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Abstract. A meteo-hydrological modelling system has been
designed for the reconstruction of long time series of rainfall
and river runoff events. The modelling chain consists of the
mesoscale meteorological model of the Weather Research
and Forecasting (WRF), the land surface model NOAH-MP
and the hydrology–hydraulics model WRF-Hydro. Two 3month periods are reconstructed for winter 2011 and autumn
2013, containing heavy rainfall and river flooding events.
Several sensitivity tests were performed along with an assessment of which tunable parameters, numerical choices and
forcing data most impacted on the modelling performance.
The calibration of the experiments highlighted that the
infiltration and aquifer coefficients should be considered as
seasonally dependent.
The WRF precipitation was validated by a comparison
with rain gauges in the Ofanto basin. The WRF model was
demonstrated to be sensitive to the initialization time and
a spin-up of about 1.5 days was needed before the start of
the major rainfall events in order to improve the accuracy of
the reconstruction. However, this was not sufficient and an
optimal interpolation method was developed to correct the
precipitation simulation. It is based on an objective analysis
(OA) and a least square (LS) melding scheme, collectively
named OA+LS. We demonstrated that the OA+LS method
is a powerful tool to reduce the precipitation uncertainties
and produce a lower error precipitation reconstruction that
itself generates a better river discharge time series. The validation of the river streamflow showed promising statistical
indices.

The final set-up of our meteo-hydrological modelling system was able to realistically reconstruct the local rainfall and
the Ofanto hydrograph.

1

Introduction

The problem of reconstructing long time series of river runoff
for climate impact studies and management purposes has
been dealt with in different ways in the literature, from statistical and spatially lumped methods to the most recent deterministic and fully distributed reconstructions (Todini, 1995;
Menabde and Sivapalan, 2001; Todini and Ciarapica, 2002;
Rigon et al., 2006; Jones et al., 2008; Ruelland et al., 2008).
Here we show a deterministic modelling approach applied to
a small river catchment in the Puglia region (Italy). The scientific community is making considerable efforts to increase
the performance of high-resolution meteorological and hydrological models as well as to build up coupled modelling
systems. However, modelling the spatial and temporal distribution of the water cycle, especially in case of extreme
events, is both a research and operational challenge because
the water cycle includes several processes which interact
with each other and span a wide range of spatial and temporal scales.
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Hydrology modelling has gained limited success in the
past due to a lack of input data and to model shortcomings.
The precipitation records are crucial for assimilation, initialisation and validation procedures, but they need to be collected with a fine spacing of stations. A rigorous and detailed
representation of soil type and topography conditions is required as they locally modulate the synoptic-scale weather
and affect the basin drainage. In addition, numerous and
complex air–land and subsurface processes are involved in
the local water cycle of river catchments, but they cannot be
directly measured.
Relatively higher-resolution data on topography, land use,
soil types and river routing have become available in the
last decade. At the same time, the Quantitative Precipitation
Forecast (QPF) has been significantly improved (Cuo et al.,
2011). Ensemble approaches have been developed to embed
the different sources of errors into a probabilistic forecasting
(Buizza et al., 2008; Davolio et al., 2013).
Several open issues affect both the meteorological and hydrological modelling. QPF remains one of the most critical
tasks for mesoscale meteorological models since the precipitation field is the end result of many multi-scales and interacting processes and is sensitive to topography, soil types and
land use conditions (Krzysztofowicz, 1999; Hapuarachchi et
al., 2011; Zappa et al., 2011). The grid spacing of mesoscale
meteorological models does not allow us to fully resolve the
scales of the single convective cells/systems (Moeng et al.,
2007; Shin et al., 2013). Moreover, the quality of meteorological modelling is also critical for ensuring the quality of
hydrological modelling as the uncertainties associated with
the meteorological unknowns propagate into the hydrological models (Pappenberger et al., 2005; Zappa et al., 2010).
Finally, an additional source of uncertainty is due to the
parameterisation of many of the physical processes involved
in the water cycle, e.g. water infiltration through the soil column, groundwater drainage and the aquifer water storage
(Krzysztofowicz, 2011; Gupta et al., 2005). These parameterisations imply many tunable coefficients which play an
important role in modulating the soil water distribution.
Several hydrological models have been developed in the
last few decades: from simple empirical models to shallow
water (SW) systems with different levels of approximation,
i.e. kinematic, diffusive or fully dynamics wave equations.
Two hydrological models that are currently extensively
used for operational purposes are the Hydrologic Engineering Center’s Hydrologic modelling System (HEC-HSM; USACE, 2015), developed by the US Army Corps of Engineers, and the TOPographic Kinematic APproximation and
Integration (TOPKAPI; Todini and Ciarapica, 2002; Liu and
Todini, 2002). The latter is currently employed for operational discharge forecasting by the Italian Civil Protection at
ARPA-SIM (Agenzia Regionale Prevenzione e Ambiente –
Servizio Idrometeorologico). HEC-HSM and TOPKAPI are
both rainfall–runoff models and are based on the kinematic
wave approximation of SW equations which solve the chanNat. Hazards Earth Syst. Sci., 17, 1741–1761, 2017

nel streamflow. No additional representation of 2-D overland
water flow is considered for neither the gravitational drainage
nor the coupling with a land surface model.
Nickovic et al. (2010) propose the HYdrology surface
runoff PROgnostic Model (HYPROM), which to our knowledge is the only hydrological model that includes fully prognostic SW equations for representing both the 2-D overland
water flow and the 1-D channel streamflow. In contrast, no
representation of the subsurface physical processes is provided by HYPROM.
A more complex hydrology–hydraulics model is the fully
distributed Weather Research and Forecasting Hydrological
modelling (WRF-Hydro) system (Gochis et al., 2013), originally designed as the hydrological extension of the WRF atmospheric model (Skamarock et al., 2008). WRF-Hydro is
based on the diffusive wave approximation for representing
both the 2-D overland water flow and the 1-D river streamflow. In addition, the WRF-Hydro system fully solves the
subsurface soil physics and is two-way coupled with the
NOAH-MP land surface model (Niu et al., 2011). Due to all
these valuable features we used this model in our study.
The aim of this study is to evaluate the ability of our integrated modelling system to simulate the water distribution
in the catchment of the Ofanto river, which flows through
Southern Italy. Our meteo-hydrological modelling system
was set up for the first time in this basin. Two simulations
were carried out over the winter 2011 and autumn 2013.
Several rainfall events and dry periods characterise Southern
Italy during the selected time ranges. The final goal of this
work is a reliable reconstruction of the local rainfall and river
runoff; thus the evaluation of the modelling performance was
carried out, focusing on both precipitation and streamflow
prediction. We describe both the precipitation reconstruction
and the hydrograph results since mainly the former drive the
quality of the hydrology of a river basin. Critical issues such
as the precipitation modelling skill and the calibration of both
NOAH-MP and WRF-Hydro models are discussed. A novel
approach for the correction of the modelled precipitation is
also presented.
The paper is organised as follows. Section 2 describes the
study area. The modelling system and the experimental setup are presented in Sect. 3. Section 4 discusses the modelling
results. Conclusions are drawn in Sect. 5.

2

The study area

The basin of the Ofanto river, flowing through Southern Italy
and ending in the Adriatic Sea, was chosen as case study in
order to test the meteo-hydrological modelling chain we implemented over the central Mediterranean area (left picture
in Fig. 1) with a focus on Southern Italy (right picture in
Fig. 1). This is intended to be a relocatable case study as
the final configuration of our meteo-hydrological modelling
chain may be easily applied to investigate rainfall and runoff
www.nat-hazards-earth-syst-sci.net/17/1741/2017/

G. Verri et al.: A meteo-hydrological modelling system for the reconstruction of river runoff
events in other study areas with similar physiographic characteristics.
The Ofanto river is a semi-perennial river, whose discharge is close to zero during the dry season but may significantly increase when heavy rain events occur and eventually cause the river to flood. The mean annual discharge at
its outlet is around 15 m3 s−1 ; minimum monthly climatology is 2.27 m3 s−1 in August and reaches its monthly peak,
35 m3 s−1 , in January. The local annual mean rainfall is about
720 mm with large precipitation gradients over small spatial
and temporal scales; the annual mean temperature is around
14 ◦ C (Romano et al., 2009). The watershed area (Fig. 2),
covering Campania, Basilicata and Puglia in Southern Italy,
is about 2790 km2 , making it a medium-sized catchment (between 1000 and 10 000 km2 ); the mean topography slope
is 8 % and the total length is around 170 km, making it the
second longest river in Southern Italy. The river source is
located south of Torella dei Lombardi, a small village located at 715 m above the sea level. This is not the only
source of the river; there are a few tributaries with a lower
water volume which prevent the bed from becoming dry.
The Ofanto basin consists of two distinct areas: the northeast and the southwest. The southwestern part, representing
the upstream reach of the river, is mainly mountainous or
hilly due to the Apennine range; the northeastern part, representing the downstream reach of the river, is a flat area
which includes the flooding area of the river (see top panel
of Fig. 2). The predominant soil type in the upstream subbasin is “loam” according to the United States Geological
Survey (USGS) dataset, while a less pervious type, “clay
loam”, prevails in the downstream sub-basin (see Fig. 2c).
The dot markers in the bottom panels in Fig. 2 indicate four
monitoring points along the river network and by using an
ArcGIS tool the Ofanto basin can be divided into four subbasins (Fig. 2b). In particular, the Calitri gauge separates the
uppermost sub-basin, corresponding to a karst aquifer, from
the three downstream sub-basins where a porous aquifer is
located and favours the saltwater intrusion from the Adriatic
Sea.
This case study is challenging in terms of both meteorological and hydrological modelling purposes. With regard to
the hydrological modelling, this study deals with a mediumsized catchment with a “rain–runoff” response time which
varies from several days up to a few hours, which makes
the streamflow prediction highly demanding. Concerning the
meteorological modelling, the case study is located in the
Southern Italy, where several heavy rainfall and flash flood
events have occurred in the last decades, triggered by lee cyclogenesis and convective instability (Federico et al., 2008,
2009; Moscatello et al., 2008; Miglietta et al., 2008; Mastrangelo et al., 2011).
In September 2000 a severe flood occurred in Soverato, a
small town along the Ionian coast of Calabria (Bellecci et al.,
2003). Another high-impact storm occurred over the Calabria
region on 10–12 December 2003 (Federico et al., 2008). An
www.nat-hazards-earth-syst-sci.net/17/1741/2017/
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intense weather storm hit Southern Italy and in particular the
Puglia region on 12–14 November 2004 (Mastrangelo et al.,
2011). A flash flood episode affected a small area in Puglia
on 22 October 2005 (Miglietta et al., 2008). A tropical-like
cyclone affected southeastern Italy on 26 September 2006
(Moscatello et al., 2008; Laviola et al., 2011). The small
scales of motion involved, meso-β and meso-γ scales, make
it difficult to numerically model these extreme events.
Two recent heavy rainfall events in 2011 and 2013 with
consequent flooding of the Ofanto river are discussed in this
paper.

