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Abstract In dolomitic headwater catchments, intense rainstorms of short duration produce runoff dis-
charges that often trigger debris flows on the scree slopes at the base of rock cliffs. In order to measure
these discharges, we placed a measuring facility at the outlet (elevation 1770 m a.s.l.) of a small, rocky head-
water catchment (area �0.032 km2, average slope �320%) located in the Venetian Dolomites (North Eastern
Italian Alps). The facility consists of an approximately rectangular basin, ending with a sharp-crested weir.
Six runoff events were recorded in the period 2011–2014, providing a unique opportunity for characterizing
the hydrological response of the catchment. The measured hydrographs display impulsive shapes, with an
abrupt raise up to the peak, followed by a rapidly decreasing tail, until a nearly constant plateau is eventual-
ly reached. This behavior can be simulated by means of a distributed hydrological model if the excess rain-
fall is determined accurately. We show that using the Soil Conservation Service Curve-Number (SCS-CN)
method and assuming a constant routing velocity invariably results in an underestimated peak flow and a
delayed peak time. A satisfactory prediction of the impulsive hydrograph shape, including peak value and
timing, is obtained only by combining the SCS-CN procedure with a simplified version of the Horton equa-
tion, and simulating runoff routing along the channel network through a matched diffusivity kinematic
wave model. The robustness of the proposed methodology is tested through a comparison between
simulated and observed timings of runoff or debris flow occurrence in two neighboring alpine basins.

1. Introduction

Surface runoff is one of the mechanisms whereby sediments accumulated along mountain channels are
mobilized, possibly triggering debris flows. This initiation mechanism has been documented in several phys-
ical and geological contexts that include Alpine regions [Berti and Simoni, 2005; Gregoretti and Dalla
Fontana, 2007; Theule et al., 2012; Tiranti and Deangeli, 2015], recently burned areas [Cannon et al., 2008;
Kean et al., 2012, 2011], volcanic reliefs [Okano et al., 2012], and others geological setting [Imazumi et al.,
2006; Coe et al., 2008; Chen et al., 2012; McCoy et al., 2012; Hurlimann et al., 2014; Hu et al., 2016], as well as
in laboratory flumes [Tognacca et al., 2000] and slope [Gregoretti, 2000] experiments.

Common conditions are the small size, high relief, and very steep slopes of the considered catchments. Sur-
face runoffs consequent to relatively short and intense rainfalls often mobilize loose debris along ephemeral
channels in which water flow is otherwise rarely present. Under transport-limited conditions, implying an
abundance of loose debris [Bovis and Jacob, 1999], the inception of debris flows is linked to the exceeding
of a threshold runoff discharge [Tognacca et al., 2000; Gregoretti and Dalla Fontana, 2008], and the frequen-
cy of the events is essentially ruled by the precipitation regime. The reliable prediction of runoff is thus of
great importance for risk assessment and mitigation purposes. This is particularly relevant in the context of
Italian Alps, owing to the strong socio-economic impacts of debris flow in such area [Mattea et al., 2016;
Thiene et al., 2016]. In addition, the availability of a solid-liquid hydrograph to be prescribed as input to
numerical models is a crucial step for simulating correctly the downstream routing of debris flows
[Rickenmann et al., 2006; Medina et al., 2008; Armanini et al., 2009; Pudasaini, 2012; Gregoretti et al., 2016].

Despite its importance, runoff assessment in small rocky headwater basins is rarely supported by experi-
mental data of good quality. Even though the use of automated monitoring stations is nowadays very com-
mon as compared to pioneering times [Takahashi, 1991], systematic measurements of water discharges
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that trigger debris flows are still lacking. Monitoring efforts are usually hampered by difficulties associated
with rainfall measurement in rugged mountainous areas [Nikolopoulos et al., 2014] and discharge measure-
ment in steep torrents [Onda et al., 2006; Kean et al., 2012]. As a consequence, runoff is usually gauged only
in channels downstream of rock outcrops [Sklash and Farvolden, 1979; Pearce et al., 1986; Shanely and Peters,
1988; Scott, 1993; Sidle et al., 2000; Burns et al., 2001; Lane et al., 2006; Onda et al., 2006; Moody et al., 2008;
Bouvier et al., 2015; Penna et al., 2016] or on forested hillslopes [Sheridan et al., 2007; Robichaud et al., 2010].
Furthermore, the relatively small drainage area of the considered basins enhances the variance of hydrolog-
ical behaviors [Uchida et al., 2005] and, hence, makes generalizations uncertain.

Many researchers studied the relationship between rainfall features, debris flow occurrence, and debris flow
volume [Coe et al., 2008; Marchi et al., 2009; Hurlimann et al., 2014]. Runoff generated debris flows have been
found to form as a consequence of high intensity, short-lasting (10–45 min) convective rainfalls [Gregoretti
and Dalla Fontana, 2007; Kean et al., 2012; Underwood et al., 2016]. Measurements of soil moisture and pore
pressure in the channel bed, as well as video recordings and stage measurements provided information on
the response time of catchments subject to this type of rainfalls [Berti et al., 2000; Imazumi et al., 2006; Kean
et al., 2012]. Despite the inherent differences embodied by the variety of physical contexts, it has been repeat-
edly demonstrated that the hydrologic response occurs in a few tens of minutes or less [Kean et al., 2012]. It is
then crucial to have at our disposal trustworthy hydrologic models, to be tested by direct (runoff discharge) or
indirect (time to stage peak) measurements. For a given rainfall pattern provided by nowcasting, the aim is to
predict with sufficient advance the magnitude of debris flows and the associated potential hazard.

In this paper, we present the runoff discharge measurements collected through an experimental facility
installed in a small rocky headwater catchment of the Venetian Dolomites (North Eastern Italian Alps). The
facility is placed at the closure section of the catchment, just upstream the fan where debris flows generate
and propagate. The data include rainfall measurements at two locations (on a fork located upstream of the
watershed and at the closure section of the basin) and video recordings. The runoff discharge data are used
to test different modeling approaches, by gradually increasing the level of complexity adopted to estimate
rainfall excess and compute flow routing, pointing out potentialities and possible weaknesses. Results show
that the peak discharge and the impulsive shape of the observed hydrographs cannot be reproduced by
estimating excess rainfall through the Soil Conservation Service Curve-Number (SCS-CN) method and con-
sidering a constant routing velocity. We demonstrate that a correct estimate of the peak discharge and its
timing can be obtained by introducing in the modeling approach a simplified version of the Horton equa-
tion, while a matched diffusivity kinematic wave model for channel routing is needed to reproduce also the
overall shape of the observed hydrographs. The rest of the paper is organized as follows: section 2 describes
the field site, the monitoring apparatus and the treatment of sampled data. Section 3 presents and dis-
cusses the observed runoff events. Section 4 illustrates the hydrological modeling approaches used for
computing the runoff with a progressively larger level of complexity. Section 5 describes the comparison
between observed and computed hydrographs and discusses the choice of the model that best approxi-
mates observations. Section 6 analyzes the predictability of the proposed model. Finally, Section 7 reports
the conclusions and some suggestions for future research.

2. Material and Methods

2.1. The Field Site
The monitoring site is located 2 km north of Cortina d’Ampezzo (Northern Italy), along the river Boite valley
(Figure 1). The area is dominated by carbonatic Platform formations. Limestones of the ‘‘Calcari Grigi’’ For-
mation overly the thick dolomitic succession of the ‘‘Dolomia Principale’’ Formation. The investigated area is
characterized by abundant scree deposits, located at the base of steep rock cliffs, and incised by several
channels. Debris flows originate frequently in these channels and convey downstream large amounts of
water and sediments, threatening severely infrastructures and human settlements located along the valley
floor. These phenomena are triggered by water discharge delivered by rocky channels descending from the
upstream cliffs (left lower insert of Figure 1). The loose debris material contributing to the water-sediment
mixture is provided by the weathering of upstream cliffs, as well as by shallow failures affecting the steep
channel banks.
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The Dimai watershed (delimited by the red line in Figure 1) is very impervious and only the outlet area is accessi-
ble by hiking (inserts of Figure 1) under favorable meteorological conditions. The catchment has an area of
0.032 km2, a mean elevation of 2043 m above m.s.l., and an average slope of 319% (corresponding to 72.38). It is
drained by a 283 m long rocky channel stream (white line of Figure 1), incised on the rock facies that descend
from the Dimai Peak. This channel stream is usually dry and the bed is characterized by a series of very high ver-
tical steps and sloping reaches (slope larger than 30%), with the presence of several boulders. The mean chan-
nel slope is 238% (i.e., 67.28). These geometric features have been computed by using a DEM (1 m grid size)
derived from a Lidar survey carried out on October 2011 with a sampling density of 3 points/m2. The water run-
off produced by the watershed feeds the debris flow channel incised on the downstream loose scree slope (Fig-
ure 1).

