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ABSTRACT

The experimental basin of “Fiumarella of Corleto’a® been monitored for four years since
September 2002. It is provided of an instrumentatimat includes one complete meteorological
station, three raingauges and one hydrometer at dbélet. The basin is characterized by
conspicuous snowfall during winter periods. Forsthéason, one of the raingauges is provided of
a heat resistance that allows to quantify the sngngcipitation. Such data has been used to
improve a conceptual model for rainfall-runoff siiation by means of a snowmelt module based
on the use of degree-day factors or, for smallewtiscales, degree-hour factors. The model is a
semi-distributed one, where the basin is subdivideelevation bands accounting for the spatial
distribution of snowy coverage, precipitation armperatures. It was found that the snowfall
produces delayed response in the streamflow araligi®oring this process may cause significant
errors in the flow discharge estimation during ftbevents.

1 [INTRODUCTION

The application of rainfall-runoff models should tested using data of experimental
basins with detailed hydrological information inasp and time. Generally, measurement
errors and rough resolution of data may produceisintarpretation of rainfall-runoff
processes specially when we are dealing with @ifferunoff generation processes. For
instance, the snowmelt process plays an importaig m the runoff generation
mechanisms when the sample watershed is locataghaaltitude. In those cases, detailed
measurements of temperature, snow precipitationaaddtailed digital elevation model
are necessary.

In the last few years, numerous hydrological motelge been developed. The WMO
(1986) operated an intercomparison of conceptuafai&runoff models paying attention
to their attitude for operational use. Most modzmiasist of two components: a snowmelt
module, which simulates the snow accumulation arelting, and a transformation
module simulating the streamflow at the outlet. Bm@wmelt models can be classified
into “index” or “energy balance” models: the formeae generally based on temperature
data whose spatial distribution is evaluated by meeaf a lapse rate, while the second
requires a greater number of meteorological datéar(sradiation, air humidity, wind
speed, etc.).

The “energy balance” approach allows to betterueatal the spatial distribution of the
snow coverage over the basin, that can be validayedbserved data as those derived
from point measurements, remote sensing imagesr@l @hotos. For instance, Bléschl et
al. (1991a,b) proposed an energy based model éoegtimation of the spatial distribution
of the snow water equivalent, but they had seridifculties in the use of point
measurements since the water equivalent may vanifisantly over small distances.
Therefore, given the influence of the topograplmng twind and the gravity effects, the
authors proposed a linear interpolation of the smater equivalent as a function of the
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local elevation, the slope and curvature.

A detailed snowmelt simulation is described in Wk of Zanotti et al. (2004) where
an energy-based snow module is proposed for theT&FOmodel (Bertoldi et al., 2004):
the soil-snow energy and mass exchanges are irdvobgether with a runoff production
module. Great attention is paid to the soil chamastics whose parameterization is
fundamental for a correct schematization of the spi@} processes involved. Snow
accumulation and successive melting are calculfaiémlving the UEB scheme (Tarboton
and Luce, 1996), an energy-based one-layer snoveintiodt is physically consistent but
computationally efficient enough to be used in silb&cale distributed model. The daily
snow water equivalent simulated shows a good gttith the observed one obtained by
means of data of daily snow depth and average stengity at different stratigraphic
profiles. It is besides highlighted the effect tfpe and aspect: snow cover is much more
shallow or nearly absent in steep south-facingesop

The increasing availability of meteorological ddtaves many researchers to develop
“energy balance” models with an increasing compyeand difficult to be tested. The
WMO (1986) analyzing various kind of models highligd that the temperature
represents the main factor for the evaluation & $mow precipitation and, after the
accumulation in the snowpack, of the melting partibor these reasons, simple models
based on the degree-day method, where the dailyrsett depth is computed by means
of a melting factor and of the temperature, haggeat diffusion. In the years they were
improved incorporating the radiation data in thevemelt equation (Brubker et al., 1996).

The study cases presented in the literature arergy mountain basin in which it is
easily distinguishable an accumulation and a ngelberiod with the individuation of the
runoff component caused by the snowmelt. In thesgrework the sample watershed,
afterwards described, is on the Apennine with anmaatude of about 1000 m. In this
case, the snowmelt contribution to the streamfl@ss consistent in comparison with the
mountain basins, shows a delayed response and atlsng effects on the basin
hydrograph. This behaviour is particularly evidextitscale event during which other
physical quantities (e.g., solar radiation) plaseaondary role: that justifies, in this study,
the use of a simple model based only on temperaatese

The paper is organized as follow: in the first pdme basin is described in all its
physical and hydrological characteristics, in thexamd part the results of a semi-
distributed simulation model are showed with pattc attention to the snowmelt
processes that characterize a considerable nurhBeod events.

