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 2 

Abstract 22 

Degree-day factors are widely used to estimate snowmelt runoff in operational 23 

hydrological models. Usually, they are calibrated on observed runoff, and sometimes on 24 

satellite snow cover data. In this paper, we propose a new method for estimating the snowmelt 25 

degree-day factor (DDFS) directly from MODIS snow covered area (SCA) and ground-based 26 

snow depth data without calibration. Subcatchment snow volume is estimated by combining 27 

SCA and snow depths. Snow density is estimated as the ratio between observed precipitation 28 

and changes in the snow volume for days with snow accumulation. Finally, DDFS values are 29 

estimated as the ratio between changes in the snow water equivalent and difference between 30 

the daily temperature and the melt threshold value for days with snow melt. We compare 31 

simulations of basin runoff and snow cover patterns using spatially variable DDFS estimated 32 

from snow data with those using spatially uniform DDFS calibrated on runoff. The runoff 33 

performances using estimated DDFS are slightly improved, and the simulated snow cover 34 

patterns are significantly more plausible. The new method may help reduce some of the 35 

runoff model parameter uncertainty by reducing the total number of calibration parameters. 36 

This method is applied to the Lienz catchment in East Tyrol, Austria, which covers an area of 37 

1198 km2. Approximately 70% of the basin is covered by snow in the early spring season.  38 



 3 

1  Introduction 39 

Mountain watersheds serve as important water sources by providing fresh water for 40 

downstream human activities (Viviroli et al., 2003; Langston et al., 2011). As a result of 41 

snow and glacier melt, the magnitude and timing of runoff from these watersheds tend to be 42 

very sensitive to changes in the climate (Immerzeel et al., 2009; Jeelani et al., 2012). Changes 43 

of melt runoff may even affect the sustainable development of downstream cities in the long 44 

run (Verbunt et al., 2003; Zhang et al., 2012). Modeling snow and glacier melt runoff 45 

processes is therefore quite important for local water supply, hydropower management and 46 

flood forecasting (Klok et al., 2001). However, melt runoff modeling in such regions faces 47 

two challenges: scarcity of meteorological data and uncertainty in parameter calibration due 48 

to limited understanding of the complex hydrological processes. 49 

Melt runoff models generally fall into two categories: energy balance models, and 50 

temperature-index models (Rango and Martinec, 1979; Howard, 1996; Kane et al., 1997; 51 

Singh et al., 2000; Fierz et al., 2003). Temperature-index models operating on a basin wide 52 

scale are much more popular for operational purposes due to the following four reasons 53 

(Hock, 2003): (1) wide availability of air temperature data, (2) relatively easy interpolation 54 

and forecasting possibilities of air temperature, (3) generally good model performance and (4) 55 

computational simplicity. The temperature index model is based on an assumed relationship 56 

between ablation and air temperature and calculates the daily snowmelt depth, M (mm/d), by 57 

multiplying the difference between daily temperature and the melt threshold value, T-To (℃/ 58 

d), with the degree-day factor of snow, DDFS (mm/d/℃) (Howard, 1996). To is a threshold 59 

temperature for snowmelt. The temperature index model implies a consistent contribution of 60 

each of the heat balance components (including radiation, sensible heat, latent heat and 61 

ground heat fluxes). Any changes in climate conditions and the underlying basin 62 

characteristics will affect the relative contributions of the heat balance components and cause 63 

variations of the DDFS (Lang and Braun, 1990; Ohmura, 2001). The study of Kuusisto (1980) 64 

in Finland found DDFS to increase sharply in early April, approximately doubling during this 65 

month due to increasing solar radiation. Singh and Kumar (1996) and Singh et al. (2000) 66 

demonstrated a seasonal decrease of DDFS with increasing albedo due to seasonal changes of 67 
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land surface characteristics. Spatial variations of basin topography, such as elevation, terrain 68 

slope, aspect and terrain shading change the spatial energy conditions for snowmelt and lead 69 

to significant variations of DDFS (Marsh et al., 2012; Bormann et al., 2014). Generally, 70 

regions with a large contribution of sensible heat flux to the heat balance tend to have low 71 

degree-day factors (Hock, 2003). DDFS are expected to increase with increasing elevation and 72 

increasing snow density (Li and Williams, 2008). Forest regions often have lower values of 73 

DDFS than open regions (Rango and Martinec, 1995). The identification of DDFS has been an 74 

important yet complex issue for the application of the temperature-index model for snowmelt 75 

runoff modeling. 76 

Quite a few studies estimated the degree-day factor from observed snow water 77 

equivalent (SWE) data. Martinec (1960) measured SWE with radioactive cobalt and 78 

computed the DDFS as the ratio between SWE and difference between daily temperature and 79 

the melt threshold value. Rango and Martinec (1979, 1995) obtained degree-day factors from 80 

empirical regressions with snow density. Kane et al. (1997) estimated degree-day factors by 81 

calibration against point-measured SWE in a 2.2 km2 catchment. Daly et al. (2000) merged 82 

interpolated point-measured SWE with snow covered area derived from satellite data to 83 

obtain spatial snow water equivalent and estimated spatially distributed DDFS by calibration 84 

to spatial snow water equivalent. Bormann et al. (2013, 2014) coupled the method developed 85 

by Sturm et al. (2010) to estimate snow density as the ratio between point-measured SWE and 86 

snow depth data with the empirical relationship between DDFS and snow density of Rango 87 

and Martinec (1995) to estimate daily variable DDFS. In these methods, detailed observations 88 

of snow water equivalent in the basin are needed. However, observations of snow water 89 

equivalent are only representative of a small subset of the spatial domain, and observations 90 

tend to be scarce at high elevations (Hamlet et al., 2005).  91 

Another method of estimating the DDFS is treating it as a hydrologic model parameter 92 

and calibrating it on observed hydrological data. Most commonly, runoff is used for 93 

calibrating DDFS (Hinzman and Kane, 1991; Klok et al., 2001; Luo et al., 2013). The 94 

drawback is that catchment runoff is not usually a good indicator of the spatial snow cover 95 

distribution (Blöschl et al., 1991a,b; Bach et al., 2003; Liu et al., 2012 etc.). Advances in 96 

remotely sensing techniques help provide more practical information for the calibration of 97 
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DDFS. There have been numerous comparisons between satellite snow cover products (e.g. 98 

