools.
Cloud cover can significantly reduce snow-cover ex-
tent measurements. Therefore, we excluded images
where 10% of the catchment was cloud covered, which
corresponded to 6% of each time series. Note also that
the SCFs of catchment 2 were not taken into account in
this study because MODIS SCFs seem to overestimate
the snow-cover area in this catchment (indicating snow
even in summer), most likely because of the presence
of glaciers (approximately 20% of the catchment area).
We did not consider MODIS observations on a daily time
scale as previous studies have demonstrated that ap-
proximately 60% of the images are obscured by clouds in
the Alps (Parajka and Bloschl 2006; Picouet 2012).

To characterize the empirical SCD, snow-depth data were
also collected from the Base de Données Climatologiques
(BDCLIM), a dataset produced by Météo-France, the
French national weather service. Snow-depth measure-
ments were obtained from 89 stations located in the upper
Durance. Most of these stations, however, do not provide
useful information because there are too many gaps, and
so we used only 35 stations providing measurements be-
tween April 2000 and March 2006 (Fig. 1). The number
of stations used in each catchment is indicated in Table 1.
In catchments 1, 3, and 6, the elevation of these stations is
well distributed within the elevation range of the catch-
ment to which they belong (Fig. 1). We mainly show results
from catchment 3 in this article because it is the best in-
strumented with 10 stations, the elevations of which range
from 1355 to 2630 m, while catchment elevations range
from 892 to 3357m. This is not the case in the other
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FIG. 2. (a) SCF time series extracted from MODIS images (MOD10A?2) in catchment 3 from July 2003 to August 2006.
Interruptions reflect weeks when cloud cover was >10%. (b) Rates of SCF (day ') with accumulation represented by
red bars and ablation by blue bars calculated over 2000-11. Rates < 0.01 day ! in absolute terms (gray) are considered to
be neutral and are not used in calculating the means. Taking them into account does not change our overall conclusion.

catchments, where the stations are located around the
same elevation. In catchment 4 for instance, there are only
two stations gathered along the streams, both being at an
elevation of about 1200 m (Fig. 1). Snow-depth measure-
ments were averaged over each catchment to get a mean
snow-depth time series. The consequences of this averag-
ing in catchments where the snow-depth stations are not
representative are discussed in the following section.

b. Revealing the hysteresis

The snow season usually starts at the beginning of
October in the upper Durance watershed and ends at the
beginning of June, as illustrated for catchment 3 in
Fig. 2a. More than 80% of the catchment area is covered
with snow for more than 5 months. From these SCF time
series, rates of SCF (ASCF/Ar) were calculated and are
displayed in Fig. 2b. This graph reveals clear differences
in snow-cover dynamics between accumulation and ab-
lation events. The mean accumulation rate is 1.7 higher
than the mean ablation rate, which means that the SCF
increases faster than it decreases. This difference of
variation rate strongly suggests the existence of a hys-
teresis in the SCD, as described by Luce et al. (1999).

Figure 3 shows, using snow-depth measurements, a
hysteresis in the SCD of catchment 3. This hysteresis
was also observed in catchments 1 and 6, but not in the
other elementary catchments. This is likely because the

point data in these catchments were not representative
of the mean snow depth, as explained in section 2a.

As suggested above, the hysteresis exists because the
variables in the SCD, snow depths, and SCFs, are aggre-
gated over the catchment and their values can represent
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F1G. 3. MODIS SCF vs maximum mean snow-depth observa-
tions in catchment 3 over 8 days from April 2000 to March 2006.
Reddish colors represent months when snow-cover accumulation
prevails and bluish colors when snow-cover ablation is most im-
portant. Neutral colors such as gray and beige represent months with
either no snow or very little change in the snow-cover extent.
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different internal states of the aggregated snowpack of the
catchment. For example, if we consider a mean snow
depth of 40cm, the SCF could be equal to 100% or to
40%. Reciprocally, if we consider an SCF equal to 60%,
the mean snow depth could be equal to 5 or 60cm. In
addition, the configuration of the snowpack is not random
in time. Figure 3 shows that from October to December,
the snow-cover extent of the catchment increases quickly
with a small amount of snow. Then the SCF remains
constant along the horizontal asymptote of full snow
coverage from December to February while snow depth
increases to its maximum value. Eventually, from March
to June, a gradual reduction of the SCF occurs as the mean
snow depth decreases. This time pattern is due to the
differences between the two processes of accumulation
and ablation. During accumulation, snowfall tends to
spread uniformly all over the catchment. By contrast,
melting occurs in preferential locations. Snow stays longer
at high elevations, over north-facing slopes, and in small
hollows created by terrain heterogeneities. Vegetation
and windblown effect can also influence ablation of the
snowpack (Gray and Male 1981; Lundberg et al. 1998;
Essery and Pomeroy 2004). As a result, the high variability
of topography and vegetation in each catchment (Table 1)
explains the hysteresis illustrated in Fig. 3.