2  “FIUMARELLA OF CORLETO” EXPERIMENTAL BASIN

The “Fiumarella of Corleto” river is an affluent tife Sauro river (Agri basin) located
in Basilicata region (Southern ltaly), with an amfaabout 33 krfy a mean altitude of
1050 m (ranging from 650 to 1500m), characterizgd Bub-humid climate (mean annual
precipitation 720 mm). The mean annual number @bdl events is 10, in particular in
winter and spring period with about the 50% of thetmaracterized by a snow
contribution.

The great interest developed on this basin, by namitored from September 2002,
grows up from its particular land use, characteriag forest for the right hillslope and by
prevalent agricultural crops for the left one, tlaiows to study the two respective
hydrological response (Fiorentino et al., 2006)isTik described on the land system map
(Figure la), elaborated by Santini et al. (1999)ere each unit is identified by a specific
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vegetation and soil type: the first attribute alotlie definition of a land use map (Figure
1b) the second is only a qualitative descriptionthed soil. For this reason, the second
aspect was deepened for the definition of thewoykical characteristics by means of the
data obtained along two linear transects estaldligitethe opposite sides of the stream
channel (Romano and Palladino, 2002). Every transeconstituted by 88 undisturbed
soil cores spaced 50 m apart that have been adalipye means of laboratory
measurements in order to define: texture, organiatten etc. The geographical
intersection of the transect points with the undépnallowed the characterization of almost
all units with the definition of the mean valuetbé features previously described. For the
zones without available information, the data wasgrated with a land system map of the
whole Agri basin whose soil classification was =l according to the HYPRES
(HYdraulic PRoperties of European Soil) databasat ttiefines also the hydraulic
characteristics (Carriero et al., 2005). The sdibracterization is articulated in the
following physical quantities: texture, accordingSDA classification, organic carbon,
thickness.
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Figure 1. Land system map (A) and land use map (B) of thenBiella of Corleto.

The use of simplified techniques allows to define hydrological quantities generally
required by the simulation models such as: fielpbacity, water content at saturation, etc.
These are the ptf (Pedo Transfer Functions), statiSunctions that allow to derive the
hydraulic soil characteristics from the physicalesnIn particular, we used for the
estimation of soil water content at saturatigSaxton et al., 1986):

s=0.332-7.251-10 - 4(%sand) + 0.1276rwclay),
for the estimation of the residual water conterfiVereecken et al., 1989):
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r = 0.015 + 0.005(% clay) + 0.014(%f§anio.

for the evaluation of the field capacity (Rawls et al., 1982), hypothesized as the value of
the water content at the potential h=-33 kPa:

¢ =0.2576 + 0.002 (%sand) + 0.0036 (%clay) + 0.028€ organic).

Finally another ptf (Cosby et al., 1984) was used the estimation of the hydraulic
conductivity at saturation K

Ks=0.6096-10 - 0.6 + 0.0126(% sand) - 0.0064(%)clay
The resulting physical and hydraulic charactersstitsoil are given in Table 1.

