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Abstract. In recent years the interest in the forecast and pre-
vention of natural hazards related to hydro-meteorological
events has increased the challenge for numerical weather
modelling, in particular for limited area models, to improve
the quantitative precipitation forecasts (QPF) for hydrologi-
cal purposes.

After the encouraging results obtained in the MAP D-
PHASE Project, we decided to devote further analyses to
show recent improvements in the operational use of hydro-
meteorological chains, and above all to better investigate the
key role played by temperature during snowy precipitation.

In this study we present a reanalysis simulation of one me-
teorological event, which occurred in November 2008 in the
Piedmont Region. The attention is focused on the key role
of air temperature, which is a crucial feature in determining
the partitioning of precipitation in solid and liquid phase, in-
fluencing the quantitative discharge forecast (QDF) into the
Alpine region. This is linked to the basin ipsographic curve
and therefore by the total contributing area related to the
snow line of the event.

In order to assess hydrological predictions affected by me-
teorological forcing, a sensitivity analysis of the model out-
put was carried out to evaluate different simulation scenarios,
considering the forecast effects which can radically modify
the discharge forecast.

Results show how in real-time systems hydrological fore-
casters have to consider also the temperature uncertainty in
forecasts in order to better understand the snow dynamics
and its effect on runoff during a meteorological warning with
a crucial snow line over the basin.

The hydrological ensemble forecasts are based on
the 16 members of the meteorological ensemble system
COSMO-LEPS (developed by ARPA-SIMC) based on the
non-hydrostatic model COSMO, while the hydrological
model used to generate the runoff simulations is the rainfall–
runoff distributed FEST-WB model, developed at Politecnico
di Milano.

1 Introduction

The number of great natural catastrophes is increasing world-
wide, as underlined in the last Munich Re report (Munich
Re, 2011): since 1980 a total number of 773 natural disasters
were mainly caused by meteorological (e.g. severe weather,
local storms) and hydrological events (e.g. river floods, land-
slides) – at 46 % and 28 %, respectively. This fact, com-
bined with the increased anthropization of our territories that
makes them more vulnerable to climatic and hydrological
variability, especially with prolonged and alternating periods
of droughts and intense rainfalls, has a strong impact on so-
ciety with potentially high financial and human losses.

The coupling of meteorological and hydrological mod-
els has become one of the most important challenges in
the scientific community during the two last decades (Brath
and Burlando, 1988; Serban and Askew, 1991; Cloke and
Pappenberger, 2009).

Unfortunately, due to the complexity of these mod-
els, it is difficult to identify and discriminate uncertainty
and error sources that can affect the forecast reliability
(Krzysztofowicz, 1999).
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Jaun (2008) summarizes the main sources of uncertainty in
three classes: initialization uncertainty, hydrological model
uncertainty and uncertainty in meteorological data used to
drive the hydrological model; this latter states that “accurate
predictions of precipitation amounts and temperature values
(for snow related events) are required. These uncertainties
are propagated within the hydro-meteorological forecasting
system and affect accuracy and reliability of the resulting hy-
drological prediction”.

Hence, in order to come to a rigorous quantification of un-
certainty in flood predictions, the hydrological community
is looking with increasing interest at ensemble prediction
systems (EPS) instead of single (deterministic) forecasts for
flood warning. From the hydrological perspective, the use of
meteorological EPS as input into hydrological models is an
important tool to produce ensemble river discharge forecasts,
and to assess uncertainty involved in forecasting precipita-
tion and runoff (Krzysztofowicz, 2001; Pappenberger et al.,
2005; Gouweleeuw et al., 2005; Ramos et al., 2007; Jaun et
al., 2008; Thielen et al., 2009b; He et al., 2009).

In the last decade, the use of hydro-meteorological chains
by international agencies and research centres has become
more and more widespread and is also fostered by several
scientific projects regarding flood forecast such as EFAS
in 2003 (Thielen et al., 2009a; Bartholmes et al., 2009)
and HEPEX in 2004 (Schaake et al., 2006; Thielen et al.,
2008), among others. Further international programmes deal-
ing with these topics were the following: (1) AMPHORE
(Application des Methodologies de Previsions Hydromete-
orologiques Orientees aux Risques Environnementaux) in
2006 (Amengual et al., 2008; Rabuffetti et al., 2008), a con-
tinuation of the HYDROPTIMET Project (Rabuffetti and
Milelli, 2005), mainly devoted to the hydro-meteorological
modelling of heavy precipitation events causing floods and
the optimization of the existing warning systems in the
western Mediterranean Basin; (2) the European COST Ac-
tion 731 (Propagation of Uncertainty in Advanced Meteo-
Hydrological Forecast System) (Rossa et al., 2010; Zappa et
al., 2010); (3) RAPHAEL (Runoff and Atmospheric Process
for flood HAzard forEcasting and controL) in 1998 (Bac-
chi and Ranzi, 2003); (4) the Mesoscale Alpine Programme
(MAP) between 1994 and 2005 (Ranzi et al., 2003, 2007);
and (5) in 2007 the MAP D-PHASE Project (Demonstration
of Probabilistic Hydrological and Atmospheric Simulation of
flood Events) – this latter has shown recent improvements in
the operational use of an end-to-end forecasting system, con-
sisting of atmospheric models, hydrological prediction sys-
tems, nowcasting tools and warnings for end users (Zappa et
al., 2008; Arpagaus et al., 2009; Rotach et al., 2009; Ranzi et
al., 2009).

