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On the 9th October, 2014 a strong event hit the central part of Liguria Region producing disastrous con-
sequences to the city of Genoa where the Bisagno Creek flooded causing one death and lots of damage.
The precipitation pattern responsible for the event had peculiar spatial and temporal characteristics that
led to an unexpected flash flood. The temporal sequence of rainfall intensities and the particular severity
of rainfall showers at small temporal scale, together with the size of the sub-basin hit by the most intense
part of the rainfall were the unfortunate concurrent ingredients that led to an ‘‘almost perfect” flash flood.
The peak flow was estimated to be a 100–200 years order return period.
The effects of the spatial and temporal scales of the precipitation pattern were investigated by coupling

a rainfall downscaling model with a hydrological model setting up an experiment that follows a proba-
bilistic approach.
Supposing that the correct volume of precipitation at different spatial and temporal scales is known,

the experiment provided the probability of generating events with similar effects in terms of streamflow.
Furthermore, the study gives indications regarding the goodness and reliability of the forecasted rain-

fall field needed, not only in terms of total rainfall volume, but even in spatial and temporal pattern, to
produce the observed ground effects in terms of streamflow.

� 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

On the 9th of October 2014 another devastating flooding event
affected the Bisagno Creek located in the Liguria Region in northern
Italy, causing the death of one person and hundreds of millions of
euro in damage to public infrastructure, buildings, private and
public goods. We used the term ‘‘another” because recently
another flood of similar severity struck exactly the same small
catchment (Bisagno Creek), that is, 4th November 2011 (see
Fig. 1); this latter event occurred only two weeks after another
major event affected the eastern part of Liguria Region.

Again, the 2014 autumn season in Liguria Region, Italy was
‘‘opened” with the 9th of October, 2014 event and then marred
by a series of flash flood events that affected various parts of the
region. These kinds of flash floods are generated by rainfall events
that are quite common in the Mediterranean area and are charac-
terized by persistence of 4–12 h of very high intensity rainfall
structures on a small portion of the territory. The intense and local-
ized rainfall affects small catchments (O(Area) � 100 to 103 km2)
that have a fast and devastating response in terms of streamflow.

Evidence of the aforementioned events can be found in the past,
(Faccini et al., 2009), during the last decades they have been stud-
ied (Amengual et al., 2007; Delrieu et al., 2006; Gaume et al., 2009;
Roth et al., 1996; Massacand et al., 1998; Rabuffetti et al., 2008)
and especially in the last years the improvement of the measure-
ment instruments, of the modeling systems, and of the computa-
tional capabilities allowed the scientific community to learn a lot
about them, their possible causes and their effects (Argence
et al., 2008; Barthlott and Kirshbaum, 2013; Brandolini et al.,
2012; Buzzi et al., 2013; Davolio et al., in press; Fiori et al., 2014;
Marchi et al., 2009; Rebora et al., 2013; Silvestro et al., 2012).

Lots of research have been devoted to developing, testing and
applying systems to predict floods (Amengual et al., 2009; Alfieri
et al., 2012; Borga et al., 2011; Jasper et al., 2002; Verbunt et al.,
2007; Versini et al., 2014; Vincendon et al., 2011). The benefits of
facing this issue following a probabilistic approach has been
demonstrated (Bartholmes et al., 2009; Cloke and Pappenberger,
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Fig. 1. Visibility map of the Mount Settepani radar and geo-location of study area. The watershed of the Bisagno Creek is reported (blue line) together with the main stream
network (gray lines), the Passerella Firpo level gauge (violet diamond) and the rain gauge network (red dots) are also shown. The red circle evidences the Geirato rain gauge.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2009; Ferraris et al., 2002; Krzysztofowicz, 2001; Siccardi et al.,
2005). Some works investigated the advantages to follow a regio-
nal approach instead of concentrating on the forecast on a single
basin (Silvestro et al., 2011; Silvestro and Rebora, 2014); this tech-
nique is called the multi-catchment probabilistic approach
(Siccardi et al., 2005) and the prediction is based on the elaboration
of the flood forecast made on a number of small catchments that
belong to the same predefined region, in order to issue a unique
forecast that is valid for the entire region.

Despite the great steps that have been taken by hydrometeorol-
ogists, it is still difficult, if not impossible, to predict with large
anticipation time (12–24 h) flash floods of this sort in medium-
sized and small catchments (O(Area) � 100 to 103 km2). Probabilis-
tic and regional approaches certainly help in dealing with flood
forecasting, especially for operational purposes, but predicting if
a particular catchment will be or will not be struck by the fore-
casted event is still a challenge (Buzzi et al., 2013; Silvestro et al.,
2012). This is related to the difficulty and the uncertainty in pre-
dicting quantitatively reliable rainfall fields at high spatial and
temporal resolutions (Buzzi et al., 2013; Brussolo et al., 2008),
which is the main element that drives the flash floods that impact
catchments of small dimensions.

