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ABSTRACT

In recent years the interest in the prediction and prevention 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 for hydrological purposes.

In mountain river basins where snow dynamics can affect both precipitation (snow
accumulation) and runoff (snow melting), air temperature uncertainty has to be
thoroughly investigated. The analysis focuses on two Piedmont basins, located in the
North-West Italy. The aim of thiswork is to assess the reliability of a real time flood
forecasting system, coupling meteorological and hydrological models, analysing the
forecasting precipitation and temperature fields at different spatial scales, and in
different weather conditions.

1 INTRODUCTION

The number of great natural catastrophes is inorgagorldwide, as underlined in
the last Munich Re report: since 1980 a total numdfe773 natural disasters were
mainly caused by meteorological and hydrologicares (46% and 28% respectively).
This fact, combined with the increased antropizatid our territories that makes them
less resilient to climatic and hydrological varidli especially under prolonged and
alternating periods of drought and intense rainfadls a strong impact on society with
potentially high financial losses.

Indeed, coupling meteorological and hydrologicaldels has become one of the
most importance challenges in the scientific comityuturing the two last decades; in
particular, in recent years we have assisted tadaspread diffusion and use of hydro-
meteorological chains by international agencies aggbarch centres. This is also
related to an increase in projects regarding fltmdcasts like the Mesoscale Alpine
Programme (MAP) between 1994 and 2005, the EFA$e@rdn 2003, HEPEX in
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2004, the European COST Action 731 (Propagatiddrafertainty in Advanced Meteo-
Hydrological Forecast System) between 2005 and 2amf in 2007 the D-PHASE
Project (Demonstration of Probabilistic Hydrolodiead Atmospheric Simulation of
Flood Events); this latter has shown recent impnoeets in the operational use of an
end-to-end forecasting system, consisting of atimesp models, hydrological
prediction systems, nowcasting tools and warnirgsehd users (Zappa et al., 2008,
Rotach et al., 2009, Ranzi et al., 2009).

In this study we present an analysis for two défdrtypes of precipitation events
that occurred during the D-PHASE Operational Pefid@P) over the Toce basin, in
order to evaluate certain effects regarding disghaforecasts due to hydro-
meteorological sources of uncertainties, and adaisdoccurred in November 2008
over the Toce and Sesia basins analysing the atmadsgforcing errors that can affect
river discharge predictions. To better investigdtese effects of temperature error on
the peak discharge, we introduce a sensitivity yaiglwhich allows us to consider
jointly errors in the precipitation and temperatufields, evidencing both their
individual effect and their interactions.

Two non-hydrostatic meteorological limited area misd are used to force
hydrological simulations: one with a coarse spatieolution, supported by the
Ensemble Prediction System (the COSMO-LEPS systaged on COSMO model,
Marsigli et al., 2005) and the other with a fineidg but with one deterministic output
only (the MOLOCH model, Malguzzi et al., 2006).

The hydrological model used to generate runoff ftions is the distributed FEST-
WB (Flash—flood Event—based Spatially—distributathfall-runoff Transformation —
Water Balance) model, developed at Politecnico b (Mancini, 1990; Montaldo et
al., 2007; Rabuffetti et al., 2008; Ravazzani et2007).

2 RESULTS AND DISCUSSION

21 THE JUNE 2007 EVENT: EFFECT OF MODEL SPATIAL
RESOLUTION

The June event (13-15 June 2007) was the mostesandrrelevant during the Map-
D-Phase period on the Toce basin where 85-95 natlies fell in only 24 hours
(between 14 and 15 June).

The two meteorological models were characterizedabyopposite behaviour in
terms of forecasted cumulative precipitation betwé&d-15 June, in comparison with
observed mean basin values: in fact, there wasnaerastimation for the COSMO-
LEPS model (- 28%) and an overestimation for thel@CGH model (+ 20%). Because
of this, the COSMO-LEPS issued a meteorological laydirological yellow warning,
vice versa the MOLOCH issued an orange warning gfaomplete review about alert
thresholds, see Ceppi, 2011).