Consequently, the knowledge of a single characteristic
of the aggregated snowpack, either SWE or SCF, is not
sufficient to describe its spatial setting. The subgrid vari-
ability of the catchment must be accurately defined to
predict the future development of the snowpack, which
can be achieved by (i) using a finer discretization (Lafaysse
2011), (ii) using a subgrid probability function, or (iii) ac-
counting for the history of the snowpack by means of
a hysteresis parameterization (Mielke and Roubicek
2003). In the latter case, lack of spatial information is thus
compensated by historical information.

Although the hysteresis could not be observed in all
elementary catchments, differences between SCF accu-
mulation and ablation rates are confirmed for all of them
(Fig. 4). Whereas ablation SCF rates are gathered close to
zero, accumulation SCF rates are spread over a larger
range of values, and the mean accumulation rate is 1.65
times higher than the ablation rate. From this result and
those found in catchments 1, 3, and 6, we assume that this
hysteresis exists in every elementary catchment of the
upper Durance watershed.

3. Modeling concepts
a. General principles

As a land surface model, the CLSM (Koster et al.
2000; Ducharne et al. 2000) is designed to simulate the
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FIG. 4. Histogram of observed SCF variation rates derived from
MODIS images for the entire upper Durance catchment. Mean
accumulation and ablation rates (red and blue, respectively) are
calculated over 2000-11. The central bin, corresponding to small
absolute variation rates (<0.01day!), is in gray and not used to
calculate the mean rates of accumulation or ablation. These small
rates are not significant given the accuracy of MODIS images and
retaining them does not change the difference between the two
mean rates.

diurnal cycle of land surface water and energy fluxes as
a function of near-surface meteorology (precipitation,
shortwave and longwave incident radiation, surface
pressure, air temperature and humidity at 2 m, and wind
speed at 10 m); it can be either be coupled to a GCM or
used offline, as in this present study. A characteristic of
this LSM is to relate subgrid soil moisture heterogeneities
with topography using TOPMODEL concepts (Beven
and Kirkby 1979). The topographic index is a soil mois-
ture indicator and is formulated as follows:

x =In(a/tanB), 1)

where a is the upslope contributing area per unit contour
length and tanB is the local topographic slope. High
values of the topographic index denote low land easily
liable to saturation, whereas low values result from small
drainage areas and steep slopes, characteristic of moun-
tain ridges.

Hydrological catchments are used as the fundamental
land surface element, and horizontal soil moisture var-
iability within each catchment is described on the basis
of the topographic index distribution. This resulting
distribution of soil moisture allows partitioning into
three areal fractions with distinct hydrological func-
tioning: stressed, intermediate, and saturated (e.g., no
evapotranspiration takes place from the stressed frac-
tion). These fractions vary in time as a result of the
catchment water budget, with an increased stressed frac-
tion in dry periods and an increased saturated fraction in
wet periods. Fluxes, such as evapotranspiration or runoff,
are described using classic soil-vegetation—-atmosphere
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transfer (SVAT) formulations, mostly taken from the
Mosaic LSM (Koster and Suarez 1996).

b. Description of the subgrid variability of vegetation

Eight classes of vegetation are defined in the CLSM, and
proportions of each were extracted from ECOCLIMAP,
a global database of land surface parameters at 1-km
resolution (Masson et al. 2003). The vegetation classes
are summarized into three main types of land cover in
Table 1, which shows that different types of vegetation
coexist in similar proportions. They have very distinct
properties [leaf area index (LAI), albedo, etc.] and are
likely to play a key role in the subgrid variability of the
snow-cover extent illustrated in Fig. 3. We thus decided
to allow a mosaic of vegetation types, in contrast to the
latest studies (Koster et al. 2000; Ducharne et al. 2000;
Stieglitz et al. 2001; Déry et al. 2004; Gascoin et al.
2009b), which assumed that the catchment was uniformly
covered with the dominant vegetation. The resulting
vegetation “‘tiles” share the same soil moisture variables,
but they have independent energy budgets and the
snow model is applied to each vegetation tile. We refer to
this configuration of the CLSM as multitile in the fol-
lowing sections.

c¢. Initial snow-cover parameterization

The multilayer, physically based snow scheme included
in the CLSM (Lynch-Stieglitz 1994) is of intermediate
complexity according to Boone and Etchevers’s (2001)
classification of snow schemes and has shown good
performance in different studies (Stieglitz et al. 2001;
Gascoin et al. 2009b; Koster et al. 2010). The snow
model vertically discretizes the snowpack into three
layers, and each of them is characterized by its heat
content, SWE, and snow depth (Lynch-Stieglitz 1994;
Stieglitz et al. 2001; Déry et al. 2004). As detailed in
Lynch-Stieglitz (1994), these variables vary in time by
means of three processes:

« heat transfer between the atmosphere and the snow-
pack surface layer (sublimation, condensation, or
sensible heat flux) and between each layer (thermal
diffusion);

o mass transfer between the atmosphere and the snow-
pack surface layer (precipitation) and between the
layers (meltwater); and

e snow compaction in each layer.