3
3.1

The method
Experimental design of the meteo-hydrological
modelling system

A meteo-hydrological modelling system was implemented to
reconstruct the Ofanto river runoff and is presented here for
the first time.
The model chain consists of the meteorological mesoscale
model WRF v3.6.1, the land surface model NOAH-MP and
the hydrological model WRF-Hydro v2. NOAH-MP works
as a sub-model of the WRF and WRF-Hydro system and is
coupled in a two-way mode with both of them. The WRF and
WRF-Hydro system are coupled one-way. It is worth highlighting that the one-way coupled meteorological and hydrological models have not been found to produce weaker performances than fully coupled systems. Senatore et al. (2015)
recently proved that with the current state of development,
the one-way or two-way couplings between WRF and WRFHydro show a comparable performance especially in terms
of precipitation simulation.
The various modules of the modelling chain and how they
face each other are shown in Fig. 3.
A detailed description of the equations and parameterisations which are relevant to the discussion of our results is
provided in Appendix A.
The WRF model is a widely used mesoscale meteorological model which solves fully compressible, non-hydrostatic
Euler equations. The model adopts a terrain-following hydrostatic pressure vertical coordinate. We chose 58 unevenly
spaced levels and set the top of the model at 50 hPa. The
two domains nested in two-way mode were considered as a
coarse domain covering the central Mediterranean area with
a horizontal resolution of 6 km and an inner domain over
Southern Italy with a 2 km horizontal resolution (the domains
are depicted in Fig. 1).
The two domain set-ups (Fig. 1) aim to capture the genesis and the development of the mesoscale cyclonic patterns
responsible for the heavy rain events in the coarse domain;
moreover, the finer grid mesh of the inner domain enables to
reconstruct the local convection including the orography effects in the region of interest, i.e. the southeastern Italy. We
Nat. Hazards Earth Syst. Sci., 17, 1741–1761, 2017
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Figure 1. The study area. (a) WRF coarse domain (EEA SRTM topography dataset). (b) WRF inner and WRF-Hydro domain (EEA EU-DEM
topography dataset).

tested different extensions and grid spacing of the coarse domain and we compared the two-domain approach with the
one-domain-only set-up. We found that the two-way coupling mode improves the reconstruction of precipitation at
local scales (not shown).
The analysis fields built by ECMWF-IFS (European Centre for Medium-Range Weather Forecasts – Integrated Forecasting System) with a 16 km horizontal resolution and 6 h
frequency were adopted as WRF initial and boundary conditions.
A set of sensitivity tests (not shown) highlighted that
the terrestrial datasets, i.e. the topography elevation and the
land use categories, strongly affect the air–land fluxes and
the near-surface atmospheric fields. Thus, the default USGS
datasets with 800 m resolution for topography and land use
have been upgraded with higher-resolution and more recent data: Corine 250 m land use categories and EU-DEM
30 m topography data both released by the European Environmental Agency (EEA); SRTM 90 m topography released
by NOAA is adopted only over those regions (i.e. northern
Africa) not covered by the EU-DEM dataset.
In addition, different numerical schemes for the parameterised atmospheric processes have been tested and compared by evaluating how they affect the simulation of the
near-surface atmospheric fields. The final model configuration uses the RRTMG scheme (Iacono et al., 2008) for
long-wave and short-wave radiation, the Monin–Obukhov
scheme (Monin and Obukhov, 1954) for representing the surface sub-layer of the planetary boundary layer (PBL) and the
Yonsei University scheme (YSU) is the non-local K-profile
scheme (Hong and Lim, 2006) that represents the PBL mixed
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sub-layer. The microphysics was based on the Thompson
double-moment six-class scheme (Thompson et al., 2008)
for both domains. The cumulus–convection parameterization
was based on the Kain–Fritsch scheme (Kain and Fritsch,
1993) in the coarse domain, while no convection scheme,
meaning that the convection is assumed to have been solved
explicitly, was found to perform better in the inner domain.
Our sensitivity tests shows that the explicit convection works
better than the convection parameterization in the inner domain, as its grid spacing is in the “convection-permitting”
scale range (Prein et al., 2015). This is an expected result,
largely documented by previous studies on severe convective
weather forecasts: Done et al. (2004), Weisman et al. (2008),
Kain et al. (2008) and Schwartz et al. (2009, 2010), among
the others.
Table 1 summarises the terrestrial datasets and parameterisation schemes that we adopted as a result of the sensitivity
tests.
Overall our experimental design is based on the past studies of WRF for local rainfall events in the same region
that stressed the two-way nesting: Miglietta et al. (2008),
Moscatello et al. (2008), Federico et al. (2008), Laviola et
al. (2011) and Mastrangelo et al. (2011), among the others.
The NOAH-MP land surface sub-model was used to solve
the partition of the surface water into an infiltration rate and
surface runoff together with the water content and temperature of four soil layers up to 1 m below the ground level.
The surface runoff is represented as the excess of surface
infiltration capacity, while subsurface runoff is the gravitational drainage at a 1 m soil depth, i.e. through the bottom of
the solved soil column. The snow modelling is also active in

www.nat-hazards-earth-syst-sci.net/17/1741/2017/
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Figure 2. The Ofanto river Catchment. (a) Topography height (units of m) and location of 27 rain-gauge stations. (b) The whole basin and the
4 sub-basins (coloured zones) defined as the areas upstream of the selected monitoring points (black dots). (c) USGS Soil Type Categories in
the region of the Ofanto basin. (d) The flow accumulation grid defined by the number of grid cells which drain into an individual cell along
the river network grid.
Table 1. Terrestrial datasets and parameterization settings adopted over WRF coarse domain 1 (6 km grid spacing) and inner domain 2 (2 km
grid spacing).
WRF-ARW set-up

Domain 1

Domain 2

Topography

SRTM 90 m +
EU-DEM 30 m (Europe)

EU-DEM 30m

Land use categories

USGS 800 m +
Corine 250 m (Europe)

Corine 250 m

Radiation

RRTMG (2008)

RRTMG (2008)

PBL surface sub-layer

Monin and Obukhov (1954)

Monin and Obukhov (1954)

PBL mixed sub-layer

YSU (2006)

YSU (2006)

Convection

Kain–Fritsch (1993)

Explicit

Microphysics

Thompson et al. (2008)

Thompson et al. (2008)

www.nat-hazards-earth-syst-sci.net/17/1741/2017/
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Figure 3. The meteo-hydrological modelling chain.

NOAH-MP model: a multilayer snow pack, the snow albedo
and the melting/refreezing capability are solved by NOAHMP. Moreover, the evaporation component coming from the
snow sublimation is added and the evaporation component
coming from the canopy water is split into the rainfall and
the snowfall terms. The ECMWF analyses used for computing the initial and boundary conditions provide also the accumulated snow depth at the ground level. For our case studies,
the snowfall and the melting processes do not seem to play a
crucial role.
The added value of the whole WRF-Hydro system with
respect to the NOAH-MP is the ability to laterally route both
the surface and subsurface water flow, as well as representing their interaction. The surface runoff is routed by a 2-D
SW system (Eqs. A6–A8) and is also refined on the catchment area: the channel network gains water inflow from both
the surface runoff and the aquifer discharge, and the channel
streamflow is solved by 1-D SW system (Eqs. A11–A12).
We set up the WRF-Hydro model over the WRF inner
domain. A detailed catchment routing grid is computed using a GIS procedure starting with EU-DEM 30 m topography data. The catchment grid is reproduced with a high
level of accuracy (Fig. 2d): the drainage directions are first
drawn and the river network is then refined by identifying all
the branches and the hierarchy of tributaries using Strahler’s
method (1952). We chose a grid spacing equal to 200 m,
which is 10 times higher than the WRF and NOAH-MP spatial grid. The aquifer water storage is switched on and the
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aquifer grid is assumed to identically match the watershed
grid; four sub-basins (Fig. 2b) are defined as the areas located upstream of the monitoring points set along the river
network, which enabled us to customise the coefficients of
the aquifer recharge/discharge over smaller areas.
Two simulations were performed over January–
March 2011 (hereafter “Experiment 1”) and November–
December 2013 (hereafter “Experiment 2”). The selected
time windows included several rainfall events of different
intensities. The strongest weather storms occurred on
1 March 2011 and 1 December 2013, hereafter referred to as
“Event 1” and “Event 2”, and were followed by the flooding
of the Ofanto river. Various features of the experiments are
summarised in Table 2.
Figure 4 shows the concatenation procedure we adopted
for both experiments: a chain of 72 h long simulations was
carried out and the reinitialisation option was chosen for
WRF, while a restart option was adopted for WRF-Hydro.
We chose a frequent reinitialisation strategy following previous studies carried out with regional climate models on seasonal and sub-seasonal scales (Qian et al., 2003; Koster et al.,
2010; Lucas-Picher et al., 2013). These studies highlighted
the benefits of working with a concatenation of short simulations rather than a standard continuous simulation. Above
all, the reinitialisation mitigates the problems of systematic
errors and numerical drift and thus improves the accuracy in
reproducing the local scale precipitation.

