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Abstract 10 

This study estimated the effects of projected variations in precipitation and temperature on 11 
snowfall-snowmelt processes and subsequent river discharge variations in the Tagliamento 12 
River in Italy. A lumped-parameter, non-linear, rainfall-runoff model with 10 general 13 
circulation model (GCM) scenarios was used to capture river response variations attributed to 14 
climate-driven changes in 3 future time periods in comparison to the present climate. Spatial 15 
and temporal changes in snow cover were assessed using 15 high-quality Landsat images 16 
collected during the 2001-2003 time period, which were further used to define different 17 
elevation bands to incorporate the elevation effects on snowfall-snowmelt processes. The 18 
7Q10 low-flow probability distribution approximated by the Log-Pearson type ІІІ distribution 19 
function was used to examine river discharge variations with respect to climate extremes in 20 
the future. On average, the results obtained for 10 scenarios indicate a consistent warming 21 
rate for all time periods, which may increase the maximum and minimum temperatures by 22 
2.3°C (0.6-3.7°C) and 2.7°C (1.0-4.0°C), respectively, by the end of the 21st century 23 
compared to the present climate. Consequently, the exponential rate of frost day decrease for 24 
1°C winter warming in lower-elevation areas is approximately three-fold (262%) higher than 25 
that in higher-elevation areas, revealing that snowfall in lower-elevation areas will be more 26 
vulnerable under a changing climate. In spite of the relatively minor changes in annual 27 
precipitation (-17.4~1.7% compared to the average of the baseline (1991-2010) period), 28 
snowfall will likely decrease by 48-67% during the 2080-2099 time period. The accumulated 29 
effects of a decrease in winter precipitation and an increase in evapotranspiration demand on 30 
winter river discharge will likely be compensated for by early snowmelt runoff due to 31 
increases in winter temperatures. Nevertheless, the river discharge in other seasons will 32 
decrease significantly, with a 59% decrease in the predicted river discharge in October over 33 
100 years. The low-flow analysis indicated that while the magnitude of the minimum river 34 
discharge will increase (e.g., a 25% increase in the 7Q10 estimations for the winter season in 35 
the 2080-2099 time period), the number of annual average low-flow events will also increase 36 
(e.g., 16 and 15 more days during the spring and summer seasons, respectively, in the 2080-37 
2099 time period compared to the average during the baseline period), leading to a future 38 
with a highly variable river discharge. Moreover, a consistent shift in river discharge timing 39 
would eventually cause snowmelt-generated river discharge to occur approximately 12 days 40 
earlier during the 2080-2099 time period compared to the baseline climate. These results are 41 
expected to raise the concern of policy makers, leading to the development of new water 42 
management strategies in the Tagliamento River basin to cope with changing climate 43 
conditions.     44 
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1. Introduction 46 
 47 
Observed and projected increases in temperature and precipitation variability are perhaps the 48 
most influential climate-driven changes to impact water systems (Parry et al. 2007). Such 49 
changes in high-elevation areas are likely to be more profound than others (Beniston 2005). 50 
In mountainous areas, precipitation largely occurs as snow during the winter, which 51 
accumulates on the ground until adequate solar energy is available to start the melting process 52 
in spring and summer. This melting water sustains the river level downstream when rainfall 53 
decreases and when demand is high. The increasing temperature and variations in 54 
precipitation patterns evidently alter the mountain hydrology in many ways. Higher 55 
temperatures cause snow and glaciers to melt at faster rates (Schneeberger et al. 2003) and 56 
precipitation to fall more often as rain than as snow (Beniston et al. 2003). The subsequent 57 
impacts include, but are not limited to, seasonal shifts in stream flows (Zion et al. 2011), an 58 
increase in the ratio of winter to annual flows (Stewart 2009), a reduction in low flows during 59 
spring and summer (Miller et al. 2003), increased risks of landslides (Kawagoe et al. 2009) 60 
and floods (EEA 2009), a lack of water resources for water supply systems (Matonse et al. 61 
2011) and hydro-power generation (Schaefli et al. 2007) and challenges to the tourist industry 62 
(Beniston 2003). 63 
  64 
The Alps, commonly known as the water tower of Europe, are among the mountains 65 
threatened by dramatic changes in water cycle mainly attributed to climate change. Alpine 66 
climates have undergone significant change over the past century. According to Beniston 67 
(2005), the warming experienced in the Swiss Alps in the 20th century has resulted in a more 68 
than 1.5°C increase in annual average air temperature, which is approximately a three-fold 69 
amplification in comparison to the global average warming during the same period (Diaz and 70 
Bradley 1997). Further investigation has revealed that increases in the minimum temperature 71 
were as high as 2°C in the European Alps during the 20th century, with a modest increase in 72 
the maximum air temperature and a slight trend in precipitation anomalies (Beniston 2000). 73 
Based on 44 years climatic records (1958-2002), Durand et al. (2009) reported that tempe-74 
ratures in the French Alps are rising in the spring but falling in autumn. In particular, the late 75 
winter and early summer temperatures during recent years have remained high. Consequently, 76 
from 1850 to 1980, retreating glaciers in the European Alps have lost approximately 30 to 77 
40% of their surface area and approximately 50% of their original volume (Haeberli and 78 
Beniston 1998). The climate models under the A1B scenario have projected a 2.2 to 5.1°C 79 
annual mean warming in the Alps by 2080-2099 compared to the annual average temperature 80 
in 1980-1999, concluding that changes in the hydrological cycle and associated ecosystems in 81 
the future may be more profound than ever (Liggins et al. 2010). 82 
  83 
Even though climate changes had dramatic impacts during the 20th century in the Alpine 84 
region, the Tagliamento River in Italy, which is considered the last morphologically intact 85 
river in the Alps, has not suffered drastic modifications. However, because changes in the 86 
future climate are projected to be more intense, many concerns have been raised regarding 87 
the potential burden that may be imposed on hydrological processes in the Tagliamento 88 
valley. Thus, the objective of this study was to evaluate the potential climate change effects 89 
on the availability of future water resources in the Tagliamento River. The predictions of this 90 
study are expected to raise the concerns of policy makers, leading to the development of 91 
sustainable water management practices to cope with a changing climate.  92 
 93 
 94 
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2. Methodology 95 
 96 
2.1 Study area  97 
 98 
The Tagliamento River in northeastern Italy flows from the Italian Alps to the Adriatic Sea. 99 
The area of interest covers 1935 km2 for the Venzone water discharge measuring station, with 100 
elevations ranging from 370 m at the catchment outlet to 2600 m in the northeastern Alpine 101 
areas (Fig. 1a). The study area is covered with a dense weather station network, which 102 
includes 11 meteorological stations (approximately one station per 175 km2), with daily 103 
observations covering the past 31 years. The seasonal snow cover begins to accumulate in 104 
late November or early December, and snowmelt typically commences at the end of March or 105 
the beginning of April. Low river discharge generally occurs in the winter when most 106 
precipitation accumulates as snow. A sustained period of high flows prevails during the 107 
spring (late April to early June), resulting from the melting of the winter snowpack. The river 108 
discharge gradually declines from early summer, when the evapotranspiration demand is high 109 
and after snow disappears from the catchment. The one-hour river discharges averaged daily 110 
from January 2008 to September 2009 were used for the analysis. 111 
  112 
Figure 1  113 
 114 
According to the meteorological records from 2006 to 2010, the annual average temperature 115 
near the catchment outlet was approximately 11.2°C, and the temperature decreased with 116 
elevation at an average rate of 4.0°C per 1000 m. The mean daily temperature remained 117 
below 0°C for an average of 21 days/year near the catchment outlet, and for 36 days/year 118 
upstream of the catchment (at Forni Avoltri station, at 888 m above MSL). The daily average 119 
winter (December-February) temperature was close to the melting point (2.1 and 1.0°C near 120 
the catchment outlet and at Forni Avoltri station, respectively), which may adversely affect 121 
seasonal snow cover changes under a changing climate. When records from all 122 
meteorological stations were considered, warming trends were evident on decadal and longer 123 
time-scales. For example, during the 2000-2009 period, the average daily minimum 124 
temperature for all of the recording stations increased by 0.57-2.47°C in comparison to the 125 
average during 1980-1989. Similarly, the average daily maximum temperature over the 2000-126 
2009 period increased by 0.09-1.8°C compared to the average for 1980-1989. Both the 127 
maximum and minimum temperatures showed positive trends throughout all seasons. In 128 
particular, the temperature from late winter to early summer remained high.  129 
 130 
The rate of increasing precipitation with elevation is unclear due to the effect of local 131 
topography on precipitation processes in mountainous climates. Therefore, the daily 132 
precipitation was averaged using the Thiessen polygon method (Zion et al. 2011). According 133 
to the annual precipitation from 2006 to 2010, two distinct pluvial zones can be identified: 1) 134 
the northern catchment area, with a mean annual precipitation ranging from 1500 to 1800 mm, 135 
and 2) the Alpine foreland area, with a mean annual precipitation ranging from 1900 mm to 136 
2900 mm. In general, the annual precipitation at all stations is increasing slightly (0-24 137 
mm/year), and snow precipitation trends follow the temperature change. Here we used frost 138 
day as an indicator for determining water resources impacts. Among various definitions, we 139 
considered the frost day as a day with an average temperature below 0°C (Salinger and 140 
Griffiths 2001). As a result, the number of frost days during 1980-2010 decreased by 141 
approximately 10-13 days for each 1°C of winter warming. 142 
 143 
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According to the land use percentages derived from Landsat imaging for 29 July 2002 (Fig. 144 
1b), the land cover in the catchment is dominated by forest (77% of the land area has an 145 
NDVI higher than 0.1). There is some agriculture, and to a lesser extent, some scattered 146 
developments are located along the river valley, which represent less than 12% of the total 147 
catchment area (areas with NDVI values from -0.1 to 0.1). The geology of the catchment area 148 
mainly consists of limestone and flysch, which is occasionally intermixed with layers of 149 
gypsum (Tockner et al. 2003). 150 
   151 
2.2 Model for river discharge simulation 152 
 153 
The tank model proposed by Sugawara (1995) is a lumped-parameter, non-linear, rainfall-154 
runoff model composed of one or several tanks (Fig. 2). The coefficients used to represent 155 
different hydrological processes (surface and subsurface runoff and infiltration) are generally 156 
obtained by matching observed and simulated data. The difference in magnitude of these 157 
coefficients in different catchments reflects the geographical features of the watersheds. In 158 
addition to the use of the tank model in many studies for runoff simulations (e.g., Yokoo et al. 159 
2001; Hashino et al. 2002, Cooper et al. 2007), similar concepts have been applied to water 160 
quality (Maeda and Bergstrom, 2000) and geothermal (Tureyen and Akyap 2011) studies.  In 161 
the simulation, glacier and snow-melt treated as a single water body, summed up with the 162 
rainfall and put in the first tank at the top (Kite 1991). Evapotranspiration is directly 163 
subtracted from the top tank (Hashino et al. 2002). Among the four tanks in the model, the 164 
first tank at the top accounts for rapid runoff near the ground surface, and the second tank 165 
models the shallow subsurface runoff process. The other two tanks at the bottom retain the 166 
surplus water from the two top tanks before producing direct runoff. This phenomenon 167 
represents the hydrological role of deep aquifers, which accumulate the infiltrating water 168 
from the ground surface and release it downstream with certain time delays. A representative 169 
mathematical model for the water exchange between the tanks and daily runoff generation 170 
can be found in Appendix 1.  171 
 172 
Figure 2 173 
 174 
A temperature-based method was applied to separate precipitation into rain and snow. If the 175 
daily minimum temperature (Tmin) is larger than the threshold temperature (2°C in this study), 176 
then all precipitation is considered as rain. If the maximum temperature (Tmax) is smaller than 177 
the threshold temperature, then all precipitation is assumed to occur as snow. When the 178 
threshold temperature is between the minimum and maximum temperatures, the rainfall 179 
amount (Prain) is estimated as a proportion of the total precipitation (Ptotal) as follows 180 
(Leavesley et al. 1983; Zion et al. 2011).  181 