In this paper, the flash flood event which occurred the 9th of
October 2014 was analyzed in order to assess the impact of spatial
and temporal patterns of rainfall in the generation of the stream-
flow which occurred on the Bisagno Creek. Firstly, the ability to
reproduce the hydrograph using observations and modeling has
been studied. Then a system made up of a probabilistic rainfall
downscaling system, RainFARM (Rebora et al., 2006b) coupled with
a distributed hydrological model, Continuum (Silvestro et al.,
2013), was implemented and used to carry out a hydro-
meteorological experiment. RainFARM was used to aggregate the
true precipitation volume observed by a meteo-radar on different
reliable scales and then to disaggregate these rainfall fields to
smaller scales (1 km, 10 min); Continuum was then used to trans-
form the rainfall ensembles into streamflow scenarios.

The presented framework simulates the typical probabilistic
forecast system where the rainfall predicted by a Numerical
Weather Prediction System (NWPS) is given as input to a down-
scaling model that generates an ensemble of rainfall scenarios
which are then used to drive a hydrological model (Ferraris
et al., 2002; Mascaro et al., 2010; Siccardi et al., 2005). The out-
put of NWPS is here represented by the aggregated observed
rainfall fields and it is, as a consequence, supposed to be quan-
titatively perfectly predicted; in practice the volume of precipita-
tion is known a priori, but only at certain spatial and temporal
scales.

The results allow for the investigation of three issues: (i) the
repeatability or reproducibility of the event using modeling and
observations; (ii) what are the minimum temporal and spatial
aggregation scales needed to generate rainfall events that result
in streamflow scenarios with analogous characteristics as the one
which occurred, in other words what should be the precision and
detail of a NWPS in the prediction of the spatial and temporal pat-
terns of rainfall in order to allow for the prediction of the studied
event in terms of streamflow; (iii) what is the probability of gener-
ating streamflow with characteristics similar to the one which
occurred, with the presented framework, depending on the aggre-
gated spatial and temporal scales.

The article is organized as follows: in Section 2 the study area
and the models used are described, Section 3 presents the experi-
ment, while Section 4 provides a hydro-meteorological description
of the event and the experiment results. In Section 5 the discussion
and conclusions are presented.
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2. Materials and methods

2.1. Study area and meteorological networks

Bisagno Creek is located in the center of the Liguria Region in
northern Italy (Fig. 1), it drains a total area of approximately
98 km2 and it is characterized by steep slopes due to the a moun-
tainous topology given its proximity to the Apennines. The mini-
mum and maximum elevations are 0 and 1100 m, while the
mean elevation is about 370 m. The majority of the Bisagno basin
is covered with vegetation characterized by forest, meadows and
brushes, but the last 10 km of its river bed are heavily urbanized;
there are residential areas, factories and infrastructure which are
exposed to a high risk of flooding. In fact, the Bisagno Creek inter-
sects the Genoa city centre, and the city develops along the Bisagno
Creek for approximately 10 km inland. Along the last 1.5 km,
towards the mouth, the river flows under a cover.

The territory of Liguria is monitored by a meteorological
network, named OMIRL – ‘‘Osservatorio Meteo-Idrologico della
Regione Liguria”. It is the official network managed by the Civil
Protection Agency of Liguria Region and it is part of the Italian rain-
gauge network managed by the Italian Civil Protection Department
(Molini et al., 2009). This system provides raingauge measure-
ments with 5–10 min timesteps. The network counts a total num-
ber of about 150 instruments over the region reaching an average
density of 1 raingauge/40 km2. Stations with other sensors (tem-
perature, radiation, wind, air humidity, etc.) are present, even
though their densities are lower than the rain gauges density.

Bisagno Creek is a very well instrumented/monitored catch-
ment with a rain gauge density of less than 1 raingauge/10 km2.

For the analyzed basin, level gauge data are available at the
cross section Passerella Firpo that has an upstream area of about
93 km2 (Fig. 1). The level data is used together with a rating curve
to estimate the observed streamflow.

The Liguria Region is covered by a Doppler polarimetric C-band
radar, located on Mount Settepani at an altitude of 1386 m, that
works operationally with 10 min scansion time (e.g. time interval
when radar data are available) (Fig. 1). Rainfall fields, provided
with 1 � 1 km spatial resolution, are estimated by applying an
algorithm that exploits polarimetric variables (Silvestro et al.,
2009).
2.2. The Continuum hydrological model

Continuum (Silvestro et al., 2013, 2015) is a continuous dis-
tributed hydrological model that strongly relies on a morphological
approach, based on a novel way for the drainage network compo-
nents identification (Giannoni et al., 2005). The model has been
conceived to be a compromise between models with a strong
empirical connotation, which are easy to implement but far from
reality, and complex physically based models which try to repro-
duce the hydrological processes with high detail but which intro-
duce complex parameterization and consequent uncertainty and
lack of robust parameters identification. It is designed to be imple-
mented in different contexts with a special focus on data scarce
environments. All of the main hydrological phenomena are mod-
eled in a distributed way.