The maximum observed discharge at Candoglia was2788 s* on 15 June at
17:00 UTC (however this discharge value exceethage warning, it caused no flood
damage in the catchment area), while the simulatesimum discharge by the FEST-
WB forced with observed hydro-meteorological datasw50 m s* at 20:00 UTC;
despite this delay in reaching the peak (+ 3 houhg) hydrological model achieved a
good performance, issuing the correct warning (fedb).
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The response of the hydrological model was differgnen implemented with the
forecasted meteorological forcings. Although besienulations were obtained with the
one day ahead run (i.e. 24-48 hours before the pedak discharge), the median value
of the COSMO-LEPS ensemble predictions has shown peor results with a total
underestimation of the peak discharge (- 56 %).clwhias also forecasted about 10
hours later than the observed time; furthermorel@lmembers of the COSMO-LEPS
model were affected by errors in terms of timingl @amount of rainfall over the Toce
river basin for this event. An opposite result wés$ained using the MOLOCH model.
In fact, with the one day ahead run, the peak diggh was overestimated by 48 %
(1162.3 m s%), but the magnitude of the event was correctlydjoted, issuing an
orange warning (Figure 1).
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Figure 1. QPFs and QDFs of the FEST-WB model forced with eoled
meteorological data and with the CLEPS and Molocdeh forecast over the Toce
basin. The hydrological simulation driven by theotmeteorological model was
launched on 14 June 2007 00:00 UTC. The dischaajeevof each ensemble
forecast is shown in different colours. The horiabyellow and orange lines are the
warning codes 1 and 2 respectively for the Tocénbas

22 THE NOVEMBER 2007 EVENT: EFFECT OF SOIL MOISTURE
CONDITIONS

After a long dry period that hit the Southern edfi¢ghe Alps from the beginning of
October, this rainfall was the first relevant metdogical phenomenon that occurred
after 50 days of the dry autumn season of 2007.dHserved amount of precipitation
during this stratiform event (21-24 November) whswt 80 mm as a mean value over



A. Ceppi, G. Ravazzani, A. Salandin, D. Rabuffetti, A.Montani, E. Borgonovo, M. Mancini

the Toce basin.

According to the D-PHASE threshold, the CLEPS an@U®CH models issued a
meteorological warning (yellow code) expected on &®l 23 November, but the
measured peak discharge on 23 November at the Ghadmuging station was only
57.8 m s*, which is a very low value, with no alert all.

Due to the dry antecedent soil condition, the FE®B-hydrological simulations,
forced with forecasted meteorological data, pertatrwell, issuing no warning. In fact,
looking at the soil moisture field, before the evese find very dry values (near 9
generally over the whole Toce basin and even agtitkeof the rainfall with the soil not
totally saturated, as proof of the drought peribdt thit North-West Italy during the

autumn 2007; values near to the saturatg) (were found only along the main river
tributaries.

23 THE NOVEMBER 2008 EVENT: THE ROLE OF ATMOSPHERIC
FORCINGS

In the first five days of November 2008 more th&® Inm fell over the Piedmont
watersheds, in particular over the Toce and Semsinb, where locally more than 200
mm were cumulated in less than 5 days, and a nodtgcal warning was issued by
the regional authority.

The snow line during this event was located at 8ldoi00-2100 m a.s.l. on the
Alpine area. This snow threshold was a key faatagstimating correctly the forecasted
discharge at basin scale.

A false alarm in discharge forecasts was foundhenTtoce, where the performance
decreases approaching the peak event on 5 Novefobecasting an exceeding of the
alert code 2, which was not observed instead; réssilt needs to be investigated in
more depth, thus the FEST-WB model was testedlfernative combinations of input
variables and the corresponding model output sitiaula were compared, in order to
understand better which was the error forcing.

24  SENSITIVITY ANALYSISAT FINITE CHANGES

Our task was to understand “what it was about tipats that made the outputs
come out as the did (Little 1970, p.B469, in Borgem and Peccati 2011): in our case it
was the interaction between forecasted temperatncke precipitation errors that can
affect the peak discharge on a mountain basin gwirtumn/winter period. Following
the approach reported in Borgonovo 2010 and Borgmnand Peccati 2011, a
sensitivity analysis at finite changes has beeriegpo evaluate different simulation
scenarios.