Hall et al., 2000, 2002; Maurer et al., 2003; Lee et al., 2005; Hall and Riggs, 2007). In 99 

particular, MODIS snow covered area (SCA) products have been demonstrated to be of good 100 

quality and have been widely used in alpine hydrological modeling (Klein and Barnett, 2003; 101 

Dery et al., 2005; Andreadis and Lettenmaier, 2006; Wang et al., 2008; Georgievsky, 2009). 102 

Subsequently, a number of studies tested the potential of MODIS snow cover data for 103 

calibrating and validating snowmelt models (e.g. Dery et al. (2005), Tekeli et al. (2005), 104 

Udnaes et al. (2007), Parajka and Blöschl (2008a)). A review is provided by Parajka and 105 

Blöschl (2012). The authors generally found that including snow cover data in the model 106 

calibration improved the snow simulations. Most of these studies calibrated the DDFS on 107 

combined objective functions involving observed runoff and snow cover data. This makes it 108 

hard to obtain spatially variable DDFS because of the limited availability of spatially 109 

distributed runoff data. It is also important to note that the calibration of DDFS can be 110 

significantly affected by other model parameters due to the interdependency of the parameters 111 

and the nature of objective functions that reflect the joint effects of all the model parameters 112 

in a holistic way. The optimization procedures may there induce significant uncertainties in 113 

the parameter estimates (Kirchner, 2006), if insufficient attention is paid to the physical 114 

catchment characteristics (including elevation, vegetation coverage, and snow density etc.) 115 

affecting the value of DDFS (Bormann et al., 2014). 116 

In mountain watersheds, distributed hydrologic models are more widely applied than 117 

lumped models due to the large spatial variability. Degree-day factors estimated from point 118 

measurements or spatially uniform values from calibration are not likely representative for the 119 

entire catchment. An increasing need for spatially distributed estimation of DDFS has been 120 

identified (Hock, 1999; Nester et al., 2011). However, only few studies have attempted to 121 

develop temperature-index methods in a distributed manner (Cazorzi and DallaFontana, 1996; 122 

Williams and Tarboton, 1999; Daly et al., 2000 etc.). Most of them computed the DDFS as a 123 

function of a radiation index, snow albedo, rainfall rate, elevation, snow density or wind 124 

speed, which are heavily affected by topography, thus addressing the spatial variability of 125 

snowmelt in mountain terrain (Dunn and Colohan, 1999; Hock, 2003). However, due to the 126 

complex interactions between atmospheric and surface characteristics affecting the 127 
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degree-day factor, the relationship between DDFS and these characteristics is still not very 128 

well understood.  129 

The objective of this study is to propose a new method for estimating spatial patterns of 130 

DDFS from MODIS data in mountain catchments. In comparison to traditional methods, the 131 

DDFS is not calibrated to observed runoff and snow water equivalent data, but directly 132 

estimated from MODIS snow covered area and snow depth data alone. Snow depths can be 133 

more widely measured in the field than snow water equivalent. For example, Environment 134 

Canada gauges snow depth at 1556 sites, but snow water equivalent only at 27 sites. Similarly, 135 

the U.S. Weather Service and the Swiss Service measure many more depths than water 136 

equivalents (Johnson and Schaefer, 2002; Zhou et al., 2005; Sturm et al., 2010). The new 137 

proposed method differs from existing estimation methods of DDFS in a number of ways: 138 

First, snow water equivalent is estimated from MODIS snow cover, snow depths and 139 

precipitation data, so there is no need for snow water equivalent measurements which are 140 

difficult to obtain in most mountain watersheds. Second, DDFS is estimated on a 141 

subcatchment scale rather than on a point scale as in most traditional estimation methods. 142 

Third, the study extends the idea of partitioning hydrological time series to explore hidden 143 

hydrological information of He et al. (2014) to the case of snow data. The methodology is 144 

tested in a mountain basin in Austria. 145 

The remainder of this paper is organized in the following way: Section 2 details the 146 

estimation method of spatial snow density and the snowmelt degree-day factor, as well as the 147 

stepwise calibration method for the model parameters. Section 3 contains a description of the 148 

geographic and hydrological characteristics of the study basin, including the main data 149 

sources and data preprocessing. Section 4 presents the main simulation results and 150 

comparisons between the hydrologic model performance using DDFS estimated from snow 151 

data and DDFS calibrated on runoff. Finally, section 5 provides a summary of the study, and 152 

discusses possible sources of uncertainty in the results and further applications of the new 153 

estimation methods of degree-day factors. 154 

2  Methodology 155 

The main idea of estimating the degree-day factor is as follows. The volume of snow for 156 

each subcatchment and each day is estimated using MODIS SCA data and ground-based snow 157 
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depth time series. The snow volume time series are partitioned in time into three groups, 158 

based on the daily air temperatures: days with snow accumulation (when temperatures are 159 

below a threshold), days with ablation (when temperatures are above a different threshold) 160 

and days where both processes occur (when temperatures are between the thresholds). Snow 161 

density is estimated from the days with snow accumulation as the ratio between measured 162 

precipitation and changes in snow volume. The degree-day factor is estimated from the days 163 

with ablation as the ratio between measured changes in snow water equivalent (product of 164 

snow volume and density) and the difference between daily temperature and the threshold 165 

value.  166 

For comparison, DDFS is calibrated on runoff using a semi-distributed hydrological 167 

model--THREW which has been applied in several studies (Tian et al., 2006,2008,2012; Mou 168 

et al., 2008; Li et al., 2012). The calibration follows the stepwise procedure developed by He 169 

et al. (2014) but was slightly modified because of the local characteristic of the study basin 170 

(see Section 2.2). The study basin is divided into 95 subcatchments for the simulations.  171 

The estimated degree-day factors are tested by simulations of basin runoff and snow 172 

cover patterns. The study period for which the analyses are performed is ten years, 2001-2010. 173 

2001 to 2005 is the calibration period and 2006 to 2010 is the validation period. 174 