The basin is represented using a regular square mesh, based on
Digital Elevation Model (DEM), the flow directions are identified on
the basis of the directions of maximum slope derived from the
DEM. The drainage network distinguishes between hillslope and
channeled flow. The distinction between hillslopes and channels
is made with a morphologic filter defined by the expression
ASk = C where A is the contributing area upstream of each cell
[L2], S is the local slope [–], k and C are constants that describe
the geomorphology of the environment (Giannoni et al., 2000).
This filter describes the hydrodynamic and morphological condi-
tions in the channeled network (Giannoni et al., 2000). Infiltration
and subsurface flows are described using a semi-empirical, but
quite detailed, methodology based on a modification of the Horton
algorithm (Bauer, 1974; Diskin and Nazimov, 1994; Gabellani
et al., 2008); it accounts for soil moisture evolution even in
conditions of intermittent and low-intensity rainfall (namely lower
than the infiltration capacity of the soil).

The energy balance is based on the so-called ‘‘force restore
equation” (Dickinson, 1988) which balances forcing and restoring
terms, with explicit soil surface temperature prognostic
computation.

The surface flow schematization distinguishes between channel
and hillslope flows. The overland flow (hillslopes) is described by a
linear reservoir scheme, while for the channel flow (channel) a
schematization derived by the kinematic wave approach
(Wooding, 1965; Todini and Ciarapica, 2001) is used.

Vegetation interception is schematized with a storage which
has a retention capacity, Sv estimated with the Leaf Area Index
data, while water table and deep flow are modeled with a dis-
tributed linear reservoir schematization and a simplified Darcy
equation.

Continuum has six parameters which require calibration at
the basin scale: two for the surface flow (uh and uc), two for the
sub-surface flow (ct and cf) and two for deep flow and watertable
(VWmax and Rf) processes.

The parameter uh influences the general shape of the hydro-
graph, while the impact of uc depends on the length of the chan-
neled paths. The parameter ct is related to the soil field capacity
and identifies the fraction of water volume in the soil that can be
extracted through evapotranspiration only, while cf controls the
velocity of subsurface flow (i.e., it is related to saturated hydraulic
conductivity). Both ct and cf regulate the dynamics of saturation of
the single cells. The two parameters VWmax and Rf govern the deep
flow and the watertable dynamics and have a smaller influence
with respect to the other four parameters (Silvestro et al., 2013)
on flood hydrographs, especially for catchments of small and med-
ium sized drainage area.

For the current application, the model was implemented with a
spatial resolution of 0.00083 deg (about 90 m) based on the Shuttle
Radar Topographic Mission (SRTM) DEM. The temporal resolution
used in all the experiments is 10 min.

Since the model is used in this context for flood modeling pur-
poses, the parameters are calibrated mainly with the objective of
reproducing peak flow values and time of peak. The period chosen
for the calibration is 01/01/2011–31/12/2012, the performance of
the calibrated parameter set (Table 1) has been evaluated referring
to some standard statistics used in hydrology.

The Nash Sutcliffe (NS) coefficient (Nash and Sutcliffe, 1970):

NS ¼ 1�
Xtmax

t¼1

QmðtÞ � QoðtÞð Þ2

QmðtÞ � Qo

� �2 ð1Þ

where Qm(t) and Qo(t) are the modeled and observed streamflows at
time t. Qo is the mean observed streamflow.

Chiew McMahon (CM) coefficient (Chiew and McMahon, 1994):

CM ¼ 1�
Xtmax

t¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
QmðtÞ

p � ffiffiffiffiffiffiffiffiffiffiffiffi
QoðtÞ

p� �2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
QmðtÞ

p �
ffiffiffiffiffiffi
Qo

q� �2 ð2Þ

Root Mean Square Error (RMSE):

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

tmax

Xtmax

t¼1
ðQmðtÞ � QoðtÞÞ2

r
ð3Þ



Table 1
Continuum parameters sets for Bisagno Creek used for simulation. Calibrated set
compared with maximum and minimum values used for calibration and with the set
of stressed surface parameters.

Parameter Calibrated set Stressed set Min Max

uc (m0.5/s) 35 55 15 55
uh (1/s) 0.0015 0.004 0.0002 0.004
ct (–) 0.51 0.51 0.15 0.65
cf (–) 0.042 0.042 0.015 0.1
VWmax (mm) 200 200 10 1500
Rf (–) 1 1 0.5 30
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The values of the statistics were good for the calibration period and
they are reported in Table 2.

The conditions of the state variables at the beginning of the ana-
lyzed event are generated by effectuating a continuous run of the
model that starts around 6 months in the past (Silvestro et al.,
2013).

2.3. RainFARM model

RainFARM (Rebora et al., 2006a, 2006b) is a rainfall downscaling
model used for generating an ensemble of precipitation fields that
are consistent with large scale predictions issued by meteorologi-
cal models (Laiolo et al., 2014) and/or by expert forecasters
(Silvestro et al., 2011); it can reproduce the small-scale variability
of precipitation needed to correctly force the rainfall–runoff model.
RainFARM accounts for the spatial–temporal variability of precipi-
tation fields at scales smaller than those at which reliable quanti-
tative precipitation forecasts are available. RainFARM preserves
the information at large scale derived from a quantitative precipi-
tation prediction and it is able to generate small scale structures of
precipitation that are consistent with radar observations of mid-
latitude precipitation events.

