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Abstract

This study estimated the effects of projected variations in precipitation and temper-
ature on snowfall-snowmelt processes and subsequent river discharge variations in
the Tagliamento River in Italy. A lumped-parameter, non-linear, rainfall-runoff model
with 10 general circulation model (GCM) scenarios was used to capture river response5

variations attributed to climate-driven changes in 3 future time periods in comparison
to the present climate. Spatial and temporal changes in snow cover were assessed
using 15 high-quality Landsat images collected during the 2001–2003 time period,
which were further used to define different elevation bands to incorporate the elevation
effects on snowfall-snowmelt processes. The 7Q10 low-flow probability distribution ap-10

proximated by the Log-Pearson type III distribution function was used to examine river
discharge variations with respect to climate extremes in the future. On average, the re-
sults obtained for 10 scenarios indicate a consistent warming rate for all time periods,
which may increase the maximum and minimum temperatures by 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 compared to the15

present climate. Consequently, the exponential rate of frost day decrease for 1 ◦C win-
ter warming in lower-elevation areas is approximately three-fold (262 %) higher than
that in higher-elevation areas, revealing that snowfall in lower-elevation areas will be
more vulnerable under a changing climate. In spite of the relatively minor changes in
annual precipitation (−17.4∼1.7 % compared to the average of the baseline (1991–20

2010) period), snowfall will likely decrease by 48–67 % during the 2080–2099 time pe-
riod. The accumulated effects of a decrease in winter precipitation and an increase in
evapotranspiration demand on winter river discharge will likely be compensated for by
early snowmelt runoff due to increases in winter temperatures. Nevertheless, the river
discharge in other seasons will decrease significantly, with a 59 % decrease in the pre-25

dicted river discharge in October over 100 yr. The low-flow analysis indicated that while
the magnitude of the minimum river discharge will increase (e.g. a 25 % increase in the
7Q10 estimations for the winter season in the 2080–2099 time period), the number of
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annual average low-flow events will also increase (e.g. 16 and 15 more days during
the spring and summer seasons, respectively, in the 2080–2099 time period compared
to the average during the baseline period), leading to a future with a highly variable
river discharge. Moreover, a consistent shift in river discharge timing would eventu-
ally cause snowmelt-generated river discharge to occur approximately 12 days earlier5

during the 2080–2099 time period compared to the baseline climate. These results
are expected to raise the concern of policy makers, leading to the development of new
water management strategies in the Tagliamento River basin to cope with changing
climate conditions.

1 Introduction10

Observed and projected increases in temperature and precipitation variability are per-
haps the most influential climate-driven changes to impact water systems (Parry et al.,
2007). Such changes in high-elevation areas are likely to be more profound than others
(Beniston, 2005). In mountainous areas, precipitation largely occurs as snow during
the winter, which accumulates on the ground until adequate solar energy is available to15

start the melting process in spring and summer. This melting water sustains the river
level downstream when rainfall decreases and when demand is high. The increasing
temperature and variations in precipitation patterns evidently alter the mountain hy-
drology in many ways. Higher temperatures cause snow and glaciers to melt at faster
rates (Schneeberger et al., 2003) and precipitation to fall more often as rain than as20

snow (Beniston et al., 2003). The subsequent impacts include, but are not limited to,
seasonal shifts in stream flows (Zion et al., 2011), an increase in the ratio of winter
to annual flows (Stewart, 2009), a reduction in low flows during spring and summer
(Miller et al., 2003), increased risks of landslides (Kawagoe et al., 2009) and floods
(EEA, 2009), a lack of water resources for water supply systems (Matonse et al., 2011)25

and hydro-power generation (Schaefli et al., 2007) and challenges to the tourist indus-
try (Beniston, 2003).
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The Alps, commonly known as the water tower of Europe, are among the mountains
threatened by dramatic changes in water cycle mainly attributed to climate change.
Alpine climates have undergone significant change over the past century. According to
Beniston (2005), the warming experienced in the Swiss Alps in the 20th century has
resulted in a more than 1.5 ◦C increase in annual average air temperature, which is5

approximately a three-fold amplification in comparison to the global average warming
during the same period (Diaz and Bradley, 1997). Further investigation has revealed
that increases in the minimum temperature were as high as 2 ◦C in the European Alps
during the 20th century, with a modest increase in the maximum air temperature and
a slight trend in precipitation anomalies (Beniston, 2000). Based on 44 yr climatic10

records (1958–2002), Durand et al. (2009) reported that temperatures in the French
Alps are rising in the spring but falling in autumn. In particular, the late winter and early
summer temperatures during recent years have remained high. Consequently, from
1850 to 1980, retreating glaciers in the European Alps have lost approximately 30 to
40 % of their surface area and approximately 50 % of their original volume (Haeberli15

and Beniston, 1998). The climate models under the A1B scenario have projected a 2.2
to 5.1 ◦C annual mean warming in the Alps by 2080–2099 compared to the annual
average temperature in 1980–1999, concluding that changes in the hydrological cycle
and associated ecosystems in the future may be more profound than ever (Liggins
et al., 2010).20

Even though climate changes had dramatic impacts during the 20th century in the
Alpine region, the Tagliamento River in Italy, which is considered the last morphologi-
cally intact river in the Alps, has not suffered drastic modifications. However, because
changes in the future climate are projected to be more intense, many concerns have
been raised regarding the potential burden that may be imposed on hydrological pro-25

cesses in the Tagliamento valley. Thus, the objective of this study was to evaluate
the potential climate change effects on the availability of future water resources in the
Tagliamento River. The predictions of this study are expected to raise the concerns of
policy makers, leading to the development of sustainable water management practices
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to cope with a changing climate.