In this paper we focus on the relevance of accurate tem-
perature forecasts, which has a crucial role in determining
the split-up of precipitation into the solid (snow) or liq-
uid phase (rainfall) over Italian Alpine catchments. This is
a topic which has not been extensively investigated in the

scientific community (brief mentions in Westrick and Mass,
2001; Weingartner et al., 2003; Verbunt et al., 2007). How-
ever, this issue applies for all those regions, especially moun-
tain basins, where the snow line (and the snow dynamics)
significantly affects the whole hydro-meteorological forecast
during heavy precipitation events in the cold season.

This is demonstrated in this paper for two Italian Alpine
catchments (the Toce and Sesia). We show the reliability of
a flood forecasting system for a heavy rainfall event which
occurred in November 2008 in the Piedmont region (north-
west of Italy) in analysing atmospheric forcing errors that can
affect river discharge predictions.

Results demonstrate that precipitation is not the only me-
teorological forcing error to be considered in hydrological
forecasts, but temperature errors play a crucial role in runoff
forecasts in mountains areas. We then investigate the effects
of temperature errors on the peak discharge. We apply the
separation factor method for separating the effect of errors in
the precipitation and temperature fields, assessing both their
individual effect and their interactions.

This study allows better understanding of these effects
during a warning meteorological event, especially when the
basin snow line becomes a decisive aspect in the surface
runoff generation; this depends on the basin ipsographic
curve and its contributing area.

2 The geographic area of this study

The area of interest is the Piedmont region, located in north-
western Italy. This area is of particular importance because
its territory sums up several different morphological and cli-
matic features. In this paper two river basins are analysed:
the Toce and Sesia (Fig. 1).

The Toce Basin has an area of 1534 km2 closed at the Can-
doglia gauging station: 90 % of this mountain watershed is
located in Italy, the north-western part in Switzerland. Due to
its elevation, extended glacial areas, and yearly rainfall value
of about 1400 mm – most of which is concentrated in the au-
tumn season – it is a basin prone to flash floods, where it has
an observed index flood (the mean value of maximum annual
flood peak, Bocchiola et al., 2003) of 1090 m3 s−1, while the
yearly average discharge is about 63 m3 s−1.

The Sesia Basin covers an area of 2606 km2 up to the Pale-
stro gauging station; only 45 % of the basin is in mountain
territory. Precipitation (annual average of about 900 mm over
the plain and up to 2000 mm over mountain) usually falls in-
tensely in the autumn season, when high runoff values are
observed. Low soil permeability in the upper watershed area
amplifies heavy precipitation impacts; this basin has an in-
dex flood of 2063 m3 s−1, while the yearly average runoff is
82 m3 s−1;

Regarding these two catchments, daily warning thresholds
used by ARPA Piedmont for alert issuing (code 2) and alarm
(code 3) are reported in Table 1. They are defined on the basis
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50 km

Candoglia

Palestro

Toce

Sesia

Fig. 1.Digital elevation model (DEM) of the area in the study. On the left side, the boundaries of each basin are shown in bold red, watershed
gauging stations are illustrated with yellow dots, and rain gauges in blue triangles.

of the capacity of each cross section and its river branch, and
evaluated by means of offline hydraulic analysis and, when
available, on the basis of historical flood data (Rabuffetti et
al., 2008).

In the Piedmont warning system when the discharge
reaches the “code 2” value the flood wave is generally in-
side the riverbed, but interaction with levees and bridges can
cause local dangers; when it reaches the “code 3” value, the
flood wave can produce extensive flooding and serious dam-
ages to structures along the river, resulting in very hazardous
conditions (Rabuffetti et al., 2009).

3 Models

3.1 Coupling strategy

This section describes the main characteristics of the me-
teorological and hydrological models used to produce the
QDFs (quantitative discharge forecasts) for the November
2008 event.

This system is currently based on hydrological model ini-
tialization from meteorological model output, providing river
discharge forecasts with some days in advance and obtain-
ing useful time for decision making, emergency management
procedures and civil protection.

Four fundamental meteorological fields were extracted:
temperature, relative humidity, net solar radiation, and pre-
cipitation. Meteorological inputs are interpolated at the spa-
tial resolution of hydrological model using the nearest neigh-
bour method (Voronoi, 1907) that selects the value of the me-
teorological model nearest to the node.

The hydrological model was initialized with a simulation
run forced with observed ground-measured data provided by
the Environment Protection Regional Agency of Piedmont
hydro-meteorological station network, which uses the same
model every day for nowcasting monitoring and as a civil
protection tool.

Table 1.Main characteristics of the catchments involved in the ana-
lysis.