totalrain P
TT

T
P ×

−
−

=
minmax

max 0.2           (6) 182 

 183 
The snow pack for the present day (Snowd) in the catchment was updated with the snow pack 184 
for the previous day (Snowd-1), the snowfall for the present day (Psnowd) and the snowmelt for 185 
the present day (Smeltd) as follows.  186 

meltdsnowddd SPSnowSnow −+= −1          (7) 187 

 188 
The snowmelt was assumed to be a function of the mean air temperature of the day (Tavg) and 189 
was estimated using the degree-day method. 190 
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( )0−×= avgmeltd TKS  for 0>avgT                      (8) 191 

where K is a calibrated melt coefficient and  192 

2
maxmin TT

Tavg
+

=                       (9) 193 

 194 
Only one parameter must be estimated, and thus, this method is simple to apply in climate 195 
change studies. Due to the higher level of uncertainties incorporated in the general circulation 196 
model (GCM) output (e.g., temperature, precipitation, humidity), the use of many climatic 197 
parameters for impact predictions eventually increases the uncertainty of the final output 198 
(Salathe et al. 2007). The Hargreaves equation (Hargreaves and Samani 1985), which is one 199 
of the most widely used temperature-based formulas, was used to estimate the reference 200 
evapotranspiration (ET0). 201 