The basic idea is that the spatial–temporal Fourier spectrum of
the precipitation field, estimated at large scale from a meteorolog-
ical model prediction, follows the functional form:

jĝðkx; ky;xÞj2 / k2x þ k2y
� ��a=2

x�b ð4Þ

where kx and ky are the x and y spatial wavenumbers, x the tempo-
ral wavenumber (frequency), while a and b represent two parame-
ters of the model that are estimated from the power spectrum of
precipitation predicted by a meteorological model on the wave
numbers/frequencies that correspond to the spatial–temporal
scales at which the meteorological model prediction is considered
reliable.

The spectrum defined by (4) can be easily extended over larger
wave numbers/frequencies thus allowing for the generation of a
spatial–temporal field at a higher resolution (Rebora et al., 2006a,
2006b). The choice of random Fourier phases associated with the
power spectrum (4) and the backwards transformation in real
space allows for generating a stochastic ensemble of high-
resolution fields that are consistent at large scale with the Quanti-
tative Precipitation Forecast (QPF) issued by numerical models. In
practice once the spatial and temporal scales where the rainfall
forecast is considered reliable are defined, the downscaled rainfall
Table 2
Values of the statistics for the calibration period. NS: Nash Sutcliffe coefficient, CM:
Chiew McMahon coefficient, RMSE: Root Mean Square Error.

Statistic Value

NS (–) 0.79
CM (–) 0.72
RMSE (m3/s) 0.62
field is forced to preserve both the spatial–temporal patterns and
the precipitation volume at these scales; at smaller scales the rain-
fall field is randomly generated, but with spatial and temporal
structures that are correlated in space and time with rules defined
by the power spectra parameterization.
3. Experiment design: dealing with spatial and temporal
precipitation scale in the generation of streamflow

The experiment was designed in order to analyze the influence
of spatial and temporal distribution of the precipitation in the for-
mation of the flood event which occurred, in terms of the peak flow
and the time of peak flow. This should help in understanding the
level of predictability of such events.

We named the system made by the rainfall downscaling model
RainFARM coupled with Continuum model Flood Forecast Frame-
work (hereafter FFF).

Fig. 2 reports the schematization of the FFF and the experiment
described in the following.

We supposed that we know the volume of precipitation pre-
dicted (or observed) at a certain large scale (RV).

Since the rainfall estimated by radar provides reliable stream-
flow estimation (see Section 4.1), and certainly does better than
the rain gauges in catching the spatial characteristics of the real
rainfall field, it was used here as the ‘‘true rainfall field” (TRF).

The RainFARM parameters are estimated directly by the radar
rainfall fields in order to determine the correct spatial and tempo-
ral characteristics of the rainfall event. They are constant over the
event and are fitted in order to reproduce the spatial and temporal
structures at the radar resolution (1 km, 10 min). In particular, the
two parameters are calibrated to reproduce the spatial–temporal
power spectrum of the precipitation field; this allows for the gen-
eration of an ensemble of different 3D rainfall fields with the same
correlation structure as the observations.

A domain DV of 128 � 128 km was considered for computa-
tional reasons.

The RVs are obtained by aggregating the TRF on the DV at differ-
ent time and spatial scales (from fine to raw scales) so that the
total volume of rainfall is conserved and equal to the volume of
TRF when aggregated at different reliable scales (RS). This repro-
duces the behavior of the Numerical Weather Prediction Systems
(NWPSs) that, even when they produce a good rainfall forecast, this
latter is generally quantitatively reliable at certain temporal and
spatial scales (Davolio et al., in press; Ferraris et al., 2002; Rebora
et al., 2006b). It is, in fact, well known that due to numerical diffu-
sion, a meteorological model is not reliable at scales smaller than
six to four times its resolution (Patterson and Orszag, 1971), but
this a theoretical limit and in practice, especially for variable pre-
cipitation, this reliable scale is coarser (Brussolo et al., 2008). When
small-scale forcing is suitably parameterized or accounted for, for
example, introducing orographic forcing, NWPSs can even render
credible rainfall prediction, but in many cases the uncertainty is
really elevated and often the quantitative amount and location
are not sufficiently precise.

The spatial and temporal aggregation scales are chosen on one
side in order to be compliant with rainfall observations (radar)
and the typical NWPSs scales, on the other side to easily compute
Fast Fourier Transform (FFT) transformations (Rebora et al.,
2006a):

Spatial Scales (km): 1, 2, 4, 8, 16, 32, 64, 128
Temporal Scales (min): 10, 30, 60, 180, 360, 720, 1440

The RVs are always disaggregated with RainFARM producing N
equi-probable rainfall scenarios at the radar time and spatial



Fig. 2. Scheme of the Flood Forecasting Framework. Observed rainfall field is aggregated on different reliable temporal and spatial scales and then downscaled generating N
rainfall scenarios. The N rainfall scenarios are used as input to the hydrological model to produce N streamflow scenarios.