Some notation first. We let:

- P = precipitation field;

- T = temperature field;

(That is, the factors in our case are the entiezipitation and temperature fields,
which, in turn, are constituted by the set of lafl torresponding measurements.)

~f(P°T° = the maximum discharge value of our hydrologicabdel
simulation forced with both P and T fixed at thesetved data;

- f(Pl,Tl) = the maximum discharge value of the ensemble amedi our
hydrological model simulation forced with both Rdah at the values forecasted by the
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COSMO-LEPS model.
Then, by the factor separation method extendedat¢tof groups [Sobol’ (1993),
Borgonovo and Peccati (2011)], one can write:

Af = Af, +Af +Af
)
where:

(4f,) is the difference between the FEST-WB simulafieferred to as gp, forced
with all observed values, and the FEST-WB simufatforced with the observed
temperature field, and the forecasted precipitat@ues of the COSMO-LEPS model;
this latter simulation referred to ag S

(4f7) is the difference between the FEST-WB simulafjexderred to as &, forced
with all observed values, and the FEST-WB simufatiorced with the observed
precipitation field, but with the forecasted tengiere values of the COSMO-LEPS
model; this latter simulation referred to 3s S

(4fp7) is the difference between the FEST-WB simulafi@ferred to as &, forced
with all observed values, and the FEST-WB simufafarced with both the forecasted
precipitation and temperature values of the COSMERE model; this latter simulation
referred to as S

The FEST-WB discharge simulation, forced with thbserved field values
(precipitation, temperature, humidity and solariatidn), is very similar in terms of
peak amount to the measured situationifSFigure 2). Thus, the first two steps of the
decomposition involve individual changes in “pré@pon” and “temperature” to
compare the discharge differences; in particulage walternated the observed
precipitation and temperature fields with the farsted fields. The humidity and solar
radiation field were not changed in this sensiiwdnalysis instead, and their inputs
were always implemented as observed data.
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Figure 2: QDF of the FEST-WB simulation (Bforced with observed temperature
field and forecasted precipitation by the COSMO-BEmodel (blue line). The red
line shows the observed discharge at Candogliat@dreen dashed line shows the
simulated discharge by the FEST-WB)(Sforced with observed data; the
hydrological simulation was started on 4 Novemb@d& over the Toce basin. The
horizontal orange line shows the alert code 2HerToce basin.

Figure 2 shows that no big differences exist bethwhe two simulationsgSand S:
i.e. putting the COSMO-LEPS precipitation fieldiaput in the FEST-WB model and
maintaining the other observed meteorological datatemperature, relative humidity
and solar radiation) the discharge differendg)(between the ensemble median (blue
line) and the FEST-WB (green dashed line) is odlyrfs™.

On the contrary for the simulation Shown in Figure 3 the ensemble median,Q
shows a remarkable difference of 68&fin comparison with $
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Figure 3: QDF of the FEST-WB simulation {5forced with observed precipitation
field and forecasted temperatures by the COSMO-LE®S8el (blue line). The red
line shows the observed discharge at Candogliat@dreen dashed line shows the
simulated discharge on the FEST-WB, forced witheobsd data (§. The grey line
illustrates the ensemble median of the simulatipasSa comparison with the new
simulation ($). The hydrological simulation was initialized onNbvember 2008
over the Toce basin. The horizontal orange linexshtie alert code 2 for the Toce
basin.

The simulation §shown in Figure 3 is the keystone in our analgsid it answers
our proposed objectives. The discharge overestimatensemble median value of
1678.4 ms?), exceeding alert code 2 can only be attributedrtaerror of the CLEPS
forecasted temperature (about 3°C higher than bsereed temperature), because it
was the only changed variable in this new simutaticenario.