Gauging River Drained Lag Alert Alarm
station area time code code

[km2] [h] [m3 s−1] [m3 s−1]

Candoglia Toce 1534 9.0 1150 2100
Palestro Sesia 2606 18.8 1900 3400

3.2 Meteorological model

The probabilistic forecast was supplied by the COSMO-
LEPS (Montani et al., 2003; Marsigli et al., 2005; Montani
et al., 2011), implemented and developed by ARPA Emilia-
Romagna in the framework of the COSMO consortium.

The LEPS methodology allows the combination of
the benefits of the probabilistic approach with the high-
resolution detail of the limited-area-model (LAM) integra-
tions, with a limited computational investment.

The main features of the COSMO-LEPS are the following:
a spatial resolution of 10 km (0.09◦) and a temporal resolu-
tion of 3 h, with 40 vertical levels and 16 ensembles nested
on selected members of the ECMWF EPS (European Centre
for Medium-range Weather Forecast – Ensemble Prediction
System), and 132 h as the lead-time; the run starts every day
at 12:00 UTC, while the hydrological simulation begins 12 h
later at 00:00 UTC, hence 120 h of hydrological simulation
are available.

3.3 Hydrological model

In this study hydrological simulations were performed using
the FEST-WB distributed water balance model (Rabuffetti
et al., 2008; Ravazzani et al., 2010; Pianosi and Ravazzani,
2010), which has been in development entirely at Politecnico
di Milano since 1990 (Mancini, 1990). The model is spatially
distributed and physically based, and the acronym stands

www.nat-hazards-earth-syst-sci.net/13/1051/2013/ Nat. Hazards Earth Syst. Sci., 13, 1051–1062, 2013
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for “Flash flood Event-based Spatially distributed rainfall–
runoff Transformations-Water Balance” (FEST-WB).

FEST-WB calculates the main processes of the hydrologi-
cal cycle: evapotranspiration, infiltration, surface runoff, flow
routing, subsurface flow and snow dynamics. The computa-
tional domain is discretized with a mesh of regular square
cells (1 km in this application), in which water fluxes are cal-
culated at hourly time intervals.

The model requires precipitation, air temperature, air rel-
ative humidity, and net solar radiation, sum of short wave
and long wave components. The observed data at ground sta-
tions are interpolated to a regular grid using the inverse dis-
tance weighting technique. Spatial distribution of local air
temperature measurements takes into account the reduction
of temperature with altitude, with a constant lapse rate of
–0.0065◦C m−1 (Rabuffetti et al., 2006); thermal inversion
phenomena are neglected. In order to facilitate integration
with meteorological models, the FEST-WB can also accept
spatial gridded meteorological fields as input.

In the FEST-WB model the partitioning of total precipita-
tion, P , in liquid, Pl , and solid,Ps, phase is a function of air
temperature,Ta (Tarboton et al., 1994):

Pl = αpP (1)

Ps =
(
1− αp

)
P , (2)

whereαp is calculated as follows:

αp =


0 if Ta ≤ Tlow

1 if Ta ≥ Tsup

Ta−Tlow
Tsup−Tlow

if Tlow < Ta < Tsup

, (3)

whereTlow and Tsup are air temperatures below or above
which precipitation falls as snow or rain, respectively; in this
study,Tlow was calibrated at –3◦C andTsupat +0◦C (Corbari
et al., 2009).

The snow melt simulation is based on the degree day
concept (Martinec and Rango, 1986). The melting rateMs
[m s−1] is proportional to the difference between air temper-
ature and a predefined threshold temperature,Tb:

Ms =

{
Cm (Ta− Tb) if Ta > Tb
0 if Ta ≤ Tb

, (4)

whereCm [m ◦C−1 s−1] is an empirical coefficient, depend-
ing on meteorological conditions and geographic location;
generally,Cm coefficient ranges from 4.8× 10−8 to 6.9×

10−8 m◦C−1 s−1.
The predefined temperatureTb fixes a threshold beyond

which snow starts melting, and its value is usually assumed
to be equal to 0◦C; Tb andCm are calibrated values of the
model.

For further details upon development of the FEST-WB, the
reader can refer to Montaldo et al. (2003, 2007), Ravazzani
et al. (2007, 2011), and Ravazzani (2013).

4 Results and discussion

In this section we analyse a meteorological event, which oc-
curred in November 2008, concerning the sensitivity of the
atmospheric forcing on discharge forecasts.

4.1 The November 2008 event: the role of atmospheric
forcings

The synoptic analysis over Europe for the period of 1–5
November 2008 shows a cut-off cyclonic circulation over
the Mediterranean Sea, originated by a cold-air upper level
trough elongated over France and Spain. The associated in-
tense moist and warm southerly flow, impinging over the
Alpine chain, caused severe precipitation on the southern
side of the Alps.

In the first five days of November 2008, more than 200 mm
(Table 2 and Fig. 2) fell over the Toce and Sesia as mean
areal rainfall obtained from the available rain gauges in the
two basins (Fig. 1), and a meteorological warning was issued
by the regional authority.