Table 3
Characteristics of the NWPSs used by the meteorologists of HMFC to carry out the
weather forecast.

Model name Spatial
resolution
(km)

Temporal
resolution
(hours)

Lead time
(days)

Type

ECMWF 30 6 6 Global Scale
COSMO-LAMI 7 3 3 Mesoscale
BOLAM 10 3 3 Mesoscale
MOLOCH 2 3 2 Regional Scale
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resolution (1 km, 10 min) that are used to generate N equi-probable
streamflow scenarios by the Continuum model. Silvestro and Rebora
(2014) suggested using N > 50–100 in an operational context, to be
sure to produce a statistical significant number of scenario we used
N = 500.

For each couple of spatial and temporal scales (for example,
spatial scale: 128 km, temporal scale 1440 min), each of the 500
high resolution rainfall field has the same spatial temporal correla-
tion structure as the observed rainfall field. These rainfall fields
have the same characteristics as the observed radar field in terms
of rainfall intensities and small scale spatial patterns. When the
aggregated scales are large (e.g. 128 km, 1440 min) the peaks of
precipitation can occur almost everywhere in the spatial domain
and in the 24 h simulation period, this case is associated with large
uncertainty in a hypothetical NWPS. When the aggregation scales
are small (e.g. 8 km, 180 min) the spatial and temporal localization
of the event is more accurate and this case is associated with small
uncertainty in an hypothetical NWPS.

The TRF is clearly aggregated even to spatial and temporal
scales finer than those commonly operationally used for weather
forecasting, for example the Hydro-Meteorological Functional
Centre of Liguria Region (HMFC), which is in charge of hydro-
meteorological forecasts for the Liguria Region, has available
various NWPSs used for weather forecasting with characteristics
as described in Table 3. However, this analysis aims to investigate
even hypothetical scales actually not resolved, especially when
considering operational systems.

In order to summarize the experiment we can state that it is
mainly made by the following steps:

1. Aggregation of TRF on DV at fixed time and spatial scales
obtaining RV.
2. Downscaling RV on radar spatial and temporal resolution with
RainFARM obtaining N equi-probable rainfall scenarios.

3. Using the N equi-probable rainfall scenarios as input to Contin-
uum to produce N equi-probable streamflow scenarios.

4. The case study

4.1. Hydro-meteorological description and modeling

During the 8th and the morning of 9th of October 2014 a series
of regenerating storms (Bedrina et al., 2012) affected the central
and eastern parts of the Liguria Region. Several showers of rainfall
created peak flows in the basins in this area, but the intensities and
persistence of the rainfall were not high enough to have any nota-
ble impact. On the Bisagno Creek about 130 mm of rainfall was
recorded at basin scale in 36 h, produced by three main events of
3–6 h duration. During the evening of 9th of October, after some
hours of very light rain, there was a new, strong and intensified
storm; approximately 4 h of very intense rainfall affected the cen-
tral part of the catchment causing a very fast response of the basin.
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This time, 130 mm of rainfall was recorded in 4 h as average
amount at basin scale, but with local rainfall amounts within the
basin (on areas of only a few square kilometers) of 250 mm.
Fig. 3 shows the map of the 24 h accumulated rainfall over the Bis-
agno Creek measured by the Settepani radar; peaks greater than
400 mm are evident, as well as the pattern of the most intense
structure that struck the central and upper parts of the basin (indi-
cated in Fig. 3 with white ellipses). The intensity of the storm is
also highlighted in Fig. 4, where the 4 h accumulated rainfall from
19:00 UTC to 22:00 UTC is shown.

Fig. 5 shows the hyetograph of the rain gauge at Geirato station
(see also Fig. 1 for geo-location) where an hourly rainfall peak of
130 mm was recorded.

The analysis of the instantaneous radar maps showed rainfall
intensity peaks of approximately 200–250 mm/h with accumu-
lated rainfall in 10 min of about 30–40 mm.

These very high rainfall intensities, even if for short durations,
had a fundamental role in the runoff formation.
Fig. 3. Accumulated radar rainfall field over 24 h on Bisagno Creek. 9th October
00:00 UTC to 10th October 00:00 UTC. Two ellipses evidence the parts of the basin
stroke by largest amounts of precipitation.

Fig. 4. Accumulated radar rainfall field over 4 h on Bisagno Creek. 9th October
19:00 UTC to 9th October 22:00 UTC.
This rainfall event led to a peak flow of about 1100–1200 m3/s
that corresponds to a return period, T of approximately
100–200 yrs (Boni et al., 2007; Provincial Authority of Genoa, 2001).

The streamflow simulation to be compared with observations
was carried out using four different configurations:

(1) Simulation performed with the standard set of calibrated
Continuum parameters using as input the rain gauge rainfall
field with time resolution of 10 min interpolated by using
Kriging method on a regular grid of 1 km resolution. The
Simple (Ordinary) Kriging was used with spherical semi-
variogram and the search radius around each interpolation
point set to 10 km.

