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Abstract. The accurate evaluation of the precipitation’s
time–spatial structure is a critical step for rainfall–runoff
modelling. Particularly for small catchments, the variability
of rainfall can lead to mismatched results. Large errors in
flow evaluation may occur during convective storms, respon-
sible for most of the flash floods in small catchments in the
Mediterranean area. During such events, we may expect large
spatial and temporal variability. Therefore, using rain-gauge
measurements only can be insufficient in order to adequately
depict extreme rainfall events. In this work, a double-level in-
formation approach, based on rain gauges and weather radar
measurements, is used to improve areal rainfall estimations
for hydrological applications. In order to highlight the effect
that precipitation fields with different level of spatial details
have on hydrological modelling, two kinds of spatial rainfall
fields were computed for precipitation data collected during
2015, considering both rain gauges only and their merging
with radar information. The differences produced by these
two precipitation fields in the computation of the areal mean
rainfall accumulation were evaluated considering 999 basins
of the region Calabria, southern Italy. Moreover, both of the
two precipitation fields were used to carry out rainfall–runoff
simulations at catchment scale for main precipitation events
that occurred during 2015 and the differences between the
scenarios obtained in the two cases were analysed. A repre-
sentative case study is presented in detail.

1 Introduction

The knowledge of spatial and temporal distribution of rain-
falls is of great importance in many fields such as meteo-
rology, agronomy and hydrology. Spatial rainfall variability
strongly affects hydrological processes at catchment scale

and, in particular, the accuracy of rainfall–runoff model pre-
dictions depends on the precision of rainfall estimates (Ar-
naud et al., 2002; Pechlivanidis et al., 2016). The most widely
used sources of rainfall data are rain-gauge networks, which
provide direct measurement of precipitation intensity and du-
ration at individual point sites. Spatial interpolation is then
necessary to obtain a distributed precipitation field. Several
interpolation techniques have been developed (Ball and Luk,
1998; Ly et al., 2013) and they can be classified into two
main groups: deterministic methods, such as Thiessen poly-
gon or inverse distance weighting, and geostatistical meth-
ods such as ordinary kriging. However, due to the sparse
and spot-like data distribution, rain gauges can be too scat-
tered to provide information on the spatial variability of the
rainfall with the details required by hydrological models,
especially in the case of local convective storms (Bell and
Moore, 2000). Even with a high-density rain-gauge network,
the retrieving of sufficiently accurate precipitation patterns
can be problematic (Peleg et al., 2013). The quantitative es-
timate of the spatial distribution of rainfall can be improved
by coupling rain-gauge information with rainfall measure-
ments provided by weather radars. A meteorological radar
is a remote sensing instrument that measures the equivalent
reflectivity factor, usually expressed in mm6 m−3 or in dBZ
10 times of common logarithm is computed. The measured
reflectivity Z is correlated to the water content of the cloud:
values of Z ∼ 10–15 dBZ usually indicate precipitation at the
ground, which become intense for Z ≥ 40 dBZ; deep con-
vection typically takes place for Z ∼ 50 dBZ. Reflectivity is
then converted into a precipitation rate R using the empiri-
cal Marshall–Palmer reflectivity–rainfall (Z–R) power rela-
tionship (Austin, 1987). With respect to rain gauges, mete-
orological radars represent an improvement since they pro-
vide widespread spatial coverage at high spatial and tem-
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poral resolution and produce spatially continuous values in-
stead of local measurements. However, meteorological radar
exhibits some disadvantages, namely the calibration of the
Z–R relationship, whose parameters change from one area
to another and depend upon the storm typology, and the
absence of a single method universally valid for calibra-
tion (Scofield and Kuligowski, 2003). Other important er-
ror sources in radar rainfall estimation are ground clutter,
rain-induced attenuation, bright-band contamination, beam
broadening and anomalous propagation (Borga, 2002; Cunha
et al., 2012; Berne and Krajewski, 2013; Park et al., 2016;
van de Beek et al., 2016). The presence of complex to-
pography can further amplify some of these uncertainties,
and mountainous obstructions can significantly reduce the
radar coverage and its monitoring capabilities (Young et
al., 1999; Montopoli et al., 2017). For these reasons, rain
gauges and weather radars are considered as complemen-
tary observation systems and several techniques have been
proposed to merge the two kinds of information in order to
obtain greater accuracy in areal rainfall estimation and sub-
sequent hydrological modelling results (McKee and Binns,
2016). Some of the used merging methods are mean field bias
(MFB) correction, Brandes spatial adjustment (BSA), range-
dependent bias (RDB) correction, ordinary kriging (OK) and
kriging with external drift (KED). Goudenhoofdt and De-
lobbe (2009) performed a long-term verification of different
used merging methods considering daily rain accumulation
from a dense (one gauge per 135 km2) network of rain gauges
located within 120 km from a weather radar. They found that
KED is the best method to obtain accurate spatial interpola-
tion of rain-gauge values, and the improvement increases for
dense rain-gauge networks. Similar results were also pointed
out in the paper by Nanding et al. (2015), where different
merging methods are compared on an hourly timescale for
various rain-gauge network densities and storm types, and
KED proved to be the better performing method, especially
for a high rainfall threshold amount. In small catchments,
gauged data is often poor or unavailable (Hapuarachchi et
al., 2011) and, because the sensitivity of runoff modelling
to spatial rainfall variability cannot be treated as scale de-
pendent relative to the size of the catchment (Zoccatelli et
al., 2010), the use of additional information for a reconstruc-
tion of the space rainfall field is important even in these cases.