The snow line during this event was located between 1700
and 2100 m a.s.l. on the Alpine area. Thus, forecast tempera-
ture played a critical role in discharge prediction in the Toce
and Sesia basins. Table 3 summarizes the simulation results
obtained with the COSMO-LEPS forecast into the FEST-WB
model over the selected basins from lead time 4 (i.e. 96–
120 h before the main peak flow) to one day ahead (lead
time 1).

4.1.1 Sesia River at Palestro

Due to severe precipitation, an alert code 2 (orange horizon-
tal line in Fig. 3 – right) was issued over the Sesia Basin.
The FEST-WB model simulation forced with observed data
is affected by an underestimation of discharge (about 20 %);
in fact, the observed value (red line in Fig. 3 – right) at Pale-
stro gauging station is equal to 2025 m3 s−1, while the simu-
lated discharge by the FEST-WB (green dashed line) is only
1685 m3 s−1, thereby not exceeding the alert threshold. In Ta-
ble 3 we show a brief summary of the simulation reanalysis
carried out at the beginning of November, with the COSMO-
LEPS forecasts at different lead times, starting from the ini-
tialized run on 1 November 2008 (i.e. 96–120 h before the
main peak flow) to one day ahead (lead time 1).

In particular, only with the simulation starting on
4 November where the forecasted precipitation for 5 Novem-
ber were similar in terms of timing and amount to the ob-
served values (Fig. 3 – left), a correct discharge warning
(Fig. 3 – right) was flagged; in fact, the ensemble me-
dian forecast exceeded alert code 2 (with a value equal to
2203 m3 s−1), very similar to the measured runoff at Palestro
(2025 m3 s−1).

Nat. Hazards Earth Syst. Sci., 13, 1051–1062, 2013 www.nat-hazards-earth-syst-sci.net/13/1051/2013/
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Candoglia

Palestro

Fig. 2. 3-D map of the precipitation cumulated [in mm] between 1
and 5 November 2008 over the Toce and Sesia basins; colours show
the quantitative observed precipitation. The digital elevation model
of the terrain is shown in 3-D.

4.1.2 Toce River at Candoglia

The same analyses were also performed over the Toce Basin,
where a different trend was found; the forecast performance
worsened approaching the peak event on 5 November. Look-
ing at the predicted QDF over the Toce Basin with the
4 November run, we can immediately note that a false alarm
is forecast for 5 November since a possible flood is predicted
(Fig. 4 – right).

The ensemble median reached a value of 1841 m3 s−1,
i.e. an overestimation of about 100 % in comparison with
the observed value at Candoglia (916 m3 s−1). Furthermore,
the ensemble spread exceeded alert code 2 and the 75th per-
centile even exceeded the alarm code 3; this resulted in a
false alarm that could have caused huge damages.

The FEST-WB simulation forced with observed data
(green dashed line) shows a very good match between the
measured value at the basin gauging station (red line) in
terms of peak discharge (992 m3 s−1 vs. 916 m3 s−1), al-
though there is a delay of some hours in terms of timing.

The COSMO-LEPS QPF (quantitative precipitation fore-
cast) agrees with the observation until the first hours of
5 November (Fig. 4 – left). Therefore, it is not a QPF er-
ror that produced the remarkable discharge overestimation
shown before. If we look at the ensemble spread and median
value of predicted rainfall, they are very close to the observed
value (at basin scale) in the first 36 h from the beginning of
simulation; this result lead to our consideration of another
factor that could have caused the discharge overestimation
with the COSMO-LEPS forecast.

Because this event was typical of the autumn season with
heavy precipitation over the area and with a snow line at

Table 2. Mean areal precipitation cumulated over the Toce and
Sesia basins during the 1–5 November 2008 event.

Days Toce Sesia

1 November 2008 6.5 6.8
2 November 2008 7.2 8.3
3 November 2008 52.2 38.5
4 November 2008 79.0 88.8
5 November 2008 95.4 43.5

Cumulated precipitation [mm] 240.3 185.9

about 1700–2000 m a.s.l., we tried to examine the tempera-
tures predicted by the meteorological model.

Looking at temperature evolution between 4 and 5 Novem-
ber (Fig. 5), corresponding to the most intense precipitation
period over the Toce catchments, a large temperature overes-
timation (on average about 3◦C) was observed for COSMO-
LEPS forecasts. In order to assess the impact of errors in tem-
perature forecasts on QDF, a sensitivity analysis was carried
out.

4.2 Sensitivity analysis at finite changes

In the following sensitivity analysis, the FEST-WB model
was run for alternative combinations of input variables and
the corresponding model output simulations were compared.

Our task was to understand “what it was about the inputs
that made the outputs come out as they did” (Little, 1970,
p. B469). A sensitivity analysis method should make it pos-
sible to obtain the following insights:

a. How much does each factor impact the forecast result?

b. What is the direction of change in model response given
the factor’s change?

c. Do interaction effects amplify or counterbalance indi-
vidual effects?

d. What is the key driver of the model response?

