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In northern Italy rainfall-triggered shallow landslides are recurrent hazardous phenomena
that cause casualties and extensive damages. In the last decades several early warning
systems (EWSs) have been developed based on rainfall intensity–event duration (I-D)
thresholds derived by long rain gages time series. However, rain gages density and their
representativeness limit reliability of such EWSs. In the past decades, several studies
explored successfully the usefulness of reliable quantitative precipitation estimates
(QPEs) by weather radar. The availability of high spatial and temporal resolution QPEs
with short latency of the data makes those observations appealing as input data
to automatic EWSs. Nevertheless, weather radar based QPEs can be affected by
several sources of errors and uncertainties (miscalibration, partial beam blocking,
overhanging precipitation, and so on). Analyzing the heavy precipitations that hit
Piemonte, north-western Italy, on November 2016, causing floods and triggering
widespread shallow landslides, this work presents a fruitful case study of operational
weather radar application in shallow landslides early warning system.

Keywords: slope processes, early warning system, QPE, remote sensing, heavy rainfall

INTRODUCTION

Shallow landslide early warning systems are normally implemented using rain gage network
recording as input for rainfall values (Aleotti, 2004; Bosco et al., 2007; Guzzetti et al., 2007; Brunetti
et al., 2010; Capparelli and Tiranti, 2010; Tiranti and Rabuffetti, 2010; Mercogliano et al., 2013; Rosi
et al., 2015; Segoni et al., 2015, 2018; Devoli et al., 2018).

In the last decade, several researches focused on weather radar applications finalized to shallow
landslide EWSs development (Chang et al., 2008; Chiang and Chang, 2009; Baum and Godt, 2010;
Saito et al., 2010; Winter et al., 2010; Calvello et al., 2015; Jan and Chen, 2015; Nikolopoulos et al.,
2015; Marra et al., 2016). In fact, the small size of the initiation catchments of debris flows, also
caused by shallow landslides contribution, makes spatial resolution of observed precipitation the
most relevant factor (Marra et al., 2017). Availability of high resolution observation of rainfall
fields is thus mandatory in threshold-based EWSs. Especially in case of convective and localized
precipitations, weather radar quantitative estimation of precipitations can overcome the poor
representativeness of ground measurements, due to low density and geometry of the gage networks
(Morrissey et al., 1995). Moreover, huge ground weather station networks may have longer latency
of the data due to longer data transmission time. Weather radar typically scan the atmosphere close
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FIGURE 1 | Identified study areas (bordered in red).

to the ground up to 150 km, with 1-km resolution or less,
within few minutes. Both data resolution and short delay in data
availability increase effectiveness of EWSs based weather radar.

Weather radar is thus successfully used in the real-time
observations of rainfall triggering values for slope phenomena
caused by short-duration and intense rainfalls, such as
channelized debris flows (Borga et al., 1998; Tiranti et al.,
2008, 2014; Marra et al., 2014; Berenguer et al., 2015); in fact,
the distinguishing features of rainstorms are easier detected and

characterized by weather radar than by rain gages. However,
weather radar based QPEs in complex orography are affected
by several errors and uncertainties residual clutter, partial beam
blocking, rain-induced attenuation, variability of drop size
distribution (DSD) and wet radome. Montopoli et al. (2017)
provide a comprehensive review of limiting factors in QPEs in
complex orography by ground weather radar. Due to nonuniform
spatial distribution of errors, reliability of weather radar based
EWSs in impervious areas or data quality of long-duration
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triggering rainfalls must be carefully evaluated. This paper
discusses a successful operational implementation of weather
radar utilization in shallow landslides EWSs in Piemonte. The
areas examined in this study have good weather radar coverage
and the performing weather radar data elaborating chain
guarantees errors and uncertainties reduction in QPEs.

On November 2016, heavy rainfalls hit Piemonte in
north-western Italy and triggered shallow landslides widely,
mainly in the Alps. To estimate the rainfall parameters that
triggered shallow landslides, rainfall-fields derived by weather
radars observations merged with dense rain gage network data
have been used. Based on higher number of shallow landslides
occurred during the rainfall events, two study areas have been
selected: the Pellice and Chisone Valleys and the Alto Tanaro
catchments (Figure 1).

MATERIALS AND METHODS

The Operational Weather Radar in
Piemonte
Arpa Piemonte (the Regional Agency for Environmental
Protection of Piemonte) operates two polarimetric Doppler
C-band weather radar, located on the hill nearby Turin
(Piemonte), installed on 1998, and in the Apennines near
Savona (Liguria) installed on 2000. Table 1 summarizes the main
characteristics of the weather radars.