In the present paper, in order to characterise the effect
of the areal rainfall field estimation error on simulated hy-
drological processes, both KED and rain-gauge interpolation
schemes were taken into account. It is well known that, espe-
cially in the case of convective events in the Mediterranean
area, small basins are prone to flash floods that constitute
a major risk to human activity (Chiaravalloti and Gabriele,
2009; Vennari et al., 2016). The aim of this work is to high-
light how the use of rain-gauge data only, can prove inade-
quate in order to reconstruct hydrological phenomena, partic-
ularly in small basins. In other words, the spatial variability

of precipitation can play an important role in flood modelling
even at scale of small catchments.

In this context, taking into account radar information can
lead to a substantial improvement in the accuracy of hydro-
logical modelling. In the present paper, in order to estimate
the average effect of radar information in the reconstruction
of the precipitation field, areal mean rainfall on 999 catch-
ments of the region Calabria, southern Italy, was estimated
for the year 2015 with two different ways of calculating the
precipitation field: (1) spatial interpolation of rain-gauge data
only (using inverse distance weighting method or ordinary
kriging), (2) KED merging of rain-gauge and radar surface
rainfall intensity (SRI) data.

A more detailed analysis was carried out using the two dif-
ferent precipitation fields as input of a rainfall–runoff model,
and the two corresponding hydrological scenarios are recon-
structed for the main rainfall events that occurred in Calabria
during 2015.

The paper is organised as follows: used rain-gauge and
radar data and their processing are described in Sect. 2; re-
sults on different areal precipitation fields computed on Cal-
abrian basins and a representative case study of rainfall–
runoff modelling on a small catchment are presented in
Sect. 3; finally, conclusions in Sect. 4 close the paper.

2 Available data and procedure

The rain-gauges data were provided by the Civil Protection
of the region Calabria (CPRC), southern Italy. A network of
156 rain gauges, distributed on a surface of ∼ 15 200 km2,
sends data every 15 min with a temporal resolution of 1 min.
Network configuration, together with the radar position and
its optimal operative range, is shown in Fig. 1.

The weather radar is a C-band (5.6 GHz) dual-polarisation
Doppler system located at an altitude of 1725 m a.s.l. on
Mount Pettinascura (Fig. 1). The resolution of the radar polar
data is 1◦ in azimuth and 150 m in range. Usually, a weather
radar performs a complete 360◦ azimuthal scan for a given
series of antenna elevation angles. After each scanning rota-
tion, the antenna elevation is changed for the next sounding.
The set of data acquired on the different conical surfaces, cor-
responding to different elevation angles, provides volumetric
information on the precipitation field. A typical scan of the
Mount Pettinascura radar (MPR) comprises 12 elevations of
the antenna, from 0.5 to 90◦; a complete volume is acquired
every 5 min.

The choice of MPR positioning, which is not optimal due,
for example, to the surrounding complex topography and
to the increasing height of the radar beam with respect to
the ground as the distance from the radar increases, is the
result of a compromise to allow for precipitation monitor-
ing on the whole Calabria region. However, although MPR
is set in order to work on larger distances, the optimal op-
erative range for the MPR is ∼ 180 km. An accurate mon-
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Figure 1. Rain-gauge network and Mount Pettinascura weather
radar (black square) with its optimal operative range. The arrow
indicates the studied catchment, and the red triangle the nearest rain
gauge. The operative range of the Monte Lauro weather radar, in
Sicily, is also depicted.