In order to answer the above questions quantitatively,
we utilize a generalization of the factor separation method
(Stein and Alpert, 1983). For technical details and a rigor-
ous mathematical derivation, we refer to the works of Efron
and Stein (1981), Sobol’ (1993), Rabitz and Alis (1999),
Borgonovo (2010), and Borgonovo and Peccati (2011).

Some notations first. We allow the following:

- P = precipitation field,

- T = temperature field,

that is, the factors in our case are the entire precipitation and
temperature fields, which in turn are constituted by the set of
all the corresponding measurements or model data:

www.nat-hazards-earth-syst-sci.net/13/1051/2013/ Nat. Hazards Earth Syst. Sci., 13, 1051–1062, 2013
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Table 3. Comparison between observed data and simulated peak discharge values [Q in m3 s−1] with the FEST-WB model driven by
measured data and the COSMO-LEPS forcings at different lead times; values exceeding alert code 2 are shown in bold. The Q median shows
the median value of discharge forecasts at different lead times (hours before the main peak flow).

Basin Qobs Qsim Qmedian

FEST-WB COSMO-LEPS
(lead time 4) (lead time 3) (lead time 2) (lead time 1)

(120–98 h) (96–72 h) (72–48 h) (48–24 h) (48–24 h)

Toce 916 992 328 1028 1158 1841
Sesia 2025 1685 656 1337 1213 2203
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Fig. 3. Quantitative precipitation forecast, QPF, (left) of the COSMO-LEPS model in comparison to the mean cumulative observed precip-
itation (red line) over the Sesia Basin; the purple line shows the COSMO-LEPS median precipitation, the light orange shadows show the
COSMO-LEPS 25th and 75th percentile precipitation and the black lines refer to the COSMO-LEPS envelope precipitation. The run started
on 4 November 2008. QDF (right) of the FEST-WB model forced with observed data (green dashed line) and COSMO-LEPS meteorological
data. In particular, the red line shows the observed discharge at Palestro, the purple line shows the ensemble median discharge, the light
orange shadows show the ensemble 25th and 75th percentile discharge and the black lines refer to the ensemble envelope discharge. The run
started on 4 November 2008. The horizontal orange line is the warning code 2 for the Sesia Basin.

Fig. 4. QPF (left) of the COSMO-LEPS model in comparison to the mean cumulative observed precipitation (red line) over the Toce Basin;
the purple line shows the COSMO-LEPS median precipitation, the light orange shadows show the COSMO-LEPS 25th and 75th percentile
precipitation and the black lines refer to the COSMO-LEPS envelope precipitation. The run started on 4 November 2008. QDF (right) of the
FEST-WB model forced with observed data (green dashed line) and COSMO-LEPS meteorological data. In particular, the red line shows
the observed discharge at Candoglia, the purple line shows the ensemble median discharge, the light orange shadows show the ensemble
25th and 75th percentile discharge and the black lines refer to the ensemble envelope discharge. The run started on 4 November 2008. The
horizontal orange and red lines are the warning codes 2 and 3, respectively, for the Toce Basin.
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Fig. 5. Forecasted temperature by the COSMO-LEPS model, in
comparison with the observed value (red line); the purple line shows
the COSMO-LEPS median temperature, the light orange shadows
show the COSMO-LEPS 25th and 75th percentile temperature and
the black lines refer to the COSMO-LEPS envelope temperature.
Values are referred to as the mean area temperatures. The run started
on 4 November 2008.

- f (P 0,T 0) = the maximum discharge value of hydrolog-
ical model simulation forced with bothP andT fixed at
the observed data;

- f (P 1,T 1) = the maximum discharge value of the en-
semble median of hydrological model simulation forced
with both P and T at the values forecasted by the
COSMO-LEPS model.

Then, by the factor separation method extended to factor
groups (Sobol’, 1993; Borgonovo and Peccati, 2011), one
can write

1f = 1fP + 1fT + 1fP,T , (5)

where

– 1fP is the difference between the FEST-WB simula-
tion (referred to asS0), forced with all observed values,
and the FEST-WB simulation forced with the observed
temperature field, and the forecasted precipitation val-
ues of the COSMO-LEPS model; this latter simulation
is referred to asS1;

– 1fT is the difference between the FEST-WB simulation
(referred to asS0), forced with all observed values, and
the FEST-WB simulation forced with the observed pre-
cipitation field, but with the forecasted temperature val-
ues of the COSMO-LEPS model; this latter simulation
is referred to asS2;

– 1fP,T is the difference between the FEST-WB simu-
lation (referred to asS0), forced with all observed val-
ues, and the FEST-WB simulation forced with both the
forecasted precipitation and temperature values of the
COSMO-LEPS model; this latter simulation is referred
to asS3.
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Fig. 6.QDF of the FEST-WB simulation (S1) forced with observed
temperature field and forecasted precipitation by the COSMO-
LEPS model (blue line). The red line shows the observed discharge
at Candoglia and the green dashed line shows the simulated dis-
charge by the FEST-WB (S0), forced with observed data; the hydro-
logical simulation was started on 4 November 2008. The horizontal
orange line is the warning codes 2 for the Toce Basin.