2.2. The Monitoring Station
At the beginning of July 2010, a monitoring station for surface and subsurface flow [Berti et al., 2015] was
installed at the head of the debris flow channel (left inserts of Figure 1). The station was equipped with a
rain gauge, three pressure transducers buried in the bed of the debris flow channel and two high-speed vid-
eocameras. On August 2011, the monitoring station was completed by building a stilling basin closed

Figure 1. Aerial view of the area of Fiames, near to Cortina d’Ampezzo (Italy), with the investigated field site and the locations of measuring facilities. The lateral inserts show (top insert)
the overall frontal view of the monitoring site and (bottom insert) an enlarged view of the closure section of the watershed. The central inserts show the location of the sharp-crested
weir facility (bottom insert) before and (top insert) after the construction. The border of the considered catchment is denoted with a red line while a white line denotes the rocky channel
axis (extracted by using a drainage threshold area of 0.005 km2, McGlynn and Siebert [2003] and McGuire et al. [2005]). The black thick continuous line separates the two Thiessen poly-
gons used to estimate the area of influence of the rain gauges installed at Dimai monitoring station and on the Pomagagnon Fork. The legend refers to the installed equipments.
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downstream by a sharp-crested weir for the measure of runoff discharges delivered by the rocky channel
descending from the Dimai Peak (central top and bottom inserts of Figure 1). The facility, equipped with a
pressure transducer for water level measurement, was installed at the end section of this channel. On June
2013, a second rain gauge was positioned on the Pomagagnon fork, located just upstream of the Dimai
watershed (Figure 1), and a time-lapse camera was installed in front of the weir. The monitoring station nor-
mally records every 5 min the data supplied by rain gauges and pressure transducers. The sampling interval
decreases to 5 s when the rainfall intensity, checked every 2.5 min (5 min in period 2010–2011), exceeds
the threshold value of 0.6 mm/min.

2.3. The Sharp-Crested Weir Stilling Basin
The facility for measuring runoff discharge (central top insert of Figure 1) consists of a stilling basin of
approximately rectangular planform shape (about 1.78 m wide and 2.0 m long), that confines laterally with
a rocky wall and a giant boulder. The bottom of the basin, originally full of debris material (central bottom
insert of Figure 1), was cleaned out of sediment, suitably flattened and covered by concrete. A sharp-
crested weir, consisting of a 0.67 m high and 1.55 m wide steel plate, was placed at the downstream side of
the basin. Two gabions, filled with cobbles (mean grain size 0.2 m) and equipped with internal drainage
pipes (diameter 0.08 m), were built just upstream of the basin to protect the apparatus during high intensity
runoff events. The top faces of the gabions are located at the same elevation of the approaching channel
bed.

The volume V of the stilling basin just before the water begins to spill over the sharp-crested weir is about
2.5 m3. The water level h within the basin was measured through a pressure transducer of piezoresistive type
(Keller, series 26 W), operating in the range 0–0.5 bar (output signal 400–2000 mV) and ensuring a measure-
ment error of about 1 mm (0.3 mV). The transducer was positioned inside a vertical PVC pipe, located 0.9 m
upstream of the sharp-crested weir, and drilled with several holes to allow its rapid infilling by water. A time-
lapse camera took images of the weir every minute (30 s in 2014). The zero water level, coinciding with the
mean bed elevation of the basin, was determined by measuring different levels of water in the PVC pipe
before drilling it. The zero was then verified through the images recorded by the time-lapse camera on 19
August 2013, checking the level at which the water began to spill over the steel weir. The runoff discharge
Q(t) produced by the watershed is determined by the continuity equation applied to the stilling basin:

QðtÞ5 dV
dt

1QL1Qout ; (1)

where dV/dt is the rate of change in time of the water volume within the stilling basin, QL (�0.6 3 1024 m3/s)
is the water discharge filtering through the not perfectly impermeable bed, computed by measuring the tem-
poral decrease of the water level, and

QoutðtÞ5CDBe

ffiffiffiffiffi
2g

p
½hðtÞ2p�3=2 (2)

is the discharge flowing over the sharp-crested weir when h is larger than the weir height p. Here CD (50.4)
is a discharge coefficient and Be is the effective weir width, computed accounting for the lateral contraction
occurring on one side (central top insert of Figure 1) of the water jet flowing over the weir
(Be51:5520:1ðh2pÞ). The temporal distribution of Q(t) was computed by discretizing dV/dt through back-
ward differences, and setting Qout equal to its average value during a time step (before water spilling it is
given by the rate of volume change dV/dt). The estimated discharge is affected by the errors in evaluating
dV/dt and Qout, namely �dV=dt (560.7 l/s) and �Qout (560.1 l/s). These errors are essentially related to the
error �h (561 mm) that the measure of h induces on the computation of dV/dt and Qout. The overall error,
given by the square root of the quadratic sum of �dV=dt and �Qout [Gregoretti et al., 2010], then results smaller
than 1 l/s. Errors provided by the nonperfect verticality of the stilling basin walls are not considered because
one order of magnitude lower than �h. A typical example of the water level within the stilling basin and of
the corresponding runoff is shown in Figure 2. The discharge hydrograph is characterized by a nearly verti-
cal rising limb, followed by a relatively rapid falling stage tending to a plateau up to the sudden final
decrease to zero. The observed discharge fluctuations are mainly due to the intermittency of the water dis-
charge entering into the stilling basin. The water level during its decreases after the peak (Figure 2) is sub-
jected to oscillations with amplitudes of a few millimeters (insert of Figure 2), leading to discharge
fluctuations of the order of a few l/s.
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2.4. Rain Gauge Influence Area
Two rain gauges, 500 m far each other, were placed at the Dimai monitoring station (RG1) and on the
Pomagagnon Fork (RG2). Their distances from the center of the investigated watershed are 188 m and
300 m, respectively, and their areas of influence (Figure 1) have been obtained by means of Thiessen poly-
gons. The upper rain gauge, RG2, covers about 25% of the catchment area, while the remaining 75% per-
tains to RG1. In the following, we assume that rainfall corresponding to the center of the upstream Thiessen
polygon is equal to that measured 204 m upstream by RG2, while the rainfall at the downstream polygon
center corresponds to that measured 154 m downstream by RG1. The two hyetographs are thus shifted in
time according to the traveling velocity of the rainfall cells. For example, on 19 August 2013 (Figure 3), the
rainfall cell traveled from North to South, affecting the Pomagagnon Fork 5 min earlier than the watershed
outlet, with similar durations in the two locations. Considering the distance between the rain gauges, the

traveling velocity of the rainfall cell
was about 100 m/min (i.e., 500 m/5
min). We can then assume that the
rainfall at the upstream polygon center
corresponds to that measured by RG2,
postponed of 2 min, while rainfall at
the downstream polygon center corre-
sponds to that measured by RG1,
anticipated of 1.5 min.

3. Observed Runoff Events

On August 2011, the stilling basin was
completely obstructed by a rockfall
owing to the runoff caused by an
intense rainfall (16.2 mm/10 min) that
triggered a debris flow in the down-
stream channel. The measuring facility,
after its restoration, was subsequently
ruined by repeated snow avalanches
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Figure 2. Typical example of the water level h(t) measured in the stilling basin (dotted line) and of the corresponding inflowing discharge
Q(t) (thick continuous line) computed through equation (1). The insert shows the flow level oscillations.