Finally, we considered both the forecasted tempegaaind precipitation fields by
the CLEPS model in order to understand the simedias interaction of effects of the
inputted changes; the latter simulation is refetceds .
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Figure 4. QDF of the FEST-WB simulation {5 forced with both forecasted
precipitation and temperature fields by the COSMERE model (blue line). The red
line shows the observed discharge at Candogliat@dreen dashed line shows the
simulated discharge on the FEST-WB)(Sorced with observed data. The grey line
shows the ensemble median of thestulation, the grey dashed line illustrates the
S, simulation; the hydrological simulation was iniiz@d on 4 November 2008 over
the Toce basin. The horizontal orange line showsatart code 2 for the Toce basin.

Figure 4 shows an increase in the peak dischahgeehsemble median reaches a
value of 1841 ris* (grey dashed line), with a difference of about 848" (4f) in
comparison with the FEST-WB simulationy(Sforced with all observed fields. By eq.
(1), the interaction effectfr1) is equal to +189 fis' showing that the forecasted
discharge error cannot be explained only by indigiceffects; instead interactions play
arelevant role.

This term is significant, signalling the responsk tioe hydrological model is
structurally non-additive. Thus, the overall chanigenot the superimposition of
individual effects. The positive sign offpr indicates that this interaction tends to
amplify the effect of temperature while it opposeshe effect of precipitation.

25 EFFECTSOF TEMPERATURE ON THE PEAK DISCHARGE

Once we had evaluated that the false alarm in digehforecast over the Toce basin
prevalently depends on by temperature errors, wantified this overestimation in
terms of peak discharge over the Toce and Sesiashdhe strategy we adopted was
the following: new synthetic temperature fields @ercreated, rising all observed
temperature station data in the subject area hyl0051.5, 2.0, and 2.5 Celsius degrees.
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Because the 1-5 November 2008 event was charamiebiy a snow line above
1700-2100 m a.s.| over mountain basins, this meaimg) the snow line about 100 m at
atime.

With an increase in temperature from 0.5°C up &°Q.over the Toce basin the
snow line was risen approximately 500 m, with dedénce of nearly 30% in terms of
water runoff for the 5 November peak, because thmndge area becomes greater. On
the contrary, over the Sesia basin with a complatéferent ipsographic curve the rise
of the snowfall line does not substantially implyyadifferences in discharge error:
whether the 0°C line is at about 1900 m or at al®#5@0 m a.s.l., the precipitation
remains in liquid form in almost the entire basidan fact the evaluated error variation
was only 5%. In Figure 5, five different dischargenulations are shown for the
corresponding five selected temperature increagestbe Toce and Sesia catchments.
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Figure5: Discharge simulations over the Toce (upper) aeslaé5(bottom) basin, with
the modified temperature field as input into theSFBAV/B model initialized on the 1
November 2008. The measured discharge at CandaggiaPalestro are highlighted
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in red, the FEST-WB simulations forced with obserdata are shown by the green
lines, while coloured dashed lines refer to disghasimulation by the FEST-WB
model forced with increased temperature at 0.5t€mnals. In this case we launched
the simulation on 1 November to show the entireutation for the event. The
horizontal orange line shows the alert code 2HerToce (upper) and Sesia (bottom)
basins.

3 CONCLUSION

In this study we develop a hydro-meteorologicaliclzes an operating tool to assess
the reliability of a real time flood forecastingssgm, coupling meteorological and
hydrological models, analysing the quantitativecpitation and temperature fields in
different weather conditions over two mountain hagf the Piedmont Region. The aim
was to evaluate how Quantitative Precipitation Easts (QPFs) influence the
performance of hydrological predictions in termsQiantitative Discharge Forecasts
(QDFs) at different spatial scales (the June 20&hn#®, and how initial conditions of
soil moisture are relevant before a meteorologieaht (the November 2007 event).

Further, we analysed an event that occurred in hrez 2008 to better understand
the role of atmospheric forcing (precipitation ate@mperature) conditioned by a
significant snow line. Through a sensitivity andysve calculated the effects of
interactions that can modify the discharge prediictiWe quantified how the QDF is
influenced by temperature errors and is relatethéobasin’s ipsographic curve, and
therefore to the percentage of the area that ¢rtes with the most liquid water (rain)
in the watershed. This forecast error can havegairbpact on hydrological forecasts
which are generally quite reliable at 24-48 howegfole the main peak discharge.
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