aRTT
TT

ET ×−×⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

+
λ

= minmax
minmax

0 8.17
2

0023.0                 (10) 202 

where Ra (MJ/m2/d) is the extra-terrestrial solar radiation and λ is the latent heat of 203 
vaporization (2.45 MJ/m2/d).  204 
 205 
2.3 Remote sensing technique for identifing different snowfall-snowmelt elevation bands 206 
 207 
Elevation is an important parameter governing the snowfall-snowmelt processes in 208 
mountainous areas. Considering the 1700 m elevation difference between the catchment 209 
outlet and the northeastern crest and a temperature lapse rate (the rate of temperature decrease 210 
with elevation) of approximately 0.004°C/m, we can expect a temperature difference of 211 
approximately 7°C between the upstream and downstream catchment areas. Therefore, the 212 
spatial and temporal variations of the snowfall-snowmelt processes due to elevation are of 213 
prime importance for accurate river discharge simulations. Fontaine et al. (2002) incorporated 214 
the elevation difference effect in a semi-distributed hydrological model by introducing up to 215 
10 elevation bands within each sub-basin. Zhang et al. (2008) showed that use of the 216 
elevation band method, including the temperature lapse rate in a catchment with a dense 217 
weather station network, provides discharge simulation almost as good as a complex energy 218 
budget model. In this study, the temporal and spatial variations of the glacier- and snow-219 
covered areas in the basin were determined using satellite data. Landsat TM and ETM+ 220 
images obtained from 2001-2003 were selected at a 30 m grid resolution in such a way that 221 
the maximum cloud cover was always less than 15%. To represent the temporal changes in 222 
snow cover, 15 Landsat images covering each season were collected. In the Landsat images, 223 
the glacier and snow spectral values are grouped as 255, 145-255, 191-255, 116-217, 20-31 224 
and 3-18 in bands (TMs) 1-5 and 7 (Erdenetuya et al. 2006). In the initial stage, these spectral 225 
ranges were used as a reference for snow and glacier classification. For the next step, the 226 
band combination method was used to extract the snow and glacier areas. Three band 227 
combinations, 3,2,1; 4,3,2; and 5,4,3 were compared with each other to identify areas with 228 
similar land classes. To distinguish glacier and snow from similarly bright soil, rocks and 229 
clouds, the normalized difference snow index (NDSI) was also applied (Equation 11). 230 

( )
52
52

TMTM
TMTMNDSI

+
−

=                                                                                       (11) 231 