UNIT |% CLAY |% SAND | % SILT D'(chn-';H P?ﬁgg(-w C,\’ARA?'?E:E qc qr gs |Ks(mm/h)| LAND USE
ALVEO 0 0 0 70 4.5 0 0.35 0.15]  0.48 12 bare soil
CAM1 | 29.17 34.97 35.85 72 8.4 2.66 0.373 0.1p8  49.49 11.45 forest
CAR1 27.8 30.81 41.4 90 6 1.86 0.352 0.18 0.494 310. grass
FRA1 41.65 15.07 43.28 53 10 1.76 0.43 0.248  0.5285.35 | agricultural areas
FRA2 41.65 15.07 43.28 53 10 1.76 0.43 0.248  0.5285.35 | agricultural areds
FRA3 41.65 15.07 43.28 53 10 1.76 0.43 0.248  0.5285.35 | agricultural areas
VAI1 41.65 15.07 43.28 53 10 1.76 0.43 0.248  0.528 5.35 | agricultural areas
VAI2 31.53 21.59 46.88 80 8.4 1.93 0.386 02 0508 75 agricultural areals
VAI3 42.22 18.49 39.28 80 10 2.73 0.454 0.264  0.926 5.86 | agricultural areas
VARL | 38.37 17.12 44.51 60 7.6 2.65 0.44] 0.244 D52 5.96 shrubs
VAR2 | 37.65 33.79 28.55 20 8.4 4.68 0.464 0269 ®.50 9.76 forest
VAR3 | 38.01 25.46 36.53 60 8.4 2.73 0.42¢ 0.243 ®.51 7.63 forest
VAS1 35.46 23.19 41.35 70 8.4 2.9 0.42¢ 0.233  0.5137.41 forest
forest and
VAS2 | 4267 17.16 40.16 60 10 2.71 0.45 0.266 0.528 5.6 heterogeneous|
vegetation
forest and
VAS3 | 47.68 16.17 36.15 50 10.8 3.02 0.487 0.296 34.5 5.05 heterogeneous|
vegetation
vaT1 | medium-| medium-| medium-| - 3g 6.5 medium-find  0.406 02| 05 75 forest
fine fine fine
vaTz | medum-| medum-| medium-| 55 6.5 medium-find 0406 | 02| 05 75 shrubs
ine fine fine
VATg | medium-| medium- ) medium- | 5o 6.5 medium-find 0406 | 02| 05 75 shrubs
fine fine fine
VAT4 | medium-| medium- ) medium- | 5o 6.5 medium-find 0406 | 02| 05 75 forest
fine fine fine

Table 1.Physical and hydraulic characteristics of the laystem units

The hydrological data is recorded by three statibms of which located on opposite
hillslopes, in consideration of the different lamske previously described, and the third at
the basin outlet (Figure 2). The station n.1 (dt5Lin a.s.l.) is composed by a rain gauge,
that becomes a snow gauge at low temperaturesthgthctivation of a heat resistance, a
temperature sensor (active from September 2008)sansors for the measurement of the
solar radiation, air relative humidity, wind veltciand direction, soil moisture (TDT)
(active from November 2004). The station n.2 (abd &8 a.s.l.) is composed by a rain
gauge and an ultrasound hydrometric sensor, whéestation n.3 (at 1040 m m.s.l.) is
equipped simply with a rain gauge.
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METEO-HYDROLOGICAL STATION RAIN GAUGE (sept. ‘02)

HYDROMETER AND RAIN GAUGE
(sept. '02)

Figure 2. Description of the hydrological instrumentatiordahe structure of the experimental
basin described through a high resolution DEM (1x1m

3 ANALYSIS OF THE HYDROLOGICAL DATA

The recorded database was used to investigate eorildbd events and their main
hydrological characteristics (lag-time, recessianve constants, etc.) in order to deepen
the watershed hydrological response and, succégsteeutilize the same parameters in
the simulation model.
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Figure 3. Measurements of monthly average temperature amdhty precipitation given as the
sum of rain plus snow (distinction is based on terafure) at the station n.1
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During the winter period, the monthly mean tempe®a(see Figure 3) is very close to
the 0°C and consequently the snowy precipitationmes, evaluated on the basis of the
temperatures as afterwards better explained, amepamous for these periods and not
negligible for an hydrological study and a conseqsmulation.

From the recorded hydrographs, it is possible toveehe recession curves constants k
interpolating the flow data with an exponential aipn Q=Q-€’*. The successive step is
the separation of the hydrograph in order to defiveeeffective rainfall volume and the
lag-time of each flood event. All this quantitie® anvestigated in comparison with the
flood peaks with interesting results as it can bseen in Figure 4. The lag-time and the
surface recession constants have a decreasingrgsi@pewith the increase of flood
magnitude: this is probably due to a change inbigaviour of the basin response under
intense and severe precipitations that may prodiueesaturation over the whole basin
even in presence of heterogeneous soils (in termghgsical characteristics and
vegetation coverage). In this case, the role hglthb snow, that will be better described
in the simulations, can be considered negligibleabse it doesn't influence in a
determinant way the tendency in the graphs.
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Figure 4. Lag-time and recession curve constants of thamstilew due to the surface runoff as a function
of the basin floods peak
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4  RAINFALL -RUNOFF SIMULATION MODEL WITH SNOWMELT MODULE

The hydrological simulation is operated by meana sémi-distributed model, the AD3
that is an evolution of the concentrated one ADbr@ntino and Manfreda, 2004;
Manfreda, 2005). The AD3 is a physically based rhddat schematizes the basin as
sequence of buckets in series representative ibfiddt bands. The temperature of each
band is calculated from those measured at thestatil assuming a lapse rate of 6.5°C.