(2) Simulation performed with the standard set of calibrated
Continuum parameters using as input the rain gauge rainfall
field with time resolution of 60 min interpolated by using
the Kriging method on a regular grid of 1 km resolution

(3) Simulation made with the standard set of calibrated Contin-
uum parameters using as input the rainfall field estimated
by the Mount Settepani radar data with time resolution of
10 min and 1 km spatial resolution

(4) Simulation made with a stressed set of calibrated Contin-
uum parameters using as input the rain gauge rainfall field
with time resolution of 60 min interpolated with the Kriging
method on a regular grid of 1 km resolution.

The configuration number 4 was obtained using very high val-
ues of surface flow parameters, which meant reducing the ground
friction and increasing the water velocity on both channels and
hillslopes (see Table 1). These are the parameters that have the
greatest impact on the shape of the flood hydrograph. In this case,
the sub-surface parameters ct and cf do not have a huge impact on
the peak flow value, probably because when the most intense core
of precipitation begins the soil was close to being saturated.

For configuration 1 the values of the performance statistics
were calculated and they are reported in Table 4.

The results are presented in Fig. 6 and give us a number of inter-
esting indications.

1. Firstly, streamflow simulations with configurations 1 and 3
(rain gauge and radar, time resolution 10 min) are good in
reproducing the time and value of the peak flow as well as
the general shape of the hydrograph. In both cases there is an
underestimation of the low flow and an overestimation of the
flood volume, the modeled hydrographs are more smoothed
around the peak then the observed ones. Simulation with radar
data leads to a negligible overestimation of the peak (even con-
sidering the uncertainty related to the observed flow). This
result is a verification of the choice to use the radar fields in
the implementation of the FFF.

2. Secondly, the rainfall fields estimated by aggregating the rain-
fall observations at hourly time scales produced a strong under-
estimation of the runoff, even though the volumes of rainfall are
preserved (see configurations 1 and 2). Moreover, the peak flow
splits into two close peak flows.

3. Thirdly, the runoff underestimation of configuration 2 seems
poorly related to the hydrological model parameterizations.
Stressing the parameters leads to an insufficient increase in
the peak value and to an anticipation of the peak time, as well
as to a worse shape of the hydrograph (configuration 4) empha-
sizing the presence of two peaks with value around 900 m3/s
instead of a unique peak of about 1100 m3/s.

In summary, it seems that the spatial distribution of the precip-
itation (occurred with high intensities mainly in a particular sub-
area of the catchment) and its temporal scale (the temporal



Fig. 5. Hyetograph measured by the Geirato rain gauge (see Fig. 1). It is the rain gauge that measured the maximum hourly accumulation during the event. One left y axis
hourly accumulation is shown while right y axis reports total accumulation. Panel (a) shows the 24 h length event, panel (b) focuses on the time window with the most
intense part of the event.

Table 4
Values of the statistics for the studied event, configuration 1. NS: Nash Sutcliffe
coefficient, CM: Chiew McMahon coefficient, RMSE: Root Mean Square Error.

Statistic Value

NS (–) 0.75
CM (–) 0.61
RMSE (m3/s) 0.56
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sequence and the presence of very high intensities at very small
time scale) had a significant influence on the ground effects in
terms of streamflow.
1 For interpretation of color in Fig. 7, the reader is referred to the web version of
is article.
4.2. Experiment results

The results of the experiment described in Section 3 helped us
to investigate in detail some of the issues which arose in the pre-
vious section.

The modeled streamflow obtained using radar rainfall as input
to the hydrological model satisfactorily reproduced the observed
hydrograph. As a result, it is used as the ‘‘reference hydrograph”
as is done quite frequently in the literature (Berenguer et al.,
2005; Borga, 2002; Vieux and Bedient, 2004). In this way, we keep
out of the analysis the possible uncertainties and errors introduced
by hydrological modeling, even though in this case they are very
small (see previous section).

We focused on the analysis of the peak values and on the time
to peaks to measure how the streamflow scenarios generated by
the forecast system are similar to the reference streamflow.

Fig. 7 shows the box plot of the 500 peak flows generated with
FFF compared with the peak flow of the reference hydrograph (Qpr)
represented by the blue1 diamonds. Each panel refers to a different
spatial RS (RSs), while on the x-axis the temporal RS (RSt) is reported
(the case with RSs = 1 km and RSt = 10 min is obviously not consid-
ered since it corresponds to the resolution of the original field).

The graphs show that for RSs from 1 to 4 km the Qpr is satisfac-
torily reproduced by the FFF. The box (interquartile) and whiskers
have a smaller amplitude and Qpr lies in their center. However this
is valid only if RSt < 3 h, this means that even if the rainfall field is
th



Fig. 6. Hydrograph measured and modeled in correspondence of the Passerella Firpo level gauge (area about 93 km2). The modeled hydrographs are obtained using different
configurations in terms of rainfall input and model parameterization. The simulation starts the 9th October at 00:00 UTC, the figure does not show the first hours of
simulations since very low streamflow values occurred.