 232 
Altogether, 7 elevation bands with a maximum elevation difference of 300 m were identified. 233 
The average elevation of a particular band was multiplied by the temperature lapse rate to 234 
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derive the representative temperature of the elevation band and further used to determine the 235 
snowfall percentage and snowmelt rate.  236 
 237 
2.4 Multi-model ensembles for climate projections 238 
 239 
The Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4) 240 
provides a set of GCMs that are commonly used to assess the impacts of a changing climate. 241 
Although these models produce output for a common set of experiments, uncertainties in 242 
predictions arise from differences in grid resolutions, model structures and initial conditions. 243 
Therefore, reliable impact assessments require multi-model ensembles with several scenarios 244 
that best reflect a range of possible future climate change (Salathe et al. 2007). Nevertheless, 245 
the direct use of the GCM output is hampered by its coarse spatial resolution.  246 
In this study, the results of four GCMs along with 3 scenarios, producing 10 climate change 247 
scenarios, were used (Table 1). The spatial mismatch between the GCMs and the resolution 248 
needed for impact assessment was resolved by applying a statistical downscaling technique. 249 
The stochastic weather generator (WG), which is commonly used for downscaling, was used 250 
to link GCM model parameters with corresponding observations at the local scale (Semenov 251 
and Stratonovitch 2010). Observed daily weather data for 1980-2010 were used in the WG 252 
model to determine probability distributions and any possible correlations. In this method, the 253 
cumulative probability distributions of dry and wet series, daily precipitation and minimum 254 
and maximum temperatures are defined by a semi-empirical distribution with 23 intervals. A 255 
wet day is defined as a day with precipitation > 0.0 mm. When generating climate scenarios, 256 
the estimated cumulative probability function obtained from observations is adjusted by the 257 
relative change in magnitude of the corresponding parameter predicted by the future GCM 258 
scenario. Moreover, to determine whether the simulated data preserve statistical 259 
characteristics similar to those of the true long-term observations, model performances were 260 
assessed using the Chi-squared goodness-of-fit test, and the means and standard deviations 261 
were analyzed using t and F tests (detailed information can be found in Semenov and 262 
Stratonovitch 2010). 263 
 264 
Table 1  265 
 266 
2.5 Low-flow analysis  267 
 268 
As recommended by the United States Environmental Protection Agency (USEPA), the 7Q10 269 
low-flow index has been widely used to determine climate change impacts on river discharge 270 
(Kroll and Vogel 2002; Matonse et al. 2011; Ryu et al. 2011). The USEPA (2009) defines 271 
7Q10 flow as the lowest 7-day average discharge that occurs once every 10 years. The 272 
probability distribution of the low-flow time series is approximated by the Log-Pearson type 273 
ІІІ distribution function (Reilly and Kroll 2003; Ames 2006). Three parameters are need for 274 
this distribution function, and they were estimated by fitting the natural logs of data to the 275 
Pearson type ІІІ distribution function (more details in Ames 2006). Because the estimation 276 
from the 7Q10 method represents the minimum river discharge over a certain time period 277 
(generally longer than a decade), such analysis can provide useful information for long-term 278 
river basin management perspectives under changing climate conditions. Here, we developed 279 
low-flow statistics using the 1991-2010 period (baseline) and the short-term climate, mid-280 
term climate and long-term climate time series. 281 
  282 
3. Results and Discussion 283 
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  284 
3.1 Spatial and temporal changes in snow cover 285 
 286 
To understand the seasonal pattern of snow and glacier cover variation, Landsat images were 287 
analyzed using the band combination method and arithmetic operations of the NDSI index. 288 
Figure 3 depicts the discriminated glacier and snow area during intense snowfall (February 289 
15) and snow-free (August 26) time periods. Snow and glacier areas mapped by the 5,4,3 290 
band combination method are shown in light blue (Fig. 3a), and those for the NDSI-index-291 
generated scenes are shown in white (Fig. 3b). The output from the band combination method 292 
and the NDSI index reveals that snowmelt begins in the low-elevation areas of the catchment, 293 
where, the snow cover is generally thin and the air temperature is high. Subsequently, as the 294 
temperature increases from winter to summer, the melt continues to the upper part of the 295 
catchment. Figure 4a shows the temporal changes in snow cover for the study area. The 296 
seasonal snow cover tends to disappear at a faster rate during warmer climatic conditions 297 
(March-June), followed by a slow depletion under a colder temperature regime (December-298 
February). It was estimated that, on average, approximately 46% of the basin is covered with 299 
snow and glacier from December to February, which decreases to less than 5% for July to 300 
September. According to Figure 4b, the snow cover change follows the trend of temperature 301 
variation in the catchment. Once the air temperature passes the 0°C threshold, the snow cover 302 
area begins to be depleted at a rate of 125 km2/°C, which is almost constant until the end of 303 
May. The substantial melting rate of winter snowpack during this period contributes to a 304 
sustained period of high river flows during the spring and early summer. 305 
 306 
Figure 3  307 
Figure 4     308 
Figure 5 depicts the observed and simulated river discharges at the Venzone gauge station. 309 
The simulated water discharges are in agreement with the corresponding observations, with a 310 
Nash-Sutcliff coefficient greater than 0.75. According to Figure 5, comparatively higher river 311 
flow can be observed during spring (March-May). The total river discharge in this period 312 
accounted for approximately 25% of the annual river discharge. However, the precipitation in 313 
this period is comparatively small, contributing less than 12% of the annual precipitation. As 314 
a result, according to our simulations, approximately 53% of the river discharge during the 315 
spring season is generated by snowmelt.  316 
 317 
Figure 5  318 
 319 
3.2 Precipitation, snowfall and air temperature under a changing climate 320 
 321 
To assess the temporal variations resulting from a changing climate, the relative changes in 322 
climate parameters for three future time periods were compared with those of the baseline 323 
period. Figure 6 shows the changes in the monthly average maximum and minimum 324 
temperatures at the Forni Avoltri meteorological station, which is 888 m above MSL (Fig. 1). 325 
Based on 10 model scenarios, the annual mean warming from the baseline climate for the 326 
short-term climate  varies from -0.3 to 0.3°C and from -0.1 to 0.6°C, with an average of 0.1 327 
and 0.3°C for the minimum and maximum temperatures, respectively. However, the 328 
magnitude of warming significantly increases for the later time periods. For example, the 329 
annual mean warming averaged over 10 scenarios for the long-term climate is as high as 330 
2.3°C (0.6 to 3.7°C) for the minimum temperature and 2.7°C (1.0 to 4.0°C) for the maximum 331 
temperature.  332 
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 333 
Figure 6  334 
 335 
When seasonal changes in temperature are considered, all model scenarios show a generally 336 
similar trend of warming for the three time periods. The warming during winter and autumn 337 
(September-November) is always higher and more persistent than in the other two 338 
intermediate seasons for all three future time periods. The most consistent and greatest 339 
warming occurs in September, when the HADCM3-A2 scenario predicts a warming of 1.1-340 
5.2°C for the minimum temperature and 1.7-5.5°C for the maximum temperature for the 341 
long-term climate compared to the baseline time period. On average, the winter temperature 342 
increases from 1.0 to 3.8°C for the minimum temperature and from 1.2 to 4.1°C for the 343 
maximum temperature for the long-term climate compared to the baseline time period. This 344 
persistent increase in winter temperature could significantly reduce the snowfall amount. For 345 
example, the average number of frost days per year (days with an average temperature below 346 
0°C) ranges from approximately 18 downstream (Cedarchis meteorological station (Fig. 1), at 347 
approximately 402 m above MSL) to approximately 52 upstream of the study area (Forni 348 
Avoltri meteorological station, at approximately 888 m above MSL) during the baseline time 349 
period. According to the averaged predictions from 10 scenarios, for a 2.5°C increase in 350 
winter temperature at the Forni Avoltri meteorological station, the number of frost days is 351 
likely to decrease by 35 days. In lower elevations, the reduction is expected to increase by 352 
more than the amount estimated for higher-elevation areas. For example, Figure 7 shows the 353 
change in the number of frost days with winter temperature as predicted by 10 GCM 354 
scenarios from the baseline and the three future time periods. According to these results, the 355 
number of frost days decreases exponentially as the winter temperature increases. Notably, 356 
the rate of frost day decrease in the lower-elevation area (Cedarchis area, with a 1.32 rate) is 357 
262% higher than that in the higher-elevation area (Forni Avoltri area, with a 0.50 rate). 358 
Consequently, the daily average temperature in the lower-elevation area may only rarely fall 359 
below 0°C during the 2080-2099 time period, which in turn will have serious effects on 360 
snowfall and snow cover melt. 361 
  362 
Figure 7  363 
 364 
Changes in the precipitation patterns with respect to magnitude and phase (snow or rain) may 365 
have an even greater impact than surface air temperature warming on the hydrological 366 
processes of a river basin. According to Figure 8, the annual mean precipitation (rainfall + 367 
snowfall) change from the baseline time period to the short-term climate is -1.8% to 3.3%, 368 
with only a minor change when averaging all model scenarios (0.6%). However, the mid-369 
term climate predictions depict a modest change in the annual mean precipitation (-12.2% to 370 
4.5% change compared to the baseline period), and by the end of the 21st century (long-term-371 
climate), the corresponding changes become significant (-17.4% to 1.7% change compared to 372 
the baseline period average). 373 
  374 
Figure 8  375 
 376 
Almost all of the models and scenarios analyzed (90%) show a decrease in winter 377 
precipitation for all time periods. Despite the increasing winter precipitation in some months 378 
(e.g., February), a significant reduction in snowfall can be expected due to warmer winter 379 
temperatures. For example, for 1.1-4.0°C winter warming in the long-term climate, snowfall 380 
will likely decrease by 48-67% compared to that in the baseline time period. The modest 381 
increase in the mean monthly precipitation during May (40%), September (23%) and October 382 
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(17%) in the short-term climate  gradually declines by 50% for the mid-term climate (24%, 383 
12% and 10% for May, September and October, respectively) and is further reduced to a 384 
negative change in the long-term climate (0.6%, -5% and -22% for May, September and 385 
October, respectively). Similarly, for all other months, the magnitude of the monthly mean 386 
precipitation change decreases with time from the present climate until end of the 21st 387 
century. 388 
 389 
3.3 Future river discharge predictions and the results of low-flow analysis 390 
 391 
The warming climate projected by the 10 scenarios will enhance the evapotranspiration rate 392 
and the proportion of liquid to solid precipitation. These potential changes in precipitation 393 
amount and seasonality demonstrate that the accumulated impact of climate change may have 394 
serious consequences on water availability in the Tagliamento River. The seasonal change in 395 
river discharge is significant for all months in all three future time periods except from winter 396 