2.1  Estimation of degree-day factor from snow data 175 

The observed snow data used to estimate the degree-day factor, DDFS, are snow covered 176 

area (SCA) products and ground-based snow depths. Firstly, we obtain the volume per area of 177 

snow in each subcatchment and for each day by Vs=SCA·Ds, where Ds is the average snow 178 

depth. Since the average snow depths tend to overestimate the snow covered area, therefore 179 

the multiplication with SCA is needed to compensate for the biases. In a next step, the change 180 

of snow water equivalent (SWE) between two days, s
s

dSWE dV

dt dt
  , is attributed to three 181 

snow processes according to Eq. (1a-c).   182 

,                            for                Accumulation   (1a)   

,                   for        Combination     (1b)  

( ),    for                Ablation      

S

s
s s S R

m R

P T T
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     (1c) 







 183 

where, ρs is the snow density, P is daily precipitation, PS is daily snowfall, M is daily 184 

snowmelt depth, TS is the temperature threshold below which all precipitation is in the form of 185 
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snowfall, TR is the temperature threshold above which all precipitation is liquid, and Tm is the 186 

temperature threshold controlling the occurrence of melt. Tm usually falls between TS and TR. 187 

Rainfall and snowfall in the temperature window between TS and TR are simply estimated as 188 

half of the total precipitation. The value of the three temperature thresholds are set as Tm =TS = 189 

0.0℃ and TR =2.5℃ in this study following Parajka et al. (2007). The Vs time series are 190 

partitioned into three segments, i.e. accumulative segment, a combination segment and an 191 

ablative segment according to Eq. 1a-c.  192 

The snow density (ρs) is calculated from the days with accumulation based on the 193 

observed Vs and P according to Eq. 1a. As the snow cover volume can still change after 194 

snowfall events due to gravity and condensation, snowfall events that produce a stable snow 195 

cover volume are selected for the estimation of snow density. Therefore, snowfall events in 196 

the accumulative segment that ended by at least three no-snowfall days, and where the 197 

relative difference of the Vs value between the last three no-snowfall days is lower than 10%, 198 

are selected for the calculation of snow density. In these events, the cumulative snowfall (ΔPs) 199 

is the sum of the daily precipitation values, and the change of snow cover volume (ΔVs
*) is the 200 

difference of the Vs values between the last no-snowfall day and the first snowfall day. Snow 201 

density in each event is obtained as ρs =ΔPs /ΔVs
*. This calculation is carried out for each 202 

subcatchment. A representative value of the density for each subcatchment is estimated as the 203 

average of all event values, neglecting any changes of density during snow melt. While this is 204 

a simplification, it should be noted that the melt period is often interrupted by accumulation 205 

events, thus the differences between accumulation and ablation densities are not considered to 206 

be very large.  207 

The snowmelt degree-day factor DDFS is calculated from days with ablation based on 208 

changes in the snow water equivalent and air temperatures according to Eq. 1c. The change of 209 

snow water equivalent between days is calculated as ΔVs•ρs, where the density ρs estimated 210 

above is used. The degree-day temperature is calculated as the difference between the daily 211 

temperature (T) and the threshold value (Tm). Daily DDFS value are then estimated as 212 

DDFs =
d𝑉𝑠

dt
∙

𝜌s

𝑇 −𝑇𝑚 
.Again, a representative value of the degree-day factor for each 213 

subcatchment is estimated as the average of all event values. Both the estimations of snow 214 
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density and DDFS are carried out in the two sub-periods (2001-2005 and 2006 to 2010) 215 

separately. 216 

2.2  Calibration of degree-day factor on runoff by a hydrologic model 217 

The runoff generation processes simulated by the THREW model includes subsurface 218 

baseflow, rainfall runoff, snowmelt and glacier melt. Rainfall runoff is simulated by a 219 

Xin’anjiang module, which adopts a water storage capacity curve to describe the non-uniform 220 

distribution of water storage capacity in a subcatchment (Zhao, 1992). The storage capacity 221 

curve is determined by two parameters (spatial averaged storage capacity WM and shape 222 

coefficient B). Rainfall runoff is generated on areas where the storage capacity is reached. 223 

The remainder of the rainfall infiltrates into the soil and becomes an additional contribution to 224 

subsurface baseflow which is calculated by two outflow coefficients (KKA and KKD). Snow 225 

and glacier melt are simulated by a degree-day model with different degree-day factors 226 

(DDFS and DDFG, respectively). Precipitation in the snow covered areas is divided into 227 

rainfall and snowfall according to two threshold temperature values (0℃ and 2.5℃ are 228 

adopted in this study). Between the two thresholds, mixed snow and rain is assumed to occur. 229 

Snow water equivalent in each subcatchment is updated daily with snowfall and snowmelt, 230 

while the glacier area is assumed to be stable during the study period. The model parameters 231 

are grouped according to the runoff generation mechanisms, i.e., a subsurface baseflow group 232 

(KKA and KKD), a snowmelt group (DDFS), a glacier melt group (DDFG) and a group where 233 

rainfall directly becomes runoff (WM and B) (see He et al. (2014)). Each parameter group is 234 

calibrated separately in a stepwise way by manual calibration. The stepwise calibration is 235 

similar to that proposed by He et al. (2014). In a first step, the hydrograph is partitioned 236 

according to three indices, Si, Gi, Di, which are defined as 0 or 1 (Eq. (2)-(4)) according to the 237 

water source for runoff generation on each day (subsurface baseflow, snowmelt, glacier melt 238 

and rainfall). Next, each parameter group is related to an individual hydrograph partition and 239 

calibrated on the corresponding partition separately. 240 
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241 

where, i is the day index, Si, Gi and Di are the indices indicating the occurrence of snowmelt, 242 

glacier melt and rainfall runoff, respectively. Values equal to 1 indicate that snowmelt, glacier 243 

melt and rainfall runoff, respectively, can be a water source for runoff generation on that day. 244 

Values equal to 0 indicate that this is not the case. Tj is the daily temperature in the 245 

subcatchment j, T’j is the daily temperature in the glacier covered part of subcatchment j, n is 246 

the number of subcatchment that are covered with glacier, and Pj is the daily precipitation in 247 

subcatchment j. Based on the daily values of the three indices, the daily hydrograph is 248 

segmented into four partitions in Eq. (5): 249 

,                                  for 0

,                        for 1
    (5)