itoring of the entire region is guaranteed by the presence
of a similar C-band radar located on Mount Lauro (long
14.836◦ E, lat 37.116◦ N), in Sicily, at an altitude of 980 m,
which covers the southern part of the Calabria. These two
radars are part of the Italian national radar network, man-
aged by the National Civil Protection Department (NCPD)
(Vulpiani et al., 2008). Merging high-resolution volumet-
ric data from weather radars located on Italian territory,
the NCPD produces the national mosaic of meteorological
products (http://www.protezionecivile.gov.it/jcms/it/mappa_
radar.wp). During the year 2015, products were provided in
near real time and validated by the NCPD, with a tempo-
ral resolution of 10 min on 1km× 1km resolution Cartesian
grids. These products include constant altitude plan position
indicator (CAPPI; dBZ), which gives a horizontal cross sec-
tion of reflectivity at 2000, 3000 and 5000 m a.s.l.; Vertical
Maximum Intensity (VMI; dBZ), which represents the max-
imum reflectivity value present on every point’s vertical; SRI
(mmh−1), which estimates the ground rain rate. The SRI
product is computed applying a standard Marshall–Palmer
Z–R relationship (Vulpiani et al., 2008, 2012). The 1, 3, 6,
12 and 24 h accumulated surface rain total (SRT; mm) are
also provided.

An analysis of the errors in the radar products furnished by
the NCPD is beyond the scope of the present paper, whose
main aim is to underline the importance of radar information
in hydrological modelling, particularly in small catchments.
Weather radar is capable of accurate identification of the po-
sitions of precipitation maxima, allowing for an estimate of
the rainfall field with a more realistic spatial structure with

respect to the information obtained from rain-gauge inter-
polation. This is especially important for convective events,
which can produce very localised rainfalls, often underesti-
mated or not properly identified by rain-gauge networks.

However, the SRI product available for the Calabrian area
is affected by major local over- or underestimation when
compared to the corresponding rain-gauge point measure-
ments. In order to improve the quantitative estimation of the
spatial rainfall fields, SRI data from MPR and rain-gauge
measurement of the CPRC network are merged using krig-
ing methods. KED allows one to take into account more ad-
ditional variables in order to use auxiliary information to im-
prove spatial prediction. In this approach, the rain-gauge data
are used as the primary variable and radar data represent the
auxiliary information. In other words, it is assumed that radar
observations properly capture the pattern of the true precipi-
tation field. Therefore, KED provides an interpolated precip-
itation field with the correct spatial structure, constrained to
the available rain-gauge measurements. In the present study,
the KED is done with R, a software for statistical comput-
ing, which uses packages for geospatial analysis (R-Project,
2016). The interpolation process is highly automated by us-
ing the “autoKrige” function implemented in the Automap
and Gstat libraries of R.

The average influence that different spatial rainfall pat-
terns may have on runoff modelling was investigated by com-
paring the mean areal precipitation on catchments of Cal-
abria, calculated using two different interpolation techniques
on rainfall data recorded during the year 2015. A first esti-
mate of the areal precipitation was carried out by interpolat-
ing the rain-gauge measures at a sample interval of 30 min
(mm30min−1) with the inverse distance (ID) method (Tee-
gavarapu and Chandramouli, 2005). Cumulative rainfall av-
eraged on a catchment area was then computed for each
one of the 999 catchments identified by the Calabrian Basin
Authority (RID

i (t), mmkm−2, i = 1, . . ., 999). Catchment di-
mension varies from less than 1 km2 up to about 2500 km2. In
order to retrieve a more detailed pattern for the areal rainfall
field, the cumulative radar rainfall estimates were computed
starting from the three corresponding SRI data available in
each 30 min sample interval, and merged with rain-gauge
rainfall through the KED method. Mean rainfall RKED

i (t)

for each catchment was then calculated. The temporal av-
erages RID

i = 〈R
ID
i (t)〉t and RKED

i = 〈RKED
i (t)〉t were com-

puted and, finally, the quantity 1R(i)= 100RKED
i −RID

i

RKED
i

was

obtained for each catchment.
A detailed analysis of the influence of radar information

in hydrological simulations was performed with accurate
rainfall–runoff simulations of the heavier precipitation events
occurred in 2015. The used model is a semi-distributed con-
tinuous model presented by Brocca et al. (2011) as an im-
provement of the one developed by Corradini et al. (1995) for
the transformation of rainfall into direct outflow. In this ap-
proach, a soil water balance model, which dynamically takes
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Figure 2. Difference 1R between mean areal rainfall calculated
with KED and ID procedures, described in the text, on Calabrian
catchments, as a function of the basin’s area. A peak of about 40 %
for small catchments was detected. In the box, the same data are
plotted in semi-logarithmic scale with a logarithmic fit in order to
underline the decreasing trend of 1R.

into account the soil moisture state of the catchment, was
added. Both precipitation fields, obtained by spatial interpo-
lation of rain-gauge data only or via KED, with time reso-
lution of 30 min, were used as inputs of the model, and two
different scenarios were obtained for any studied event.