2 Methodology

2.1 Study area

The Tagliamento River in northeastern Italy flows from the Italian Alps to the Adriatic
Sea. The area of interest covers 1935 km2 for the Venzone water discharge measuring5

station, with elevations ranging from 370 m at the catchment outlet to 2600 m in the
northeastern Alpine areas (Fig. 1a). The study area is covered with a dense weather
station network, which includes 11 meteorological stations (approximately one station
per 175 km2), with daily observations covering the past 31 yr. The seasonal snow
cover begins to accumulate in late November or early December, and snowmelt typ-10

ically commences at the end of March or the beginning of April. Low river discharge
generally occurs in the winter when most precipitation accumulates as snow. A sus-
tained period of high flows prevails during the spring (late April to early June), resulting
from the melting of the winter snowpack. The river discharge gradually declines from
early summer, when the evapotranspiration demand is high and after snow disappears15

from the catchment. The 1-h river discharges averaged daily from January 2008 to
September 2009 were used for the analysis.

According to the meteorological records from 2006 to 2010, the annual average
temperature near the catchment outlet was approximately 11.2 ◦C, and the temper-
ature decreased with elevation at an average rate of 4.0 ◦C per 1000 m. The mean20

daily temperature remained below 0 ◦C for an average of 21 days yr−1 near the catch-
ment outlet, and for 36 days yr−1 upstream of the catchment (at Forni Avoltri station, at
888 m a.s.l.). The daily average winter (December–February) temperature was close
to the melting point (2.1 and 1.0 ◦C near the catchment outlet and at Forni Avoltri sta-
tion, respectively), which may adversely affect seasonal snow cover changes under25

a changing climate. When records from all meteorological stations were considered,
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warming trends were evident on decadal and longer time-scales. For example, during
the 2000–2009 period, the average daily minimum temperature increased by 0.57–
2.47 ◦C in comparison to the average during 1980–1989. Similarly, the average daily
maximum temperature over the 2000–2009 period increased by 0.09–1.8 ◦C compared
to the average for 1980–1989. Both the maximum and minimum temperatures showed5

positive trends throughout all seasons. In particular, the temperature from late winter
to early summer remained high.

The rate of increasing precipitation with elevation is unclear due to the effect of local
topography on precipitation processes in mountainous climates. Therefore, the daily
precipitation was averaged using the Thiessen polygon method (Zion et al., 2011).10

According to the annual precipitation from 2006 to 2010, two distinct pluvial zones
can be identified: (1) the northern catchment area, with a mean annual precipitation
ranging from 1500 to 1800 mm, and (2) the Alpine foreland area, with a mean annual
precipitation ranging from 1900 mm to 2900 mm. In general, the annual precipitation at
all stations is increasing slightly (0–24 mm yr−1), and snow precipitation trends follow15

the temperature change. As a result, the number of frost days (days with an average
temperature below 0 ◦C) during 1980–2010 decreased by approximately 10–13 days
for each 1 ◦C of winter warming.

According to the land use percentages derived from Landsat imaging for 29 July
2002 (Fig. 1b), the land cover in the catchment is dominated by forest (77 % of the20

land area has an NDVI higher than 0.1). There is some agriculture, and to a lesser ex-
tent, some scattered developments are located along the river valley, which represent
less than 12 % of the total catchment area (areas with NDVI values from −0.1 to 0.1).
The geology of the catchment area mainly consists of limestone and flysch, which is
occasionally intermixed with layers of gypsum (Tockner et al., 2003).25

2.2 Model for river discharge simulation

The tank model proposed by Sugawara (1995) is a lumped-parameter, non-linear,
rainfall-runoff model composed of one or several tanks (Fig. 2). The coefficients used to
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represent different hydrological processes (surface and subsurface runoff and infiltra-
tion) are generally obtained by matching observed and simulated data. The difference
in magnitude of these coefficients in different catchments reflects the geographical fea-
tures of the watersheds. In addition to the use of the tank model in many studies for
runoff simulations (e.g. Yokoo et al., 2001; Hashino et al., 2002, Cooper et al., 2007),5

similar concepts have been applied to water quality (Maeda and Bergstrom, 2000) and
geothermal (Tureyen and Akyap, 2011) studies. In the simulation, glacier and snow-
melt treated as a single water body, summed up with the rainfall and put in the first
tank at the top (Kite, 1991). Evapotranspiration is directly subtracted from the top
tank (Hashino et al., 2002). Among the four tanks in the model, the first tank at the10

top accounts for rapid runoff near the ground surface, and the second tank models the
shallow subsurface runoff process. The other two tanks at the bottom retain the surplus
water from the two top tanks before producing direct runoff. This phenomenon repre-
sents the hydrological role of deep aquifers, which accumulate the infiltrating water
from the ground surface and release it downstream with certain time delays. A rep-15

resentative mathematical model for the water exchange between the tanks and daily
runoff generation can be expressed as follows.