,             for 1

,     for 1

SB i i i

SB SM i i i

SB SM GM i i

SB SM GM R i

Q S G D

Q Q S G D
Q

Q Q Q G D

Q Q Q Q D

  


   
 

   
    

 250 

where, QSB stands for the subsurface baseflow. It dominates the basin hydrograph when both 251 

melt water and rainfall runoff do not occur (Si+Gi+Di=0). QSM represents snowmelt, QGM 252 

represents glacier melt water and QR represents the direct rainfall runoff. The partition is 253 

based on the assumption that the convergence time of drainage in the basin is no longer than 254 

one day. 255 

The parameter groups are calibrated on different partitions in a stepwise way: The 256 

parameter group controlling subsurface baseflow is first calibrated on the QSB partition. Then, 257 

the degree-day factors for snowmelt and glacier melt are calibrated on the QSB+QSM  and 258 

QSB+QSM +QGM partitions separately. Parameters for rainfall runoff are calibrated on the 259 

QSB+QSM +QGM +QR partition in a last step. We use logRMSE as the goodness of fit measure 260 

for the calibration of subsurface baseflow and RMSE for the calibration of degree-day factors 261 

and rainfall runoff parameters. Finally, we combine the simulations of each partition to obtain 262 
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the entire daily simulation of basin discharge and evaluate it using NSE, logNSE, VE and a 263 

combined performance measure ME (Eq. (6)-(9)). 264 
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 265 

2.3  Evaluation of estimated DDFS from snow data 266 

The estimated values of DDFS are evaluated in the study period by applying their value 267 

in the THREW hydrological model and comparing the new simulations of runoff and snow 268 

cover patterns with those obtained by DDFS calibrated on runoff. The evaluation is carried out 269 

in three basins with different catchment area, elevation and glacier melt contributions to the 270 

total runoff. The ME values of daily discharge simulation and RMSE values of the simulation 271 

of the snowmelt dominated hydrograph partition (QSB+QSM) in the three basins are used to 272 

evaluate the performance of the runoff simulation. The fit between simulated and observed 273 

SCA series and spatial snow cover patterns by MODIS is used to assess the simulations of 274 

snow cover. 275 

3  Data 276 

3.1  Study area 277 

The methodology is evaluated in the Lienz catchment which is located in East Tyrol, 278 

Austria, and covers an area of 1198 km2. Its elevations range from 670 m a.s.l. to 3775 m 279 

a.s.l., and approximately 7% of the region is covered by glacier (Fig. 1). Its annual mean 280 

temperature is approximately 1.7 ℃, and annual mean precipitation is about 1164 mm. 281 

Snowmelt water is an important water source for local runoff generation, especially in the 282 

spring season when approximately 70% of the basin is covered by snow (Blöschl et al., 1990). 283 
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The topographic feature of the basin is depicted by a 25 m resolution Digital Elevation Model 284 

which is used to divide the study basins into subcatchment units. The three basins (Lienz, 285 

Waier and Innergschloess, see Fig. 1) in the study area are further divided into 95 286 

subcatchments, 29 subcatchments and 9 subcatchments respectively for the hydrological 287 

modeling. The runoff concentration time can be considered as approximately one day in this 288 

catchment (Blöschl et al., 1990). 289 

3.2  Snow data 290 

The MODIS snow covered area (SCA) data used in this study is the daily product, i.e. 291 

MOD10A1 and MYD10A1 (V005) (Hall et al., 2006 a, b). It has been downloaded from the 292 

website of the National Snow and Ice Data Center (NSIDC, www.nsidc.org). The used data 293 

set has a spatial resolution of 500 m and consists of daily snow cover maps from 1 January 294 

2001 to 31 December 2010. The original Terra and Aqua products were merged in space and 295 

time to reduce cloud coverage by Parajka and Blöschl (2008b). Only the MODIS SCA data 296 

for those days when the cloud coverage of the basin was less than 50% after the merging 297 

procedure are used. To obtain a continuous time series of SCA, we implemented a linear 298 

interpolation between two valid SCA values.  299 

Snow depth data observed at 1091 stations in Austria (7 stations in the study area) are 300 

spatially interpolated by external drift kriging based on elevation. The resulting data product 301 

has a spatial resolution of 1 km. Snow depth in each subcatchment is the average value of all 302 

the 1×1km pixels inside.  303 

3.3  Hydrologic model inputs  304 

The daily precipitation data are spatially interpolated by external drift kriging from 1091 305 

stations in Austria (7 stations in the study area). The temperature data are interpolated by the 306 

least-squares trend prediction method from 221 stations in Austria (6 stations in the study 307 

area). Both methods using elevation as an auxiliary variable (see Parajka et al. (2005)). Daily 308 

streamflow data from three hydrological stations are used, Lienz, Waier and Innergschloess, 309 

which drain areas of 1198 km2, 285 km2 and 39 km2 respectively (see Fig. 1). The datasets 310 

used in this study consist of two sub-periods, the first is a calibration period from January 1, 311 

2001 to December 31, 2005 and the second is a validation period from January 1, 2006 to 312 

December 31, 2010. 313 

http://www.nsidc.org/
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4  Results  314 

4.1  Snow density and DDFS 315 

Based on Eq. (1a) and (1c), we obtained the snow densities and snowmelt degree-day 316 

factors (DDFS) for each subcatchment in the Lienz basin. For example, Figs 2 and 3 show the 317 

spatial distribution of the snow density and DDFS estimated in the calibration period. Figure 2 318 

indicates that subcatchments in upstream have higher snow density and DDFS values than that 319 

in downstream. Figure 3 represents the relationships between snow density and elevation, and 320 

DDFS and elevation. Leaf area index (LAI) data from MODIS land cover products are used to 321 

describe the vegetation coverage in each subcatchment in Fig. 3. Each dot stands for a 322 

subcatchment, and its size reflects the annual mean LAI over the study period of the 323 

corresponding subcatchment. The estimated values of snow density range from approximately 324 

0.1 to 0.6 g/cm3 with a mean value of 0.3 g/cm3. The estimated values of DDFS range from 325 

about 1.6 to 4.5 mm/d/°C with an average of 2.7 mm/d/℃. DDFS values in the medium sized 326 

Waier basin mainly fall into a range of 2.0-3.0 mm/d/℃, while in the smallest basin, the 327 