First of all, as we have already seen in Fig. 4, we point out
that the simulated discharge by the FEST-WB model, forced
with all observed field values (precipitation, temperature, hu-
midity and solar radiation) is very similar in terms of peak
amount to the measured discharge.

Thus, the first two steps of the decomposition involve indi-
vidual changes in “precipitation” and “temperature” to com-
pare the discharge differences; in particular, we alternated the
observed precipitation and temperature fields with the fore-
casted fields. The humidity and solar radiation field were not
changed in this sensitivity analysis; instead, their inputs were
always implemented as observed data.

Figure 6 shows that no large differences exist between the
two simulationsS0 andS1: i.e. putting the COSMO-LEPS
precipitation field as input in the FEST-WB model and main-
taining the other observed meteorological data (air tempera-
ture, relative humidity and solar radiation), the discharge dif-
ference1fP between the ensemble median (blue line) and
the FEST-WB (green dashed line) is only−26 m3 s−1.

On the contrary for the simulationS2 shown in Fig. 7,
the ensemble medianQmax shows a remarkable difference
of 686 m3 s−1 in comparison withS0.

The simulationS2 is the keystone in our analysis and it an-
swers our proposed objectives. The discharge overestimation
(ensemble median value of 1678 m3 s−1), exceeding alert
code 2, can only be attributed to an error of the COSMO-
LEPS forecasted temperature (about 3◦C higher than the
observed temperature; see Fig. 5) because it was the only
changed variable in this new simulation scenario.

Finally, we considered both the forecasted temperature and
precipitation fields by the COSMO-LEPS model in order to
understand the simultaneous interaction of effects of the in-
putted changes; the latter simulation is referred to asS3.
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Fig. 7.QDF of the FEST-WB simulation (S2) forced with observed
precipitation field and forecasted temperatures by the COSMO-
LEPS model (blue line). The red line shows the observed discharge
at Candoglia and the green dashed line shows the simulated dis-
charge on the FEST-WB, forced with observed data (S0). The grey
line illustrates the ensemble median of the simulationS1, as a com-
parison with the new simulation (S2). The hydrological simulation
was initialized on 4+November 2008. The horizontal orange line is
warning code 2 for the Toce Basin.

Figure 8 shows an increase in the peak discharge: the
ensemble median reaches a value of 1841 m3 s−1 (grey
dashed line), with a difference of about 849 m3 s−1 (1f ) in
comparison with the FEST-WB simulation (S0), forced with
all observed fields. By Eq. (5) the interaction effect (1fP,T )
is equal to +189 m3 s−1, showing that the forecasted dis-
charge error cannot be explained only by individual effects;
instead, interactions play a relevant role. The magnitude of
this term is non-negligible in comparison with the other ef-
fects, signalling that the response of the hydrological model
is structurally non-additive.

4.3 Effects of temperature on the peak discharge

Once assessed that the false alarm in discharge forecast over
the Toce Basin mainly depends on temperature errors, this
overestimation in terms of peak discharge over both the anal-
ysed basins was quantified performing simulations, using the
observed precipitation data, but changing the temperature in-
put field (all the other input fields were unchanged).

In fact, by raising all observed temperature data in the
subject area by 0.5, 1.0, 1.5, 2.0, and 2.5◦C, five tempera-
ture fields were created as input into the hydrological FEST-
WB model in order to obtain five corresponding simulations.
This enables us to quantify the extent to which temperature
errors can influence the discharge outputs over these two
watersheds without COSMO-LEPS forecasts. Increasing the
temperature field by an interval of 0.5◦C means raising the
snow line about 100 m at a time for a snow line which was
located around 1700–2100 m a.s.l. over mountain basins for
this event. Therefore, correlating this increase in tempera-
ture with the ipsographic curve, we were able to understand
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Fig. 8.QDF of the FEST-WB simulation (S3) forced with both fore-
casted precipitation and temperature fields by the COSMO-LEPS
model (blue line). The red line shows the observed discharge at Can-
doglia and the green dashed line shows the simulated discharge on
the FEST-WB (S0), forced with observed data. The grey line shows
the ensemble median of theS1 simulation, the grey dashed line il-
lustrates theS2 simulation; the hydrological simulation was initial-
ized on 4 November 2008. The horizontal orange line is warning
code 2 for the Toce Basin.

which is the contributing area in snow melt dynamics over
the Toce and Sesia basins.

The dashed coloured lines in Fig. 9 correlate the per-
centage of contributing area to runoff with different snow
lines, related to our modified temperature fields (from 0.5◦C
up to 2.5◦C). Since the observed snow line between 4 and
5 November was approximately at 1900–2000 m a.s.l. (green
dashed line), about 60 % of the basin area is subject to liquid
precipitation (rain) over the Toce and greater than 90 % over
the Sesia Basin were involved.