Fig. 7. Box plot of the peak flow generated by the FFF. On y axis the peak flow is reported, on x axis the temporal aggregation scales (RSt) are reported. Diamonds represent the
peak flow of the reference hydrograph. Each sub-panel shows results for a different spatial aggregation scale (RSs).
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known with high spatial resolution, it is fundamental to know the
time sequence with great detail since it probably played a crucial
role in the formation of the observed streamflow peak. For
RStP 3 h, the Qpr becomes difficult to reproduce and quite rare
in the peak flow distribution (over the upper interquartile). The
improvements of the results from RSt = 3 h to RSt = 6 h is quite
interesting: this is due to the fact that the rainfall volume that
caused the first peak of the hydrograph can be moved forward in
time while the volume that caused the second peak of the hydro-
graph can be moved backward in time by RainFARM leading to a
sort of compensation effect with respect to the degradation of
the RSt. This does not occur for RSt = 3 h because the rainfall vol-
ume is maintained constant on smaller time windows.

For RSs equal 8 and 16 km, Qpr is still reproducible, but with low
probability (Qpr is always larger than the upper interquartile) for all
RSt.

For RSs > 16 km it becomes impossible to reproduce the
observed event in terms of the peak flow, even when starting from
a correct total volume of rainfall at the large scale.

Considering RSs 6 16 km, the FFF produces scenarios with
Qp > Qpr, but these are rare. This means that the observed volume
of precipitation could have caused, with low probability, a
streamflow scenario which is much more dramatic than the
observed flows.
Fig. 8. Probability curves of the peak flow generated by the FFF. On x axis the peak flow
different spatial aggregation scale (RSs). Different curves for a fixed sub-panel represen
All of these considerations can be confirmed by analyzing the
probability plots in Fig. 8.

Each panel refers to a different RSs, on the x-axis the peak flows
are reported while on the y-axis the probability is shown, different
lines represent different RSt. The black vertical line is the Qpr.
When RSs and RSt increase the probability curves shift to the left
of the graph and the probability of generating peak flows equal
or larger than Qpr decreases; for RSs of 1, 2, 4 km and Rt < 3 h the
peak flow distribution is almost centered on Qpr with the probabil-
ity P(Qpr) between 0.4 and 0.6 and a small dispersion around this
value.

The fact that P(Qpr) dramatically decreases for RSs values
between 4 and 8 km, that is, between 16 and 64 km2, confirms
the need of capturing the rainfall spatial pattern on spatial scales
smaller than the dimension of the basin. At the same time RSt < 3 h
is needed for corroborating the importance of the temporal evolu-
tion of the rainfall event. When the FFF is fed with the rainfall field
aggregated at spatial scales of the order of magnitude of the basin
area (8 km < RSs < 16 km) the Qpr becomes a rare event conditioned
to the observed total volume of precipitation. From a theoretical
point of view, dramatically augmenting the number of realizations
(we can say N > 104–105) should lead to P(Qpr) > 0 even for large
RSs and RSt, but Qpr would remain an extremely rare streamflow
value.
is reported, on y axis the probability is reported. Each sub-panel shows results for a
t different temporal aggregation scales (RSt).
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Figures similar to Figs. 7 and 8 have been built referring to the
time to peak. In this case, the considered aleatory variable is:

dTp ¼ Tpm � Tpr ð5Þ

where Tpr is the time to peak of the reference hydrograph and Tpm is
the modeled time to peak. dTp is 0 when the peak time is perfectly
reproduced by the modeled streamflow.

Fig. 9 reports the box plot of the variable dTp as a function of RSs
and RSt. The upper and lower interquartile of dTp is lower than 1 h
for RSs from 1 to 16 km and RSt < 3 h, this is an interesting fact
because it means that the time to peak is satisfactorily reproduced
even for RSs 8 and 16 km, but for these latter the magnitude of the
peak (Qpr) is difficult to model (see Figs. 7 and 8). When RSt is low
the temporal evolution of rainfall and streamflow is satisfactorily
reproduced, so it is possible to satisfactorily model the Tp, but to
reproduce even the Qpr with high probability we need to know
the rainfall pattern at fine spatial scale (RSs < 8).

When RSt increases, dTp tends to be negative because the
observed peak is at the end of the event while the downscaling
model changes the temporal location of the most intense cores of
the rainfall inside the RSt time window.

Fig. 10 represents the probability distribution curves of dTp, the
step shape of the graphs is due to the time step of the hydrological
model which is discrete (10 min).

For small RSs and RSt, the curves rapidly decrease and the prob-
ability of large dTp (positive or negative) is very low or null, while
for large RSs the curves are always flat. When RSt increases the
probability curves become flat and extend the range on the
Fig. 9. Box plot of the variable dTp: difference between the time to peak of the reference h
axis the dTp is reported, on x axis the temporal aggregation scales (RSt) are reported. Di
shows results for a different spatial aggregation scale (RSs). For a better readability of t
negative values of the x-axis more than the positive values, this
is again due to the temporal evolution of the studied event.
4.3. Issues about the impact of aggregation scales on final results

For the sake of clarity we want to highlight the fact that there
may be some effects on the final results presented in Section 4.2
due to the process of rainfall aggregation and disaggregation, espe-
cially when the aggregation scales RSs and RSt are large.