Innergschloess, they fall into a range of 2.0-4.0 mm/d/℃(see Fig. 2). Generally, both the 328 

snow density and DDFS values increase with increasing elevation (see Fig. 3), as would be 329 

expected. The value of snow density can be affected by the duration of the snow cover. In 330 

high elevation subcatchments, temperatures tend to be lower which leads to more snowfall 331 

and more opportunity for compaction and settling which, in turn, tends to result in higher 332 

snow densities (Rango and Martinec, 1995). The spatial pattern of DDFS can be attributed to 333 

the interaction of climate and basin topography as well as vegetation: At higher elevations, 334 

soils tend to be thin and air temperatures tend to be low, which are unfavorable conditions for 335 

the growth of vegetation. Therefore, the share of latent heat of transpiration in the energy 336 

balance is lower. Lower temperatures at higher elevation also reduce the share of sensible 337 

heat (Musselman et al., 2012). Coupling with a stronger solar radiation due to lower 338 

cloudiness, stronger snowmelt is produced at higher elevations relative to the difference 339 

between daily temperature (T) and the threshold value (Tm). Higher elevations are also 340 

associated with steep terrain which reinforces the melt rate by increasing the solar incident 341 

angle on the south facing slopes (Blöschl et al., 1991a,b; Blöschl and Kirnbauer,1992). At 342 

lower elevations, climate conditions are favorable for the growth of vegetation, which 343 
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produce a higher share of latent heat by transpiration and restrain the snowmelt. On the other 344 

hand, higher vegetation canopies may contribute to higher soil water contents which may 345 

increase the albedo of the land surface and may reduce the energy available for snowmelt 346 

(Kuusisto, 1980). The moist soil can also enhance the temperature gradient and create sharp 347 

gradients in sensible heat fluxes (Entekhabi et al., 1996) and allow fast redistribution of soil 348 

moisture at small scales (Western et al., 1998). Changes of the heat conditions in the near 349 

surface atmosphere in turn may change the soil moisture state and may promote vegetation 350 

growth. The spatial variability of snow density and DDFS is likely the combined result of a 351 

number of factors, including slope aspect, wind speed and shading, in addition to elevation 352 

and vegetation. 353 

4.2  Transferability in time of the estimated DDFS 354 

The data set used in this study has been divided into two sub-periods: calibration period 355 

from 1 January 2001 to 31 December 2005 and validation period from 1 January 2006 to 31 356 

December 2010. The average annual precipitation is 1126 mm in the calibration period, and 357 

1238 mm in the validation period. The mean daily temperature is 2.28℃ in the calibration 358 

period, and 2.59℃ mm in the validation period. Mean daily snow coverage from MODIS is 359 

approximately 10% in the calibration period, and about 12% in the validation period. 360 

Although the difference of the climate and snow cover conditions in the two periods is small, 361 

it can still play a role in the snowmelt processes. Therefore, we re-estimated the value of 362 

snow density and DDFS using the climate data and MODIS snow data in the validation period 363 

and compared the new estimated DDFS set with that estimated using data in the calibration 364 

period in Fig. 4. The comparison shows that the two estimated sets of DDFS and snow density 365 

(SD) are slight different due to the different climate and snow cover conditions in the two 366 

sub-periods. However, the correlation coefficients between the two estimated DDFS sets and 367 

that between the two SD sets are both high, i.e. 0.802 for the DDFS and 0.720 for the SD (see 368 

Fig. 4), which indicates that both the two estimated DDFS sets and two SD sets are consistent 369 

in the two sub-periods. There is no significant systematic bias for the estimated DDFS and SD. 370 

This suggests the transferability in time of the estimated DDFS in the whole study period. To 371 

further test its transferability in time, we applied DDFS values estimated in one period for the 372 

simulation of basin discharge and snow cover in the other period. For example, in the 373 
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following Section 4.4, we used the DDFS set estimated by snow data in the calibration period 374 

(2001 to 2005) for the model simulation in the validation period (2006 to 2010).  375 

4.3  Stepwise calibration 376 

Model parameters in the three basins are calibrated on the corresponding hydrograph 377 

partitions separately (see He et al. (2014)). After the calibration, we combined the simulations 378 

of the four partitions and obtained the entire simulation of daily discharge. As an example, the 379 

simulation in each step in the largest basin, the Lienz basin, is shown in Fig. 5, using the 380 

calibrated degree-day factors for snowmelt and glacier melt as 2.6mm/d/℃ and 3.5mm/d/℃ 381 

respectively, as shown in Table 1. The logRMSE and RMSE values in Fig. 5 suggest that the 382 

simulations of each hydrograph partition are very reasonable. The calibrated parameter set 383 

was also tested for the validation period (2006-2010), as shown in Fig. 6. Again, the 384 

performance is very reasonable as indicated by NSE and logNSE. For example, in the Lienz 385 

basin NSE values are 0.817 and 0.833 in the calibration and validation periods, respectively, 386 

indicating the suitability of the calibrated parameter set. The simulation performances for the 387 

two sub-basins (Waier and Innergschloess) are also shown in Table 1.  388 

The calibrated DDFS and DDFG are slight different in the three basins. DDFS ranges 389 

from 1.0 to 2.6mm/d/℃, and DDFG ranges from 3.5 to 6.0mm/d/℃. The calibrated DDFS in 390 

the Lienz and Waier basins are similar to those estimated from MODIS and snow depth data 391 

in Sect. 4.1, while the calibrated value, 1.0mm/d/℃, in the Innergschloess basin is clearly 392 

different from the estimated values that range from 2.0 to 4.0mm/d/℃. Given the role of 393 

radiation in this high elevation basin, the value of 1.0mm/d/℃ seems far too low, and the 394 

snow data based estimate is much more reasonable.  395 

The runoff simulations in the medium basin (Waier) are the best with an NSE value of 396 

0.832 in the calibration period and 0.863 in the validation period. Runoff simulations in the 397 

smallest basin (Innergschloess) exhibit a slightly lower performance with an NSE value of 398 

0.726 in the validation period. This may be partly due to the remarkably low value of the 399 

calibrated DDFS, i.e. 1.0mm/d/℃. The calibration of DDFS relies heavily on the observed 400 

hydrographs, which may introduce uncertainties in the DDFS estimates in some cases.  401 