In particular, raising the 0◦C line over the Toce catchment
(Fig. 9 – left), this means that the snowfall line also increases,
and therefore the drainage area becomes greater. In fact, a
rise of 2.5◦C brings the snow line to about 2400 m a.s.l.
with a contributing area greater then 85 % that in terms of
discharge simulations brings more liquid water reaching the
basin gauging station faster.

On the contrary, with a totally different ipsographic curve
over the Sesia Basin, a rise in the temperature and therefore
the snow line, no relevant differences are shown in peak dis-
charges (Fig. 9 – right); in fact, the contributing area does not
change significantly (less than 10 %).

In Fig. 10, five different discharge simulations are shown
for the corresponding five selected temperature increases
over the Toce and Sesia catchments.

As expected, a rise in temperature over the Toce Basin im-
plies an increase of discharge values which was not found
over the Sesia, where a discharge underestimation still re-
mains due to the hydrological model performance. In Fig. 11
the percentage overestimation of the FEST-WB simulations
forced with the five modified temperature fields is shown
both for the Toce and Sesia basins.
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Fig. 9. Ipsographic curve for the Toce (left) and Sesia (right) watershed. The green dashed line refers to the actual snow line located at about
1900–2000 m a.s.l., while the other coloured dashed lines refer to the rising of the snow line due to an artificial increase in temperature at
0.5◦C intervals. The plots correlate the total contributing area to the basin altitude. In standard atmosphere conditions the temperature lapse
rate is 0.65◦C per 100 m, which is the same value used in the FEST-WB model.

0

200

400

600

800

1000

1200

1400

1600

2008-11-01 2008-11-02 2008-11-03 2008-11-04 2008-11-05 2008-11-06
days

Q
 [m

3 s-1
]

0

500

1000

1500

2000

2500

2008-11-01 2008-11-02 2008-11-03 2008-11-04 2008-11-05 2008-11-06
days

Q
 [m

3 s-1
]

Fig. 10.Discharge simulations over the Toce (above) and Sesia (be-
low) basins, with the modified temperature field as input into the
FEST-WB model initialized on the 1 November 2008. The mea-
sured discharges at Candoglia and Palestro are highlighted in red,
the FEST-WB simulations forced with observed data are shown
by the green lines, while coloured dashed lines refer to discharge
simulation by the FEST-WB model forced with increased tempera-
ture at 0.5◦C intervals. In this case we launched the simulation on
1 November to show the entire simulation for the event.
The horizontal orange line is warning code 2 for the Toce (above)
and Sesia (below) basins.

With an increase in temperature from 0.5◦C up to 2.5◦C
over the Toce Basin, the snow line was raised by approxi-
mately 500 m, with a significant difference in terms of water
runoff for the 5 November peak. For instance, the maximum
discharge (1378 m3 s−1) simulated with a modified tempera-

Fig. 11.Evaluation discharge errors based on a rise in temperature
over the Toce (left) and Sesia (right) basins. The percentage of er-
rors refers to the main peak discharge which occurred on 5 Novem-
ber 2008. The legend of coloured dashed lines of the snow line rise
is the same shown in Fig. 10.

ture field of 2.5◦C is higher by 39 % in comparison with the
discharge simulated by the FEST-WB model forced with ob-
served data. On the contrary, over the Sesia Basin the rise in
the snowfall line does not imply any differences in discharge
error; regardless of whether the 0◦C line is at about 1900 m
or at about 2500 m a.s.l., the precipitation remained in liquid
form in almost the entire basin, and the evaluated error vari-
ation was only 5 %.

In order to investigate the influence of temperature on dis-
charge simulations in depth, the SWE (snow water equiv-
alent) calculated with modified temperature values by the
FEST-WB model is shown also in Fig. 12.

An increase in temperature causes a decrease of SWE be-
cause there is less snow to be melted. Over the Toce Basin,
with a rise in the temperature field of 2.5◦C, there is a differ-
ence of about 30 mm as mean basin value (Fig. 12 – left). On
the contrary, as can be seen in Fig. 12 (right), there is no dif-
ference in the SWE with the modified temperature field over
the Sesia basin. This further demonstrates that the impact
of temperature error in the meteorological model forecasts
strongly depends on the basin ipsographic curve and there-
fore on the total contributing area during precipitation. This
aspect is particularly relevant in autumn, when the first sig-
nificant snowfalls occur over Alpine watersheds whose soil is
not yet covered by snow. These conditions may favour floods
(like in November 1994 and October 2000).
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Fig. 12.SWE simulations over the Toce (left) and Sesia (right) basins. The snow water equivalents simulated by the FEST-WB forced with all
observed data are shown by the green lines, while coloured dashed lines refer to discharge simulations by the FEST-WB model forced with
modified temperature fields at 0.5◦C intervals. Data are shown in mm on the y-axis; the scale plot is the same for the two basins to highlight
the SWE differences. The figure shows a zoom on 4 and 5 November when heavy rainfall over the north-western part of the Piedmont region
occurred.