R(x,n) =
{
A(x)× [H(x,n)−Z(x)] H(x,n) >Z(x)
0 H(x,n) ≤Z(x)

(1)

I(x,n) =B(x)×H(x,n) (2)

H(x,n+1) =
{
H(x,n)− [R(x,n)×∆t]− [I(x,n)×∆t]+ [T(n+1)×∆t] x=1
H(x,n)− [R(x,n)×∆t]− [I(x,n)×∆t]+ [I(x−1,n)×∆t] x 6=1

(3)20

T(n) = P(n)+SM(n)−Evt(n) (4)

Q(n) =
4∑

x=1

R(x,n) (5)

where
145
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x: number of tanks counted from the top
n: number of days from the beginning (1 d−1)
∆t: length of the time step
A(x): runoff coefficient of the x-th tank (1 d−1)

B(x): infiltration coefficient of the x-th tank (1 d−1)5

H(x,n): water depth in the x-th tank on the n-th day (mm)
Z(x): height of the runoff hole of the x-th tank (mm)

R(x,n): runoff from the x-th tank on n-th day (mm d−1)

I(x,n): infiltration in the x-th tank on the n-th day (mm d−1)

T(n): total input to the first tank on the n-th day (mm d−1)10

P(n): precipitation on the n-th day (mm d−1)

SM(n): snow-melt on the n-th day (mm d−1)

Evt(n): evapotranspiration on the n-th day (mm d−1)

Q(n): total runoff on the n-th day (mm d−1)

A temperature-based method was applied to separate precipitation into rain and snow.15

If the daily minimum temperature (Tmin) is larger than the threshold temperature (2 ◦C
in this study), then all precipitation is considered as rain. If the maximum temperature
(Tmax) is smaller than the threshold temperature, then all precipitation is assumed to
occur as snow. When the threshold temperature is between the minimum and maxi-
mum temperatures, the rainfall amount (Prain) is estimated as a proportion of the total20

precipitation (Ptotal) as follows (Leavesley et al., 1983; Zion et al., 2011).

Prain =
Tmax−2.0
Tmax−Tmin

×Ptotal (6)
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The snow pack for the present day (Snowd) in the catchment was updated with the
snow pack for the previous day (Snowd−1), the snowfall for the present day (Psnowd) and
the snowmelt for the present day (Smeltd) as follows.

Snowd =Snowd−1+Psnowd−Smeltd (7)

The snowmelt was assumed to be a function of the mean air temperature of the day5

(Tavg) and was estimated using the degree-day method.

Smeltd =K ×
(
Tavg−0

)
for Tavg >0 (8)

where K is a calibrated melt coefficient and

Tavg =
Tmin+Tmax

2
(9)

Only one parameter must be estimated, and thus, this method is simple to apply in10

climate change studies. Due to the higher level of uncertainties incorporated in the
general circulation model (GCM) output (e.g. temperature, precipitation, humidity), the
use of many climatic parameters for impact predictions eventually increases the uncer-
tainty of the final output (Salathe et al., 2007). The Hargreaves equation (Hargreaves
and Samani 1985), which is one of the most widely used temperature-based formulas,15

was used to estimate the reference evapotranspiration (ET0).

ET0 =
0.0023

λ

(
Tmax+Tmin

2
+17.8

)
×
√
Tmax−Tmin×Ra (10)

where Ra (MJ m−2 d−1) is the extra-terrestrial solar radiation and λ is the latent heat of
vaporization (2.45 MJ m−2 d−1).

2.3 Remote sensing technique for identifing different snowfall-snowmelt20

elevation bands

Elevation is an important parameter governing the snowfall-snowmelt processes
in mountainous areas. Considering the 1700 m elevation difference between the
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catchment outlet and the northeastern crest and a temperature lapse rate (the rate
of temperature decrease with elevation) of approximately 0.004 ◦C m−1, we can ex-
pect a temperature difference of approximately 7 ◦C between the upstream and down-
stream catchment areas. Therefore, the spatial and temporal variations of the snowfall-
snowmelt processes due to elevation are of prime importance for accurate river dis-5

charge simulations. Fontaine et al. (2002) incorporated the elevation difference ef-
fect in a semi-distributed hydrological model by introducing up to 10 elevation bands
within each sub-basin. Zhang et al. (2008) showed that use of the elevation band
method, including the temperature lapse rate in a catchment with a dense weather
station network, provides discharge simulation almost as good as a complex energy10

budget model. In this study, the temporal and spatial variations of the glacier- and
snow-covered areas in the basin were determined using satellite data. Landsat TM
and ETM+ images obtained from 2001–2003 were selected at a 30 m grid resolution
in such a way that the maximum cloud cover was always less than 15 %. To represent
the temporal changes in snow cover, 15 Landsat images covering each season were15

collected. In the Landsat images, the glacier and snow spectral values are grouped as
255, 145–255, 191–255, 116–217, 20–31 and 3–18 in bands (TMs) 1–5 and 7 (Erdene-
tuya et al. 2006). In the initial stage, these spectral ranges were used as a reference
for snow and glacier classification. For the next step, the band combination method
was used to extract the snow and glacier areas. Three band combinations, 3, 2, 1;20

4, 3, 2; and 5, 4, 3 were compared with each other to identify areas with similar land
classes. To distinguish glacier and snow from similarly bright soil, rocks and clouds,
the normalized difference snow index (NDSI) was also applied (Eq. 11).