www.nat-hazards-earth-syst-sci.net/17/1741/2017/
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Table 2. Details on the experiments.
Experiment

Time window

Date of
severe rainfall
events

Start time of
WRF 72 h run
for events 1–2

Maximum recorded value
of 24 h cumulated
precipitation

Experiment 1

Jan–Mar 2011

1 March 2011
(Event 1)

27 February 2011, 00:00 UTC

186.9 mm day−1

Experiment 2

Nov–Dec 2013

1 December 2013
(Event 2)

1 December 2013, 00:00 UTC

189.6 mm day−1

vection, because at these scales the power spectrum of the
turbulence reaches its peak (Moeng et al., 2007; Shin and
Hong, 2013). This means that the WRF model does not fully
reproduce the convective motions and consequently neither
reproduces the rainfall events with very local scale features.
In order to increase the performance of the precipitation
reconstruction by WRF, we developed a two-step correction
algorithm. First we used an OA technique to address the
statistical interpolation of the scattered precipitation observations. Mathematical details on the OA technique and the
calibration of the OA parameters are provided in Appendix
B. Secondly, a least square (LS) melding algorithm was developed in order to merge the OA optimal estimate with the
modelled precipitation. The assimilated precipitation is thus
given by the following correction formula:
Figure 4. The concatenation procedure of the simulations.

The hydraulics component of WRF-Hydro system is initialised with the NOAH MP overland and subsurface water
flows that are dry at the initial time. Thus a spin-up period is
required to laterally route the groundwater of the basin and
to allow the river network to reach a steady state. Senatore
et al. (2015) considered monthly spin-up for evaluating the
WRF-Hydro results and we decided to follow the same strategy.
3.2

A two-step correction of the precipitation: objective
analysis (OA) mapping and observation–model
merging

The simulation of the localisation, amount and timing of precipitation is crucial for the reconstruction of a river runoff
time series but uncertainties are large in mesoscale models,
particularly due to unresolved meso-β and meso-γ scale processes. In our experiments the horizontal resolution of the
WRF inner domain was 2 km. This is quite a high resolution
for mesoscale modelling and considers the convection as explicitly resolved by the model. Sensitivity tests done at an
early stage confirmed that the “explicit convection” worked
better than any convection scheme. However, a resolution of
a few kilometres is a “grey zone” for representing the conwww.nat-hazards-earth-syst-sci.net/17/1741/2017/

Pa = Pb +

σb2 /σf2
σo2 /σf2 + σb2 /σf2

(Po − Pb ),

(1)

where Pb is the modelled precipitation, Po is the OA optimal estimate and Pa is the corrected precipitation. In addition, σo2 /σf2 is the normalised variance associated to the OA
(formula B4 in Appendix B) with values in the [0,1] range,
as shown by the bottom panel of Fig. B1, and σb2 /σf2 is the
normalised variance associated with the modelled precipitation also with values in the [0,1] range. Inside the Ofanto
basin, the model normalised variance was defined for each
grid point as the standard deviation of the modelled precipitation divided by its maximum value, Hereafter, our two-step
correction procedure based on OA mapping and LS formula
will be referred to as the “OA+LS” method.
Overall, we found that the OA+LS method is robust for
the correction of the precipitation field. Panels in Fig. 5 show
the increased performance of the corrected precipitation with
respect to the in situ rain-gauge data for 2 days inside Experiment 1 and Experiment 2. The left panels in Fig. 5 show the
simulated precipitation field, while the right panels provide
the corrected precipitation field. The daily observed precipitation is shown by the stations network. There are 27 raingauge stations managed by the Civil Protection of Puglia Region, which are regularly distributed over the whole catchment as shown in Fig. 2a. The records cover the whole simulation periods with a 30 min frequency. It should be noted
that a quality control of the observations was performed and
Nat. Hazards Earth Syst. Sci., 17, 1741–1761, 2017
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Figure 5. Maps of 24 h cumulated precipitations (in mm day−1 , colours) during the peak events on 1 March 2011 (top panels) and 1 December 2013 (bottom panels). Shaded maps of modelled (left panel) and assimilated (right panel) precipitation with overlapped observed spots
over the Ofanto basin.

two stations (named Cerignola and Borgo Libertà) were removed from the validation of Experiment 2 as they differed
too much from the surrounding stations.
The added value of the OA+LS method is further discussed and quantified in the next section.
4

Results and discussion

The evaluation of the performance of our modelling system
focuses on two fields: the precipitation and the river streamflow. We will show the calibration of the tunable coefficients
involved in the parameterisation schemes and discuss the validation of the modelling results.
Critical issues such as uncertainties in the precipitation and
the required spin-up of the meteorological simulations are
stressed.
This study highlights that an integrated modelling system,
which includes both the surface and subsurface runoff along
with the aquifer water storage, is required to obtain a reliable
reconstruction of heavy rainfall and flooding in the Ofanto
catchment.
4.1

Mesoscale hydro-meteorological features

Figures 6 and 7 provide the mesoscale maps of the two severe weather events occurred on 1 March 2011 (Event 1) and
1 December 2013 (Event 2).

Nat. Hazards Earth Syst. Sci., 17, 1741–1761, 2017

The 500 hPa geopotential maps highlight how the upperlevel features affect the lower-level cyclogenesis. WRF maps
for Event 1 show a strong trough of low pressure at 500 hPa
centred over the western Mediterranean Sea (left panel in
Fig. 6), which is due to a cold front (not shown) progressing eastward. At lower levels a strong synoptic wind, coming
from the southeast and blowing over the warm Ionian Sea,
reaches the Italian Peninsula (right panel in Fig. 6); a weak
cyclonic pattern is centred over the Tyrrhenian Sea with an
associated sea level pressure gradient of 10 hPa moving in the
middle of the core (blue patch in Fig. 6a). Figure 7a shows
the 500 hPa geopotential maps for Event 2: a weak trough
covers the western Mediterranean Sea and the Atlas Mountains in the upper troposphere, with a small but deep core
south of Sicily. This corresponds to a strong cyclonic circulation at a lower level (right panel Fig. 7) with a sea level
pressure gradient reaching 16 hPa in the cyclone’s eye. This
cyclone is situated almost directly beneath the cutoff low in
the 500 hPa height field and corresponds to a southerly winds
carrying warm, moist air reaching Southern Italy and a colder
wind developing downslope of the Balkans.
These cyclones triggered Event 1 and Event 2 over Southern Italy with heavy local rainfall and river flooding. As detailed in the Puglia Civil Protection reports, anomalous rainfall hit the Puglia region during both events. A precipitation peak of 186.9 mm day−1 was recorded on 1 March 2011
(Event 1) at the Quasano station in the middle of Puglia,
exceeding its historical maximum value of 116 mm day−1
www.nat-hazards-earth-syst-sci.net/17/1741/2017/
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Figure 6. Mesoscale maps during the weather storm on 1 March 2011 (Event 1). (a) WRF (domain 1) geopotential height (in decameter;
colours) at 500 hPa and mean sea level pressure (in hPa, white lines). (b) WRF (domain 1) 850 hPa temperature (in C, colours) and 10 m
wind (in m s−1 , black arrows).

reached in 2010. On 1 December 2013 (Event 2) another
anomalous precipitation was recorded with 189.6 mm day−1
(77 % fell in only 12 h) at the Bovino station in northern
Puglia compared to a historical maximum value of 135.6 mm
recorded in 2003. Many other gauge stations reached their
absolute maximum rainfall on 1 December 2013 (e.g. gauges
at Quasano, Orsara di Puglia, Cassano delle Murge, Orto di
Zolfo and Castel del Monte). The Ofanto river flooded a few
days after both rain events and the recorded water level at the
Cafiero gauge station reached 4.62 m on 6 March 2011 and
6.48 m on 7 December 2013, close to the historical maximum
value of 6.8 m recorded on 11 November 1929. The Cafiero
station was damaged after the peak on 7 December 2013 because of the flood, and so the actual peak may have been
higher.
4.2
4.2.1

The precipitation field

to test the sensitivity of the simulated precipitation in relation to the initialization time: the panels of Fig. 8 highlight
the differences between the 24 h cumulated precipitation on
18 February 2011 started 14 and 38 h before the rain peak
of Event 1. The left panel shows the 24 h cumulate precipitation modelled by WRF with initial time set 14 h before the
rain peak as it results from the chain of 72 h long simulations
of Experiment 1, the right panel shows the 24 h WRF precipitation by choosing 38 h as the lead time. Overall, we found
that the WRF ability to correctly reproduce rainfall events is
lowered by a initialization time that is too close to the peak
events.
We conclude that our WRF model would need to be reinitialised approximately 1.5 days earlier than the start of the
heavy rain events to increase skill in the prediction of precipitation. For this reason as a future step we plan to develop a
robust WRF ensemble, which consists of overlapping chains
of 72 h simulations with a delayed start time.