A threshold of SWE, Wy, of 13kg m~2, was set
to ensure a smooth transition between snow-free
and snow-covered conditions. When the SWE is less
than Wy,;,, the SCF of the catchment F is defined as
follows:
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where W is the snow water equivalent (kgm?) of the
catchment. Figure 5a displays the initial SCD. Once the
SWE reaches W ,,;, and stays above this value, the SCF is
equal to 1 and the snowpack grows vertically rather than
horizontally. The snow cover is assumed to remain
spatially uniform across the catchment, with depth being
spatially constant.

d. New snow-cover depletion curve with hysteresis

Aspect and slope also play a significant role during the
melt (Liston 2004), and accounting for the subgrid var-
iability of vegetation may not be enough to reproduce
the hysteresis demonstrated in section 2. Therefore, we
decided to introduce a hysteresis in the initial SCD using
a new parameter, Wy,.. During accumulation, the SCF
quickly increases with initial snowfall, and the relation-
ship between the SCF and SWE is the initial one [Eq. (2)].
During ablation, the SCF stays at full cover until SWE
drops lower than Wy,, at which point there is a more
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gradual reduction in SCF as in Fig. 3. The SCF is then
calculated as follows:

min (i, 1) if dW=0
F — min , (3)
min <l, 1) if dW<0
melt

where dW is the variation of SWE between two time
steps and W, is the new parameter characterizing the
ablation part of the curve. It should depend on terrain
aspect and topography, thus being catchment-specific,
but it was defined empirically in this study (see section
5d). Because of melt events occurring when accumu-
lation prevails, conditions related to the variation in
SWE were added to prevent a substantial decrease of
the SCF when melt events are small. Note also that the
melting rate is assumed to be uniform in each catch-
ment unit. This is not a limitation because the spatial
distribution of the melting rate can be refined by de-
creasing the catchment size.

4. Application to the Durance watershed
a. Topographic indices and surface parameters

The 25-m DEM was also used to calculate the topo-
graphic indices. Their minimum values in the upper
Durance River region are lower than in catchments lo-
cated downstream, indicating that the slopes are steeper.
This is in good agreement with Table 1, which shows
a high degree of topographic variability within each
catchment in this region.

Vegetation parameters (LAI, albedo, roughness length,
and soil depth) were extracted from the ECOCLIMAP
database. In addition to forests, grassland, and bare soil,
a small proportion of glacier remains in the upper Du-
rance watershed, according to ECOCLIMAP (2.5%), but
it is not taken into account in the CLSM. From the
fractions of sand and clay provided by ECOCLIMAP,
soil texture was defined using the U.S. Department of
Agriculture triangle from which soil parameters such as
porosity, hydraulic conductivity, matric potential at sat-
uration, and wilting point were deduced following the
values of Cosby et al. (1984).

b. Meteorological data

The systeme d’analyse fournissant des renseignements
atmosphériques a la neige (SAFRAN), a mesoscale at-
mospheric reanalysis over France (Quintana-Segui et al.
2008; Vidal et al. 2010), provides the seven meteorolog-
ical forcings needed by the CLSM at an hourly time step
and on a 8-km grid: rainfall (rain) and snowfall (snow),
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incoming longwave and shortwave radiation (LW | and
SW ), air temperature (7') and humidity (Q) at 2m, and
wind speed (V) at 10m. However, SAFRAN under-
estimates precipitation, especially snowfall (Lafaysse
2011). This could be explained by the scarcity of meteo-
rological stations at high altitudes and a poor capture
of snowflakes by rain gauges. Spatialisation des précipi-
tations en Zone de Montagne (SPAZM) is another me-
teorological reanalysis recently elaborated for the French
mountains (Gottardi 2009). This new analysis uses more
ground observations and a statistical approach that ac-
counts for the orographic effect on precipitation based on
weather patterns. Precipitation is 27% higher in SPAZM
than in SAFRAN, and the difference in precipitation can
reach 70% in the Massif des Ecrins (northwest of the
watershed) where snowfall is dominant. In addition to
being more realistic, this dataset has a finer resolution
than SAFRAN because it provides information on a
1-km grid. However, only daily mean temperatures and
precipitation are given.

A hybridization of SAFRAN and SPAZM was per-
formed to take advantage of the two datasets whose
characteristics are summarized in Table 2. It consists of
correcting and downscaling SAFRAN data based on
SPAZM monthly mean temperatures and precipitation
totals, using a method similar to that of Sheffield et al.
(2006). Biases of precipitation in SAFRAN were first
removed by scaling the hourly values so that their monthly
totals match those of SPAZM:

2P SPAZM(xsp’ysp)
ZPSAF(xsa’ysa)

P(xsp’ysp’h) = PSAF(xsa’ysa’h)

k)

4)

where xg, and yg, are the 1-km SPAZM grid cell co-
ordinates; xg, and yg,, are the 8-km SAFRAN grid cell
coordinates; & is the hour index; and XPspazm and
YPsar are the monthly SPAZM and SAFRAN pre-
cipitation totals, respectively.