NDSI=
(TM2−TM5)

TM2+TM5
(11)

Altogether, 7 elevation bands with a maximum elevation difference of 300 m were iden-25

tified. The average elevation of a particular band was multiplied by the temperature
lapse rate to derive the representative temperature of the elevation band and further
used to determine the snowfall percentage and snowmelt rate.
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2.4 Multi-model ensembles for climate projections

The Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report
(AR4) provides a set of GCMs that are commonly used to assess the impacts of
a changing climate. Although these models produce output for a common set of ex-
periments, uncertainties in predictions arise from differences in grid resolutions, model5

structures and initial conditions. Therefore, reliable impact assessments require multi-
model ensembles with several scenarios that best reflect a range of possible future
climate change (Salathe et al., 2007). Nevertheless, the direct use of the GCM output
is hampered by its coarse spatial resolution.

In this study, the results of four GCMs along with 3 scenarios, producing 10 climate10

change scenarios, were used (Table 1). The spatial mismatch between the GCMs and
the resolution needed for impact assessment was resolved by applying a statistical
downscaling technique. The stochastic weather generator (WG), which is commonly
used for downscaling, was used to link GCM model parameters with corresponding
observations at the local scale (Semenov and Stratonovitch, 2010). Observed daily15

weather data for 1980–2010 were used in the WG model to determine probability dis-
tributions and any possible correlations. In this method, the cumulative probability
distributions of dry and wet series, daily precipitation and minimum and maximum tem-
peratures are defined by a semi-empirical distribution with 23 intervals. A wet day is
defined as a day with precipitation >0.0 mm. When generating climate scenarios, the20

estimated cumulative probability function obtained from observations is adjusted by the
relative change in magnitude of the corresponding parameter predicted by the future
GCM scenario. Moreover, to determine whether the simulated data preserve statistical
characteristics similar to those of the true long-term observations, model performances
were assessed using the Chi-squared goodness-of-fit test, and the means and stan-25

dard deviations were analyzed using t and F tests (detailed information can be found
in Semenov and Stratonovitch, 2010).
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2.5 Low-flow analysis

As recommended by the United States Environmental Protection Agency (USEPA),
the 7Q10 low-flow index has been widely used to determine climate change impacts
on river discharge (Kroll and Vogel, 2002; Matonse et al., 2011; Ryu et al., 2011). The
USEPA (2009) defines 7Q10 flow as the lowest 7-day average discharge that occurs5

once every 10 yr. The probability distribution of the low-flow time series is approximated
by the Log-Pearson type III distribution function (Reilly and Kroll, 2003; Ames, 2006).
Three parameters are need for this distribution function, and they were estimated by fit-
ting the natural logs of data to the Pearson type III distribution function (more details in
Ames, 2006). Because the estimation from the 7Q10 method represents the minimum10

river discharge over a certain time period (generally longer than a decade), such anal-
ysis can provide useful information for long-term river basin management perspectives
under changing climate conditions. Here, we developed low-flow statistics using the
1991–2010 period (baseline) and the short-term climate, mid-term climate and long-
term climate time series.15

3 Results and discussion

3.1 Spatial and temporal changes in snow cover

To understand the seasonal pattern of snow and glacier cover variation, Landsat im-
ages were analyzed using the band combination method and arithmetic operations of
the NDSI index. Figure 3 depicts the discriminated glacier and snow area during in-20

tense snowfall (15 February) and snow-free (26 August) time periods. Snow and glacier
areas mapped by the 5, 4, 3 band combination method are shown in light blue (Fig. 3a),
and those for the NDSI-index-generated scenes are shown in white (Fig. 3b). The out-
put from the band combination method and the NDSI index reveals that snowmelt be-
gins in the low-elevation areas of the catchment, where, the snow cover is generally thin25
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and the air temperature is high. Subsequently, as the temperature increases from win-
ter to summer, the melt continues to the upper part of the catchment. Figure 4a shows
the temporal changes in snow cover for the study area. The seasonal snow cover
tends to disappear at a faster rate during warmer climatic conditions (March-June), fol-
lowed by a slow depletion under a colder temperature regime (December–February). It5

was estimated that, on average, approximately 46 % of the basin is covered with snow
and glacier from December to February, which decreases to less than 5 % for July to
September. According to Fig. 4b, the snow cover change follows the trend of temper-
ature variation in the catchment. Once the air temperature passes the 0 ◦C threshold,
the snow cover area begins to be depleted at a rate of 125 km2 ◦C−1, which is almost10

constant until the end of May. The substantial melting rate of winter snowpack during
this period contributes to a sustained period of high river flows during the spring and
early summer.