Bric della Croce and Monte Settepani radars complete
polarimetric volume scans, 170 km range, every 5 min, with,
respectively, 11 and 8 elevations. Given the good visibility
southward, Monte Settepani operates every 5 min an additional
volume scan 250 km range by single polarization, composed
of two elevations. A semisupervised robust hydrometeor
classification is performed on polarimetric raw volumes (Bechini
and Chandrasekar, 2015) to identify clutter, anaprop, attenuation,
and meteorological echoes. Finally, completely free lowest beams
are used to derive the product of surface rainfall intensity
(SRI), according to beam visibility. During winter season, the
radar reflectivity is later corrected for vertical profile reflectivity
(VPR) according to Koistinen (1991). Single radar SRIs are
merged in a 800 m resolution composite considering maximum
reflectivity, where more than one weather radar observation is
available. Additional weather radar data are merged to Piemonte
composite, including the polarimetric weather radar in Monte
Lema (Swiss) operated by MeteoSwiss, and weather radar in
Carpiano (Italy) operated by the National Flight Assistance
Company (ENAV).

Finally, composite radar reflectivity is converted in
instantaneous rainfall intensity (mm/h) according to the
well-known Z-R relationship:

Z = arRb (1)

where Z is the linear weather radar reflectivity expressed in
mm/m3, R is rainfall intensity in mm/h and a = 300 and b = 1.5
are coefficients experimentally derived (Joss and Waldvogel,
1990). Further details on the operational weather radar operated

TABLE 1 | Main characteristics of the weather radar used in this study.

Bric della croce
(piemonte)

Monte settepani
(liguria)

Site coordinates (deg) 7.733E, 45.034N 8.197E, 44.246N

Altitude (m. a.s.l.) 773 1385

Polarization type simultaneous H and V simultaneous H and V

Antenna type central feed central feed

Antenna diameter (m) 4.2 4.2

Beam width (deg) 0.94 0.94

Radome type sandwich sandwich

Radome losses (dB) max 0.2, one way max 0.2, one way

Transmitter type magnetron magnetron

Frequency (GHz) 5.640 5.625

Peak power (kW) 250 >450

Pulse width (µs) 0.5, 1.0 0.5, 1.5, 3.0

Pulse repetition
frequency (Hz)

300–1200 300–1200

Range resolution (m) 340 (4 average
samples)

500 (8 average
samples)

by ARPA Piemonte can be found in Davini et al. (2011) and
in Cremonini and Bechini (2010). Daily rainfall accumulations
are corrected with tipping-bucket quality-controlled rain gage
measurements by radar-gages assessment factors (Goudenhoofdt
and Delobbe, 2009). On daily basis, the 24-h weather radar
quantitative precipitation estimation (QPE) is compared with
rain gages observations and for each ground weather station the
following ratio is derived:

AFx,y = 10 ∗ log10
(
Rx,y/Gx,y

)
(2)

where Rx,y is the 24-h rainfall accumulation QPE co-located with
the raingauge (Gx,y) placed at x,y coordinates. Only precipitation
accumulations greater than 1.0 mm are considered and the
outliers are also excluded and flagged as suspect ratios because
they can be due to mechanical failure of raingauge or too large
errors in weather radar QPE. Point assessment factors (AFs)
are interpolated on the same weather radar composite grid
using Ordinary Kriging method (Li and Heap, 2014) to derive
the adjustment field. Finally, hourly weather radar QPEs are
multiplied by assessment factor field to obtain the best unbiased
hourly rainfall estimation.

Figure 2 shows the weather radar coverage in north-western
Italy: stars indicate weather radar sites, circles the radar coverage
and red polylines the two study basins of Pellice-Chisone and
Alto Tanaro. Theoretical visibility maps, derived in standards
propagation atmosphere, demonstrate that Piemonte, Lema and
Carpiano weather radar have good visibility over target areas,
being first completely free radar beams very close to the ground.

The Shallow Landslides EWS
On 2006, Tiranti and Rabuffetti (2010) developed a shallow
landslide triggering model named “Shallow landslides Movements
Announced through Rainfall Thresholds” (SMART) based on I-D
empirical rainfall thresholds derived by statistical analysis on
historical shallow landslides occurred in Piemonte from 1990

Frontiers in Earth Science | www.frontiersin.org 3 September 2018 | Volume 6 | Article 134

https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-06-00134 August 30, 2018 Time: 17:9 # 4

Cremonini and Tiranti Weather Radar to Predict Landslides

FIGURE 2 | Weather radar coverage in north-western Italy. Star symbols show weather radar sites, circles volume scans coverage, polylines the target areas.

to 2006. SMART operates since 2008 both in forecast and
monitoring modes and it is part of the regional warning system
for natural hazards.