The temperature data from SAFRAN were adjusted
to match the SPAZM monthly values by shifting the
SAFRAN hourly values by the difference between the
SPAZM and the SAFRAN monthly means in accor-
dance with

T(xsp’ysp’h) = TSAF(xsa’ysa’h)

+ [TSPAZM(xsp’ysp) - TSAF(xsa’ysa)] ’

®)

with Tspazm and Tsar being the monthly air tempera-
ture means.
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TABLE 2. Characteristics of meteorological datasets used in this study. Annual means of main variables are calculated over 1980-2009 for
the upper Durance watershed.

SAFRAN SPAZM DuO
T, Q, V, rain, snow, Tmin and Tax T, Q, V, rain, snow,
Variables LW/ and SW| precipitation LW/ and SW|
Spatial resolution 8km 1km 1km
Temporal resolution Hourly Daily Hourly
Availability 1959-2010 1955-2010 1959-2010
References Quintana-Segui et al. (2008) Gottardi et al. (2012) —
Annual means

T (°C) 34 4.5 4.5
Precipitation (mmyr~ ') 1022 1300 1300
0 (kgkg™h) 443 %1073 — 482 %1073
V (ms™") 1.7 — 1.7
LW| (Wm™?) 268 — 272
SW| (Wm™?) 174 — 174

To partition precipitation between rainfall and
snowfall, a threshold air temperature was set to 1°C. This
temperature is derived from Hingray et al. (2010), who
defined an empirical relationship between the pre-
cipitation phase and the temperature using 17 stations
located above 1000 m in the Swiss Alps. At this stage,
temperature, snowfall, and rainfall were obtained on
a 1-km grid and the mean elevation of the grid cell was
extracted using the 25-m DEM. From these variables,
assuming that relative humidity is held constant between
the SAFRAN and the SPAZM grid cells to avoid the
possibility of air supersaturation, we corrected specific
humidity and incoming longwave radiation using the
methods of Cosgrove et al. (2003) (see the appendix).
The values of wind and incoming shortwave radiation
on a SPAZM grid cell were kept equal to the values of
the SAFRAN grid cell to which they belong.

The resulting reanalysis, an hourly dataset of seven
meteorological variables on a 1-km grid, is called
Durance Météo (DuO). Its characteristics are listed in
Table 2. We verified that the daily distributions of pre-
cipitation and temperature between DuO and SPAZM
as well as the ratio of snowfall-rainfall between DuO
and SAFRAN are consistent. Using DuO meteorolog-
ical forcing improved the simulations of the water bud-
get, as it was shown in previous studies using other
hybridized datasets (Ngo-Duc et al. 2005; Dirmeyer
2005; Guo et al. 2006; Weedon et al. 2011).

According to the DuO dataset, the upper Durance
watershed receives approximately 1300 mm of precipi-
tation per year, of which 48% is snowfall, and its mean
temperature is about 4.5°C, with a range of —5° to 15°C
in a year. Temperatures and precipitation are marked by
an orographic effect, with temperatures being lower and
precipitation greater in catchments at higher elevations.
In addition to this orographic effect, precipitation is also
influenced by the westerly general circulation over

France; catchments located in the western part of the
upper Durance River watershed receive more precip-
itation than those located in the eastern part. Note that
snowfall varies greatly from year to year: as an example,
annual snowfall ranges from 250 to 850mmyr ! in

catchment 3.
c. Two independent validation datasets

Simulated SCFs were validated using the observed
SCFs derived from the MODIS images, as described in
section 2a, and observed daily discharges provided by
Electricité de France (EDF) were used to validate run-
off simulations. There are six gauging stations in the
upper Durance river watershed (Fig. 1, Table 1). Dis-
charges at the watershed outlet, depicted in red in Fig. 1,
were reconstructed; that is, the dam’s influences were
subtracted from observed discharges to reconstruct the
discharges that would be observed without human dis-
turbances. Because no routing procedure is included in
the CLSM, we averaged the runoff of the upstream
catchments over 10 days (a longer period than the resi-
dence time) to compare simulations with observations.
Then, the spatially weighted average of runoff was cal-
culated and the mean observed discharge over 10 days
was converted into runoff.

Discharge observations show a nival regime with highly
seasonal flows. The main peak flows occur in spring from
April to June, with two low flow periods, one in winter
during snow accumulation and another in summer when
precipitation is low.

5. Results

a. Modeling strategy

A set of numerical experiments (summarized in Table 3)
was conducted with the CLSM to understand the impacts
of different parameterizations on the water and energy
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TABLE 3. Main characteristics of the studied simulations. Multitile configuration accounts for the different types of vegetation present in
an elementary catchment according to ECOCLIMAP.