Figure 5 depicts the observed and simulated river discharges at the Venzone gauge
station. The simulated water discharges are in agreement with the corresponding ob-15

servations, with a Nash-Sutcliff coefficient greater than 0.75. According to Fig. 5, com-
paratively higher river flow can be observed during spring (March–May). The total
river discharge in this period accounted for approximately 25 % of the annual river dis-
charge. However, the precipitation in this period is comparatively small, contributing
less than 12 % of the annual precipitation. As a result, according to our simulations,20

approximately 53 % of the river discharge during the spring season is generated by
snowmelt.

3.2 Precipitation, snowfall and air temperature under a changing climate

To assess the temporal variations resulting from a changing climate, the relative
changes in climate parameters for three future time periods were compared with those25

of the baseline period. Figure 6 shows the changes in the monthly average maxi-
mum and minimum temperatures at the Forni Avoltri meteorological station, which is
888 m a.s.l. (Fig. 1). Based on 10 model scenarios, the annual mean warming from the
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baseline climate for the 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 and 0.3 ◦C for the minimum and maximum temperatures,
respectively. However, the magnitude of warming significantly increases for the later
time periods. For example, the annual mean warming averaged over 10 scenarios for
the long-term climate is as high as 2.3 ◦C (0.6 to 3.7 ◦C) for the minimum temperature5

and 2.7 ◦C (1.0 to 4.0 ◦C) for the maximum temperature.
When seasonal changes in temperature are considered, all model scenarios show

a generally similar trend of warming for the three time periods. The warming during
winter and autumn (September–November) is always higher and more persistent than
in the other two intermediate seasons for all three future time periods. The most con-10

sistent and greatest warming occurs in September, when the HADCM3-A2 scenario
predicts a warming of 1.1–5.2 ◦C for the minimum temperature and 1.7–5.5 ◦C for the
maximum temperature for the long-term climate compared to the baseline time period.
On average, the winter temperature increases from 1.0 to 3.8 ◦C for the minimum tem-
perature and from 1.2 to 4.1 ◦C for the maximum temperature for the long-term climate15

compared to the baseline time period. This persistent increase in winter temperature
could significantly reduce the snowfall amount. For example, the average number of
frost days per year (days with an average temperature below 0 ◦C) ranges from ap-
proximately 18 downstream (Cedarchis meteorological station, Fig. 1, at approximately
402 m a.s.l.) to approximately 52 upstream of the study area (Forni Avoltri meteorologi-20

cal station, at approximately 888 m a.s.l.) during the baseline time period. According to
the averaged predictions from 10 scenarios, for a 2.5 ◦C increase in winter temperature
at the Forni Avoltri meteorological station, the number of frost days is likely to decrease
by 35 days. In lower elevations, the reduction is expected to increase by more than the
amount estimated for higher-elevation areas. For example, Fig. 7 shows the change25

in the number of frost days with winter temperature as predicted by 10 GCM scenar-
ios from the baseline and the three future time periods. According to these results,
the number of frost days decreases exponentially as the winter temperature increases.
Notably, the rate of frost day decrease in the lower-elevation area (Cedarchis area, with
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a 1.32 rate) is 262 % higher than that in the higher-elevation area (Forni Avoltri area,
with a 0.50 rate). Consequently, the daily average temperature in the lower-elevation
area may only rarely fall below 0 ◦C during the 2080–2099 time period, which in turn
will have serious effects on snowfall and snow cover melt.

Changes in the precipitation patterns with respect to magnitude and phase (snow5

or rain) may have an even greater impact than surface air temperature warming on
the hydrological processes of a river basin. According to Fig. 8, the annual mean
precipitation (rainfall + snowfall) change from the baseline time period to the short-term
climate is −1.8 to 3.3 %, with only a minor change when averaging all model scenarios
(0.6 %). However, the mid-term climate predictions depict a modest change in the10

annual mean precipitation (−12.2 to 4.5 % change compared to the baseline period),
and by the end of the 21st century (long-term-climate), the corresponding changes
become significant (−17.4 to 1.7 % change compared to the baseline period average).

Almost all of the models and scenarios analyzed (90 %) show a decrease in winter
precipitation for all time periods. Despite the increasing winter precipitation in some15

months (e.g. February), a significant reduction in snowfall can be expected due to
warmer winter temperatures. For example, for 1.1–4.0 ◦C winter warming in the long-
term climate, snowfall will likely decrease by 48–67 % compared to that in the baseline
time period. The modest increase in the mean monthly precipitation during May (40 %),
September (23 %) and October (17 %) in the short-term climate gradually declines by20

50 % for the mid-term climate (24, 12 and 10 % for May, September and October, re-
spectively) and is further reduced to a negative change in the long-term climate (0.6,
−5 and −22 % for May, September and October, respectively). Similarly, for all other
months, the magnitude of the monthly mean precipitation change decreases with time
from the present climate until end of the 21st century.25