The sensitivity to the initialization time
4.2.2

The simulation of the precipitation field may suffer from a
initialisation time that is particularly close or far from the
occurrence of precipitation peak events. In the first case the
model is unable to develop the mesoscale features required to
trigger the local weather pattern, and in the second case the
numerical drift may affect the simulation results (Fiori et al.,
2014). We avoided the second case by using a concatenation
procedure which consists of a chain of WRF 72 h long and
reinitialised simulations.
In addition to Experiment 1 and Experiment 2 we performed extra WRF 72 h runs focusing on specific events
www.nat-hazards-earth-syst-sci.net/17/1741/2017/

Validation of the precipitation

For a comprehensive assessment of the QPF performance, we
calculated the average bias, correlation coefficient (CORR)
and coefficient of RMSE variation (CV(RMSE)) across all
stations. it should be noted that the CV(RMSE) is computed
as the root mean square difference between modelled and observed values, i.e. RMSE, divided by the model standard deviation. We believe that the CV(RMSE) indicator gives more
rigorous information on the accuracy of the numerical results than the RMSE and the NRMSE (i.e. the RMSE divided
by the mean observed value). This is because it weights the
Nat. Hazards Earth Syst. Sci., 17, 1741–1761, 2017
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Figure 7. Mesoscale maps during the weather storm on 1 December 2013 (Event 2). (a) WRF (domain 1) geopotential height (in decameter;
colours) at 500 hPa and mean sea level pressure (in hPa, white lines). (b) WRF (domain 1) 850 hPa temperature (in C, colours) and 10 m
wind (in m s−1 , black arrows)

Figure 8. Comparison of 24 h cumulated precipitation on 18 February 2011 as modelled by WRF with start time 14 h before the rain peak
(a) and 38 h before the rain peak (b). Recorded values by 27 gauge stations are overlapped.

model–observation scatter with respect to the variance of the
model time series. This also makes the comparison between
experiments performed over different time ranges with different extreme events more meaningful.
Table 3 summarises the statistical indices: we consider the
24 h cumulated precipitation at the model grid points nearest
to the basin gauge stations (top panel of Fig. 2). Experiment
2 shows a higher bias (computed as the modelled minus the
observed value) than Experiment 1, as well as a better correlation and a lower or equal CV(RMSE). This is expected
since Experiment 2 is characterised by an initial period (i.e.
November 2013) of continuous rainfall and a second, almost
dry, period, while a series of shorter rain events took place
during Experiment 1, making the simulation of single events
difficult.
Nat. Hazards Earth Syst. Sci., 17, 1741–1761, 2017

Similarly to the studies by Yucel and Onen (2014) and
Senatore et al. (2015) based on the WRF model, we found
that our model set-up tends to overestimate the local rainfall (positive bias). The correction we propose based on
OA+LS method strongly reduces this tendency and generates a weak underestimation. The correction procedure reduces CV(RMSE) by 84 % in Experiment 1 and by 64 % in
Experiment 2 and increases CORR by 41 % in Experiment 1
and by 14 % in Experiment 2. Thus, our correction procedure
proves to have a great impact on the precipitation modelling
performance. The statistical indices we found are even better
than those obtained by more sophisticated methods in similar studies with the same model. For example, the 3DVAR
assimilation scheme by Yucel and Onen (2014) reduces the
precipitation RMSE by 3.3 % with respect to the no correcwww.nat-hazards-earth-syst-sci.net/17/1741/2017/
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Table 3. Statistical indices for validation of modelled and assimilated precipitation by comparison with rain-gauge stations in the Ofanto
basin.
Statistical index
of precipitation
CV(RMSE)ave
BIASave (mm day−1 )
CORRave

Modelled precipitation
Experiment 1 Experiment 2
1.15
+0.11
0.70

tion case, and the correlation coefficient is quite low: 0.364
and 0.360 with and without the correction procedure.
Overall, we conclude that in our experiments modelled and
corrected WRF precipitation show a good agreement with the
gauge stations in the Ofanto catchment in comparison with
the results of similar studies (e.g. Fiori et al., 2014; Yucel
and Onen, 2014; Senatore et al., 2015; Givati et al., 2016).
The correlation of WRF precipitation reached by Yucel and
Onen (2014) was 0.364 with a 3DVAR assimilation scheme.
A relatively high correlation of WRF precipitation, i.e. 0.92,
was found by Givati et al. (2016) by increasing the grid spacing up to 3 km. This result refers to only the WRF cumulated
precipitation between +6 and +30 h with respect to the start
time, and each simulation is 30 h long with the reinitialisation option. Our model set-up, in contrast, considers 72 h as
the simulation range plus the reinitialisation option, and the
validation is performed over the whole simulation range.
4.3
4.3.1

The river runoff
Calibration of NOAH-MP and WRF-Hydro
tunable parameters

A calibration procedure of the tunable coefficients of both
NOAH-MP and WRF-Hydro models was carried out in order to realistically reproduce the Ofanto hydrograph. As
a first step we adopted an automated calibration procedure, based on the PEST software (Doherty, 2002). This
procedure minimizes an objective function, given by the
sum of the mean squared differences between the modelled
and observed river streamflow, using the Gauss–Marquardt–
Levenberg non-linear LS method. Several tests were carried
out and we identified the most relevant parameters to be calibrated in our specific case study. The coefficients with a high
correlation (i.e. |corr| > 0.9) or the ones that preserved almost the original values after the PEST tests have been excluded. Thus we reduced the original set of 25 tunable parameters to the 7 that are found to play a key role in the
Ofanto basin. They are the surface roughness scaling factor, which controls the hydrograph shape and the timing of
the peaks; the infiltration coefficient; the saturated hydraulic
conductivity; and the aquifer coefficients, which control the
total water volume.
As a second step, we carried out a manual calibration. Although this is a fairly rough approach, it avoids the uncertainwww.nat-hazards-earth-syst-sci.net/17/1741/2017/

0.56
+0.48
0.86

Assimilated precipitation
Experiment 1 Experiment 2
0.18
−0.06
0.99

0.20
−0.20
0.98

Table 4. Tuned coefficients of WRF-Hydro/NOAH-MP for both experiments. OVROUGHRTFAC is the overland roughness scaling
factor, REFKDT is the infiltration coefficient and REFDK is the
saturation of soil hydraulic conductivity.
Tuned coefficient
OVROUGHRTFAC
REFKDT (m3 m−3 )
REFDK (m3 m−3 )

Experiment 1

Experiment 2

0.05
0.2
2.2 × 10−6

0.05
0.6
1.8 × 10−6

ties arising from the tuning of highly correlated parameters
when a non-linear LS method such as PEST is adopted.
The optimal values of the WRF-Hydro tuned parameters
are listed in Tables 4 and 5.
Among the WRF-Hydro parameters controlling the hydrograph shape, Manning’s 2-D and 1-D roughness coefficients
play a crucial role as they are involved in the empirical formula used to compute the discharges of both the 2-D overland water flow (Eqs. A9–A10) and the 1-D channel streamflow (Eq. A14). Manning’s 2-D roughness coefficients are
indexed using the land use categories, while 1-D roughness
coefficients are assigned on the basis of Strahler’s stream order. In order to upgrade the computation of the 2-D roughness coefficients, we replaced the default USGS land use categories with the higher-resolution and updated Corine data
(EEA dataset). We refined also the computation of Strahler’s
order and thus the 1-D roughness coefficients by adopting
the higher-resolution and updated EU-DEM topography data
(EEA dataset).
The 2-D roughness coefficients can also be calibrated using a scaling factor whose values vary between 0 and 1.0,
where values equal to 1.0 mean that Manning’s 2-D roughness coefficients are not changed. We found this factor needs
to be adjusted and we progressively reduced it in order to obtain faster water streaming: 0.05 is the optimal value to best
capture the timing of the peaks compared with the observed
hydrograph.
The NOAH-MP sensitive coefficients are the infiltration
and the saturated hydraulic conductivity. They affect both the
surface water budget and the moisture content of the NOAHMP soil layers through the parameterisation of the infiltration
capacity (Eq. A4). They also indirectly condition the WRFHydro overland water flow through the source term of the
Nat. Hazards Earth Syst. Sci., 17, 1741–1761, 2017
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Table 5. Tuned coefficients of WRF-Hydro/aquifer law for Experiment 1 and 2. Zini is the initial value of the aquifer water depth, Zmax is
the maximum value of the aquifer water depth, α is the exponential law coefficient, C is the volume capacity of the aquifer. Different optimal
values are set depending on sub-basin and season.
Tunable
coefficient
Zini (mm)
Zmax (mm)
α
C (m3 s−1 )

Sub-basin 1
Experiment 1 Experiment 2
0.004
1.0
2.9
0.3

SW system (Eq. A2) and the aquifer discharge (Eq. A15)
through the gravitational drainage of the deepest soil layer
(Eq. A5).
Additional sensitivity tests pointed out the seasonality of
the soil physics. We found that the coefficients for the infiltration and the saturated hydraulic conductivity are seasonally
dependent and thus different values are assumed in the two
experiments. In winter, the soil is expected to be wetter than
in autumn and the soil porosity lower, which implies that the
infiltration coefficient value is fixed as lower and saturated
hydraulic conductivity as higher in Experiment 1 than in Experiment 2.
The calibration of WRF-Hydro aquifer was also performed manually. The aquifer discharge directly feeds the
river streamflow by affecting the river baseflow. Thus, the
manual calibration of the aquifer coefficients was carried out
by comparing the simulated and observed hydrograph. The
tuned values of the aquifer coefficients are listed in Table 5.
Our sensitivity experiments highlighted that the aquifer
discharge is dependent on soil type and season. The clay
loam soil type of the Ofanto low valley is much less pervious than the upstream loam soil type. Thus, the low valley
(sub-basins 2, 3 and 4 of our catchment) is characterised by
a lower hydraulic conductivity, which tends to counteract the
upward aquifer discharge. We set the values of the initial water depth of the aquifer, the exponential law coefficient and
the volume capacity lower in the downstream sub-basins 2, 3
and 4 than in the upstream sub-basin 1, while the maximum
depth of the aquifer is higher.
Experiment 1 also shows higher volume capacity coefficient and lower maximum depth than Experiment 2, as the
soil column is expected to be wetter and thus the elevation of
the water table is higher in winter than in autumn.
This study found that the soil infiltration and the aquifer
water storage parameterisations should be seasonally dependent. This means that the present parameterisations of these
processes are not capable to capture the complexity of the
groundwater physical processes.
4.3.2

Validation of the runoff

The observed water level at the Cafiero station was used to
validate the river runoff modelled by WRF-Hydro.
Nat. Hazards Earth Syst. Sci., 17, 1741–1761, 2017

0.04
2.0
2.9
0.02

Sub-basins 2–4
Experiment 1 Experiment 2
0.004
2.5
1.9
0.04

0.0004
4.0
1.9
0.003

Figure 9. Validation of the Ofanto discharge for Experiment 1 at
Cafiero station. (a) Modelled precipitation. (b) Assimilated precipitation. The blue time series refers to the additional experiment performed with the aquifer switched off.