Figure 3. The rainfall depths of the 19 August 2013, recorded at 5 min intervals
by the rain gauges RG1 (at the monitoring station Dimai) and RG2 (Pomagagnon
Fork), are compared to mean areal rainfall values obtained through Thiessen
polygons.
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that took place on 2014 spring. As a consequence, the stilling basin was fully working only 5 days in 2011
and a few months in the period 2013–2014. During these time intervals, 10 runoff events were observed,
and in six cases (15 August 2011; 9 August 2013; 19 August 2013; 24 August 2013; 12 August 2014; 31
August 2014) the runoff discharge was successfully measured. In the other four occasions, the measurement
failed because of rockfall (18 August 2011), accidental shift of the pressure transducer (4 August 2013), miss-
ing power from photovoltaic panel (26 July and 13 August 2014).

Figure 4 shows the measured runoff hydrographs and the corresponding rainfall heights recorded by the
Dimai and Pomagagnon Fork rain gauges. In all cases, except one, the discharge raises abruptly up to a
peak, and then decreases quite rapidly to reach, in some cases, a nearly horizontal plateau, until it falls sud-
denly to zero. Only the runoff observed on 24 August 2013 exhibited a secondary, less steep maximum. In
general, the measured runoff can be roughly approximated by a hydrograph composed by two rectangles:
the former very narrow and high, the latter with a much smaller height and a larger width. In other words,
the response of the catchment to rainfalls essentially resembles the sudden emptying of a tank after some
critical level is reached, followed by a tail with a smaller, almost constant discharge.

The relevant features of the measured runoffs and of the corresponding rainfalls are summarized in Table 1.
The delay of watershed response to rainfall (embodied by the lag time tL) is computed using two methods. The
first calculates tP as the time difference between the centroid of the rainfall distribution and the peak flow
[Sherman, 1932]. The second estimates the lag time as the time tLC that maximizes the cross-correlation coeffi-
cient of flow discharge and rainfall intensity time series [Kean et al., 2011, 2012].

The quantities shown in Table 1 and the hydrographs of Figure 4 provide an overall view of the response of the
catchment to intense convective rainfalls. Values of tL and tLC fall in the range 4–8 min, except for the events
occurred on 15 August 2011 and 9–24 August 2013, characterized by the presence of either very low intensity
and/or extended rainfalls. In general, lag times tend to decrease as rainfalls become more intense (e.g., 19
August 2013), and attain values close to those calculated by Kean et al. [2012] for watersheds of similar sizes.
The time tP taken by the runoff to reach its peak normally varies in the range 20–70 s. Only for the event on 24
August 2013 two peaks appear: the first similar to those observed in the other events (tP ’ 20 s); the second
less sharp, but with an almost similar value of the runoff discharge. In summary, for convective rainfalls of short
duration (about 1 h or less), with intensity (estimated on 5 min rainfalls) larger than 15 mm/h, the response of
the watershed starts after a few minutes. The flow discharge has an impulsive behavior, with a rising limb (from
zero to the peak value) lasting about one minute, and a subsequent rapid decrease toward a smaller value that
persists for some time (usually less than one hour), depending on the rainfall that precipitates close and after
the occurrence of the discharge peak. The higher the rainfall peak, the fastest the basin response.

The impulsive shape of the runoff hydrograph is very similar to those of debris flows [Takahashi, 1991; Berti
et al., 2000; Hurlimann et al., 2003; Kean et al., 2012], with a raising to the peak much faster than that charac-
terizing flow stage curves observed during flash flood in ephemeral streams of semiarid areas [Shannon
et al., 2002] and in small mountain watersheds [Kean et al., 2012]. This behavior is essentially due to the
interplay of high rainfall pulses, a very steep slope and the along channel routing. After a not negligible ini-
tial abstraction due to the presence of fissures in the rocky formations, large rainfall pulses occurring just
before the runoff peak (Figure 4) cause an excess rainfall through an Hortonian mechanism (see next sec-
tions). The resulting runoff converges to the rocky channel and produces a flood wave that progressively
enlarges as it propagates downstream. In fact, owing to the higher celerity, this wave captures the previous-
ly generated smaller waves, eventually leading to a very fast hydrograph raising up to the peak. This hydro-
logic response is favored by the very steep slopes of the catchment that reduce the routing time. In
addition, the limited duration of the high rainfall pulses triggering the runoff is responsible for the fast
decrease of the runoff hydrograph after its peaking.

It is worthwhile to note that all the observed events did not trigger any debris flow. Nevertheless, since the
setup of the Dimai monitoring station, two debris flows occurred in July and August 2011 [Degetto et al.,
2015]. The triggering rainfall depths recorded in these cases were 22.6 mm/30 min and 16.2 mm/10 min,
respectively, thus entailing intensities much higher than those reported in Table 1. Generally, when the rain-
fall depth is larger than 10 mm/10 min, sediment transport/hypreconcentrated flow is expected to take
place along the rocky channel that descends from the Dimai peak, while a debris flow is likely to occur
along the channel incised on the scree slope downstream of the monitoring station.
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4. Hydrological Modeling

In order to simulate the runoff discharges observed in the monitored catchment, we explored the perform-
ances of a few models with an increasing level of complexity, building upon the approach proposed by
Gregoretti and Dalla Fontana [2008]: excess rainfall is computed at each time step by using the SCS-CN
method [Soil Conservation Service, 1972], while runoff routing is evaluated separately along slope and chan-
nelized paths by assuming suitable but constant values of the corresponding flow velocities. Next, we

Figure 4. Rainfall heights (histograms) and runoff discharge hydrographs (continuous black lines) measured for six rainfall events. Lighter color lines denote the results of simulations
carried out by using the model of Gregoretti and Dalla Fontana [2008] (dotted-segmented lines), the SCS-CNH procedure with (i) constant routing velocities (dotted lines) and (ii)
Muskingum-Cunge (MC) runoff routing along the channel (segmented lines). We set US5 0.7 m/s, UC5 1 m/s, b15 0.26, B05 2 m, and kS5 9 m1=3/s. Top plots refer to the events
observed on (a) 15 August 2011 and (b) 9 August 2013. Middle plots refer to the events observed on (c) 19 August and (d) 24 August 2013. Bottom plots refer to the events observed on
(e) 12 August and (f) 31 August 2014. Lighter colors correspond to the rainfall recorded by RG1 while darker colors correspond to the rainfall recorded by RG2. Recorded rainfalls are
shifted in time, being referred to the center of the relevant Thiessen polygon.
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introduce and discuss the physically based modifications needed to significantly improve the excess rainfall
estimate. Finally, we relax the assumption of constant propagation velocities, assessing the performances of
a matched diffusivity kinematic model (i.e., the Muskingum-Cunge scheme implemented by Orlandini and
Rosso [1996]).

4.1. Excess Rainfall Estimation
The SCS-CN method was originally developed for computing excess rainfall from total storm rainfall in flat
and/or hilly watersheds. Nevertheless, it has been subsequently applied by various authors to estimate the
excess rainfall time distribution in mountain watersheds [Botter and Rinaldo, 2003; Borga et al., 2007;
Grimaldi et al., 2012], and implemented accordingly in some well-known hydrological softwares (WinTR55,
SWMM, and HEC-HMS). The excess rainfall Pe contributing to runoff discharge is determined as:

PeðtÞ5
0 t � tIa

ðPðtÞ2IaÞ2

PðtÞ2Ia1S
t > tIa

;

8><
>: (3)

where P(t) is the rainfall height at time t, Ia denotes the initial abstraction (i.e., the total losses before runoff
begins, including evaporation, infiltration, water retained in surface depressions, and water intercepted by
vegetation), tIa is the time within Ia occurs, and S is the potential maximum retention. The latter two quanti-
ties are linked to the runoff curve parameter CN through the relations:

S5
1000
CN

210; Ia50:2 S: (4)

The empirical parameter CN depends on soil type and land use, as well as on moisture conditions anteced-
ent to rainfall (AMC), that are commonly classified as dry (AMC I), normal (AMC II), and wet (AMC III) [Chow
et al., 1988].