to early spring (December-March). In general, the reductions in river discharge are 397 
comparatively small in the short-term climate but become significant in the long-term climate 398 
conditions. Figure 5a shows the change in daily average monthly discharge as predicted by 399 
10 scenarios in comparison with the discharge for the baseline time period. River discharge is 400 
predicted to drop significantly during the autumn season (September-November), which is 401 
mainly attributed to the predicted warming and precipitation reduction in the future climate 402 
(representing the highest changes in comparison to the other seasons, as shown in Figs. 6 and 403 
8). For example, the highest reduction will occur in October, with a value approximately 59% 404 
lower than the river discharge in the baseline climate. In spite of the significant temperature 405 
increase (but smaller precipitation change), the winter river discharge remains almost 406 
constant for all future time periods, mainly because more precipitation will occur as rain 407 
rather than snow and because snowmelt will start earlier due to a warming climate. 408 
  409 
Figure 9  410 
 411 
According to the low-flow analysis results (Fig. 9b), the magnitude of the 7Q10 discharge 412 
will clearly increase for all scenarios (e.g., a 25% increase during the winter season). This 413 
behavior contradicts the expected decline in river discharge due to an increase in 414 
evapotranspiration demand and a precipitation drop in the future, but can be explained by the 415 
relative frequency distribution of daily precipitation in the future compared to the baseline 416 
time period. As shown in Figure 9c, on average, predictions from the different scenarios 417 
indicate an increased frequency of low precipitation events in the future compared to the 418 
baseline time period. For example, the relative frequency of daily precipitations less than 15 419 
mm increases from 85% for the baseline time period to 93-95% for the long-term climate. On 420 
the other hand, the daily precipitation corresponds to a 99th percentile value decrease from 421 
72.2 mm for the baseline time period to 25.5-30.2 mm for the long-term climate. Therefore, 422 
on a broader time scale (an average of 2 decades in this study), we can expect regular low-423 
level river discharge in the future compared to the present climate. Figure 9d shows the 424 
seasonal change in low-flow events compared to 7Q10 estimations for the baseline time 425 
period. While the predicted low-flow events during autumn and winter remain relatively 426 
unchanged, a significant increase in low-flow events can be observed for the spring and 427 
summer seasons, which further intensify from the short-term climate to the long-term climate 428 
by the end of the 21st century. For example, the annual low-flow events, on average, will 429 
increase by 16 and 15 days during the spring and summer seasons, respectively, in the long-430 
term climate in comparison to the average for the baseline period. Therefore, according to the 431 
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results shown in Figures 9b and d, we can conclude that, even though the magnitude of the 432 
minimum river discharge increases under the changing climate, variations in water discharge 433 
can increase significantly, leading to a future with regular low-flow events. 434 
   435 
3.4 Shift in river discharge timing attributed to earlier snowmelt 436 
 437 
Because much of the spring river discharge is produced by snowmelt (53% according to the 438 
simulation results shown in Fig. 5), a shift in river discharge timing is a clear indicator for 439 
investigating climate change impacts in mountainous climates. For this study, the winter-440 
early spring center of volume, which is defined as the Julian Day when half of the total river 441 
discharge from January to May has occurred (WSCV), was used to evaluate the river 442 
discharge timing for the baseline and future time periods (Zion et al. 2011; Hodgkins and 443 
Dudley 2006). Figure 10 depicts the change in WSCV from the baseline climate to the end of 444 
the 21st century. On average, the results from 10 scenarios indicate a slight delay in the 445 
WSCV date in the short-term climate due to the predicted increase in snowfall in January and 446 
February (Fig. 8) and no significant change in temperatures compared to the baseline climate. 447 
In contrast, for the mid-term climate and long-term climate, a significant change in river 448 
discharge timing can be expected, which according to the average of all GCM scenarios 449 
studied, may shift the timing of river discharge to occur 6 to 12 days earlier than in the 450 
baseline climate. This shift in WSCV represents an integrated response of the catchment to 451 
the significant variations in temperature and precipitation during the mid-term climate and 452 
long-term climate (Figs. 6-8).  453 
    454 
Figure 10  455 
4. Conclusions 456 
 457 
The European Alps are a mountain range subject to the dominant influence of climate change. 458 
Thus far, the Tagliamento River in Italy has not experienced drastic modifications but is 459 
likely to be vulnerable to a changing climate. This study therefore used 10 GCM scenarios for 460 
three future time periods to evaluate the hydrological response of the Tagliamento River for 461 
probable variations in temperature and precipitation patterns.  462 
 463 
The snow and glacier areas mapped by the Landsat images indicate that 46% of the 464 
catchment area is generally occupied by snow cover during the winter and that the snow 465 
cover starts to disappear from low-elevation areas to the top of the catchment at a rate of 125 466 
km2/°C. The winter temperature in the study area is close to the melting point (2.1 and 1.0°C 467 
near the catchment outlet and in high-elevation areas, respectively), and thus, the natural 468 
states of snowfall and snowmelt processes are more vulnerable under a changing climate. 469 
When all GCM model scenarios were taken in to account, a consistent warming trend was 470 
observed, beginnings with a relatively minor change in the short-term climate (0.1 and 0.3°C 471 
when averaging all scenarios for the minimum and maximum temperatures, respectively, for 472 
2011-2030) and becoming as large as 2.3 (0.6-3.7°C) and 2.7°C (1.0-4.0°C) for the minimum 473 
and maximum temperatures, respectively, by 2080-2099 compared to the baseline climate 474 
(1991-2010). Notably, the warming rate during the winter and autumn seasons will always be 475 
high and persistent, thereby hampering the cold environment needed for snowfall. In terms of 476 
snowfall, much larger changes can be expected in low-elevation areas than in high-elevation 477 
areas. For example, the exponential rate of frost day decrease for 1°C winter warming at 478 
lower-elevation areas is approximately three-fold (262%) higher than that in higher-elevation 479 
areas. As such, snowfall in higher-elevation areas will decrease by 48-67% by the end of the 480 
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21st century (2080-2099) compared to the baseline climate, but the lower elevations are more 481 
likely to go without significant snowfall (a 79-100% decrease compared to the baseline 482 
climate).  483 
     484 
Despite the fact that 90% of the scenarios predicted a decrease in winter precipitation, the 485 
river discharge will remain relatively unchanged for the winter months until the end of the 486 
21st century due to an enhanced hydrological cycle caused by the warming climate. 487 
Consequently, the river discharge for all other months will decrease with the highest 488 
predicted reduction as large as 59% in October for the 2080-2099 period compared to the 489 
baseline river discharge. The low-flow analysis indicated that the magnitude of the minimum 490 
river discharge will likely increase (e.g., a 25% increase in the lowest 7-day average river 491 
discharge with a 10-year return period during the winter season in the 2080-2099 time period 492 
compared to the baseline time period), which is attributed to the early snowmelt and an 493 
increased frequency of low precipitation events. Meanwhile, the annual low-flow events, on 494 
average, will increase by 16 and 15 days during the spring and summer seasons in the 2080-495 
2099 time period, respectively, compared to the average for the baseline period. These results 496 
reveal that in addition to the decrease in river discharge volume over 9 months of the year, 497 
variations in river discharge may cause an uneven temporal distribution of the water in 498 
downstream areas. Moreover, a consistent shift in river discharge timing would eventually 499 
result in snowmelt-generated river discharge occurring approximately 12 days earlier during 500 
the 2080-2099 time period in comparison to the baseline climate. Such changes may cause 501 
the reservoir systems downstream to fill and release water earlier than usual, leading to a 502 
water shortage during the summer for water supply and agricultural purposes (Matonse et al. 503 
2011). 504 
In addition to the direct and indirect impacts on socio-economic sectors such as agriculture, 505 
industry, hydropower and tourism, the long-term impacts on the natural environment could be 506 
significant. The decrease in snow cover duration and the warming climate may increase the 507 
length of the growing season, resulting in more water lost to transpiration. From an ecological 508 
point of view, mountain trees and animal species may shift to higher-elevation areas (Parry et 509 
al. 2007; Sandvik et al. 2004). As such, the impact level may vary from genetic adaptation to 510 
habitat and species diversity to, in an extreme case, species extinction. Moreover, increasing 511 
air temperatures and early snowmelt may increase the water temperatures in streams, lakes 512 
and wetlands and may have a dramatic effect on the ecological balance of these ecosystems. 513 
Water temperatures in surface ecosystems are highly sensitive to surface air temperature 514 
changes and may exceed the upper thermal limits of some species in the summer without 515 
adequate cool water supplies from groundwater discharge (groundwater is generally cooler 516 
than surface water in warmer months) and river water supplies (Gunawardhana et al. 2011). 517 
Therefore, the combined effects of surface air temperature changes (a 0.4-5.0°C change 518 
during summer in the 2080-2099 time period compared to the baseline time period), early 519 
snowmelt, regular low-flow conditions and increased variations in river water discharge may 520 
be problematic for the protection of aquatic ecosystems under a changing climate. 521 
    522 
Finally, it is worth noting that our results are capable of addressing only the long-term trends 523 
of climate and associated hydrological regimes with certain levels of uncertainty because, in 524 
addition to the temperature and precipitation, changes in other climate parameters, such as 525 
solar radiation, relative humidity and wind speed, are important for snowmelt estimations. 526 
However, the data availability for mountainous regions over long periods of time is a major 527 
constraint in using detailed energy balance models for climate change studies. Furthermore, 528 
the use of many GCM parameters may eventually increase the uncertainty of the final output 529 
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(Salathe et al. 2007). Moreover, the range of the predicted impact is dependent on the number 530 
of GCM scenarios used for the analysis and on their performances in capturing the local-scale 531 
climate. In particular, the GCM precipitation incorporates a high level of uncertainty when 532 
compared with local-scale precipitations in mountainous areas. Therefore, it is preferable to 533 
consider a range of models and scenarios instead of relying on a single forecast. The dense 534 
weather station network combined with the 10 GCM scenarios selected in this study is 535 
expected to simulate the future climate at the local scale with reasonable accuracy. Therefore, 536 
our results will be applicable for developing new water management strategies in the 537 
Tagliamento River basin under changing climate conditions. 538 
 539 
Appendix 1 540 
The mathematical model for the water exchange between the tanks and daily runoff 541 
generation 542 
 543 
            (1) 544 
     545 
            (2) 546 
 547 
            (3) 548 
 549 
 550 
            (4) 551 
 552 