To compare the model versus observed river level, we used
the “stage–discharge” relationship for the Ofanto river at the
Cafiero station, which converts the model runoff into the water level. This is because the water level as computed by
WRF-Hydro is conditioned by the channel geometrical parameters such as side slope, bottom width and channel roughnesses. These parameters are prescribed as a function of the
Strahler’s stream order instead of being customised for the
specific catchment, which makes the model water level unreliable.
Figure 9 shows the observed and modelled hydrograph of
the Ofanto river in Experiment 1 by using the simulated precipitation (Fig. 9a) or the corrected precipitation (Fig. 9b).
Similarly Fig. 10 refers to Experiment 2. The gap in the obwww.nat-hazards-earth-syst-sci.net/17/1741/2017/
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Figure 10. Validation of the Ofanto discharge for Experiment 2 at
Cafiero station. (a) Modelled precipitation. (b) Assimilated precipitation. The gaps in the black line are due to the river flood which
damaged the gauge station.

served time series in Fig. 10 is due to the river flood on 7 December, which damaged the gauge station.
In both experiments, working with the model precipitation, the river water level tends to be overestimated (Figs. 9a
and 10a). This is reduced by the corrected precipitation
(Eq. 1) and thus the runoff peaks are better captured (Figs. 9b
and 10b).
For an overall assessment of the streamflow reconstruction, we calculated the CV(RMSE) and CORR at the Cafiero
station. Table 6 summarises the statistical indices, considering the model grid point nearest to the Cafiero gauge station
and an hourly frequency. The first significant result is that
the OA+LS method is a powerful way of dealing with the
precipitation uncertainties, and it has a positive impact on
the hydrological reconstructions. The OA+LS procedure reduces the WRF-Hydro CV(RMSE) by 20 % in Experiment 1
and by 6 % in Experiment 2 and increases CORR by 24 % in
Experiment 1 and by 19 % in Experiment 2. This is significant also in comparison with similar studies based on WRFHydro. For example, Yucel (2015) shows that the assimilation of the precipitation by a 3DVAR method reduces the hydrograph RMSE by 7.6 % but does not affect the correlation,
which is equal to 0.90 and 0.89 without and with the assimilation of the precipitation field, respectively.
It is important to stress that by validating the Ofanto hydrograph we were able to calibrate the OA tunable coeffiwww.nat-hazards-earth-syst-sci.net/17/1741/2017/
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cients: the optimal values are those that ensure that the simulated hydrograph is the closest to the observed one.
Some shortcomings are evident in the representation of
the Ofanto hydrograph. The first problem is the timing of
the runoff peak after a severe rain event. If the observed water level peak occurs at times close (less than 24 h) to the
rain peak event, the simulated water level has a low skill.
A short lead time (less than 24 h) is the reason for the delay in the simulated peak centred on 23 November 2013 and
for the peak underestimation starting on 2 December 2013
(Fig. 10), both of which are associated with local-scale rainfall. In contrast, the peaks observed on 19 February 2011 and
on 6 March 2011 are well captured despite the rain short lead
time because they are linked to weather events with large spatial scales.
It should be also noted that the Event 2 onset overlaps the
start time of WRF 72 h simulation (Table 2) and this probably affects the underestimation of the runoff peak starting on
2 December 2013.
For a comprehensive analysis of the shortcomings in the
representation of the Ofanto hydrograph, the limited coverage of the rain-gauge stations and the quality of the observed values should be considered. The overestimation of
the hydrograph we found in November 2013 (Fig. 10), when
WRF-Hydro is forced by the corrected precipitation, enabled
us to identify and remove some “outliers” among the observed precipitation values on 5 and 11 November. However, the overestimation of the hydrograph persists due to the
WRF overestimate of precipitation on 4 and 10 November.
The daily maps of modelled and assimilated precipitation in
Fig. 11 show that the WRF overestimate cannot be removed
by the OA+LS corrections as there are no rain gauges in
the uppermost region of the Ofanto basin where the rainfall
peaks occurred.
Despite the predictability gaps in the precipitation field
and the limited coverage of the rain gauges, the final configuration of our meteo-hydrological modelling chain with an
appropriate calibration was found to reasonably reconstruct
the Ofanto hydrograph and to correctly reproduce the water
level peaks as well as the plateaus.
To conclude, we compare the water level reconstruction
at Cafiero station with and without the aquifer and the same
but without the hydro component of the modelling system.
The blue time series in Fig. 9 shows the water level when
the aquifer in not activated with respect to the red time series with the aquifer switched on. The comparison shows
that the river baseflow is affected by the aquifer parameterisations and that a better representation is obtained with the
aquifer. However, the aquifer parameterisations do not impact the quality of the reconstruction because of the small
Ofanto catchment aquifer capacity, as shown in Fig. 9 (i.e.
CV(RMSE) index reduces of only 2 % when the aquifer is
switched on and the correlation is almost the same).
Figure 12 shows that coupling the land surface model
NOAH-MP with the WRF-Hydro model component is cruNat. Hazards Earth Syst. Sci., 17, 1741–1761, 2017
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Figure 11. Maps of 24 h cumulated precipitations (in mm day−1 , colours) on 4 November 2011 (top panels) and 10 November 2013 (bottom
panels): shaded maps of modelled (left panel) and assimilated (right panel) precipitation with overlapping observed spots on the Ofanto
basin.
Table 6. Statistical indices for validation of river streamflow by comparison with Cafiero gauge station.
Statistical index
of Ofanto hydrograph

Modelled precipitation
Experiment 1 Experiment 2

CV(RMSE)
Correlation

0.79
0.62

cial. The “column-only” land surface model NOAH-MP parameterises the surface runoff through Eq. (A2), which is inadequate to represent the Ofanto hydrograph as shown by the
blue time series in Fig. 12.
5

Summary, conclusions and future plans

This study investigated the ability of a new meteohydrological modelling system, based on WRF and WRFHydro models, to reconstruct the local water cycle of a small
catchment in Southern Italy. We chose a challenging case
study: the semi-perennial Ofanto river with a small-sized
catchment and a porous aquifer in the downstream region.
The river basin is also located in the Southern Italy, which is
frequently subjected to flash flood events.
We chose two time windows characterized by the occurrence of severe weather events with flooding of the Ofanto.
Our study provides the first implementation of the WRFHydro system in this region.

Nat. Hazards Earth Syst. Sci., 17, 1741–1761, 2017

0.88
0.72

Assimilated precipitation
Experiment 1 Experiment 2
0.63
0.77

0.83
0.86

The aim was to highlight the strengths and weaknesses of
the final set-up of our meteo-hydrological modelling system,
as well as to develop a useful tool for reconstructing the water
runoff in rivers for several months.
One of the novelties of this study lies in our OA+LS
method, which we used to correct the modelled precipitation. The OA statistically interpolates the scattered observations on the WRF model regular grid and the LS method is
used to merge the OA optimal estimates with the modelled
precipitation. This is a powerful method to deal with precipitation uncertainties, providing a positive impact on the hydrological reconstructions. The OA+LS procedure improved
the precipitation estimate by reducing RMSE by 84 % and increasing correlation by 41 %; water level connected to runoff
was improved with a RMSE reduction of 20 % and correlation increase of 24 %.
The quality of the modelling system was proven by the validation of both precipitation and water level predictions. We
obtained promising statistical indices for both fields, also in
comparison with recent studies dealing with WRF and WRFwww.nat-hazards-earth-syst-sci.net/17/1741/2017/
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Figure 12. Comparison of the Ofanto discharge for Experiment 1 at Cafiero station as provided by the best WRF-Hydro set-up and by
NOAH-MP.

Hydro models (e.g. Fiori et al., 2014; Yucel and Onen, 2014;
Yucel et al., 2015; Senatore et al., 2015; Givati et al., 2016).
The calibration of NOAH-MP and WRF-Hydro tunable
coefficients highlighted that the infiltration and the aquifer
coefficients are seasonally dependent. This means we need
to account for increased complexity in the parameterisation
of the groundwater physical processes.
The performance of our modelling system was affected by
various error sources: (i) the predictability limit of the precipitation field using a mesoscale meteorological model due to
the meso-β and meso-γ scales involved in the rainfall events;
(ii) the sensitivity of the precipitation predictions in relation
to the initialisation time, which cannot be too close or far
from the rainfall events. The WRF model set-up thus needs
a spin-up period of about 1.5 days before the start of the rain
event in order to be able to realistically reproduce the local
weather pattern, and 72 h was found to be an adequate reinitialisation range.
Our next step is to exploit the OA+LS method as a flexible technique to correct other WRF variables. This technique
could be embedded into an operational meteo-hydrological
forecasting system. We are also planning to develop a more
robust WRF ensemble which consists of overlapping chains
of 72 h simulations with a delayed start time.

www.nat-hazards-earth-syst-sci.net/17/1741/2017/

Overall, we highlighted the two-way feedback existing between a proper reconstruction of the meteorological events
and the hydrological ones. A reliable description of the river
hydrograph goes through a proper description of the meteorological and soil processes, with the precipitation field playing the most relevant role. At the same time the validation of
the river hydrograph works as a effective post-processing tool
to calibrate the water infiltration through the soil column and
the aquifer recharge/discharge and to correct the modelled
precipitation with the OA+LS method.
More research is required to establish a better groundwater modelling that at the moment considers seasonally dependent, ad hoc values of the soil infiltration and the aquifer water storage. We plan to evaluate different parameterisations
of the aquifer recharge/discharge. Overall a reduction of the
parameterisations involved in the WRF-Hydro system could
be desirable.