In headwater watersheds, the differences in terrain roughness can be accounted for by associating CN with
the slope angle, with typical values around 90 for rock surfaces and 60 for scree slopes [Gregoretti and Dalla
Fontana, 2008; Hawkins et al., 2009]. In addition, in the presence of high slopes the rainfall tends to flow
superficially rather than to infiltrate, and rainfall interception by vegetation is scarce or almost absent. Fol-
lowing Gregoretti and Dalla Fontana [2008], we assume Ia50:1 S. As we will see in Section 5, these adapta-
tions of the SCS-CN method allows one to reproduce correctly the runoff volume, through a reasonable
calibration of CN, but not the runoff peak and its timing. In principle, it is indeed inappropriate to use the

Table 1. Relevant Features of Observed Rainfall Events That Produced Runoffa

Event AMC P5 (mm) P (mm) T (min) I (mm/h) IMAX (mm/h) QP (l/s) tL (min) tLC (min) CPQ tP (s) VR (m3)

15 Aug 2011 1 6.4 14.4 515 1.7 7.2 0.25 28 0.54
9 Aug 2013 2 12.8 5.4 85 3.8 14.4 10.2 9 15 0.34 20 7.3

10.0 5.2 90 3.5 9.6 19 20 0.29
12.8 5.2 90 3.5 11.9 12 18 0.31

19 Aug 2013 1 0.4 8.0 25 19.2 45.5 22.4 3.5 4 0.32 60 3.5
0.4 11.2 35 19.2 40.8 10 7 0.38
0.4 8.8 35 15.2 39.6 6 7 0.35

24 Aug 2013 1 11.0 26.4 170 9.3 21.6 15.8 1 32 0.47 20 44.7
12.8 25.6 175 8.8 19.2 10 40 0.38
11.5 26.2 178 8.8 21.0 4 35 0.43

12 Aug 2014 1 7.4 11.2 120 5.6 36.0 15.7 6 8 0.55 40 4.2
12.4 11.6 120 5.8 45.6 5 8 0.62
8.7 11.3 120 5.6 38.5 6 8 0.57

31 Aug 2014 1 10.6 11.6 11.6 7.3 24 12.9 5 5 0.32 70 10.2

aAMC: antecedent moisture conditions; P5: previous 5 days rainfall height; P: rainfall heights; T: rainfall duration; I: mean rainfall inten-
sity; IMAX: maximum rainfall intensity computed over a 5 min duration; QP: peak runoff discharge; tL: lag time computed as the distance
between the rainfall centroid and the peak discharge; tLC: lag time computed through cross correlation between temporal distributions
of rainfall and flow discharge; CPQ: cross-correlation coefficient; tP: time initially taken by the runoff discharge to grow from zero up to
the peak value; VR: runoff volume. The three values reported for P5, P, t, I, IMAX, tL, tLC, CPQ correspond to rainfalls provided by the rain
gauges of Dimai, Pomagagnon Fork and their areal mean, respectively. During the events of 15 August 2011 and 31 August 2014 the
rainfall was measured only by the Dimai rain gauge.
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SCS-CN method as an infiltration equation for estimating the incremental rainfall excess during a storm
event [Eli and Lamont, 2010; Grimaldi et al., 2013].

In order to reconstruct the observed time distributions of excess runoff, we developed a procedure similar
to that used by Grimaldi et al. [2013] to simulate about one hundred runoff events in four USA basins. The
idea is to couple the SCS-CN method with a suitable infiltration equation. In the cases treated by Grimaldi
et al. [2013], concerning catchments with areas and slopes in the ranges 12–120 km2 and 1.2–5.9%, respec-
tively, the Green-Ampt infiltration equation was solved through a three steps procedure. The excess rainfall
was first computed through the SCS-CN method and subtracted to the total rainfall. The resulting amount
of rainfall lost for infiltration was used to estimate the hydraulic conductivity in the Green-Ampt equation,
while the other relevant parameters (initial moisture content and wetting front suction head) were taken
from the literature. The rainfall excess was finally computed by subtracting the infiltration provided by the
Green-Ampt equation from the total rainfall.

The use of the Green-Ampt equation for estimating the infiltration pattern is, however, not appropriate
for catchments as that here investigated. The high slopes favor overland flow rather than saturation, and
infiltration tends to occur through large fractures of rocky surfaces rather than trough soil pores. As a
consequence, the formation of a sharp wetting front and/or the saturation of the soil above it, postulat-
ed by the Green-Ampt equation, tend to be prevented. That is why, even by varying in an wide range of
values the Green-Ampt parameters, we were unable to reproduce satisfactorily the measured
hydrographs.

Field experiments of runoff generation on steep (slope about 30%) carbonatic rocky outcrops show that
the dominant runoff mechanism is likely associated with excess of infiltration or Hortonian flow [Lange
et al., 2003; Li et al., 2011], as in semiarid areas [Beven, 2002]. The use of the classical three parameters
Horton equation is however problematic. The initial value of the infiltration rate, the decay constant for
a rocky terrain, and the dependence of these parameters on antecedent moisture conditions are usually
unknown. We thus decided to capture the basic behavior of infiltration coupling the SCS-CN method
with a simplified version of the Horton equation, in which infiltration rate fc is assumed constant. We
write:

PeðtÞ5

0 t � tIa

ðPðtÞ2IaÞ2

PðtÞ2Ia1S
t > tIa ; I < fc

PeðtÞ5Peðt2DtÞ1PðtÞ2Pðt2DtÞ2fcDt t > tIa ; I > fc; Pe < PeSCS

:

8>>>><
>>>>:

(5)

Here I is the mean rainfall intensity during the time step Dt and PeSCS is the excess rainfall of the total precipi-
tation computed through the SCS-CN method. The parameter fc takes into account the effects on infiltration
of both terrain composition and slope [Wilson, 1990]. In particular, as the slope increases, a larger amount of
rainfall tends to flow over the terrain surface rather than infiltrate. For this reason, excess rainfall is produced
also for a rainfall intensity smaller than the infiltration rate. In other words, for the considered headwater
catchment the amount of runoff before ponding is small, and we use the SCS-CN method for estimating it.
The above described procedure, hereafter denoted as SCS-CNH, provides the excess rainfall by means of
the SCS-CN method when rainfall intensity does not exceed the infiltration rate, and by the Horton
approach otherwise.

4.2. The Routing Model
The basic idea is to compute flow paths following the steepest direction from each point of the catchment
to its outlet section. The runoff discharge Q(t) at this section is given by the sum of all excess rainfall pulses
that reach the outlet at the same time t, namely [Gregoretti and Dalla Fontana, 2008]:

QðtÞ5
ð

A
Peð~x ; sÞ dA; (6)

where A is the watershed area, Peð~x ; sÞ is the excess rainfall at location~x and time s5t2tT ð~xÞ. The overall
travel time tT, defined as the ratio of flow path length to runoff velocity, is calculated as:
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tT ð~xÞ5
LCð~xÞ

UC
1
XN

i51

LSið~xÞ
USi

; (7)

where LC is the channel path length, UC is the runoff channel velocity, LSi is the slope path length along the
ith sloping surface, and USi is the corresponding runoff velocity, depending on the N types of terrain.