The water balance equations are governed by thHcegberameters that allow to
estimate the main outflow components (surface Mursfbsurface runoff, base flow).
Such parameters are derived from the main catchmhbgsical characteristics: the
maximum water storage volume of the single bucketetermined aspma= D where s
is the soil water content at saturation and D &4l thickness, while the water storage
volume at field capacity isc;S .-D where . is the water content at field capacity. When
the water volume St the time t exceeds, ®ve have the generation of the subsurface
runoff Rk while when it exceeds s we have the generation of the surface runoff
(saturation excess) that, summed to the quantity/SuxP, supplies the P (net
precipitation), with C runoff coefficient (hortomagprocess), depending to the slope and
the vegetation coverage, andtRe total precipitation. All the water volume irved in
the balance equation are transformed in the respeflbws by means of the linear
reservoir law @Wy¢/k where the own recession constants (surfaceusialoce, deep) for
the main outflow components are calculated intexjrnd the observed data as previously
explained. The complete description of the soilewéalance is schematized in the Figure
5.

Infiltration
ETr = S/SnaETo Runoff (QUTPUT)
> Rg-cp X

AX

Qoit  Subsurface

SOIL
CO 3
Soil Water Content R™ s =maf0c(s - S}

Soil water content
Percolation S.p= S+ I~ E - RS —R®)

Figure 5. Schematization of the soil water balance withetodel AD3

The evolution from the AD2 into the AD3 model is aeancluding a snowmelt module
based on the degree-day method: this is an emipimethod that simplifies the melting
dynamic as a function of the variations in the tainperature neglecting the effects of
solar radiation, air humidity, wind, etc. The cleoiaf a simulation module based only on
temperature data is due to the fact that the reebtdmperature was significantly longer
than other variables and also because within tinelation model quantities like the solar
radiation are negligible at the event scale. Besidhe use of a simplified method
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facilitates the analysis on the final basin outfloecause of the limited number of model
parameters.

The control volume is represented by the snowpdokse water content is quantified
by thesnow water equivaledfSWE) i.e. the equivalent depth of water of a srwower: it
is the result of the balance between snowmelt aftdezed water (see Figure 6).

ﬂp

SWE I=max(0,N-Nma,)& Ny2=0,1 SWE

N=M-RFR

M= Mf(Ta'TO) RFR = Mr (Ta'Tn)

Figure 6. Snowmelt module

The snowmelt process simulation is based on thplsisguation:
M = Ms (Ta-To)

where M (mm) is the melting water depth; finm/°C) is the melt factor, 51(°C) the
mean air temperature ang °C) the base temperature; lepends on the snow density
and it generally varies from 3.5 to 6 mm/°C (lowalues are recommended for fresh
snow and for snow cover under forest canopy), whilés assumed equal to 0 °C (Gray
and Prowse, 1993). Part of the melting water regsg RFR (mm), when the air
temperature KTy:

RFR = My (TaTh)

with My, refreezing factor, generally equal to 0,05 mm/a@d T, reference temperature,
about -1,5 °C. M and RFR contribute to the massarusd of the SWE. A threshold
parameter is represented by the snowpack watecitgpatention (Nay: all the water at
the liquid state that overcomes this value infigginto the soil. In general, the water
holding capacity of the snowpack decreases asngeadticurs. During the melting process
an acceptable value relating to real systems wwdmt 2 and 15%; the value of freshly
fallen snow can be as high as 55%; ten percenttypiaal average value used in many
models (Bergstrom, 1976).