3.3 Future river discharge predictions and the results of low-flow analysis

The warming climate projected by the 10 scenarios will enhance the evapotranspira-
tion rate and the proportion of liquid to solid precipitation. These potential changes in
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precipitation amount and seasonality demonstrate that the accumulated impact of cli-
mate change may have serious consequences on water availability in the Tagliamento
River. The seasonal change in river discharge is significant for all months in all three
future time periods except from winter to early spring (December–March). In general,
the reductions in river discharge are comparatively small in the short-term climate but5

become significant in the long-term climate conditions. Figure 5a shows the change
in daily average monthly discharge as predicted by 10 scenarios in comparison with
the discharge for the baseline time period. River discharge is predicted to drop signif-
icantly during the autumn season (September–November), which is mainly attributed
to the predicted warming and precipitation reduction in the future climate (representing10

the highest changes in comparison to the other seasons, as shown in Figs. 6 and 8).
For example, the highest reduction will occur in October, with a value approximately
59 % lower than the river discharge in the baseline climate. In spite of the significant
temperature increase (but smaller precipitation change), the winter river discharge re-
mains almost constant for all future time periods, mainly because more precipitation15

will occur as rain rather than snow and because snowmelt will start earlier due to
a warming climate.

According to the low-flow analysis results (Fig. 9b), the magnitude of the 7Q10 dis-
charge will clearly increase for all scenarios (e.g. a 25 % increase during the winter
season). This behavior contradicts the expected decline in river discharge due to an20

increase in evapotranspiration demand and a precipitation drop in the future, but can
be explained by the relative frequency distribution of daily precipitation in the future
compared to the baseline time period. As shown in Fig. 9c, on average, predictions
from the different scenarios indicate an increased frequency of low precipitation events
in the future compared to the baseline time period. For example, the relative frequency25

of daily precipitations less than 15 mm increases from 85 % for the baseline time pe-
riod to 93–95 % for the long-term climate. On the other hand, the daily precipitation
corresponds to a 99th percentile value decrease from 72.2 mm for the baseline time
period to 25.5–30.2 mm for the long-term climate. Therefore, on a broader time scale
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(an average of 2 decades in this study), we can expect regular low-level river discharge
in the future compared to the present climate. Figure 9d shows the seasonal change
in low-flow events compared to 7Q10 estimations for the baseline time period. While
the predicted low-flow events during autumn and winter remain relatively unchanged,
a significant increase in low-flow events can be observed for the spring and summer5

seasons, which further intensify from the short-term climate to the long-term climate
by the end of the 21st century. For example, the annual low-flow events, on average,
will increase by 16 and 15 days during the spring and summer seasons, respectively,
in the long-term climate in comparison to the average for the baseline period. There-
fore, according to the results shown in Fig. 9b,d, we can conclude that, even though10

the magnitude of the minimum river discharge increases under the changing climate,
variations in water discharge can increase significantly, leading to a future with regular
low-flow events.

3.4 Shift in river discharge timing attributed to earlier snowmelt

Because much of the spring river discharge is produced by snowmelt (53 % according15

to the simulation results shown in Fig. 5), a shift in river discharge timing is a clear
indicator for investigating climate change impacts in mountainous climates. For this
study, the winter-early spring center of volume, which is defined as the Julian Day when
half of the total river discharge from January to May has occurred (WSCV), was used
to evaluate the river discharge timing for the baseline and future time periods (Zion20

et al., 2011; Hodgkins and Dudley, 2006). Figure 10 depicts the change in WSCV from
the baseline climate to the end of the 21st century. On average, the results from 10
scenarios indicate a slight delay in the WSCV date in the short-term climate due to
the predicted increase in snowfall in January and February (Fig. 8) and no significant
change in temperatures compared to the baseline climate. In contrast, for the mid-term25

climate and long-term climate, a significant change in river discharge timing can be
expected, which according to the average of all GCM scenarios studied, may shift the
timing of river discharge to occur 6 to 12 days earlier than in the baseline climate. This
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shift in WSCV represents an integrated response of the catchment to the significant
variations in temperature and precipitation during the mid-term climate and long-term
climate (Figs. 6–8).

4 Conclusions

The European Alps are a mountain range subject to the dominant influence of climate5

change. Thus far, the Tagliamento River in Italy has not experienced drastic modifi-
cations but is likely to be vulnerable to a changing climate. This study therefore used
10 GCM scenarios for three future time periods to evaluate the hydrological response of
the Tagliamento River for probable variations in temperature and precipitation patterns.

The snow and glacier areas mapped by the Landsat images indicate that 46 % of10

the catchment area is generally occupied by snow cover during the winter and that the
snow cover starts to disappear from low-elevation areas to the top of the catchment
at a rate of 125 km2 ◦C−1. The winter temperature in the study area is close to the
melting point (2.1 and 1.0 ◦C near the catchment outlet and in high-elevation areas,
respectively), and thus, the natural states of snowfall and snowmelt processes are15

more vulnerable under a changing climate. When all GCM model scenarios were taken
in to account, a consistent warming trend was observed, beginnings with a relatively
minor change in the short-term climate (0.1 and 0.3 ◦C when averaging all scenarios for
the minimum and maximum temperatures, respectively, for 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 and maximum20

temperatures, respectively, by 2080–2099 compared to the baseline climate (1991–
2010). Notably, the warming rate during the winter and autumn seasons will always
be high and persistent, thereby hampering the cold environment needed for snowfall.
In terms of snowfall, much larger changes can be expected in low-elevation areas
than in high-elevation areas. For example, the exponential rate of frost day decrease25

for 1 ◦C winter warming at lower-elevation areas is approximately three-fold (262 %)
higher than that in higher-elevation areas. As such, snowfall in higher-elevation areas
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will decrease by 48–67 % by the end of the 21st century (2080–2099) compared to
the baseline climate, but the lower elevations are more likely to go without significant
snowfall (a 79–100 % decrease compared to the baseline climate).