Flow paths are determined after removing pits and flat areas, by considering the flow direction associated
with the steepest topographic gradient resulting from the DEM [e.g., by means of the D8 method, Tarboton,
1997; Da Ros and Borga, 1997]. Each flow path is divided into channel and slope pathways in order to account
for the distinct propagation speeds that characterize different portions of the watershed [Botter and Rinaldo,
2003; Borga et al., 2007; Grimaldi et al., 2012]. In addition, we divide slope paths according to the type of ter-
rain (rock, scree, and wooded) and assign accordingly the runoff velocities. This differentiation is crucial to sim-
ulate correctly the impulsive shape of a runoff hydrograph [Saco and Kumar, 2004]. Channel pathways,
extracted on the basis of DEM maps [e.g., Montgomery and Foufoula-Georgiou, 1993], are dictated by the chan-
nel network dissecting the watershed. Channel velocity generally varies during a runoff event. We have thus
tested two different approximations. The first assumes a constant value of UC, equal to that characterizing the
runoff peak (Qmax). It is obtained by employing the Gauckler-Strickler uniform flow equation, UC5ksR2=3

h i1=2
f ,

and solving it iteratively until UC X5Qmax. Here ks is the Gauckler-Strickler friction coefficient, Rh and X are the
hydraulic radius and the cross-sectional area of the channel at the closure section of the watershed, and
if 5sinb, with b the bed slope angle [Gregoretti and Dalla Fontana, 2008]. Note that UC increases with Qmax

which, in turn, is strictly determined by the rainfall intensity. As a second-order approximation, we account for
along channel variations of UC by using the model of Orlandini and Rosso [1996] that uses the Muskingum-
Cunge scheme to route the runoff along channelized paths.

According to Ponce [1986, 1991], the numerical integration of the standard kinematic wave equation by
using finite differences yields some numerical diffusion as a consequence of the finite grid size. This numeri-
cal diffusion is due to truncation errors and, in general, there is no way to determine if this dispersion
matches with the hydraulic diffusivity of the flood wave. In particular, the accurate modeling of the relative-
ly small hydraulic diffusivity associated with an impulsive hydrograph shape cannot be achieved by using a
standard numerical solution of the kinematic wave model [Orlandini and Rosso, 1996; Orlandini et al., 1999].
The Muskingum-Cunge scheme matches numerical diffusion to the hydraulic diffusivity through the param-
eter X, so that solution becomes grid-size independent, unconditionally stable, and physically realistic. In
particular, this scheme can be used for model flood waves that display a small hydraulic diffusion like those
described by the kinematic wave model [Woolhiser and Ligget, 1967; Ponce, 1991]. For these reasons, we use
it for the simulation of kinematic waves forming along the steep slopes (about 238% on average) that char-
acterize the investigated rocky channel. The flood wave equation is:

@Q
@t

1ck
@Q
@s

5Dh
@2Q
@s2

1ck qL; (8)

where ck is the celerity of the kinematic flood wave, Dh is the hydraulic diffusivity, and qL is the lateral inflow
per unit length computed according to the equation:

qðtÞ5 1
Dx

ð
AS

Peð~x ; sÞ dAS (9)

with AS the partial area of the watershed providing qL, Dx the cell size, and Peð~x ; sÞ the excess rainfall at
location~x and time s5t2tTSð~xÞ. The slope travel time tTS, defined as the ratio of slope path length to runoff
velocity, is calculated as:

tTSð~xÞ5
XN

i51

LSið~xÞ
USi

: (10)

The partial differential equation (8), solved through the Muskingam-Cunge method, leads to the following
linear algebraic equation [Orlandini and Rosso, 1996]:

Qj11
i115C1 Qj11

i 1C2 Qj
i1C3 Qj

i111C4 qj11
L;i11; (11)
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where Qj11
i11 is the runoff at the node (pixel) ði11ÞDs and time ðj11ÞDt. The lateral inflow rate qj11

L;i11 refers to
the (j 1 1)th time interval and is provided by the hydrograph of the (i 1 1)th cell adjacent to the channel,
collecting all runoff arriving from the area it drains. The routing coefficients Ci (i 5 1, 4) read:

C15
ckðDt=DsÞ22X

2ð12XÞ1ckðDt=DsÞ ; (12)

C25
ckðDt=DsÞ12X

2ð12XÞ1ckðDt=DsÞ ; (13)

C35
2ð12XÞ2ckðDt=DsÞ
2ð12XÞ1ckðDt=DsÞ ; (14)

C45
2ckDt

2ð12XÞ1ckðDt=DsÞ ; (15)

where the weighting factor X, introduced to match the numerical and hydraulic diffusivities, is defined as:

X5
1
2

12
2Dh

ckDs

� �
(16)

with Dh the hydraulic diffusivity. By relating channel width and flow discharge through a power law [Leopold
and Maddock, 1953], and expressing flow resistance through the Gauckler-Strickler relation, it results
[Orlandini and Rosso, 1996]:

Dh5
3 Q12b1

2 ð312b1Þ B tan b
; (17)

where B (5B0ðA=A0Þb2 ) is a width parameter associated with the drainage area A upstream of a generic sec-
tion, the overall catchment area A0 and the catchment outlet width B0. Moreover,

Q5B22=ð312b1Þ k3=ð312b1Þ
s S3=½2ð312b1Þ�

f X5=ð312b1Þ (18)

with Sf the energy slope, X the flow area, and b1 a suitable morphological exponent [Leopold and Maddock,
1953]. Finally, the expression for the kinematic wave celerity ck5dQ=dX5½5=ð312b1Þ�Q=X yields:

ck5
5

312b1
B22=5 k3=5

s S3=10
0 Q2=5ð12b1Þ: (19)

The values of X and ck are computed for each pixel by means of equations (16) and (19), after extracting
local bed slope values from the DEM model and taking Q5ðQj

i1Qj
i111Qj11

i Þ=3. In the present application,
the lateral inflow qj11

L;i11 is provided by the hydrographs of the cells adjacent to the channel. Setting
B0 5 2 m from field measurements and assuming b150:26 [Leopold and Maddock, 1953; Orlandini and
Rosso, 1996], the only calibration parameter of the wave routing model is the roughness coefficient ks.

5. Results

Before discussing similarities/differences between observed and simulated runoff hydrographs, it is worth-
while to discuss which values of the parameters CN and Ia should be used in the SCS-CN method. The origi-
nal value Ia 5 0.2 S was found to be excessively high by various authors [Hawkins et al., 2009; D’Asaro and
Grillone, 2012]. We calibrated the values of CN (Table 2) such that simulated runoff volumes coincide with
those measured. The resulting range of CN (81.1–90.4) is representative of a rocky terrain, consistently with
the dominant presence of rock cliffs (95% of the basin area) and the small amount (5%) of scree slopes and
mountain pine slopes (CN � 61–75). The maximum relative difference is about 10%, or even less if we
exclude the value 81.1, corresponding to a prolonged rainfall that caused a very small runoff production
(that of 15 August 2011). We applied these values of CN to estimate Ia for 12 rainfall events that occurred in
the period 2013–2014 without producing any runoff. The results, reported in Table 3, confirm our choice of
setting Ia50:1S. For dry and normal moisture conditions (AMC I and II), the estimated initial abstraction is
always much larger than the observed rainfall height. In the presence of a wet moisture status (AMC III) the
rainfall height is just slightly larger than initial abstraction. Note that the considered values of CN and Ia,
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being larger than 80 and 0.05 S, respectively, correspond to a ‘‘violent behavior’’ of the basin, characterized
by an initial abrupt growth of CN up to an asymptotic value as the rainfall depth increases [Hawkins et al.,
2010; D’Asaro and Grillone, 2012].

The runoff event of 19 August 2013 was produced by a convective rainfall (8.7 mm/30 min) that followed five
dry days (total rainfall height 0.4 mm). Given the negligible influence of antecedent rainfalls, it is well suited
for testing event-based hydrological models. We begin with the simpler model, that computes the temporal
evolution of excess rainfall by the SCS-CN method and routes the resulting runoff to the basin outlet accord-
ing to constant flow velocities, taking different values along scree slopes and channelized paths. Figure 5
shows the results of the computations carried out by setting CN 5 90.4 for the rocky portions of the catch-
ment (Table 2), CN 5 61–75 for the remaining terrain, and assuming US equal to 0.7 m/s and 0.1 m/s for rock
cliffs and scree slopes, respectively. The velocity UC along the channelized rock pathway was assumed equal
to 1 m/s everywhere. Indeed, the highly irregular topography of the channel path, marked by a number of
abrupt steps linked by reaches with slope larger than 30%, prevents any fine tuning of UC.