( ) ( )∑
=

=
4

1
,

x
nxn RQ            (5) 553 

where 554 
x: number of tanks counted from the top 555 
n: number of days from the beginning (1/d) 556 
Δt: length of the time step 557 
A(x): runoff coefficient of the xth tank (1/d)  558 
B(x): infiltration coefficient of the xth tank (1/d)  559 
H(x,n): water depth in the xth tank on the nth day (mm) 560 
Z(x): height of the runoff hole of the xth tank (mm)  561 
R(x,n): runoff from the xth tank on nth day (mm/d) 562 
I(x,n): infiltration in the xth tank on the nth day (mm/d) 563 
T(n): total input to the first tank on the nth day (mm/d) 564 
P(n): precipitation on the nth day (mm/d) 565 
SM(n):  snow-melt on the nth day (mm/d) 566 
Evt(n):  evapotranspiration on the nth day (mm/d) 567 
Q(n):  total runoff on the nth day (mm/d) 568 
    569 
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R(x,n) =  A(x)× [H(x,n)-Z(x)]            H(x,n) > Z(x) 

0                                   H(x,n) ≤ Z(x) 

I(x,n) = B(x)× H(x,n) 

H(x,n+1) =  H(x,n) – [R(x,n) × Δt] – [I(x,n) × Δt] + [T(n + 1) × Δt]     x = 1 
H(x,n) – [R(x,n) × Δt] – [I(x,n) × Δt] + [I(x – 1, n) × Δt]    x ≠ 1 

T(n) = P(n) + SM(n) – Evt(n) 



13 

 

References 577 

Ames, D. P.: Estimating 7Q10 confidence limits from data: A Bootstrap approach, J. Water Res. Pl-578 
ASCE, 132, 204–208, 2006. 579 

Beniston, M.: Environmental Change in Mountains and Uplands, Arnold/Hodder Publishers, London, 580 
UK, and Oxford University Press, New York, USA, 2000. 581 

Beniston, M.: Climatic change in mountain regions: A review of possible impacts, Climatic Change, 582 
59, 5–31, 2003. 583 

Beniston, M.: Mountain climates and climatic change: An overview of processes focusing on the 584 
European Alps, Pure Appl. Geophys, 162, 1587–1606, 2005. 585 

Beniston, M., Keller, F., and Goyette, S.: Snow pack in the Swiss Alps under changing climatic 586 
conditions: an empirical approach for climate impacts studies, Theor. Appl. Climatol., 74, 19–31, 587 
2003. 588 