Simulation label Snow parameterization Winin Wnelt Vegetation
REF Initial 13 — Multitile
REF200 Initial 200 — Multitile
REF400 Initial 400 — Multitile
REF600 Initial 600 — Multitile
REF;orest Initial 13 — 100% forest
REF4s Initial 13 — 100% grassland
REF,, Initial 13 — 100% bare soil
HYST Hysteresis 13 Calibrated Multitile
HY STtorest Hysteresis 13 Calibrated 100% forest
HYSTa5 Hysteresis 13 Calibrated 100% grass
HYSTy, Hysteresis 13 Calibrated 100% bare soil

budgets. Two types of simulations were performed: the
first type, called REF, with the initial configuration of the
snow model, that is, Wit = Win, and the second, called
HYST, with the hysteresis in the SCF parameterization.
The value of W, should depend on the terrain hetero-
geneities but was calibrated here by comparison with dis-
charge observations to obtain the best performances using
the relative bias and the Nash—Sutcliffe coefficient.

The influence of vegetation on snowpack dynamics
was tested for both the REF and HYST versions. The
catchments are either partitioned into different tiles of
vegetation, referred to as multitile simulations, or cov-
ered with 100% of the same type of land cover, referred
to as single-tile simulations (Table 3). REF200, REF400,
and REF600 simulations were performed to test the
sensitivity of the CLSM responses to Wiyin.

Three hydrodynamic parameters related to the
TOPMODEL concepts used in the CLSM were cali-
brated for the HYST simulation following Gascoin et al.
(2009a): K, the saturated hydraulic conductivity at the
soil surface; v, characterizing the decay of the saturated
hydraulic conductivity with depth; and D, the depth to
bedrock. They were selected to give the best performances
in terms of runoff, low bias, and high Nash-Sutcliffe
coefficient for simulation HYST. All the simulations
mentioned above used the same set of hydrodynamic
parameters. After initializing the CLSM for 3yr, all
simulations were run for 30yr between August 1980
and July 2009.

b. Initial snow-cover parameterization

The REF simulation allows the coexistence of three
types of land cover—forests, grassland, and bare soil
(see Table 1)—within an elementary catchment via the
“mosaic” approach adopted in this study (section 3b).
Figure 6 shows that the duration of snow cover and the
maximum SWE strongly depends on the land cover. The
snowpack dynamics will indeed depend on vegetation via

two parameters, albedo and vegetation roughness length.
The albedo of the SCF is reduced by a snow-masking
depth depending on the vegetation type (Hansen et al.
1983). Evaporation and sublimation are enhanced by
turbulent fluxes (Brutsaert 2005) so that more sub-
limation is produced over vegetation with high roughness
length (i.e., small aerodynamic resistance) than over
vegetation with low roughness length. Because of these
two parameters, the development and duration of the
snowpack are different from tile to tile with identical
meteorological forcings.

The shape of the SCD initially implemented in the snow
model (Fig. 5a) is recognizable in the single-tile simula-
tions (REF orest, REF gras5, and REFy, in Figs. 6b—d), but it
is not recognizable in the REF simulation using a multitile
configuration (Fig. 6). The combination of different veg-
etation tiles, each influencing the snowpack dynamics
differently, leads to a vegetation-driven hysteresis in the
SCD at the catchment scale (Fig. 6a). Nevertheless, the
ablation part of this curve is mostly parallel to the ac-
cumulation part, while the analysis of MODIS data
(Figs. 2—4) suggests that the slopes of the two branches
should differ more.

In terms of runoff, the REF simulation gives a good
runoff volume with relative biases ranging from —5% to
8% for all catchments, but it shows a peak discharge that
starts too early and is sharper compared to the observed
runoff as shown in red in Fig. 7a. The simulated snow-
pack seems to melt faster than the real one.

Nevertheless, SCFs from the REF simulation show
good consistency with MODIS observations, as illus-
trated in Fig. 7b. The coefficient of correlation (r = 0.94)
calculated over 2000-09 between the simulated and
observed maximum snow extent over 8 days confirms
this result. Figure 7b also highlights a too sudden de-
crease in simulated SCFs when the snow melts, un-
covering the catchment 2-3 weeks earlier than the more
gradual decrease of observed SCFS. This early decrease
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FIG. 6. Snow-cover depletion curves as a function of vegetation configuration in the CLSM for catchment 3 calculated from August
2003 and July 2004. (a) The REF simulation is for all the different types of vegetation in the catchment. (b) The REF g4, () REForesi, and
(d) REFy, are for 100% grassland, forest, and bare soil, respectively. The parameter Wi,y in this catchment is equal to 300kgm ™2,

in simulated SCFs is in good agreement with the lag
previously noticed between observed and simulated
runoff and supports the assumption that melting pro-
cesses are not well represented in the CLSM.

c. Sensitivity to Win

To assess the influence of the SCF parameterization on
snowpack dynamics and on the water budget, we tested
the sensitivity of the runoff and the SCF simulation to Wi,
by increasing this parameter from 13 to 200, 400, and
600kgm 2 The value of W, was recently increased by

Reichle et al. (2011) to 26 kg m 2 to improve the stability of
the surface flux calculation when snow is present. Increasing
Win implies that more snow is needed on the catchment
to obtain a full snow coverage. Figure 7a shows that in-
creasing W, delays and attenuates the peak discharge.
The REF400 simulation is especially well synchronized
with the observations, and Nash-Sutcliffe coefficients in-
crease from 0.06 for the REF simulation to 0.47 for the
REF400 simulation. The bias between observations and
these two simulations, REF and REF400, tend to slightly
decrease, but no significant change is found in the volume.