4.4  Evaluation of estimated DDFS 402 

To evaluate the estimated DDFS, we replaced the calibrated DDFS in the model with the 403 
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ones estimated from snow data, and reran the hydrological simulation. The other model 404 

parameters remained the same as those calibrated in Sect. 4.3. The new simulation results in 405 

the three basins are summarized in Table 1. The simulations using the spatially variable DDFS 406 

estimated from snow data tend to perform better than those using the calibrated, spatially 407 

uniform DDFS. In the Lienz and Waier basins, the new simulations are similar to those shown 408 

in Sect. 4.3, as demonstrated by the ME values in Table 1. For example, Fig. 7 presents the 409 

new simulation for the Lienz basin with an NSE value of 0.810 in the calibration period and 410 

0.826 in the validation period. Both are very similar to the NSE values shown in Fig. 6. The 411 

mean value of the estimated DDFS in these two basins are 2.7mm/d/℃ and 2.6mm/d/℃ 412 

respectively, both are similar to the calibrated value of 2.6mm/d/℃. It is worth noting that the 413 

new simulation in the smallest Innergschloess basin is significantly better, especially in the 414 

validation period, considering the ME values in Table 1. The mean value of the estimated 415 

DDFS in this basin is 3.2mm/d/℃ which is clearly different from the calibrated value. This 416 

suggests that the calibrated DDFS value of 1.0mm/d/℃ in this small, high elevation basin 417 

may not be accurate.  418 

As the DDFS value has the most sensitive effect on the snowmelt dominated hydrograph 419 

partition (QSB+QSM), we focus on the simulation of this partition by the two DDFS sets in Fig. 420 

8. The simulation performance is evaluated using RMSE. The first two rows in Fig. 8 show 421 

the simulations using calibrated (Fig. 8a-c) and estimated (Fig. 8d-f) DDFS in the calibration 422 

period, and the last two rows present the simulations in the validation period (Fig. 8g-i is for 423 

DDFS calibrated on runoff and Fig. 8j-l is for DDFS estimated from snow data). The 424 

differences of the RMSE values obtained by the two DDFS sets in the Lienz basin (first 425 

column) range from 0.132 to 0.347 m³/s. Considering the relatively higher levels of the 426 

discharge, the two simulations can still be regarded as very close. As to the Waier basin 427 

(second column), the RMSE value obtained by the estimated DDFS in the calibration period is 428 

slightly higher (0.04 m³/s higher) but much lower (0.263 m³/s lower) in the validation period. 429 

In Innergschloess basin (third column), the RMSE values in the calibration period are as close 430 

as a slight difference of 0.016 m³/s, while in the validation period the RMSE value obtained 431 

by the estimated DDFS is 0.118 m³/s lower than that obtained by the calibrated DDFS. 432 

Comparisons of the simulations of the QSB+QSM hydrograph partition show a similar 433 
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performance in the calibration period but a better performance of estimated DDFS in the 434 

validation period. Overall, the comparisons for the three basins shown in Table 1 and Fig. 8 435 

suggest that the DDFS values estimated from snow data by the new method tend to produce a 436 

somewhat better runoff simulation performance. 437 

We also assess the suitability of the estimated DDFS values by examining the snow cover 438 

simulations in the study basins. The match between simulated snow cover and observed snow 439 

cover from MODIS is illustrated in Fig. 9 to Fig.12. The THREW model simulates snow 440 

water equivalent (SWE) in each subcatchment. To obtain the snow covered area (SCA) in the 441 

basin, we define a threshold value for the simulated SWE (SWET), above which the sub unit 442 

of the basin (i.e. subcatchment) is considered to be fully covered by snow, and below it the 443 

subcatchment is considered snow free. Subsequently, we obtain the simulated time series of 444 

SCA of the study basin. For example, Fig. 9 shows the comparison of simulated SCA using 445 

DDFS calibrated on runoff and DDFS estimated from snow data, and the observed SCA from 446 

MODIS in both calibration and validation periods in the Lienz basin. Fig. 10 shows a similar 447 

figure for Innergschloess. The black dots in Figs. 9 and 10 are the MODIS observed SCA 448 

values on days when the observed cloud coverage in the basin was lower than 20%. The 449 

similarity of the simulated SCA and observed SCA (just for the days when MODIS was 450 

available) is evaluated using RMSE, where RMSEc relates to the simulations using calibrated 451 

DDFS and RMSEe relates to the simulations using estimated DDFS. We determine the SWET 452 

threshold by optimizing the RMSEc values in the calibration period in the Lienz basin which 453 

resulted in a value of 18 mm. Parajka and Blöschl (2008a) give details on how the threshold 454 

can be chosen. 455 

Generally, the simulated snow covered areas by the two DDFS sets are similar and both 456 

are close to those observed by MODIS in the Lienz basin. The similarity can be attributed to 457 

the similar value of estimated and calibrated DDFS in this basin. It is interesting that the 458 

simulation of SCA by estimated DDFS (green lines) still has a higher performance as 459 

indicated by the lower RMSEe values in both calibration and validation periods. As to the 460 

simulation in Innergschloess shown in Fig. 10, the simulated SCA using estimated DDFS 461 

(green lines) matches the MODIS observed SCA significantly better than that simulated by 462 

calibrated DDFS (red lines) in both calibration and validation periods. The RMSEe values are 463 
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approximately 0.07 lower than the RMSEc values (Fig. 10). This result suggests that the 464 

DDFS values estimated from snow data in this basin represent the snowmelt pattern better 465 

than the value calibrated on runoff. 466 

Several days with available MODIS data (black dots in Fig. 9) were selected to analyze 467 

the snow patterns in Figs. 11-12. The selected days include April 29th, May 7th and June 10th 468 

in 2003, and April 27th, May 7th and May 27th in 2008. The snow patterns are expressed as the 469 

spatial distribution of simulated SWE using calibrated DDFS and estimated DDFS, and the 470 

spatial distribution of SCA observed by MODIS. Figs. 11 and 12 show the results for the 471 

calibration period and validation period, respectively. Sub-catchments are covered with snow 472 

refers to purple surfaces in Figs. 11 and 12. The intensity of the purple color increases with 473 

the increasing of the value of snow coverage (SCA) from MODIS or simulated SWE. The 474 

green surface in the two figures refers to areas where SCA value from MODIS or the 475 

simulated SWE value is zero, i.e. non-snow covered areas. Generally, a higher simulated 476 