Even though observed and computed runoff volumes are equal (3.5 m3), as imposed through the calibra-
tion of CN, the simplest version of the hydrologic model is unable to reproduce the runoff peak (resulting
about one third of that measured) and its timing (delayed of about 4 min, i.e., 4 tP). Additional simulations,
carried out by varying the couples of values adopted for UC and US in the range 2–10 m/s, indicate that only
peak time prediction can be improved (see, e.g., the results shown in Figure 5 with UC5US5 3 m/s and
Table 2), while no significant progress is achieved in the estimate of the peak discharge. A correct reproduc-
tion of the maximum runoff is obtained only by setting Ia50:07 S, but with an unrealistic value (9.3 m3) of
the total runoff volume (three times larger than that observed).

In general, the shapes of the simulated runoff distributions are somewhat different with respect to those
observed in the field. Even by coupling the SCS-CN method with a matched diffusivity kinematic model

that routes the flow along the channelized
path does not improve the description of
the runoff hydrograph (Figure 5). The dis-
crepancies are essentially due to an overesti-
mation of the rainfall that initially infiltrates.
As a consequence, a smaller peak discharge
and a delayed peak time are predicted. The
use of higher values for UC and US, as well as
of a more sophisticated model for channel
routing cannot improve the prediction. The
time required for the runoff to rise from zero
to its peak is always too large and, conse-
quently, the intensity of the peak flow is too
small.

The explanation of this behavior emerges
clearly from Figure 6, displaying an example

Table 2. Relevant Features of Simulated Runoff Dischargesa

Event AMC CN QP (l/s) QP1 (l/s) QP2 (l/s) QP3 (l/s) QCNH (l/s) QCNH-MC (l/s) fC (cm/h) C Ps

15 Aug 2011 I 81.3 0.2 0.1 0.1 0.1 0.1 0.1 0.54 0.0001
9 Aug 2013 II 90.6 10.2 6.6 8.2 9.9 9.7 9.6 1.28 0.0435 8.7/4.3
19 Aug 2013 I 90.4 22.4 5.7 8.0 8.2 22.3 22.8 2.59 0.0123 8.3/3.7
24 Aug 2013 I 83.3 15.8 13.1 13.5 13.8 16.2 15.9 1.69 0.0535 13.7/13.2
12 Aug 2014 I 88.4 15.7 4.3 5.2 8.4 15.9 15.7 3.46 0.0116 4.6/4.6
31 Aug 2014 I 90.1 12.9 5.8 6.0 6.3 13.1 13.4 1.15 0.0274 11.7/9.79

aAMC: antecedent moisture conditions; CN: runoff curve number for the rocky portion of the basin; QP: measured peak discharge; QPi:
peak discharge computed by setting US and UC equal to (1) 0.3, 2 m/s; (2) 1, 1 m/s; (3) 3, 2 m/s; QCNH: peak discharge computed accord-
ing to the SCS-CNH procedure; QCNH-MC: peak discharge computed according to the SCS-CNH procedure and kinematic wave routing
with matched diffusivity (MC); fC: infiltration rate; C: runoff coefficient; Ps: performance parameter according to the Schulz criterion
[Schulz et al., 1999] (the first value refers to hydrographs simulated by the new procedure SCS-CNH with constant UC, the second corre-
sponds to the new procedure SCS-CNH with matched diffusivity kinematic-wave routing).

Table 3. Relevant Features of Rainfall Events That did not Produce Any
Runoffa

Event AMC P (mm) T (min) I (mm/h) Ia (mm)

17 Jul 2013 I 5.0 105 0.24 6.4–12.3
29 Jul 2013 II 2.4 20 0.60 2.7–5.2
5 Aug 2013 II 2.6 15 0.87 2.7–5.2
23 Aug 2013 II 5.4 85 0.32 2.7–5.2
16 Sep 2013 III 2.8 50 0.28 1.2–2.7
14 Jul 2014 III 3.0 50 0.30 1.2–2.7
2 Aug 2014 III 3.0 110 0.14 1.2–2.7
5 Aug 2014 II 3.0 45 0.33 2.7–5.2
20 Aug 2014 I 5.2 95 0.27 6.4–12.3
30 Aug 2014 I 2.6 40 0.33 6.4–12.3
12 Sep 2014 II 2.4 30 0.40 2.7–5.2
19 Sep 2014 I 3.2 70 0.23 6.4–12.3

aAMC: antecedent moisture conditions; P: mean areal rainfall height;
T: rainfall duration; I: mean rainfall intensity; Ia initial abstraction comput-
ed as 0:1 S and varying CN in the range 83.3–90.4.
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of the along channel distribution of sloping areas that supply runoff to the rocky channel and, in the inserts,
the runoff hydrograph delivered to a channel section located about 250 m far from the basin outlet. The
hydrograph generated by means of the SCS-CN procedure and constant routing velocities US invariably
exhibits a too slow growth to the peak, a relatively low peak value and a duration much larger than that
observed. The shape of the simulated hydrograph gets even worse (Figure 5) when channel routing is mod-
eled with a more accurate approach (i.e., the matched diffusivity kinematic-wave model).

Figure 5. Simulations of the runoff hydrograph measured on 19 August 2013, carried out estimating the excess rainfall through the
SCS-CN model and SCS-CNH procedure with both constant routing velocity approach and Muskingum-Cunge routing method (MC). We
set ks5 9 m1=3/s, b15 0.26 and B05 2 m. Rainfalls have been shifted in time to account for the areas of influence of the two rain gauges
used to sample the rainfall.
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Figure 6. Along channel distribution of the extent, AS, of the contributing areas that supply runoff to the channel. The inserts show two
typical hydrographs corresponding to a channel section located 250 m far from the outlet, and obtained by using: (i) the SCS-CN proce-
dure and various values of the constant routing velocity US (left insert), (ii) the SCS-CNH procedure with both the velocity US 5 0.7 m/s and
the Muskingum-Cunge method (MC) with kS59 m1=3=s and B0 5 1 m. for simulating runoff routing along sloping surfaces (right insert).
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A first step toward an improved runoff
reproduction is ensured by estimating the
excess rainfall through the SCS-CNH
method and assuming constant velocities
when routing the runoff along slopes and
channelized paths. Figures 4 and 5 show
the results of simulations carried out for
the runoff events observed on 9–24
August 2013, and 12–31 August 2014.
Peak runoff discharges are always well
approximated (the maximum difference
being �5% for the event on 9 August
2013). Peaking times are satisfactory
reproduced for all the events: differences
are in the range 0.5–2.5 min with exclu-
sion of the 24 August 2013 rainfall, for
which the model is capable of simulating
only the second runoff peak 4 min in
advance. A possible reason for this result
is a spatially heterogeneous distribution
of the rainfall, that was likely pushed by
the wind towards the rock face close to
the basin outlet.