Data availability. Our experiments have not been conceived for
collecting a data repository, and thus our output data is available
on request but not directly downloadable.
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Appendix A: NOAH-MP and WRF-Hydro physics
The NOAH-MP land surface model (Niu et al., 2011) is a
“column-only” model which solves the vertical routing of
surface and subsurface water flow based on four soil layers
up to 1 m below the ground level (layer thicknesses are 0–10,
10–30, 30–60, 60–100 cm). A multilayer snowpack is also
modelled. Basic equations are the prognostic equations for
both the soil moisture content (Richards’ equation) and the
temperature of the four soil layers plus a diagnostic equation for the soil surface water budget. A set of parameterisation schemes is also used to compute the surface energy flux
components (Niu et al., 2011), the gravitational drainage at
the bottom of the deepest soil layer and the partitioning of
the soil surface water (sum of rainfall, dewfall and snowmelt
reduced by the evaporation rate) into an infiltration rate and
surface runoff (Niu et al., 2007). The parameterisations of the
infiltration rate and groundwater drainage are key issues as
they are linked to the hydrological modelling performed by
WRF-Hydro and are affected by the calibration of soil texture and moisture coefficients. The infiltration rate, I (units
of ms−1 ), is computed as
I = min(Ḣsfc , Ffrz IMAX ),

(A1)

(A2)

where Ḣsfc is the current surface water rate (units of ms−1 )
as computed by the surface water budget equation. Ffrz is the
fractional impermeable area as a function of soil ice content
of the surface layer and IMAX is the maximum soil infiltration capacity (units of ms−1 ) dependent on soil texture and
moisture.
The empirical formula is given below:
IMAX = Hmax

Cinf
/1t,
Hmax + Cinf

(A3)

where the maximum surface water level (units of m) is given
by Hmax = max(0, Ḣsfc 1t) and the infiltration capacity, Cinf
(units of m), at the upper soil layer (k = 1) is an empirical
function of four tunable coefficients (units of m3 m−3 ): the
maximum surface moisture content SMCMAX , the minimum
surface moisture content required by the plant not to wilt or
below which transpiration ceases SMCWLT , the surface infiltration coefficient REFKDT and the saturation of soil hydraulic conductivity REFDK. The empirical formula is below:
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N
X

1z(k = 1)(SMCMAX − SMCWLT )

k=1

(1.0 −

(SMC(k = 1) − SMCWLT )
)]
(SMCMAX − SMCWLT )

(1 − e−

SMCMAX ·REFKDT
1t1
REFDK

),

(A4)

where 1z(k = 1) is the thickness of the upper soil layer,
1t1 = 1t/86 400 is the model time step converted to the
ratio of a day and SMC(k = 1) is the soil moisture content (units of m3 m−3 ) of the upper soil layer, as solved by
Richards’ equation.
The computation of groundwater drainage is also a crucial
step since this is assumed to be the recharge flow, which feeds
the unconfined aquifer below the soil column. The groundwater drainage is assumed to be a free gravitational drainage,
Qbot (units of mm s−1 ), thus formulated as a function of the
current soil moisture content in the deepest soil layer:
Qbot = SLOPE · DKSAT
· [max(0.01, SMC(k = 4)/SMCMAX )]2·B+3
· (1 − Ffrz ),

and the surface runoff (units of ms−1 ) is parameterised as
follows:
R = max(0, Ḣsfc − Ffrz IMAX ),

Cinf (k = 1) = [

(A5)

where SMC(k = 4) is the soil moisture content of the deepest
soil layer, as given by Richards’ equation. DKSAT and B are
soil-type-dependent coefficients: the first is the saturated soil
hydraulic conductivity (units of mm s−1 ), while the second is
a non-dimensional value accounting for soil texture. Finally,
SLOPE is a coefficient between 0.1 and 1.0, which modifies
the gravitational free drainage out of the bottom layer depending on the surface slope categories of the grid cells: nine
slope classes are prescribed with a different range of surface
percentage slope following Zobler’s method (1986).
The WRF-Hydro model (Gochis et al., 2013) was designed
as an extension of the “column-only” NOAH-MP model with
several physics modules which describe the lateral routing
of surface and subsurface water flows and how they interact
with each other.
The WRF-Hydro system includes four routing modules,
which represent the saturated subsurface flow, the 2-D overland water flow, the aquifer recharge/discharge and the 1-D
channel streamflow (Fig. 3).
The added value of this model is represented by two SW
systems which describe both the 2-D overland water flow and
the 1-D channel streamflow. The overland water flow occurs
when the surface water level of specific grid cells exceed a
fixed retention depth which is assumed to depend on the surface slope. The SW system for the overland water flow is
based on the diffusive wave hypothesis, meaning that the inertia term of the momentum equation is neglected. The shear
stresses in the momentum equation are negligible. Overall,
the SW equations read

www.nat-hazards-earth-syst-sci.net/17/1741/2017/
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sive wave hypothesis and are written as follows:
∂h
− Sfx + Sox = 0,
∂x
∂h
− Sfy + Soy = 0,
∂y
∂ h ∂qx ∂qy
+
+
= ie ,
∂t
∂x
∂y

(A6)
(A7)
(A8)

where the unknowns are the water column thickness h =
h(x, y, t) (units of metres) defined as the free surface water
level minus the bottom topography (i.e. the height of the river
bed) h = e
h − hbot and the unit discharges (units of m2 s−1 )
in the x and y directions, i.e. qx = h(x, y, t)u(x, y, t) and
qy = h(x, y, t)v(x, y, t). The sink/source term of the continuity equation, ie , is the surface runoff parameterised by
∂2u
NOAH-MP (as detailed in Eq. A2). Moreover Sfx = gν ∂x
2
2

∂ v
and Sfy = gν ∂y
2 are the non-dimensional friction slope terms
(where ν is the kinematic viscosity coefficient with units
hbot
hbot
of L2 T −1 ) and Sox = ∂ ∂x
and Soy = ∂ ∂y
are the non-

dimensional terrain slope terms. Finally, ∂∂xh and ∂∂yh are the
non-dimensional pressure slope terms.
The Sfx and Sfy terms are computed by analytically solving the momentum equation, where h is assumed to be the
overland water level provided by NOAH-MP equations for
the surface water budget.
Manning’s formula provides the unit discharges qx and qy
as an empirical function of the water column h = h(x, y, t):
√
|Sfx | h5/3 sign(Sfx )
,
n
p
|Sfy | h5/3 sign(Sfy )
,
qy =
n
qx =

(A9)
(A10)

where the surface roughness coefficient, n(x, y) (units of
sm−1/3 ), is a tunable parameter defined as a function of the
land use categories. The unit discharges qx and qy are then
replaced in the continuity equation and h = h(x, y, t) is numerically solved with the Courant constraint ensuring the stability of the numerical solution.
The diffusive wave equations allow for backwater effects
and water flow on adverse slopes, which represents an added
value with respect to the widely used kinematic wave models
which neglect the pressure slope terms.
The channel streamflow is computed on a pixel-by-pixel
basis along the river network grid. The channel network has
a trapezoidal geometry, and its parameters (side slope, bottom width and roughness coefficients) are “a priori” defined
as a function of Strahler’s stream order. The river streamflow
is activated if river network points intercept the 2-D overland
water flow. The governing equations are based on the same
assumptions of 2-D overland water flow including the diffuwww.nat-hazards-earth-syst-sci.net/17/1741/2017/

∂A ∂Q
+
= qlat ,
∂t
∂x
∂h
= −S0 + Sf ,
∂x

(A11)
(A12)

where the unknowns are the volume flow rate Q =
Q(x, t) and the wetted area A = A(x, t). The channel water level z(x, t)is derived from A by considering the trapezoidal shape of the channel cross section: A(x, t) = (Lbot +
αz(x, t))z(x, t), where Lbot and α are the bottom width and
the side slope of the channel cross section. Similarly to the 2D SW equations, Sf is the friction slope term, S0 is the terrain
slope term and ∂∂xh is the pressure slope term, with h assumed
as the water level solved by the 2-D continuity Eq. (A8). Finally qlat is the lateral flow (units of m2 s−1 ) in (positive) or
out (negative) of the channel and is supplied by the surrounding overland water flow and the aquifer discharge as follows:
q
qlat (x, y, t) = qx (x, y, t)2 + qy (x, y, t)2
+

Qout
h(x, y, t),
Scatch

(A13)

where qx and qy are computed by the 2-D momentum
Eqs. (A6)–(A7) and by taking into account the only overland computational grid points bordering the river points. In
the second term on the right-hand side of Eq. (A13), Scatch is
the catchment area and Qout the aquifer discharge computed
by a conceptual unconfined aquifer is located below the bottom layer of NOAH-MP with a horizontal extension matching the catchment area. The solving strategy is the same as
that adopted for the 2-D SW (Eqs. A6–A8) with Eq. (A12)
analytically solved to get Sf , which is then replaced in Manning’s formula for the 1-D channel to derive Q as the empirical function of A. The Manning formula for the 1-D channel
is
√
A5/3 |Sf |sign(Sf )
Q=
,
(A14)
P 2/3 n
where P is the wetted perimeter computed as a function
of h = h(x, y, t) and n is the tuneable coefficient for the
channel roughness defined for each branch as a function of
Strahler’s stream order. The discharge Q is then replaced in
Eq. (A11), which is numerically solved and provides the wetted area A.
A sub-model describes the aquifer recharge/discharge.
It is forced in one-way mode by NOAH-MP groundwater
drainage, Qbot (Eq. A5), and provides the aquifer discharge,
Qout , by means of the following empirical function:
α·z

Qout = min(C(e zmax − 1), z · Scatch /dt),

(A15)

where z is the current conceptual water depth of the aquifer
given by the sum of the groundwater drainage and the stored
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x s with s = 1, . . .N , < r , s >=I E is the normalised variance of the observation errors, C(x s , x r ) is the observation
correlation function, C(x, x r ) is the model correlation function. Knowledge of the correlation functions is key to the
method. The practical procedure by Bretherton et al. (1976)
is considered, and thus the correlation functions are expressed by a two-parameter function with 1 degree of freedom C(x r , x s ) = F (x r − x s ) and C(x, x r ) = F (x − x r ).
The function F is commonly written as
F (r) = (1 −

r 2 −( r 22 )
)e 2b ,
a2

(B2)

where r is the distance grid point gauge station and is limited
by the radius of influence of each station, Rinf . The parameter a is the decorrelation length (units of kilometres) and
b is the decay length (units of kilometres) with the assumption a ≥ (b, Rinf ). A constraint of the correlation function in
Eq. (B2) is the hypotheses of quasi-spatial homogeneity and
isotropy. We are aware that this assumption is basically inadequate for a critical field, as the precipitation field is strongly
affected by the topography at very local scales. This issue
will be investigated further in the future.
θex is the OA first guess and is estimated as the weighted
average of the observations as follows:
Figure B1. Mapping of daily precipitation (mm day−1 ) on
1 March 2011 as carried out by objective analysis (OA). (a) OA
optimal estimate with overlapping observations; (b) OA error.