Cooper, V. A., Nguyen, V. T. V., and Nicell, J. A.: Calibration of conceptual rainfall–runoff models 589 
using global optimisation methods with hydrologic process-based parameter constraints, J. Hydrol. 590 
334, 455–466, 2007. 591 

Diaz, H. F., and Bradley, R. S.: Temperature Variations during the Last Century at High Elevation 592 
Sites, Climatic Change, 36, 253–279, 1997. 593 

Durand, Y., Laternser, M., Giraud, G., Etchevers, P., Lesaffre, B., and Merindol, L.: Reanalysis of 44 594 
Yr of Climate in the French Alps (1958–2002): Methodology, Model Validation, Climatology, and 595 
Trends for Air Temperature and Precipitation, J. Appl. Meteor Climatol., 48, 429–449, 2009. 596 

EEA: Regional climate change and adaptation: The Alps facing the challenge of changing water 597 
resources, Copenhagen, Denmark, DOI 10.2800/12552, 2009. 598 

Erdenetuya, M., Khishigsuren, P., Davaa, G., Otgontogs, M.: Glacier change estimation using Landsat 599 
TM data, International Archives of the Photogrammetry, Remote Sensing and Spatial Information 600 
Science, 36, 240–243, 2006. 601 

Fontaine, T., A., Cruickshank, T. S., Arnold, J. G., and Hotchkiss, R. H.: Development of a snowfall-602 
snowmelt routine for mountainous terrain for the soil water assessment tool (SWAT), J. Hydrol., 262, 603 
209–223, 2002. 604 

Gunawardhana, L. N., Kazama, S., and Kawagoe, S.: Impact of urbanization and climate change on 605 
aquifer thermal regimes, Water Resour. Manage., 25, 3247–3276, 2011. 606 

Haeberli, W., and Beniston, M.: Climate Change and its Impacts on Glaciers and Permafrost in the 607 
Alps, Ambio, 27, 258–265, 1998. 608 

Hargreaves, G. H., and Samani, Z. A.: Reference crop evapotranspiration from temperature, Appl. 609 
Eng. Agric., 1, 96–99, 1985. 610 

Hashino, M., Huaxia, Y., and Yoshida, H.: Studies and evaluations on interception processes during 611 
rainfall based on a tank model, J. Hydrol., 255, 1–11, 2002. 612 

Hodgkins, G. A., and Dudley, R. W.: Changes in the timing of winter-spring streamflows in eastern 613 
North America, Geophys. Res. Lett., 33, L06402 doi:10.1029/2005GL025593, 2006. 614 

Kawagoe, S., Kazama, S., and Sarukkalige, P. R.: Assessment of snowmelt triggered landslide hazard 615 
and risk in Japan, Cold Reg. Sci. Technol., 58, 120–129, 2009. 616 

Kite, G. W.: A watershed model using satellite data applied to a mountain basin in Canada, J. Hydrol., 617 
128, 157–169, 1991. 618 

Kroll, C. N., and Vogel, R. M.: Probability distribution of low streamflow series in the United States, 619 
J. Hydrol. Eng., 7, 137–146, 2002. 620 



14 

 

Leavesley, G. H., Lichty, R. W., Troutman, B. M., and Saindon, L. G.: Precipitation-Runoff Modeling 621 
System: User’s Manual, Water Resources Investigations Report 83–4238, US Geological Survey, 622 
Denver, Colorado, 1983. 623 

Liggins, F., Betts, R. A., and Mcguire, B.: Projected future climate changes in the context of 624 
geological and geomorphological hazards, Phil. Trans. R. Soc. A, 368, 2347–2367, 2010. 625 

Maeda, M., and Bergstrom, L. F.: Leaching patterns of heavy metals and nitrogen evaluated with a 626 
modified tanks-in-series model, J. Contam. Hydrol., 43:165–185, 2000. 627 

Matonse, A. H., Pierson, D. C., Frei, A., Zion, M. S., Schneiderman, E. M., Anandhi, A., Mukundan, 628 
R., Pradhanang, S. M.: Effects of changes in snow pattern and the timing of runoff on NYC water 629 
supply system, Hydrol. Process., 25, 3278–3288, 2011. 630 

Miller, N. L., Bashford, K. E., and Strem, E.: Potential impacts of climate change on California 631 
hydrology, J. Am. Water Resour. As., 39, 771–784, 2003. 632 

Parry, M., Canziani, O., Palutikof, J., Linden, P. V., and Hanson, C.: Climate change 2007: Impacts, 633 
Adaptation and Vulnerability. Summary for policymakers, Cambridge University Press, New York, 634 
2007. 635 

Reilly, C. F., and Kroll, C. N.: Estimation of 7-day, 10-year low-streamflow statistics using baseflow 636 
correlation, Water Resour. Res., 39, 1236, DOI:10.1029/2002WR001740, 2003. 637 

Ryu, J. H., Lee, J. H., Jeong, S., Park, S. K., and Han, K.: The impacts of climate change on local 638 
hydrology and low flow frequency in the Geum River Basin, Korea, Hydrol. Process., 25, 3437–3447, 639 
2011. 640 

Salathe, E. P. Jr., Mote, P. W., and Wiley, M. W.: Review of scenario selection and downscaling 641 
methods for the assessment of climate change impacts on hydrology in the United States Pacific 642 
Northwest, Int. J. Climatology, 27, 1611–1621, 2007. 643 

Salinger, M. J., and Griffiths, G. M.: Trends in New Zealand daily temperature and rainfall 644 
extremes, Int. J. Climatol., 21, 1437–1452, 2001. 645 

Sandvik, S. M., Heegaard, E., Elven, R., and Vandvik, V.: Responses of alpine snowbed vegetation to 646 
long-term experimental warming, Ecoscience, 11, 150–159, 2004. 647 

Schaefli, B., Hingray, B., and Musy, A.: Climate change and hydropower production in the Swiss 648 
Alps: quantification of potential impacts and related modelling uncertainties,  Hydrol. Earth Syst. Sci., 649 
11, 1191–1205, 2007. 650 

Schneeberger, C., Blatter, H., Abe-Ouchi, A., and Wild, M.: Modelling changes in the mass balance 651 
of glaciers of the northern hemisphere for a transient 2×CO2 scenario, J. Hydrol., 282, 145–163, 2003. 652 

Semenov, M. A., and Stratonovitch, P.: Use of multi-model ensembles from climate models for 653 
assessment of climate change impacts, Climate Res., 41, 1–14, 2010. 654 

Stewart, I. T.: Changes in snowpack and snowmelt runoff for key mountain regions, Hydrol. Process., 655 
23, 78–94, 2009. 656 