Despite the fact that 90 % of the scenarios predicted a decrease in winter precipita-
tion, the river discharge will remain relatively unchanged for the winter months until the5

end of the 21st century due to an enhanced hydrological cycle caused by the warm-
ing climate. Consequently, the river discharge for all other months will decrease with
the highest predicted reduction as large as 59 % in October for the 2080–2099 pe-
riod compared to the baseline river discharge. The low-flow analysis indicated that the
magnitude of the minimum river discharge will likely increase (e.g. a 25 % increase in10

the lowest 7-day average river discharge with a 10-yr return period during the winter
season in the 2080–2099 time period compared to the baseline time period), which is
attributed to the early snowmelt and an increased frequency of low precipitation events.
Meanwhile, the annual low-flow events, on average, will increase by 16 and 15 days
during the spring and summer seasons in the 2080–2099 time period, respectively,15

compared to the average for the baseline period. These results reveal that in addi-
tion to the decrease in river discharge volume over 9 months of the year, variations in
river discharge may cause an uneven temporal distribution of the water in downstream
areas. Moreover, a consistent shift in river discharge timing would eventually result
in snowmelt-generated river discharge occurring approximately 12 days earlier during20

the 2080–2099 time period in comparison to the baseline climate. Such changes may
cause the reservoir systems downstream to fill and release water earlier than usual,
leading to a water shortage during the summer for water supply and agricultural pur-
poses (Matonse et al., 2011).

In addition to the direct and indirect impacts on socio-economic sectors such as25

agriculture, industry, hydropower and tourism, the long-term impacts on the natural en-
vironment could be significant. The decrease in snow cover duration and the warming
climate may increase the length of the growing season, resulting in more water lost
to transpiration. From an ecological point of view, mountain trees and animal species
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may shift to higher-elevation areas (Parry et al., 2007; Sandvik et al., 2004). As such,
the impact level may vary from genetic adaptation to habitat and species diversity to,
in an extreme case, species extinction. Moreover, increasing air temperatures and
early snowmelt may increase the water temperatures in streams, lakes and wetlands
and may have a dramatic effect on the ecological balance of these ecosystems. Wa-5

ter temperatures in surface ecosystems are highly sensitive to surface air tempera-
ture changes and may exceed the upper thermal limits of some species in the sum-
mer without adequate cool water supplies from groundwater discharge (groundwater
is generally cooler than surface water in warmer months) and river water supplies (Gu-
nawardhana et al., 2011). Therefore, the combined effects of surface air temperature10

changes (a 0.4–5.0 ◦C change during summer in the 2080–2099 time period compared
to the baseline time period), early snowmelt, regular low-flow conditions and increased
variations in river water discharge may be problematic for the protection of aquatic
ecosystems under a changing climate.

Finally, it is worth noting that our results are capable of addressing only the long-term15

trends of climate and associated hydrological regimes with certain levels of uncertainty
because, in addition to the temperature and precipitation, changes in other climate pa-
rameters, such as solar radiation, relative humidity and wind speed, are important for
snowmelt estimations. However, the data availability for mountainous regions over long
periods of time is a major constraint in using detailed energy balance models for cli-20

mate change studies. Furthermore, the use of many GCM parameters may eventually
increase the uncertainty of the final output (Salathe et al., 2007). Moreover, the range
of the predicted impact is dependent on the number of GCM scenarios used for the
analysis and on their performances in capturing the local-scale climate. In particular,
the GCM precipitation incorporates a high level of uncertainty when compared with25

local-scale precipitations in mountainous areas. Therefore, it is preferable to consider
a range of models and scenarios instead of relying on a single forecast. The dense
weather station network combined with the 10 GCM scenarios selected in this study
is expected to simulate the future climate at the local scale with reasonable accuracy.
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Therefore, our results will be applicable for developing new water management strate-
gies in the Tagliamento River basin under changing climate conditions.
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Table 1. Details of the GCMs and scenarios used in this study. The three time periods rep-
resent climate predictions in the short-term climate (2011–2030), the mid-term climate (2046–
2065) and long-term climate (2080–2099).