In all the computations considered so far
UC (51.0 m/s) and US (50.7 m/s) were
kept fixed, while the infiltration rate fC

was varied on the basis of terrain mois-
ture and, hence, of antecedent rainfalls
[Beven, 2002]. The sensitivity analysis
shown in Figure 7 indicates that as fC

increases the maximum runoff QP reduces
while the peak time tP grows proportion-
ally. Just the opposite is observed by
increasing US, while UC influences only
the position of the hydrograph along the
time axis. Varying UC in the range 1–
1.2 m/s implies a reduction of peak dis-
charge of about 5% and a decrease of the
peak time less than 1 min; larger value of
UC (2 m/s) causes a time shift of the
hydrograph of some minutes earlier. We
also note that the hydrograph simulated
with the highest value of fC and the low-
est value of US approaches that obtained
with the SCS-CN procedure (Figure 5). In
summary, for the considered rainfall
events, the SCS-CNH approach in combi-
nation with constant routing velocities
appears to produce a robust estimate of
the runoff discharge for 2 � fC � 3 cm/h,
0.5 � US � 0:9 m/s and 1.0 � UC �

1.2 m/s. These runoff velocities are compatible with those estimated from videos recorded by the Dimai
monitoring station on 11 July 2010, 18 August 2011, and 19 August 2013. Also the range of fC variations
seems admissible, the highest values being close to those measured by Li et al. [2011] in dolomite rocky

Figure 7. Sensitivity analysis with respect to the parameters of the SCS-CNH
model coupled with constant routing velocities: (top plot) fC, (middle plot)
US, and (bottom plot) UC. Thick continuous line denotes the best simulation
(carried out with fc5 2.59 cm/h, US5 0.7 m/s, UC5 1 m/s) that reproduces cor-
rectly the peak value and the peak time.
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outcrops. These relatively high values are
likely explained by the degree of fractur-
ing of the Dolomite rock masses [Marchi
et al., 2008] and by the aperture of frac-
tures and faults favored by stress relief
and dissolution to which seepage flow
contributes. We, however, cannot exclude
some influence on the calibrated values
from the modeling approach.

The performance of the SCS-CNH meth-
odology coupled with constant routing
velocities has been also evaluated by
means of the performance parameter Ps

[Schulz et al., 1999]:

PS5200

Xn

i51
jqc;i2qo;i jqo;i

n q2
oMax

; (20)

where n is the number of observed dis-
charges, qc;i and qo;i the corresponding

values of computed and observed discharges, and qoMax the maximum value of observed discharge. The
use of this parameter for evaluating the performance of hydrological models is widespread, and a good per-
formance is ensured by values of PS in the range 3–10 [Foglia et al., 2009]. For the present computations,
PS takes the values 8.7, 8.3, 13.7, 4.6, 11.7 (Table 2), suggesting a performance of the model ranging
between good (PS < 10) and sufficient (PS slightly larger than 10). A further support to the procedure is
given by the plots of fC versus antecedent rainfall heights, cumulated on the previous 5 days (Figure 8). The
points tend to be almost aligned along a straight line, except for the event occurred on 12 August 2014.

The results given by the SCS-CNH method in combination with constant routing velocities still entail a certain
degree of approximation. Indeed, the amount of time required by the runoff to peak and then to decrease are
yet twice the real values, while the tails of simulated hydrographs are generally shorter than those observed.
These shortcomings are almost completely eliminated if the runoff routing through the rocky channel is simulat-
ed by means of the matched diffusivity kinematic-wave model. Figure 5, referring to the event of 19 August
2013, shows the results of simulations carried out by setting ks5 9 m1=3/s [Gregoretti and Dalla Fontana, 2008], b1

5 0.26 [Leopold and Maddock, 1953; Orlandini and Rosso, 1996], andB05 2 m (field measurements). The peak dis-
charge, the vertical raising of the runoff hydrograph up to the peak, the subsequent rapid decrease, and the tail
are all well reproduced. These findings apply also to the simulations corresponding to the events observed on 9–
24 August 2013 and 12–31 August 2014 (Figure 4). As shown in Table 2, the values attained by the performance
parameter Ps are smaller than those resulting from the SCS-CNH method with the constant velocity approach.

Note that the values attained by the parameter X were all close to 0.5 except at the initial time steps, thus
implying (see equation (16)) that the diffusive term in equation (8) is almost negligible. In order to complete
the sensitivity analysis of the model, the excess rainfall was also estimated by considering the runoff coeffi-
cients (Table 2) and the Hortonian component alone (i.e., the fc values shown in Figure 8 and Table 2). In
the first case, the resulting hydrographs were characterized by a smaller peak and a larger duration than
those observed in the field. In the second case, good results were obtained only for rainfalls characterized
by large pulses including most of rainfall depth, as those of 19 August 2013 and 12 August 2014. For the
other events, even if the peaks were simulated, runoff volumes resulted underestimated. The equality
between simulated and measured runoff volume was then obtained only by using values of fc smaller than
those of Table 2 and peaks resulted, noticeably, overestimated. Finally, also the runoff routing along slopes
was simulated through the matched diffusivity kinematic-wave equation, yielding results very similar to
those shown in Figures 4 and 5, but requiring a computational time one order of magnitude larger (see also
the right insert of Figure 6 and the discussion below).

The results reported in Figures 4–8 suggest some general remarks. Coupling the SCS-CN method with a constant
velocity approach for channel routing does not provide reliable results in rocky headwater catchments. For each

0 5 10 15
0

1

2

3

4

5

previous 5 days rainfall (mm)

fc
(cm/hr)

Figure 8. Infiltration rate fC is plotted versus the previous 5 days rainfall. The
intercept and angular coefficient of the two lines are 3.09 and 20.13,
respectively.
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contributing area delivering discharge to the channel, this procedure yields elementary runoff hydrographs that
grow too slowly, are less peaked and too much elongated in time (left insert of Figure 6). Their total contribution is
thus unable to reproduce the typical impulsive shape of observed hydrographs. The use of a more refined model
for channel routing leads to even worse results, as illustrated in Figure 5. When excess rainfall is estimated through
the SCS-CNH methodology, taking a constant velocity for the runoff propagation along the channel, the hydro-
graph peak is captured but not its typical impulsive shape. A kinematic model with matched diffusivity has to be
applied to reproduce both the peak and shape of the observed hydrographs. Conversely, the constant velocity
approach and the matched diffusivity kinematic-wave model give similar results when applied to runoff routing
along slopes (see right insert of Figure 6).

Basically, the performances of either a constant velocity or a routing model are controlled by the size of
contributing areas. The along channel summing of different discharge contributes from adjacent slopes
largely increases the runoff discharge and, consequently, the wave celerity (see equation (19). The flood
wave corresponding to this runoff contribution can then reach and include previous smaller runoff waves
routing along the channel. On the other hand, runoff discharge routing along sloping areas and eventually
delivered to the channel does not increase as fast as in the channel, thus limiting the wave celerity and the
possibility of subsequent runoff waves to merge together. For this reason, runoff routing in sloping areas
can be approximated through a constant velocity approach. This behavior partly contradicts the viewpoint
of Wooding [1965] and Robinson et al. [1995], suggesting that, for small size mountain basins, the hydrologi-
cal channel response dominates over slope response. As a consequence, the nonlinear storage model
developed by Horton [1938], even in the modified form proposed by Agnese et al. [2001], cannot reproduce
(results not shown for the sake of concision) the temporal distribution of observed runoffs. Finally, we test
the possibility that the abrupt raising of measured hydrographs could be due to a basin area not totally con-
tributing to the runoff, as suggested by the work of D’Asaro and Grillone [2012]. We then carried out addi-
tional simulations neglecting the contribution of the upper part of the basin characterized by the lowest
slopes, and corresponding to the area of influence of the Pomagagnon rain gauge (about 25% of the total
area). The simulated hydrographs (not shown for brevity) are not better than those shown in Figures 4 and
5, and are obtained with values of parameters (US 5 2 m/s and B0 5 0.25 m) that are less significative from a
physical point of view. As a consequence, all the basin is likely contributing to runoff.

6. Robustness of the Model

In order to test the predictability of the proposed hydrological model, coupling the SCS-CNH method with a
constant runoff speed along slopes and a matched diffusivity kinematic-wave routing along channelized
paths, we applied it to other two dolomitic sites, Acquabona and Cancia (Figure 9), subjected to runoff-
generated debris flows. Peaking times of simulated runoffs are compared with those of runoff arrival in the
area of debris flow initiation and with those of debris flow occurrence. The two catchments are located
nearby the Fiames area and share the same rocky formations. The characteristics of these basins and the
debris flow activities occurred therein are described by Berti and Simoni [2005], Gregoretti and Dalla Fontana
[2008], and Simoni et al. [2016]. The percentages of rock and scree coverages are about 76% and 22% for
Acquabona, 50% and 28% for Cancia, while the remaining portions of the watersheds are mainly covered
by mountain pines.