θex = P

1
−1
r,s [C(x r , x s ) + I E]

X
[C(x r , x s ) + I E]−1 φs .
aquifer water z = z + Qbot dt. Tunable parameters are the initial value of the aquifer water depth zini (units of millimetres), the maximum value of the aquifer water depth zmax
(units of millimetres), the exponential law coefficient α and
the volume capacity of the aquifer C (units of m3 s−1 ).

(B3)

r,s

The normalised error variance associated with the OA optimal estimate is given by
X
(θx − θex )2 = C(x, x) −
C(x, x r )[C(x r , x s )
r,s
−1

Appendix B: Objective analysis of the precipitation field
The OA is a statistical estimation of a specific field by interpolating irregularly spaced data over a regular grid on the
basis of the Gauss–Markov theorem. It was introduced in meteorology by Gandin (1963) and in oceanography by Bretherton et al. (1976). We adopted the Harvard OA code (Carter
and Robinson, 1987).
On the basis of the Gauss–Markov theory, the OA optimal
estimate of a target field over a regular grid has the following
form:
X
θx = θex +
C(x, x r )
r

X
[C(x r , x s ) + I E]−1 (φs − θex ),

(B1)

s

+ I E] C(x s , x)+
P
(1 − r,s C(x, x s )[C(x r , x s ) + I E]−1 )2
P
.
−1
r,s [C(x r , x s ) + I E]

(B4)

We assume the normalised variance of the observations, E,
equal to 0.1 and perform a series of sensitivity tests to set the
parameters a, b and Rinf . The final choice is a = 20 km, b =
15 km, Rinf = 20 km. The OA mapping was carried out on an
hourly basis, i.e. the model output frequency. The panels in
Fig. B1 provide an overview of the method by focusing on
the 24 h cumulated precipitation on 1 March 2011.
It is worth noting that the validation of local precipitation
and Ofanto hydrograph was adopted to calibrate the OA tunable parameters: their final values ensure that the assimilated
precipitation and thus the simulated hydrograph are the closest to the available observations.

where x r are the original locations of the irregularly spaced
observations φr with r = 1, . . .N , φs stands for the array of
observations interpolated over the regular x grid at locations
Nat. Hazards Earth Syst. Sci., 17, 1741–1761, 2017

www.nat-hazards-earth-syst-sci.net/17/1741/2017/

G. Verri et al.: A meteo-hydrological modelling system for the reconstruction of river runoff
Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. This work was funded by the Italian
Project TESSA through the Centro Euro-Mediterraneo sui
Cambiamenti Climatici, Lecce, Italy. We are very grateful
to Franco Intini from the Civil Protection of Puglia region
(http://www.protezionecivile.puglia.it/centro-funzionale) and to
Lia Romano from the Autorita’ di Bacino of Puglia region for providing ground-based observations of meteo-hydrological variables.
The first author would like to thank Wei Yu and Kevin Sampson of
NCAR RAL Division for their valuable technical support.
Edited by: Rosa Lasaponara
Reviewed by: three anonymous referees

References
Bellecci, C., Colacino, M., and Federico, S.: Quantitative precipitation of the Soverato flood: the role of orography and surface
fluxes, Il Nuovo Cimento C, 26C, 7–22, 2003.
Buizza, R., Leutbecher, M., and Isaksen, L.: Potential use of an ensemble of analyses in the ECMWF Ensemble Prediction System,
Q. J. Roy. Meteor. Soc., 134, 2051–2066, 2008.
Bretherton, F. P., Davis, R. E., and Fandry, C.: A technique for objective analysis and design of oceanographic instruments applied
to MODE-73, Deep-Sea Res., 23, 559–582, 1976.
Carter, E. F. and Robinson, A. R.: Analysis models for the estimation of oceanic fields, J. Atmos. Ocean. Tech., 4, 49–74, 1987.
Cuo, L., Pagano, T. C., and Wang, Q. J.: A review of quantitative
precipitation forecasts and their use in short-to medium-range
streamflow forecasting, J. Hydrometeorol., 12, 713–728, 2011.
Davolio, S., Miglietta, M. M., Diomede, T., Marsigli, C., and Montani, A.: A flood episode in northern Italy: multi-model and
single-model mesoscale meteorological ensembles for hydrological predictions, Hydrol. Earth Syst. Sci., 17, 2107–2120,
https://doi.org/10.5194/hess-17-2107-2013, 2013.
Doherty, J.: PEST: Model Independent Parameter Estimation,
User Manual, 4th Edn., Watermark Numer. Comput., Brisbane,
Queensland, Australia, 2002.
Done, J., Davis, C., and Weisman, M.: The next generation of NWP:
Explicit forecasts of convection using the Weather Research and
Forecast (WRF) Model, Atmos. Sci. Lett., 5, 110–117, 2004.
Federico, S., Avolio, E., Pasqualoni, L., and Bellecci, C.: Atmospheric patterns for heavy rain events in Calabria, Nat. Hazards
Earth Syst. Sci., 8, 1173–1186, https://doi.org/10.5194/nhess-81173-2008, 2008.
Federico, S., Avolio, E., Pasqualoni, L., De Leo, L., Sempreviva,
A. M., and Bellecci, C.: Preliminary results of a 30-year daily
rainfall data base in southern Italy, Atmos. Res., 94, 641–651,
2009.
Fiori, E., Comellasa, A., Molini, D., Rebora, N., Siccardi, F.,
Gochis, D., Tanelli, S., and Parodi, A.: Analysis and hindcast
simulations of an extreme rainfall event in the Mediterranean
area: The Genoa 2011 case, Atmos. Res., 138, 13–29, 2014.

www.nat-hazards-earth-syst-sci.net/17/1741/2017/

1759

Gandin, L.: Objective Analysis of Meteorological Fields,
Leningrad, Gridromet, English translation 1965, Jerusalem,
Israel Program for Scientific Translation, 1963.
Givati, A., Gochis, D., Rummler, T., and Kunstmann, H.: Comparing One-Way and Two-Way Coupled Hydrometeorological Forecasting Systems for Flood Forecasting in the Mediterranean Region, Hydrology, 3, 19 pp., 2016.
Gochis, D. J., Yu, W., and Yates, D. N.: The WRF-Hydro Model
Technical Description and User’s Guide, Version 1.0, NCAR
Technical Document, 120 pp., 2013.
Gupta, H. V., Beven, K. J., and Wagener, T.: Model Calibration and
uncertainty estimation, in: Encyclopedia of Hydrological Sciences, John Wiley and Sons, 2015–2032, 2005.
Hapuarachchi, H. A. P., Wang, Q. J., and Pagano, T. C.: A review of
advances in flash flood forecasting, Hydrol. Process., 25, 2771–
2784, 2011.
Hong, S. Y. and Lim, J. O. J.: The WRF Single-Moment 6-Class Microphysics Scheme (WSM6), J. Korean Meteor. Soc., 42, 129–
151, 2006.
Iacono, M. J., Delamere, J. S., Mlawer, E. J., Shephard, M. W.,
Clough, S. A., and Collins, W. D.: Radiative forcing by longlived greenhouse gases: Calculations with the AER Radiative
transfer models, J. Geophys. Res., 113, D13103, 2008.
Jones, J. P., Sudicky, E. A., and McLaren, R. G.: Application
of a fully-integrated surface-subsurface flow model at the watershed scale: A case study, Water Resour. Res., 44, W03407,
https://doi.org/10.1029/2006WR005603, 2008.
Kain, J. S. and Fritsch, J. M.: Convective parameterization for
mesoscale models: The Kain-Fritsch scheme, The representation
of cumulus convection in numerical models, edited by: Emanuel,
K. A. and Raymond, D. J., Amer. Meteor. Soc., 246 pp., 1993.
Kain, J. S., Weiss, S. J., Bright, D. R., Baldwin, M. E., Levit, J. J.,
Carbin, G. W., Schwartz, C. S., Weisman, M. L., Droegemeier,
K. K., Weber, D. B., and Thomas, K. W.: Some practical considerations regarding horizontal resolution in the first generation
of operational convection-allowing NWP, Weather Forecast., 23,
931–952, 2008.
Koster, R. D., Mahanama, S. P. P., Yamada, T. J., Balsamo,
G., Berg, A. A., Boisserie, M., and Guo, Z.: Contribution of
land surface initialization to subseasonal forecast skill: First results from a multi-model experiment, Geophys. Res. Lett., 37,
https://doi.org/10.1029/2009GL041677, 2010.
Krzysztofowicz, R.: Bayesian theory of probabilistic forecasting via
deterministic hydrologic model, Water Resour. Res., 35, 2739–
2750, 1999.
Krzysztofowicz, R.: Integrator of uncertainties for probabilistic
river stage forecasting: precipitation-dependent model, J. Hydrol., 249, 69–85, 2011.
Laviola, S., Moscatello, A., Miglietta, M. M., Cattani, E., and Levizzani, V.: Satellite and Numerical Model Investigation of Two
Heavy Rain Events over the Central Mediterranean, J. Hydrometeorol., 12, 634–649, 2011.
Liu, Z. and Todini, E.: Towards a comprehensive physically-based
rainfall-runoff model, Hydrol. Earth Syst. Sci., 6, 859–881,
https://doi.org/10.5194/hess-6-859-2002, 2002.
Lucas-Picher, P., Boberg, F., Christensen, J. H., and Berg, P.: Dynamical downscaling with reinitializations: A method to generate
finescale climate datasets suitable for impact studies, J. Hydrometeorol., 14, 1159–1174, 2013.