APRIL 2014 MAGAND ET AL. 641
a) — OBS
D — REF
— REF200
= o 4 —— REF400
E REF600
E
5
c
>
o
O —

o
b) = 7
«© _|
o
|—|co_
J, o
L
S < |
o
AN
o
o <+
S -

I
2004

2005

I I
2006

FIG. 7. (a) Annual hydrograph simulated by the different REFs compared with observations of the mean monthly values calculated
from August 1980 to July 2009 in catchment 3 (colored and black lines, respectively). (b) Comparison between daily simulated SCFs
(colored lines) and maximum SCFs observed (black diamonds) over 8 days from MODIS images.

Despite these improvements regarding the runoff
simulation, simulations of SCFs with high W, are
significantly deteriorated and are too small compared
to the MODIS observations (Fig. 7b). As an example,
SCFs from simulation REF600 with the highest W,
never reach 100%, whereas observed SCFs do indicate
full or almost full snow coverage of the catchment in
winter. Correlation coefficients decrease from 0.88
when W, = 13 to 0.47 when W,,;, = 600. Yet, snow

stays longer in the catchment when increasing Wy,
which is consistent with the observations. Simulation
REF400, in which runoff is well phased compared to
the observed peak discharge, captures the melting part
of the SCFs’ evolution fairly well. These results show
that increasing Wy,;, does have an effect on the
snowmelt process and improves the runoff simulation,
but this is at the expense of the SCFs simulation that
underestimates the observations.
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catchment 3. (b) Comparison of SCF evolution between the same simulations and observations.

d. Introducing the hysteresis in the SCF
parameterization

The melt is not well simulated with the initial snow-
cover parameterization; this is likely because factors
other than vegetation, such as slopes and aspect, in-
fluence the evolution of the snow-cover extent. Imple-
menting the hysteresis in the SCD allows these factors to
be taken into account. Table 1 shows the different values
of Wie; calibrated for each catchment. As expected, the

upstream catchments most influenced by snow have
higher W, Figure 8a shows an improvement in the
peak discharge timing and rate between REF and HYST.
The peak discharge of the HYST simulation starts
later, lasts longer, and is thus closer to the observed
peak discharge.

Considering all gauged catchments, Fig. 9 shows how
closely the runoff and SCF simulations REF and HYST
match their respective observations (discharge at the six
gauging stations and MODIS images). The correlation
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coefficients for runoff simulations increase from REF to
HYST without deteriorating the normalized standard
deviation, reflecting the amplitude of the time series.
Therefore, Fig. 9 confirms that the dynamics of melt are
getting better for all gauged catchments of the upper
Durance. Besides, the bias remains within a satisfactory
range of values, although it slightly increases from REF
to HYST. Concerning the SCF simulations, no signifi-
cant difference between simulations REF and HYST is
shown, either in terms of dynamics (empty and full tri-
angles are more or less superimposed) or in terms of
volume (similar bias). As a consequence, the new SCF
parameterization leads to a more realistic runoff simu-
lation in all the studied catchments without a significant
deterioration of the SCF simulation.

In general, the introduction of the hysteresis maintains
more snow over the catchment during a longer period.
The maximum SWE over the catchment is on average
25% more important in the HYST simulation than in the
REF simulation, and the snow-covered period lasts an
average of 10 days longer (Table 4). At the end of spring,
the SCFs are sometimes overestimated by the HYST
simulation, as illustrated in Fig. 8b for 2003-04, leading
to a slight increase of the RMSE from REF to HYST.

Yet, on average, the coefficients of correlation re-
main around 0.9 for all catchments and become vari-
able when computed over individual years (Table 4).
MODIS observations are better reproduced by the
HYST simulation than by the REF simulation when the
amount of snowfall is low as in 2004-05. The annual
snowfall is 35% smaller than the mean amount over
2000-10; 40% of the snowfall occurs between October
and January, then almost no snowfall from January to
March, and an important snowfall event in April ac-
counting for 46% of the total amount of snowfall. The
low snowfall between January and March can be seen
in Fig. 8b in the observations and in both simulations.
This period of low snowfall is better simulated by
HYST with an SCF of 70% maintained over the catch-
ment, whereas REF strongly underestimates the snow-
cover extent. The high frequency of SCF values of 70%
in the two simulations, REF and HYST, especially at the
end of the snow season in 2003-04 and in 2005-06, is due
to the faster disappearance of snow over forests, as ex-
plained in section 5b.