Model Model Country Grid resolution Emissions Time periods
acronym scenarios

CSIRO-MK3.0 CSMK3 Australia 1.9×1.9◦ A1B, B1
MRI-CGCM2.3.2 MIHR Japan 2.8×2.8◦ A1B, B1 2011–2030, 2046–2065,
HadCM3 HADCM3 UK 2.5×3.75◦ A1B, A2, B1 2080–2099
PCM CCSM3 NCCCS USA 1.4×1.4◦ A1B, A2, B1
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Fig. 1 a) Catchment area representative of the Venzone water discharge measuring station 
and the distribution of meteorological stations within the study area. b) NDVI composition of 
the catchment area derived from Landsat images taken on 29 July 2002.   
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Fig. 1. (a) Catchment area representative of the Venzone water discharge measuring station
and the distribution of meteorological stations within the study area. (b) NDVI composition of
the catchment area derived from Landsat images taken on 29 July 2002.
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Fig. 2 Tank model structure for runoff estimations. 
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Fig. 2. Tank model structure for runoff estimations.
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Fig. 3 Glacier and snow cover area during two time periods; a) from band combination 
method and b) from NDSI index. 

 

b)    August-26 a) February-15 

Fig. 3. Glacier and snow cover area during two time periods; (a) from band combination method
and (b) from NDSI index.
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Fig. 4 a) Temporal changes in snow and glacier cover. b) Variations in snow and glacier 
cover with respect to the three-day mean temperature averaged for all meteorological stations.     
 
 

   

a)  b) 

Fig. 4. (a) Temporal changes in snow and glacier cover. (b) Variations in snow and glacier
cover with respect to the three-day mean temperature averaged for all meteorological stations.
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Fig. 5 Observed and simulated daily averaged river discharge at the Venzone station 
 

Fig. 5. Observed and simulated daily averaged river discharge at the Venzone station.
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Fig. 6 The change in monthly average minimum and maximum temperatures compared to 
temperatures of the baseline time period. The box-plots represent the interquartile range for 
the 25th and 75th percentiles from all 10 scenarios. The solid line represents the average of 10 
scenarios.  
 

  

  

  

Short-term climate (2011-2030) Short-term climate (2011-2030) 

Mid-term climate (2046-2065) Mid-term climate (2046-2065) 

Long-term climate (2080-2099) Long-term climate (2080-2099) 

Fig. 6. The change in monthly average minimum and maximum temperatures compared to
temperatures of the baseline time period. The box-plots represent the interquartile range for
the 25th and 75th percentiles from all 10 scenarios. The solid line represents the average of
10 scenarios.
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Fig. 7 The change in number of frost days with daily average winter temperature a) at the 
Forni Avoltri station and b) at the Cedarchis station. Each data point in the graph represents 
the number of frost days predicted by a certain scenario within a certain time period. 
 

 

a)  b) 

Fig. 7. The change in number of frost days with daily average winter temperature (a) at the
Forni Avoltri station and (b) at the Cedarchis station. Each data point in the graph represents
the number of frost days predicted by a certain scenario within a certain time period.
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Fig. 8 Change in monthly precipitation and snowfall compared to the baseline time period. 
The box-plots represent interquartile ranges for the 25th and 75th percentiles from all 10 
scenarios. The solid line represents the average of 10 scenarios.  
 
 

   

   

  

Near-climate (2011-2030) Near-climate (2011-2030) 

Mid-term climate (2046-2065) Mid-term climate (2046-2065) 

Long-term climate (2080-2099) Long-term climate (2080-2099) 

Fig. 8. Change in monthly precipitation and snowfall compared to the baseline time period. The
box-plots represent interquartile ranges for the 25th and 75th percentiles from all 10 scenarios.
The solid line represents the average of 10 scenarios.
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Fig. 9 Results of river discharge predictions for the long-term climate. a) Changes in monthly 
average river discharge compared to the baseline time period. b) 7Q10 low-flow discharge 
compared to the baseline time period. c) Relative frequency of daily precipitation compared 
to the baseline time period. d) Number of days with river water discharge lower than the 
7Q10 estimation for the baseline time period. The whiskers represent the interquartile range 
for the 25th and 75th percentiles from all 10 scenarios. The solid line represents the average of 
10 scenarios.  
 

   

   

a) b) 

d) c) 

Fig. 9. Results of river discharge predictions for the long-term climate. (a) Changes in monthly
average river discharge compared to the baseline time period. (b) 7Q10 low-flow discharge
compared to the baseline time period. (c) Relative frequency of daily precipitation compared
to the baseline time period. (d) Number of days with river water discharge lower than the
7Q10 estimation for the baseline time period. The whiskers represent the interquartile range
for the 25th and 75th percentiles from all 10 scenarios. The solid line represents the average
of 10 scenarios.

172

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/139/2012/hessd-9-139-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/139/2012/hessd-9-139-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
9, 139–173, 2012

A water availability
and low-flow analysis
of Tagliamento River

L. N. Gunawardhana and
S. Kazama

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 

 
 
 
Fig. 10 Shift in river discharge timing in the future compared to baseline climate conditions. 
The whiskers represent the interquartile range for the 25th and 75th percentiles from all 10 
scenarios. The solid line represents the average of 10 scenarios. 
 

Fig. 10. Shift in river discharge timing in the future compared to baseline climate conditions.
The whiskers represent the interquartile range for the 25th and 75th percentiles from all 10 sce-
narios. The solid line represents the average of 10 scenarios.
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