Nat. Hazards Earth Syst. Sci., 17, 1741–1761, 2017

1760

G. Verri et al.: A meteo-hydrological modelling system for the reconstruction of river runoff

Mastrangelo, D., Horvath, K., Riccio, A., and Miglietta, M. M.:
Mechanisms for convection development in a long-lasting heavy
precipitation event over southeastern Italy, Atmos. Res., 100,
586–602, 2011.
Menabde, M. and Sivapalan, M.: Linking space–time variability of
river runoff and rainfall fields: a dynamic approach, Adv. Water
Res., 24, 1001–1014, 2001.
Miglietta, M. M. and Regano, A.: An observational and numerical
study of a flash-flood event over south-eastern Italy, Nat. Hazards
Earth Syst. Sci., 8, 1417–1430, https://doi.org/10.5194/nhess-81417-2008, 2008.
Moeng, C. H., Dudhia, J., Klemp, J., and Sullivan, P.: Examining
two-way grid nesting for large eddy simulation of the PBL using
the WRF model, Mon. Weather Rev., 135, 2295–2311, 2007.
Monin, A. S. and Obukhov, A. M.: Basic laws of turbulent mixing
in the surface layer of the atmosphere, Contrib. Geophys. Inst.
Acad. Sci., USSR, 151, 163–187, 1954.
Moscatello, A., Miglietta, M. M., and Rotunno, R.: Observational
analysis of a Mediterranean “hurricane” over south-eastern Italy,
Weather, 63, 306–311, 2008.
Nickovic, S., Pejanovic, G., Djurdjevic, V., Roskar, J., and
Vujadinovic, M.: HYPROM hydrology surface-runoff
prognostic model, Water Resour. Res., 46, W11506,
https://doi.org/10.1029/2010WR009195, 2010.
Niu, G. Y., Yang, Z. L., Dickinson, R. E., Gulden, L. E., and
Su, H.: Development of a simple groundwater model for
use in climate models and evaluation with Gravity Recovery
and Climate Experiment data, J. Geophys. Res.-Atmos., 112,
https://doi.org/10.1029/2005JD006111, 2007.
Niu, G.-Y., Yang, Z.-L., Mitchell, K. E., Chen, F., Ek, M. B., Barlage, M., and Xia, Y.: The community Noah land surface model
with multiparameterization options (Noah-MP): 1. Model description and evaluation with local scale measurements, J. Geophys. Res., 116, https://doi.org/10.1029/2010JD015139, 2011.
Pappenberger, F., Beven, K. J., Hunter, N. M., Bates, P. D.,
Gouweleeuw, B. T., Thielen, J., and de Roo, A. P. J.: Cascading model uncertainty from medium range weather forecasts (10
days) through a rainfall-runoff model to flood inundation predictions within the European Flood Forecasting System (EFFS), Hydrol. Earth Syst. Sci., 9, 381–393, https://doi.org/10.5194/hess-9381-2005, 2005.
Prein, A. F., Langhans, W., Fosser, G., Ferrone, A., Ban, N., Goergen, K., and Brisson, E.: A review on regional convection–
permitting climate modeling: Demonstrations, prospects, and
challenges, Rev. Geophys., 53, 323–361, 2015.
Qian, J. H., Seth, A., and Zebiak, S.: Reinitialized versus continuous simulations for regional climate downscaling, Mon. Weather
Rev., 131, 2857–2874, 2003.
Rigon, R., Bertoldi, G., and Over, T. M.: A distributed hydrological
model with coupled water and energy budgets, J. Hydrometeorol., 7, 371–388, 2006.
Romano, L., Pellegrino, R., Di Santo, A. R., and Fratino, U.: Modellazione idraulica bidimensionale per la determinazione delle aree
inondabili del fiume Ofanto, Atti 13ma Conferenza Nazionale
ASITA, 2009.
Ruelland, D., Ardoin-Bardin, S., Billen, G., and Servat, E.: Sensitivity of a lumped and semi-distributed hydrological model to
several methods of rainfall interpolation on a large basin in West
Africa, J. Hydrol., 361, 96–117, 2008.

Nat. Hazards Earth Syst. Sci., 17, 1741–1761, 2017

Schwartz, C. S., Kain, J. S., Weiss, S. J., Xue, M., Bright, D. R.,
Kong, F., Thomas, K. W., Levit, J. J., and Coniglio, M. C.: Nextday convection-allowing WRF model guidance: A second look at
2-km versus 4-km grid spacing, Mon. Weather Rev., 137, 3351–
3372, 2009.
Schwartz, C. S., Kain, J. S., Weiss, S. J., Xue, M., Bright, D. R.,
Kong, F., Thomas, K. W., Levit, J. J., Coniglio, M. C., and Wandishin, M. S.: Toward improved convection-allowing ensembles:
Model physics sensitivities and optimizing probabilistic guidance with small ensemble membership, Weather Forecast., 25,
263–280, 2010.
Senatore, A., Mendicino, G., Gochis, D. J., Yu, W., Yates, D. N.,
and Kunstmann, H.: Fully coupled atmosphere-hydrology simulations for the central Mediterranean: Impact of enhanced hydrological parameterization for short and long time scales, J. Adv.
Model. Earth Syst., 7, 1693–1715, 2015.
Seneviratne, S. I., Nicholls, N., Easterling, D., Goodess, C. M.,
Kanae, S., Kossin, J., Luo, Y., Marengo, J., McInnes, K., Rahimi,
M., Reichstein, M., Sorteberg, A., Vera, C., and Zhang, X.:
Changes in climate extremes and their impacts on the natural
physical environment, in: IPCC Special Report on Extremes,
109–230, 2012.
Shin, H. H. and Hong, S. Y.: Analysis of resolved and parameterized vertical transports in convective boundary layers at grayzone resolutions, J. Atmos. Sci., 70, 3248–3261, 2013.
Skamarock, W. C., Klemp, J. B., Dudhia, J., Gill, D., Barker, D.,
Duda, M., Huang, X., Wang, W., and Powers, J.: A Description of the Advanced Research WRF Version 3, NCAR tech note
NCAR/TN 475 STR, 125 pp., 2008.
Strahler, A. N.: Hypsometric (area-altitude) analysis of erosional
topography, Geol. Soc. Am. Bull., 63, 1117–1142, 1952.
Thompson, G., Rasmussen, R. M., and Manning, K.: Explicit forecasts of winter precipitation using an improved bulk microphysics scheme. Part II: Implementation of a new snow parameterization, Mon. Weather Rev., 136, 5095–5115, 2008.
Todini, E.: New trends in modeling soil processes from hillslope to
GCMS scales. The role of water and the hydrological cycle in
global change, NATO ASI Ser I: Global Environmental Change,
edited by: Oliver, H. R. and Oliver, S. A., 31, 317–347, 1995.
Todini, E. and Ciarapica, L.: The TOPKAPI model: Mathematical
models of large watershed hydrology, edited by: Singh, V. P. and
Frevert, D. K., Littleton, Colorado, USA, Water Resources Publications, 914 pp., 2002.
USACE: Hydrologic modelling System: User’s Manual Version 4.1,
US Army Corps of Engineers, Hydrologic Engineering Center,
Davis, CA, USA, 2015.
Weisman, M. L., Davies, C., Wang, W., Manning, K. W., and
Klemp, J. B.: Experiences with 0-36-h explicit convective forecasts with the WRF-ARW model, Weather Forecast., 23, 407–
437, 2008.
Yucel, I. and Onen, A.: Evaluating a mesoscale atmosphere model
and a satellite-based algorithm in estimating extreme rainfall
events in northwestern Turkey, Nat. Hazards Earth Syst. Sci., 14,
611–624, https://doi.org/10.5194/nhess-14-611-2014, 2014.
Yucel, I., Onen, A., Yilmazb, K. K., and Gochis, D. J.: Calibration
and evaluation of a flood forecasting system: Utility of numerical
weather prediction model, data assimilation and satellite-based
rainfall, J. Hydrol., 523, 49–66, 2015.

www.nat-hazards-earth-syst-sci.net/17/1741/2017/

G. Verri et al.: A meteo-hydrological modelling system for the reconstruction of river runoff
Zappa, M., Beven, K. J., Bruen, M., Cofino, A. S., Kok, K., Martin, E., Nurmi, P., Orfila, B., Roulin, E., Schroter, K., Seed, A.,
Szturc, J., Vehvilainen, B., Germann, U., and Rossa, A.: Propagation of uncertainty from observing systems and NWP into hydrological models: COST731 Working Group 2, Atmos. Sci. Lett.,
11, 83–91, 2010.

www.nat-hazards-earth-syst-sci.net/17/1741/2017/

1761

Zappa, M., Jaun, S., Germann, U., Walser, A., and Fundel, F.: Superposition of three sources of uncertainties in operational flood
forecasting chains, Atmos. Res., 100, 246–262, 2011.
Zobler, L.: A world soil file for global climate modelling, National
Aeronautics and Space Administration, Goddard Space Flight
Center, Institute for Space Studies, 1986.

Nat. Hazards Earth Syst. Sci., 17, 1741–1761, 2017