5 Conclusions

In this study attention was focused on the ability of a cou-
pled meteorological-hydrological forecasting system to pre-
dict discharges at different lead times, and on the critical im-
pact of temperature in determining the partitioning of precip-
itation in solid (snow) and liquid (rainfall) phase and conse-
quently on the discharge peaks. We analysed an event which
occurred in November 2008 to better understand how the
forecast temperature error can affect snow dynamics during
a severe precipitation event with a crucial snow line over two
mountain basins – an issue that has not yet been investigated
in depth in scientific literature.

We have seen that precipitation is not the only atmospheric
forcing, but temperature forecast has to be taken into account
in discharge prediction, above all over mountainous areas,
where weather forecasts are complicated by orographic ef-
fects.

Depending on the basin ipsographic curve and snow
line, a temperature forecast error can have a relevant in-
fluence on the river discharge prediction with huge un-
der/overestimations with consequent false or miss alarms in
hydrological forecasts.

In particular, we describe in detail a hydrological process
for a real occurred case study of a warm bias during a hydro-
meteorological event over two Alpine basins.

We have introduced a sensitivity analysis method for as-
sessing the results and for demonstrating the problem of a
warm bias. By this method we were able to partition the er-
ror in the peak discharge forecast to individual effects of pre-
cipitation and temperature and to their interaction. We have
quantified how the QDF is influenced by temperature related
to the ipsographic curve of the Toce and Sesia basins, and
therefore to the percentage of the area that contributes liq-
uid water (rain) in the two watersheds. We have seen in this
event how a warm bias can have a big impact on hydrological
forecasts over the Toce Basin, but not over the Sesia, due to

a different relationship between the snow line and the ispo-
graphic curve of the basins.

The knowledge of the forecasted snow line is absolutely
fundamental during alert conditions.

Before an event the possibility to have a different set of hy-
drological forecasts obtained by perturbing forecasted tem-
perature fields allows insight into how much forecasted tem-
perature errors can affect peak discharge forecasts.

A future aspect to consider will be a comparison of
discharge forecasts calculated with two different rain/snow
partitioning algorithms: one computed by the hydrological
model and the other coming from the weather model itself.

Finally, it is important to state that in this paper we do not
claim to give general rules because a large number of cases
study have to be considered. However, we have inspected
another source of uncertainty which lies behind a hydro-
meteorological forecast that must be taken into account in
real-time forecast systems, especially in cold seasons over
mountain basins.
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théorie des formes quadratiques. J. Reine Angew. Math., 133,
97–178, 1907.

Weingartner, R., Barben, M., and Spreafico, M.: Floods in Mountain
Areas – an Overview Based on Examples from Switzerland, J.
Hydrol., 282, 10–23, 2003.

Westrick, K. J. and Mass, C. F.: An evaluation of a high-resolution
hydrometeorological modeling system for prediction of a cool-
season flood event in a coastal mountainous watershed, J. Hy-
drometeorol., 2, 161–180, 2001.

Zappa, M., Rotach, M. W., Arpagaus, M., Dorninger, M., Hegg,
C., Montani, A., Ranzi, R., Ament, F., Germann, U., Grossi, G.,
Jaun, S., Rossa, A., Vogt, S., Walser, A., Wehrhan, J., and Wun-
ram, C.: MAP D-PHASE: real-time demonstration of hydrolog-
ical ensemble prediction systems, Atmos. Sci. Lett., 2, 80–87,
doi:10.1002/asl.183, 2008.

Zappa, M., Beven, K. J., Bruen, M., Cofino, A., Kok, K., Martin, E.,
Nurmi, P., Orfila, B., Roulin, E., Schröter, K., Seed, A., Stzurc,
J., Vehvil̈ainen, B., Germann, U., and Rossa, A.: Propagation of
uncertainty from observing systems and NWP into hydrological
models: COST-731 Working Group 2, Atmos. Sci. Lett., 2, 83–
91,doi:10.1002/asl.248, 2010.

Nat. Hazards Earth Syst. Sci., 13, 1051–1062, 2013 www.nat-hazards-earth-syst-sci.net/13/1051/2013/

http://dx.doi.org/10.5194/nhess-8-161-2008
http://dx.doi.org/10.5194/adgeo-17-111-2009
http://dx.doi.org/10.5194/adgeo-17-111-2009
http://dx.doi.org/10.1002/asl.161
http://dx.doi.org/10.1256/qj.02.60
http://dx.doi.org/10.1002/qj.68
http://dx.doi.org/10.1016/j.cageo.2012.08.007
http://dx.doi.org/10.1016/j.envsoft.2010.11.011
http://dx.doi.org/10.1002/asl.274
http://dx.doi.org/10.1175/2009BAMS2776.1
http://dx.doi.org/10.5194/hessd-3-3321-2006
http://dx.doi.org/10.5194/hessd-3-3321-2006
http://dx.doi.org/10.1002/asl.168
http://dx.doi.org/10.5194/hess-13-125-2009
http://dx.doi.org/10.5194/hess-13-125-2009
http://dx.doi.org/10.1002/met.140
http://dx.doi.org/10.1175/JHM594.1
http://dx.doi.org/10.1002/asl.183
http://dx.doi.org/10.1002/asl.248