The first issue is related to aggregation spatial scale; since the
domain is centered on radar location, even when the aggregation
scale is 128 km the box does not include area for which there are
not observed data, anyway the effect of bounding box could theo-
retically impact on final results. In fact, supposing to have an
observed rainfall field that cover a domain much larger than the
one of Settepani radar, we could shift on x and y axis the grid where
we aggregate the rainfall field modifying the volume of precipita-
tion to be disaggregated. Anyway this is the condition that occurs
when one wants to downscale the rainfall field derived from a
operational NWPS, that generally has the spatial calculation grid
fixed.

The second issue is related to the temporal scale; when RSt is
larger than certain values, that generally depend by the rainfall
temporal evolution and by the dimension of the studied basin,
the results are sensitive to the start time of the aggregation period.

Finally the downscaling methodology assumes that the rainfall
probability distribution function is the same everywhere in the
domain that is a simplification of the real physical process.
ydrograph and the time to peak of the streamflow series generated by the FFF. On y
amonds represent the dTp of the reference hydrograph, which is 0. Each sub-panel
he graphs we fixed �6 to 6 h as y axis limits.



Fig. 10. Probability curves of the variable dTp: difference between the time to peak of the reference hydrograph and the time to peak of the streamflow series generated by the
FFF. On x axis the dTp is reported, on y axis the probability is reported. Each sub-panel shows results for a different spatial aggregation scale (RSs). Different curves for a fixed
sub-panel represent different temporal aggregation scales (RSt).
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For the analyzed test case we believe that the results for
RSs > 32 km and RSt > 1–3 h are presumably sensitive to the above
mentioned factors, anyway the final findings of the analysis would
not sensitively change.
5. Discussion and conclusions

In this work, we analyzed the major flood event which affected
the Bisagno Creek in Liguria Region, Italy on the 9th October, 2014.
We tried to investigate how the temporal and spatial pattern of
rainfall impacted on the runoff generation and streamflow
evolution.

This has been done by: (i) modeling the event using rain gauge
and radar rainfall estimations as input to a hydrological model; (ii)
setting up an experiment using a probabilistic flood forecast frame-
work based on a rainfall downscaling model and a hydrological
model. The true rainfall volume derived by radar rainfall estima-
tion has been aggregated to different spatial and temporal scales
(RSs and RSt) and then disaggregated to the original scale in order
to evaluate the reproducibility and predictability of the event in a
probabilistic forecast context.

The analysis of the results leads to some interesting
considerations.
The rainfall temporal patterns on fine time steps (10 min)
played a fundamental role in the runoff formation and the magni-
tude of the observed streamflow peak. Using rainfall aggregated to
hourly time steps to feed the Continuum hydrological model leads
to an underestimation of the peak flow.

The reliable spatial scale RSs needed to reproduce the observed
peak flow with reasonable probability (we can say P(Qp > Qpr) = 0.2
or larger) must be smaller than 8 km, beyond that (RSs 8–16 km),
Qpr becomes quite a rare event that is generated only by a reduced
number of ensemble members, P(Qp > Qpr) = 0.05–0.2; when
RSs > 16 km it becomes almost impossible to generate Qpr.

The temporal evolution of precipitation had a crucial role in the
peak flow formation, in fact for RSt larger or equal to 3 h the prob-
ability of generating Qpr rapidly decreases for all RSs.

The optimal configurations are RSs <=2 km and RSt <= 1 h, in
these cases the probability distribution of Qp is almost centered
on the Qpr.

All these considerations demonstrated that to predict the cor-
rect magnitude of the peak flow observed during the analyzed
event it is not sufficient to predict the correct volume of precipita-
tion, it is essential to predict also the spatial and temporal pattern
at a fine scale. This occurs even in the case of working in a proba-
bilistic framework where the possibility of downscaling the rainfall
field from a coarse to a fine scale exists.
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It is probably an overstatement to say that it was a ‘‘perfect
storm”, but the results seem to suggest that the observed volume
of rainfall occured according to an improbable (in a certain sense
unfortunate) combination of temporal and spatial scales.

The findings of the experiment give some indications about the
predictability of the event and show that forecasting the effects of
the event in terms of streamflow was very difficult because it was
necessary to have very detailed rainfall predictions, which are
probably still difficult to obtain steadily with large anticipation
(12–24 h) by existing NWPSs (Buzzi et al., 2013). Moreover, the
results confirm that for predicting flash floods on small basins
the multi-catchment approach, based on forecasting at the regional
scale (grouping the catchments) and not on the single catchment
(Siccardi et al., 2005), is fundamental. In this kind of environment,
made by a collection of very small catchments, decision makers are
obliged to face the impossibility of identifying a specific catchment
as the target of the warning to be issued; the only effective option
is issuing warnings at the regional or sub-regional scale (Silvestro
and Rebora, 2014).
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