The hysteresis implemented in the SCD modifies the
evolution of the SCF and, thus, the energy budget. The
increased duration of snow cover leads to a decrease of
net radiation (—8%) (more upward radiation), thus re-
ducing the energy available for the turbulent fluxes. As
a result, the mean surface temperature decreases by
0.8°C. The increased duration of snow cover also leads to
decreased transpiration and evaporation from bare soil
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TABLE 4. Comparison of the REF and HYST simulations and
MODIS observations (OBS) for the end of the snow-covered period,
maximum annual SWE, and the correlation coefficient calculated
for every year from August 2000 to July 2009 in catchment 3.

Max SWE
DOY < 5% (kgm™?) r?
Year OBS REF HYST REF HYST REF HYST
2000-01 314 298 314 535 527 086 0.84
2001-02 298 306 306 99 124 092 094
2002-03 290 290 298 267 267 085 0.0
2003-04 305 313 313 348 359 092 085
200405 298 290 290 69 97 083 0.89
2005-06 306 282 306 181 186 091  0.88
2006-07 298 306 306 63 146 090 091
2007-08 313 289 313 193 226 093 0.4
2008-09 322 290 322 369 376 089 087

(=2% and —9%, respectively) by preventing transpi-
ration from the vegetation and evaporation from bare
soil. The increase of the mean SWE is caused by the
increased duration of the snow cover and a slight de-
crease in sublimation (—2%). The decrease of these
components of evapotranspiration leads to an increase
in runoff (Fig. 9). Both energy and water budgets are
therefore impacted by the new SCF parameterization.

6. Discussion

To assess the impacts of the SCF parameterization
with hysteresis on each type of land cover and their
contribution to the changes noted at the catchment
scale, we performed three other simulations of type
HYST accounting for only one type of land cover (Table
3) as we did for type REF in the previous section. Figure 10
shows that changes between REF and HYST over bare
soil and grassland are in the same direction and contribute
the most to the changes of the multitile simulation HYST.
In contrast, the changes over forests are very small
and the introduction of the hysteresis does not really
impact the evolution of the snowpack. This could be
explained by the fact that an important difference be-
tween the three types of land cover is the repartition of
snowpack ablation between melt and sublimation. Over
forested areas (mainly needleleaf), sublimation losses
are important and account on average for 250 mmyr !
in the upper Durance watershed, that is, 45 % of the snow-
cover ablation is in good agreement with Lundberg et al.
(1998) and Pomeroy et al. (1998). In contrast, sublimation
losses account only for 4% and 7% of the snowpack ab-
lation over bare soil and grassland, respectively.

The parameter W, was introduced to strengthen the
hysteresis of the SCD at the catchment scale and is likely
to account for the influence of topography and aspect on
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the melting process. It is therefore normal that the im-
pacts of the SCF parameterization with hysteresis are
more important in tiles where melt is the dominant ab-
lation process. Moreover, Ellis et al. (2013) showed that
the effect of aspect (north or south facing) on melt is less
important in forests than in open landscapes such as bare
soil or grassland. This is again consistent with the fact
that forested areas are not impacted by the introduction
of the hysteresis in the SCF parameterization. In section
5d, we demonstrated that the parameter Wy, does
change the dynamics of the melt, but does not signifi-
cantly change the sublimation losses (only —2%), and
thus maintains the same repartition between melt and
sublimation in terms of volume.

The multitile configuration and the parameter W,y
represent two types of subgrid variability that do not
influence the snowpack in the same way. The multitile
configuration is mainly related to the subgrid sub-
limation variability, a process that occurs throughout the
snow season, especially at its beginning (Hood et al.
1999), whereas the parameter W, is related to the
melt occurring mainly at the end of the snow season.
Note that sublimation contributes to 18% of the snow-
cover ablation using the multitile simulation HYST and
that this is consistent with the values reported for mid-
latitude Alpine catchments, ranging between 15% and
20% (Kattelmann and Elder 1991; Marks et al. 1992;
Hood et al. 1999).

7. Conclusions

In this article, we first highlighted the differences in
dynamics between accumulation and depletion of the
snow cover in the Alps using MODIS snow-cover ex-
tent images. Indeed, we demonstrated that the SCF in-
creases faster than it decreases. The use of snow-depth
measurements allowed us to confirm that the difference
between SCF accumulation and ablation rates is due to
the existence of a hysteresis in the SCD at the catchment
scale, as Swenson and Lawrence (2012) and Luce et al.
(1999) highlighted in other environments. We then
applied the CLSM in the upper Durance watershed.
Although, the initial snow-cover parameterization of
the CLSM captures the overall evolution of the SCFs
fairly well, it cannot reproduce the melting period. The
catchment is uncovered a few weeks earlier than in the
MODIS observations, and the spring thaw is not well
simulated.