SWE value corresponds to a higher MODIS SCA value in that subcatchment. All the three 477 

snow patterns show a clear snow ablation process from late April to late May. In April, most 478 

of the basin area is covered by snow, and the snow water equivalent can be as high as 479 

600-700mm, while snow cover almost disappears in late May 2003. May is a snowmelt flood 480 

month which is also indicated in Fig. 6 by the abrupt increase of discharge in this month. 481 

However, there are some differences between the three snow patterns. In the upstream 482 

subcatchments the simulated snow water equivalent using calibrated DDFS is higher than that 483 

using estimated DDFS. Correspondingly, the simulated sub-catchments are covered with snow 484 

using calibrated DDFS are more than those observed from MODIS (see Figs. 11 and 12 on 485 

June 10th, 2003 and May 27th, 2008). In the downstream subcatchments, simulated snow 486 

covered sub-catchments by the two DDFS sets are both less than the observed ones (see Figs. 487 

11 and 12 on April 29th, 2003 and May 7th, 2008). Overall, the similarity between the spatial 488 

distribution of snow covered sub-catchments simulated using estimated DDFS and the spatial 489 

distribution observed by MODIS is higher than that simulated using calibrated DDFS, which 490 

can be seen for May 7th, June 10th in 2003, and April 27th and May 27th in 2008. MODIS data 491 

were one of the inputs to estimating DDFS, so this result shows the consistency and usefulness 492 

of the estimates.    493 
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5  Discussion and conclusions 494 

This study proposes a method for estimating snowmelt degree-day factor (DDFS) based 495 

on MODIS snow cover data and snow depth data. DDFS is estimated in each subcatchment of 496 

the study basin separately. The spatial distribution of DDFS shows a strong correlation with 497 

elevation. Subcatchments with high elevations are associated with higher DDFS values, which 498 

can be partly attributed to the interactions of climate conditions, topography and vegetation. 499 

The comparisons between simulations using DDFS estimated from snow data and DDFS 500 

calibrated on runoff in terms of discharge and snow cover patterns show that the estimated 501 

DDFS are indeed more plausible than the calibrated DDFS. The better performance can be 502 

attributed to two advantages of the estimation method: First, using spatially variable snow 503 

cover data from MODIS and snow depth data, it is possible to estimate DDFS in a spatially 504 

distributed fashion, while the calibrated DDFS are lumped values and therefore spatially 505 

uniform. Second, the values of DDFS are estimated directly from observed snow cover data, 506 

accounting for snow density, without involving runoff processes. The direct estimation should 507 

have a stronger physical basis than the calibration in which the value of DDFS is influenced 508 

by a number of hydrological processes and the interactions of hydrological model parameters 509 

(Merz et al., 2011). However, the modeling improvement when using the spatially distributed 510 

DDFs should indeed be different for different modeling scales. The modeling scale, i.e. size 511 

of fundamental computational unit (sub-catchment in this study), can have a significant 512 

influence on the simulation, considering the spatial resolution of MODIS data and the spatial 513 

density of gauge stations for precipitation and temperature. Adopting different sub-catchment 514 

sizes in the model could be a potential way to analyze the scale effect on the simulation, 515 

which can be an issue for further study. 516 

The estimated values of snow density and DDFS are fully consistent with those estimated 517 

by Kuusisto (1980), Rango and Martinec (1995), Parajka et al. (2005) and Sturm et al. (2010). 518 

The values of snow density estimated in Sturm et al. (2010) in Canada and the United States 519 

fell into a range of 0.19 to 0.51 g/cm3, and the DDFS of snowmelt estimated in Parajka et 520 

al.(2005) in Austria ranged from approximately 0.5 to 5.0 mm/d/℃.The simulations of snow 521 

cover patterns show an obvious snow ablation process from late April to late May in the study 522 

basin, which was also indicated by Blöschl et al. (1990). The performance of the runoff 523 
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simulations in this study is also very reasonable (NSE almost always >0.8). For example, the 524 

runoff simulations of Parajka et al. (2007) in 320 catchments in Austria based on automatic 525 

calibration gave NSE mean values of about 0.75 in calibration period and 0.70 in validation 526 

period. Considering that high NSE values are relatively easier to be reached in snowmelt 527 

affected basins, the performance of the stepwise calibration method should be evaluated in 528 

further studies. It is believed that the actual model performance is similar to that of automatic 529 

methods, yet the parameter estimates may be more plausible as different parameter groups are 530 

estimated separately, which reduces the problem of parameter interdependence in the 531 

calibration process. 532 

It should be noted that the estimated values of snow density and DDFS are associated 533 

with a number of uncertainty sources: the temperature threshold values that determine the 534 

occurrence of snowmelt (Tm) and the transition between liquid and solid precipitation (i.e. TS 535 

and TR) and also the spatial interpolation method of the snow depth data. Usually, the value of 536 

Tm falls in between the values of TS and TR in mountain basins. As long as the temperature is 537 

higher than TR, the change of snow water equivalent (SWE) can be attributed to snowmelt 538 

alone. When the temperature is lower than TS, basin snow water equivalent will be affected by 539 

snowfall alone. The proposed estimation method can be used in mountain basins with variable 540 

values of Tm, TS and TR in different basins. Reliable snow depth data are important for 541 

estimating snow density and DDFS well. To obtain the spatial distribution of snow depth, 542 

measured data in 7 stations in the study area were interpolated here. The interpolation method 543 

can play a significant role. Importantly, in this paper we made the assumption that snow 544 

density during days of accumulation and ablation is similar. Snow density generally increases 545 

with the increasing of snow age. We know that there is in fact a hysteresis in the relationship 546 

between snow water equivalent and snow depth (Magand et al, 2014): During accumulation 547 

days, snowfall occurs all over the catchment, and the mean snow depth tends to increase 548 

quickly and uniformly over the catchment. By contrast, during the ablation days, snowmelt 549 

tends to occur in preferential locations due to variability of topography and vegetation in the 550 

catchment. The mean snow depth decreases gradually with the reduction of snow water 551 

equivalent as snow stays longer at high elevations and small hollows. The effect of this 552 

hysteresis on the estimated value of degree-day factor for snowmelt for different 553 
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sub-catchment scales needs further analysis on the basis of detailed snow data. Also the 554 

analysis of the sensitivity of the results to other uncertainty sources could be the topic of 555 

future work.  556 
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Table 1. Performance of discharge simulations in three basins. DDFS is the snowmelt degree-day factor 752 

and DDFG is the glacier melt degree-day factor. ME is the sum of NSE, logNSE and VE. The value of 753 