In consideration of the various atmospheric requésts for snowfall formation, a
single value of the air temperature cannot be taleea discrimination parameter between
snow and rain. In the simulation, it is assumedempterature interval in which the
precipitation is a mixture of rainfall and snow @afined by the U.S. Army Corps of
Engineers (1998):
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P T,3T
. T,-T,
P.=P-R  with P=Px2 ® T <T,<T
Tr - Tb
0 T,ET,

where:

Tals the air temperature;

T, is the air temperature value above which all tleeipitation is considered liquid,;

Ty is the air temperature value below which all thecpitation is considered snowy;

P is the total precipitation measured at the snowega

P is the estimated liquid precipitation;

Ps is the estimated snowy precipitation.

The values of Tand T, chosen for this case of study are respectivel@ arid 0 °C.

This kind of module was originally created for gailalance but considering the short lag
time and duration of the floods of the studied wsdted, it was adapted at hourly scale
with encouraging results.

5 RESULTS AND DISCUSSION

The results showed several differences betweemalaion with and without the
snowmelt module. In the three cases reported heieiwas necessary the use of a
snowmelt module in order to increase the predictapabilities of the model. In the
Figure 7 (4/2/2003 event), it may be noticed that ise of a snowmelt module causes a
smoothing effect on the second peak flow occurdagng a drop in the air temperature.
The Figure 7 (3/1/2004 event) also demonstrates ti@vmodel capability have been
improved changing the simulated hydrograph: in fdw hyetograph presents two
precipitation events separated by an interval & lbour that should cause the generation
of two distinct peak flows. The snowmelt processdpices a delay effect on the basin
response that unifies the two precipitation contitns in a unique peak flow. It can be
also noticed a significant difference in the comgmus of the simulated streamflow.
Including the snowmelt module in the simulation, @l®ain a reduction of the superficial
runoff volume with consequent increasing of thessutace one. This is a consequence of
the surface runoff simulation mechanism based erhtrtonian process in which only the
precipitation at liquid state is involved; the snanstead, accumulates in the snowpack
that, melting, increases the soil water content eosequently the subsurface runoff
characterized by a slower hydrologic response. Juréace runoff volume production
visible in the simulation is mostly due to the saturation.

Finally, the Figure 8 (21/2/2005) describes the lbmation of the model applications at
daily and hourly scale: through the use of a car@us simulation at the daily scale has
been possible to evaluate the initial moisture dmmand also the snow cover caused by
antecedent snowfall, removing, in this way, thearedtimation observed in the initial part
of the simulated hydrograph obtained with AD3 with@nowmelt module. As in the
previous case we observed a significant increaskeosubsurface runoff and a reduction
of the surface runoff for the same reasons expibinefore.
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Figure 7. Resultsof the model AD3 obtained using the model under difi@rent configuration one

neglecting the presence of snowmelt process (@arahd the second accounting for the snowmelt

(see E and F). Graphs describe from the top: tt@rded hyetograph and air temperature during the

flood events of 04/02/2003 (A) and 03/01/2004 (B& comparison of the recorded with simulated
streamflow obtained using the AD3 without and vift snowmelt module.
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Figure 8. Results of the AD3 modeluring the flood event of the 21/2/2005 using tredlal with
the two variant described in Figure 7

6 CONCLUSION

The snowmelt process involves a series of phystgantities that increase the
complexity of simulations. For Apennine basinsisiinot possible to separate clearly an
accumulation period from a snowmelt period becahsetemperature, during the winter
period, is frequently very close to the threshdl@%C. On the other hand, if the snowmelt
is neglected, this may produce significant errarthe models outcomes in the simulation
of a flood events characterized by snowfall.

The presented study case deals with a small Apenasin with a mean altitude of
about 1050 m, in which almost the half of the flaaants are characterized by presence
of snowfall. In the first part, the analysis of thein hydrological parameters (lag-time
and curve recession constants) of the recorded fea@nts show a dispersion of data
decreasing with the floods magnitude. In fact, hagh peak flows a great part of the
watershed is involved in the runoff generationtls® dynamic of the entire basin prevails
over the hydrological peculiarities of the singldsones.

In the second part, the hydrological simulationsrevesed to validate the semi-
distributed model AD3 developed from the precedadm?2 with the addition of a
snowmelt module. In spite of a reduced number chmpeters requested by the model, the
goodness of the simulation results offer intergsanguments of discussion: in particular
the snowmelt process produces two visible effdatssmoothing of the peak flows and a
delay in the basin response. This effect is duthéofact that the snowmelt produces an
increase of the subsurface runoff, slower tharsthiéace runoff.
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