We demonstrated the efficiency of introducing a hys-
teresis in the SCD to correctly simulate melting events
and the dynamics of snow-cover extent. This led to
a great improvement in reproducing the timing and
shape of the spring thaw. It also increased the duration
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of the snow cover in agreement with the MODIS ob-
servations and improved the simulation of the SCF
evolution in years with a small amount of snowfall. This
is important given that less snow is expected in these
regions because of climate change.

However, we noted an overestimation of the simu-
lated SCFs compared to MODIS images at the end of
spring. This may be related to a shortcoming of the
model in which the snow depth is assumed to be uni-
form. Hence, when snow falls on a heterogeneous snow
cover (SCF < 1), the resulting SWE is uniformly redis-
tributed, leading to stronger insulation, and thus lower
surface temperatures during snowmelt, than if the
memory of heterogeneous snow depths was kept. It is
noteworthy that the resulting snow-depth heterogene-
ities can be enhanced by the so-called windblown effect,
which leads to redistributing snow and increasing sub-
limation, especially at high altitudes, where wind speed
is high (Liston 2004; Strasser et al. 2008; Gascoin et al.
2012). Two strategies could be explored to solve this
problem, either by using the CLSM at a much higher
resolution or by introducing a statistical distribution of
snow depth within the elementary catchments following
(Liston 2004). Part of the discrepancies between the
model and the observations may also be due to the lack
of explicit representation of the snow/vegetation in-
teractions in the CLSM snow scheme, especially in for-
ested zones (Rutter et al. 2009).

Anyway, the new snow-cover parameterization in-
troduced in this paper allowed us to get a satisfactory
simulation of both runoff and snow-cover extent with-
out increasing the computational load. The parameter
Wer Was calibrated for simplicity, but it should depend
on morphological features of the catchment, such as
mean elevation, elevation range, terrain roughness, or
hillslope orientation. A generic application of the pa-
rameterization would thus require us to find a relation-
ship between these morphological parameters and
Wer, which might benefit from the use of hydrologi-
cal catchment as elementary land surface units in the
CLSM. The combination of such a relationship with the
physically based snow description and the multitile con-
figuration of the CLSM would then offer an approach
that is flexible enough to account for various impacts of
global change on snow dynamics and water resources in
Alpine environments, from climate change to land cover
change.
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APPENDIX

Equations for Meteorological Dataset Construction
a. Air pressure

Surface air pressure is determined from elevation
using

M
P(z) =P, exp(—gRYf' z), (A1)
where Py is the surface air pressure at sea level (Pa), g is
the gravitational constant (ms~2), M, is the air molar
mass (kgmol '), R is the gas constant (JK 'mol '),

and T is the air temperature (K). The temperature is
considered equal to 15°C (Allen et al. 1998).

b. Air specific humidity

It is important to modify specific humidity when
changing air temperature to avoid the possibility of su-
per saturation. Like Cosgrove et al. (2003), we assume
that the relative humidity is held constant between the
SAFRAN and the SPAZM grid cells.

Tyl
RH = {q(sl’) 100

qsat(zsp’ t) qsat(zsa’ [)

_ [q(“)} 100, (A2)

where z, is the elevation of the SAFRAN grid cell and
Zsp 1s the elevation of the SPAZM grid cell. The specific
humidity in the SPAZM cell is calculated from Eq. (A2)
and from the value given by SAFRAN.

The specific humidity at saturation gy, is then calcu-
lated as follows:

0.622e,

s A3
P—0378¢, (A3)

qsat =
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where ¢, is the vapor pressure (hPa).

There are many empirical equations to determine
vapor pressure; the one we use comes from the refer-
ence report about evapotranspiration written by Allen
et al. (1998):

17.27(T — 273.15)
(T —273.15) +237.3]

e, =6.108 exp (A4)

c. Incident longwave radiation

Incident longwave radiation IR | is described by the
Stefan-Boltzmann law. Brutsaert (1982) simplifies this
equation as follows:

IR| = ¢,.0T;, (A5)

where ¢ is the Stefan-Boltzmann constant, equal to
5.6704 X 10 W m ™ 2K~ % T, is the air temperature (K);
and e, is atmospheric emissivity under clear skies, es-

timated using
e \ 17
€, =124 <T“) .

a

(A6)

In this equation, e, is the vapor pressure (mb) equal to

e,= %D, (A7)
with g being the specific air humidity, P being the sur-
face air pressure, and ¢ being the ratio between the
water and air molar masses. We assumed that the vari-
ation of emissivity with elevation is similar whether the
sky is clear or clouded:

€ac (Zsp) _ n (Zsp)
6ac(zsa) €n (Zsa) ’

(A8)

where ¢, is the emissivity accounting for cloudiness.

By combining the equations listed above, the incident
longwave radiation is calculated according to the fol-
lowing equation:
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RUGg) = oT(z,, )"
sa’

IR | (zg,,1) | 4(24pr DP(2p) T (2, 1)
(24 OP(23,) T (255 1)

] oT(zg 1) (A9)
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