DDFS estimated from snow data is expressed as the spatial mean value +/- the mean difference of the 754 

highest and the lowest value (in space) from the mean value. DDFS values estimated by the proposed 755 

method are shown in bold. 756 

  Lienz Waier Innergschloess 

  
Calibration 

Period 

Validation 

Period 

Calibration 

Period 

Validation 

Period 

Calibration 

Period 

Validation 

Period 

DDFS  

calibrated on 

runoff 

DDFS(mm/d/℃) 2.6 2.6 2.6 2.6 1.0 1.0 

DDFG(mm/d/℃) 3.5 3.5 4.2 4.2 6.0 6.0 

NSE 0.817 0.833 0.832 0.863 0.804 0.726 

logNSE 0.851 0.873 0.849 0.871 0.825 0.871 

VE 0.762 0.758 0.739 0.770 0.654 0.585 

ME 2.430 2.464 2.420 2.504 2.283 2.182 

DDFS  

estimated from 

snow data 

DDFS(mm/d/℃) 2.7 +/-1.1 2.7 +/-1.1 2.6 +/-0.9 2.6 +/-0.9 3.2 +/-0.3 3.2 +/-0.3 

DDFG(mm/d/℃) 3.5 3.5 4.2 4.2 6.0 6.0 

NSE 0.810 0.826 0.835 0.845 0.801 0.768 

logNSE 0.845 0.867 0.845 0.869 0.826 0.885 

VE 0.751 0.746 0.740 0.760 0.648 0.628 

ME 2.406 2.439 2.420 2.474 2.275 2.281 

  757 
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 758 
Figure 1. Location of the study area in Austria. Three catchments are analyzed, Lienz, Waier and 759 

Innergschloess, with areas of 1190 km2, 285 km2 and 39 km2, respectively. The glacier coverage in the 760 

three basins is approximately 7%, 13% and 29%.  761 
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 762 

Figure 2. Spatial distribution of the snow density and the snowmelt degree-day factor (DDFS) estimated 763 

by the proposed method in the Lienz basin. Black dots indicate the stream gauges.  764 
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 765 
Figure 3. Snow density and snowmelt degree-day factor (DDFS) estimated by the proposed method 766 

plotted against elevation in the Lienz basin. Each dot represents a sub-catchment in the basin. The size 767 

of dots increases with increasing of mean leaf area index (LAI) over the study period (2001-2010) 768 

which is derived from MODIS. LAI values in the basin range between 0.33 and 31.03.  769 
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 770 

Figure 4. Comparison of the estimated degree-day factor for snowmelt (DDFS) and snow density 771 

(SD) in two sub-periods. “Corrcoef” is the value of correlation coefficient between two estimated sets.    772 
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 773 
Figure 5. Stepwise calibration results for the Lienz basin in the calibration period. (a) is the first 774 

calibration step in which the parameters controlling groundwater baseflow are calibrated, (b) to (d) are 775 

the subsequent three steps of calibrating melt factors and rainfall runoff parameters. QSB, QSM, QGM and 776 

QR are the simulated discharges that are generated by baseflow, snowmelt, glacier melt and rainfall, 777 

respectively.  778 
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 779 
Figure 6. Simulation of daily discharge in the Lienz basin using the snowmelt degree-day factor 780 

calibrated on runoff. (a) is for the calibration period and (b) is for the validation period. The entire daily 781 

simulated discharge hydrograph has been combined from the simulations of different runoff segments. 782 

QSB stands for the simulated runoff generated by groundwater baseflow, QSM and QGM indicate 783 

simulated runoff generated by snow and glacier melt, and QR is the simulated runoff generated by 784 

rainfall directly. Performance measures of the simulations are shown at the top of each panel.  785 
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 786 
Figure 7. Same as Fig. 5 but using snowmelt degree-day factors estimated from snow data.  787 
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 788 
Figure 8. Simulations of discharge segments generated by groundwater baseflow (QSB) and snowmelt 789 

(QSM) in the three basins. (a)-(c) are simulations for the calibration period using DDFS calibrated on 790 

runoff, (d)-(f) are simulation for the calibration period using DDFS estimated from snow data, (g)-(i) 791 

are simulations for the validation period using DDFS calibrated on runoff, (j)-(l) are simulations for the 792 

validation period using DDFS estimated from snow data. The discharge simulations are evaluated using 793 

the RMSE (m³/s).  794 
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 795 

Figure 9. Simulations of the snow covered area (SCA) time series for the Lienz basin (1190 km2). Red 796 

lines (Csim.) represent the SCA simulation using the snowmelt degree-day factor (DDFS) calibrated on 797 

runoff; green lines (Esim.) represent the SCA simulation using snowmelt degree-day factors estimated 798 

from snow data. Black dots are the MODIS observed SCA values. (a) is for the calibration period and 799 

(b) is for the validation period. The simulations are evaluated by RMSEc for the calibrated DDFS and 800 

RMSEe for the estimated DDFS.  801 
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 802 

Figure 10. Same as Fig. 8 but for the Innergschloess basin (39 km2).  803 

804 
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 805 

Figure 11. Simulations of snow patterns on three days within the calibration period (April 29 th, May 7th 806 

and June 10th , 2003). The top row shows simulated snow water equivalent (SWE) using DDFS 807 

calibrated on runoff, the middle row shows snow covered area (SCA) observed by MODIS, and the 808 

bottom row shows simulated snow water equivalent using DDFS estimated from snow data.  809 
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 810 

Figure 12. Same as Fig. 10 but for three days within the validation period (April 27th, May 7th and May 811 

27th, 2008). 812 