Sugawara, M.: Tank model, Computer models of watershed hydrology, in: Singh VJ (ed) Water 657 
Resources Publications, Highlands Ranch, CO, USA, 1995. 658 

Tockner, K., Ward, J. V., Arscott, D. B., Edwards, P. J., Kollmann, J., Gurnell, A. M., Petts, G. E., 659 
and Maiolini, B.: The Tagliamento River: a model ecosystem of European importance, Aquat. Sci., 65, 660 
239–253, 2003. 661 

Tureyen, O. I., and Akyap, E.: A generalized non-isothermal tank model for liquid dominated 662 
geothermal reservoirs, Geothermics, 40, 50–57, 2011. 663 



15 

 

USEPA: DFLOW: a tool for low flow analysis in water quality models and tools. United States 664 
Environmental Protection Agency, Washington, DC,  665 
http://epa.gov/waterscience/models/dflow/flow101.cfm, last access 5 November 2010, 2009. 666 

Yokoo, Y., Kazama, S., Sawamoto, M., and Nishimura, H.: Regionalization of lumped water balance 667 
model parameters based on multiple regression, J. Hydrol., 246, 209–222, 2001. 668 

Zhang, X., Srinivasan, R., Debele, B., Hao, F.: Runoff simulation of the headwaters of the Yellow 669 
River using the SWAT model with three snowmelt algorithms, J. Am. Water Resour. As., 44, 48–61, 670 
2008. 671 

Zion, M. S., Pradhanang, S. M., Pierson, D. C., Anandhi, A., Lounsbury, D. G., Matonse, A. H., and 672 
Schneiderman, E. M.: Investigation and Modeling of winter streamflow timing and magnitude under 673 
changing climate conditions for the Catskill Mountain region, New York, USA, Hydrol. Process., 25, 674 
3289–3301, 2011. 675 
 676 
Tables legends  677 
 678 
Table 1 Details of the GCMs and scenarios used in this study. The three time periods 679 
represent climate predictions in the short-term climate (2011-2030), the mid-term climate  680 
(2046-2065) and long-term climate (2080-2099) 681 
 682 
Figure captions 683 
 684 
Fig. 1 a) Catchment area representative of the Venzone water discharge measuring station 685 
and the distribution of meteorological stations within the study area. b) NDVI composition of 686 
the catchment area derived from Landsat images taken on 29 July 2002.   687 
Fig. 2 Tank model structure for runoff estimations. 688 
Fig. 3 Glacier and snow cover area during two time periods; a) from band combination 689 
method and b) from NDSI index. 690 
Fig. 4 a) Temporal changes in snow and glacier cover. b) Variations in snow and glacier 691 
cover with respect to the three-day mean temperature averaged for all meteorological stations.   692 
Fig. 5 Observed and simulated daily averaged river discharge at the Venzone station 693 
Fig. 6 The change in monthly average minimum and maximum temperatures compared to 694 
temperatures of the baseline time period. The box-plots represent the interquartile range for 695 
the 25th and 75th percentiles from all 10 scenarios. The solid line represents the average of 10 696 
scenarios.  697 
Fig. 7 The change in number of frost days with daily average winter temperature a) at the 698 
Forni Avoltri station and b) at the Cedarchis station. Each data point in the graph represents 699 
the number of frost days predicted by a certain scenario within a certain time period. 700 
Fig. 8 Change in monthly precipitation and snowfall compared to the baseline time period. 701 
The box-plots represent interquartile ranges for the 25th and 75th percentiles from all 10 702 
scenarios. The solid line represents the average of 10 scenarios.  703 
Fig. 9 Results of river discharge predictions for the long-term climate. a) Changes in monthly 704 
average river discharge compared to the baseline time period. b) 7Q10 low-flow discharge 705 
compared to the baseline time period. c) Relative frequency of daily precipitation compared 706 
to the baseline time period. d) Number of days with river water discharge lower than the 707 
7Q10 estimation for the baseline time period. The whiskers represent the interquartile range 708 
for the 25th and 75th percentiles from all 10 scenarios. The solid line represents the average of 709 
10 scenarios.  710 
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Fig. 10 Shift in river discharge timing in the future compared to baseline climate conditions. 711 
The whiskers represent the interquartile range for the 25th and 75th percentiles from all 10 712 
scenarios. The solid line represents the average of 10 scenarios. 713 
 714 
 715 
 716 

 717 

Table 1 Details of the GCMs and scenarios used in this study. The three time periods 718 
represent climate predictions in the short-term climate (2011-2030), the mid-term climate  719 
(2046-2065) and long-term climate (2080-2099) 720 

Model Model acronym Country Grid resolution Emissions scenarios Time periods 
CSIRO-MK3.0 CSMK3 Australia 1.9×1.9° A1B, B1 

2011-2030, 2046-2065, 
2080-2099 

MRI-CGCM2.3.2 MIHR Japan 2.8×2.8° A1B, B1 
HadCM3 HADCM3 UK 2.5×3.75° A1B, A2, B1 

PCM CCSM3 NCCCS USA 1.4×1.4° A1B, A2, B1 
 721 
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 724 
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 727 
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 731 
 732 
 733 
 734 
 735 
 736 
 737 
 738 
 739 
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 752 
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Fig. 7 The change in number of frost days with daily average winter temperature a) at the 1050 
Forni Avoltri station and b) at the Cedarchis station. Each data point in the graph represents 1051 
the number of frost days predicted by a certain scenario within a certain time period. 1052 
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Fig. 8 Change in monthly precipitation and snowfall compared to the baseline time period. 1125 
The box-plots represent interquartile ranges for the 25th and 75th percentiles from all 10 1126 
scenarios. The solid line represents the average of 10 scenarios.  1127 
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Fig. 9 Results of river discharge predictions for the long-term climate. a) Changes in monthly 1169 
average river discharge compared to the baseline time period. b) 7Q10 low-flow discharge 1170 
compared to the baseline time period. c) Relative frequency of daily precipitation compared 1171 
to the baseline time period. d) Number of days with river water discharge lower than the 1172 
7Q10 estimation for the baseline time period. The whiskers represent the interquartile range 1173 
for the 25th and 75th percentiles from all 10 scenarios. The solid line represents the average of 1174 
10 scenarios.  1175 
 1176 
 1177 
 1178 
 1179 
 1180 
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 1183 
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Fig. 10 Shift in river discharge timing in the future compared to baseline climate conditions. 1197 
The whiskers represent the interquartile range for the 25th and 75th percentiles from all 10 1198 
scenarios. The solid line represents the average of 10 scenarios. 1199 
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 1201 
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