3 Results

3.1 Analysis for all the Calabrian catchments

The results obtained for the mean areal precipitation on Cal-
abrian catchments, calculated from the above-described pro-
cedure, are shown in Fig. 2. The difference 1R between re-
sults obtained, taking into account rain-gauge and radar data
or rain-gauges only, increases for small basins with peaks
of about 40 % for the smaller ones. For catchments above
∼ 300 km2, the two different adopted interpolation methods
produce similar mean areal precipitation. Similar results are
obtained if the ID interpolation method is replaced with other
techniques that take into account only the rain-gauge data,
as, for example, ordinary kriging (a geostatistical method,
which deals with the spatial interpolation of a random field
from observations at several locations; Wackernagel, 2013)
or Thiessen polygons. It is worth noting that KED interpo-
lation produces a higher mean areal precipitation in small
basins. Furthermore, it seems to suggest that the usage of
rain-gauges only may bring a strong underestimation in the
magnitude of the floods in hydrological processes on small
catchments.

Figure 3. The 12 August 2015 case study. Cumulative 00:00–
08:00 GMT radar rainfall (darker colours mean heavier rainfalls)
and Corigliano rain gauge (green circle).

3.2 Event of 12 August 2015

The previous results are also confirmed by the rainfall–runoff
simulation of the studied precipitation events. The use of the
spatial rainfall field obtained through KED as an input of
the model generally leads to greater flows. A typical situ-
ation is the one that occurred on 12 August 2015, when a
heavy rainfall event hit an area of about 100 km2 between
the towns of Corigliano and Rossano, in the northeast of
Calabria. The rain gauge located closest to the interested
area measured a cumulative rainfall exceeding 200 mm in the
time interval 02:00–08:00 GMT. The spatial structure of the
rainfall field, obtained by summing corresponding SRI data,
clearly showed that this rain gauge was on the edge with
respect to the zone of maximum rainfall intensity (Fig. 3).
The rainfall–runoff simulation considers a very small basin,
∼ 1.3 km2, named Fosso Pantano, 8 km away from the near-
est rain gauge. The hydrological response, in the two precipi-
tation hypotheses calculated from rain gauges only (ID), and
rainfall calculated from radar and rain gauges (KED) were
compared. In this case study, due to the limited areal ex-
tent of the basins (less than 25 km2), the hydrological model
(Brocca et al., 2011) was applied in the lumped version, that
is, considering the river basin as a system that responds ho-
mogeneously. In Fig. 4 the hydrograph floods resulting from
the “lumped” fit of the two precipitation fields are compared.
The maximum flood peak flow, using only rain gauges, was
equal to 5 m3 s−1 while, with rainfall field derived from radar,
the estimated flow rate was equal to 30 m3 s−1, which is 6
times larger. The 30 m3 s−1 value was verified in situ through
a submerged culvert with a flow capacity of 25 m3 s−1. The
significant difference was expected given the marginal posi-
tion of the rain gauge of Corigliano compared with the centre
of the hydrometeor.
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Figure 4. The hydrological response of the Fosso Pantano basin using rain gauge alone (a) and radar with rain-gauge data (b).

4 Conclusions

In rainfall–runoff modelling, a correct evaluation of rainfall
fields in space and time is essential and this paper tried to
investigate the importance of taking into account radar infor-
mation in evaluating a spatially detailed rainfall field when
dealing with small basins in hydrological processes. Using
rain-gauge and weather radar data recorded during the year
2015 on the Calabrian region catchments, it was shown how
the use of rain gauges only may lead to a strong underesti-
mation of the average areal rainfall on small basins, with a
high risk of floods underestimation for small catchments. In
fact, for basins with an area of ∼ 1 km2, mean underestima-
tions of average areal rainfall up to 40 % were detected. With
the increasing of the basin area, this mean underestimation
decreases, and for areas greater than 300 km2 the introduc-
tion of weather radar information does not produce substan-
tial changes in the mean areal rainfall estimation. Through
rainfall–runoff simulations at catchment scale, the absence of
weather radar information in the evaluation of spatial rainfall
fields was proven to have a huge impact in the reconstruc-
tion of hydrological scenarios. A case study on a very small
basin of about 1.3 km2 was presented to show that underesti-
mation up to 80 % in the maximum flood peak flow estima-
tion is possible. In conclusion, the results shown in this work
highlight the importance of the usage of weather radar infor-
mation in order to correctly estimate the spatial rainfall field
for hydrological modelling, especially for small basins.
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