Table 4 reports the characteristics of the precipitation (rainfall depths, durations, and corresponding AMC)
recorded by four rain gauges (Faloria, RG3; Acquabona, RG4; Cancia RG5 and RG6, see Figure 9), as well as
the timing of runoff arrival and/or debris flow occurrence. The considered rainfall events, in fact, triggered
debris flows on 12 June 1997 and 17 August 1998 at Acquabona [Berti et al., 1999, 2000], and on 23 July
and 4 August 2015 at Cancia [Simoni et al., 2016].

The DEM of Cancia was obtained from the same Lidar survey carried out for the Dimai site, while the DEM
of Acquabona was obtained by a Lidar survey performed on 2010 with a sampling density of 1 point/m2.
Grid size of both DEMs is 1 m. The CN coefficient has been set equal to 90.4 for rocky surfaces, 61 for moun-
tain pine slopes, and in the range 65–70 for scree slopes, depending on thickness and texture of deposits.
The slope velocity, US is assumed equal to 0.7 m/s for rocky path and 0.1 m/s for the remaining terrain. The
coefficient fc for rocky surfaces was obtained through the linear relationship shown in Figure 8, while direct
field observations have been considered to estimate fc on screes. In particular, the measurement carried out
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by means of a double ring infiltrometer the day before the event of 23 July 2015 indicate that fc 5 10.8 cm/
h. This high value corresponds to AMC I conditions. For AMC II conditions, in the absence of direct measure-
ments, we estimate fc by using video records of the rainfall impinging on a scree slope at the Dimai station.
As runoff was observed to form on scree slopes during the 18 August 2011 event (16.2 mm/10 min at RG1,
AMC II), we assume fc 5 9.6 cm/h for AMC II (i.e., 90% of the rainfall intensity). Furthermore, for the terrain
with mountain pine we assumed fc 5 5.5 cm/h, following Li et al. [2011]. Finally, the outlet width for Acqua-
bona and Cancia basins are about B05 6.0 and 6.7 m, respectively [Gregoretti and Dalla Fontana, 2008;
Simoni et al., 2016].

Figure 10 shows the simulated runoff hydrographs and the timing of debris/hyperconcentrated flow initia-
tion. As for the Dimai basin (section 2.4), rainfalls recorded by the rain gauges were shifted to the centers of
the basins. At Acquabona, debris flows were observed to initiate just after the peak of simulated
runoffs, while at Cancia, debris flow (23 July 2015) and hyperconcentrated flow (4 August 2015) ini-
tiations nearly coincide with the simulated runoff peak (Table 4). Note that the largest time lag
between debris flow inception and runoff peak (6 min) corresponds to a rainfall recorded about

Figure 9. (left) Aerial views of the Acquabona and (right) Cancia headwater catchments, with the positions of the rain gauges placed on
Faloria (RG3), Acquabona (RG4), and Cancia (RG5, RG6).

Table 4. Type of Recorded Event, Rainfall Depth, and Duration, AMC Condition, Occurrence Time of the Event, Simulated Runoff Peak
Time, the Rain Gauge Used for Simulation (see Figure 9)

Basin Date
Recorded

Phenomenon
Rain

Gauge
Rainfall

Depth (mm)
Rainfall

Duration (min) AMC
Time

(GMT 1 01) tSP

Acquabona 12 Jun 1997 Debris flow initiation RG3 23 35 AMC III 14:19 14:13
Acquabona 17 Aug 1998 Runoff arrival and

debris flow initiation
RG4 27.44 40 AMC II 20:21 20:19

Cancia 23 Jul 2015 Solid-liquid front transit RG5, RG6 36.41 40 AMC I 15:06 15:07
Cancia 4 Aug 2015 Runoff arrival RG5, RG6 34.77 40 AMC II 19:37 19:38
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1.4 km far from the center of Acquabona basin and, hence, could be not fully representative of the
rainfall effectively precipitated over the basin. These results are coherent with the physics of the
phenomenon. Indeed, debris flow inception is strictly associated with the strong destabilizing action
exerted by runoff on debris deposits. Therefore, a small time lag between the simulated peak dis-
charge and debris flow initiation indicates a reasonably good performance of the hydrological mod-
el. This is in accordance with Rengers et al. [2016] who, after comparing peak times of simulated
runoff with those of debris flow stage hydrographs, concluded that rainfall-runoff models can emu-
late the initiation time of runoff-generated debris flows.

The ability of the proposed model, to simulate robustly the runoff peak time, suggests its use for estimating
the debris flow occurrence time to be used in early warning systems. The model could be also used to build
up the solid-liquid hydrograph needed to run debris flow propagation models. A reliable assessment of
potentially inundated areas and entrainable sediment volume is crucial to hazard assessment, the design of
suitable structural countermeasures, and the development of effective emergency management policies. In
particular, the amount of runoff contributing to the debris flow and the corresponding solid-liquid hydro-
graph can be determined by using the procedure developed by Gregoretti et al. [2012] and summarized by
Gregoretti et al. [2016].

7. Summary and Conclusions

The abrupt morphology and impervious nature of dolomitic catchments make experimental activities quite diffi-
cult, especially continuous ones. On the other hand, a thorough knowledge of runoff behavior is fundamental

Figure 10. Simulated runoff hydrographs, with the timing of debris/hyperconcentrated flow pointed by an arrow, for the rainfall events recorded at: (a) Acquabona, 12 June 1997; (b)
Acquabona, 17 August 1998; (c) Cancia, 23 July 2015; (d) Cancia, 4 August 2015. The values of the parameters adopted in the hydrological model are: US5 0.7 m/s and kS5 9 m1=3/s, B0

5 6 m for Acquabona and 6.7 m for Cancia. Rainfalls are shifted in time to the center of the relevant influence areas.
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to understand and to model the dynamics of debris flows that usually initiate on scree deposits extending fur-
ther down the catchments. The runoff measurement facility installed at the outlet of the Dimai headwater basin
provided valuable information on the hydrological response of this type of mountain watersheds.

We documented the hydrological response of the catchment to six rainstorms. Hydrographs invariably
exhibit an impulsive character, with a well defined steep initial peak, similar to that observed in the stage
hydrographs of debris flows [Berti et al., 2000; Kean et al., 2012]. The runoff discharge then decreases quite
rapidly, down to a nearly constant plateau. Typically, the runoff hydrograph can be schematized by the
ensemble of two rectangles: the former high and narrow, the latter shorter and much longer.

The SCS-CN method (modified by adopting Ia 5 0.1 S) has been found to compute accurately the runoff vol-
ume, but not the magnitude of the peak discharge and the overall shape of the hydrograph. This inadequa-
cy is mainly due to an overestimation of the initial infiltration and, hence, to an underestimation of the
excess rainfall contributing to the flow discharge.

In order to overcome this drawback, the SCS-CN method has been modified by adding a simplified Horton
equation that simulates the infiltration process when the rainfall intensity is larger than a prescribed infiltra-
tion rate and the cumulative excess rainfall is less than that computed accordingly to the SCS-CN procedure.
The proposed methodology, denoted as SCS-CNH, produces encouraging results. The coefficients CN, cali-
brated to match the observed total runoff volumes, vary within a small range. The magnitude and timing of
the peak runoff discharge and the total runoff volume are all reproduced with a reasonable accuracy.

A further improvement in replicating the overall shape of the observed runoff hydrograph is obtained by
using a matched diffusivity kinematic model for the runoff routing along the channel. The nearly vertical
raise of the runoff discharge, as well as the decreasing limb are simulated with good accuracy, while the
peak discharge remains essentially unchanged.

The predictability of the model, tested through the comparison between simulated runoff peak times and the tim-
ing of debris/hyperconcentrated flow occurrence observed in two neighboring basins, appears reasonably good.

In any case, the present data set provides an unique opportunity to test any other hydrological model and to pro-
vide a reliable input to debris flow models. Moreover, the information gathered from the present study can be
extended to similar mountain watersheds that, owing to their highly impervious nature, are usually ungauged.
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