For shallow landslides, SMART recognizes two homogeneous
areas (Figure 3), characterized by two different empirical
thresholds (Equations 3 and 4) for two different environments
(respectively, Alpine-Appennine and hylls), and defined on
rainfall accumulation longer than 12 h. For shorter durations
other slope phenomena can occur like diffused and accelerated
soil erosion caused by run-off or channelized debris flows in
the Alpine small catchments. Based on expected landslides
density three levels of scenarios have been defined: (i) isolated
landslides or soil erosion due to run-off; (ii) less than ten

landslides per km2 expected; (iii) more than ten landslides per
km2 expected.

Area 1 (Alps and Apennines) : I = 25 D−0.45 (3)

Area 2 (hills) : I = 40 D−0.65 (4)

where l is the accumulated rainfall on D duration, the numerical
coefficients are experimentally derived from statistical analysis
of collected historical landslides and as exponent the Montana
Coefficients (Boni and Parodi, 2001; Tiranti and Rabuffetti,
2010; Devoli et al., 2018) define rainfall effects according to the
altitude.
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FIGURE 3 | SMART homogeneous areas. Area 1: Alpine and Apennines environments characterized by metamorphic bedrock and high rainfall values to trigger
shallow landslides; Area 2: hilly environment characterized by sedimentary bedrock and moderate rainfall values to trigger shallow landslides.

The model rainfall inputs are the quantitative rainfall forecast
and observed values by rain gage network, consisting in more
than 400 weather stations distributed on about 10 km mesh
grid for a total area of 25,402 km2. Thresholds are linked
to each raingauge with an assigned buffer range of 5 km
from rain gage centroid. For this reason, shallow landslides
triggered at a distance > 5 km from rain gage are characterized
by major uncertainty in forecasting. Recently, the weather
radar observations have been introduced as new data input of

SMART to fill this gap in ground network to identify triggering
rainfall.

RESULTS

Synoptic Forcing and Precipitations
From 21st to 25th November 2016, Piemonte was hit by heavy
and persistent rainfalls, that have been initially localized in
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FIGURE 4 | Total rainfall accumulation, estimated by weather radar (grid) and observed by rain gages (values) from 21st to 26th November 2016 in the study areas:
(a) Pellice-Chisone; (b) Alto Tanaro.

the southern areas, closed to the Ligurian Sea and then, they
shifted to north-western Piemonte. On 21st November 2016 a
deep trough approached western Europe, causing intense and

humid south-westerly wind over the region. Low level wind
convergence over Ligurian sea and diffuse atmospheric instability
caused heavy localized precipitations over Apennines with more
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FIGURE 5 | (a) Accumulated rainfall from 23rd November at 21:00 UTC in Alto Tanaro. (b) In red, areas interested by precipitations that overpassed thresholds of
Equation 3 (critical rainfall accumulations) and rain gages overpassing threshold (yellow asterisks) and related buffers (yellow circles); green star labels indicate
occurred landslides.

FIGURE 6 | (a) Accumulated rainfall from 24th November at 03:00 UTC in Alto Tanaro. (b) In red, areas interested by precipitations that overpassed thresholds of
Equation 2 (critical rainfall accumulations) and rain gages overpassing threshold (yellow asterisks) and related buffers (yellow circles); green star labels indicate
occurred landslides.

than 250 mm in 24 h. The following day, the low-pressure
system isolated (cut-off ), losing momentum, and becoming
stationary over Iberian Peninsula. This atmospheric synoptic
circulation caused intense stationary flow from Southeast over
Piemonte, with heavy and diffuse precipitations. On 23rd and
24th November, low level flows turned from east, forcing heaviest
rainfall in the western area of Piemonte. On 24th November
rain gages recorded more than 350 mm in 24 h and, due to
warm air advection, the snow level raised up to 2,000 m asl.
Finally, on 25th November, the deep pressure system started
to dissipate and precipitations over Piemonte progressively
reduced. The largest rainfall amount recorded during 5 days

was 632.6 mm; this accumulated precipitation corresponds to
more than 50% mean annual rainfall in the region. The whole
event was characterized by heavy convective rainfall, high spatial
variability and peaks of more than 120 mm in 3 h. On 21st
November, the snow level was located around 1500–1700 m
asl and it increased on the following days, settling up to
1800–2000 m asl. On 24th November new cold air aloft caused
a drop in the snow level up to 1400–1600 m asl, locally at lower
altitude in the north-western areas of Piemonte. Rivers in the
region had large increases in discharge recording maxima up
to more than 50–100 years return period. About 150 shallow
landslides were triggered, causing wide damages to residential
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FIGURE 7 | (a) Accumulated rainfall from 24th November at 15:00 UTC in Alto Tanaro. (b) In red, areas interested by precipitations that overpassed thresholds of
Equation 4 (critical rainfall accumulations); green star labels indicate occurred landslides.

FIGURE 8 | (a) Accumulated rainfall from 25th November at 06:00 UTC over hilly areas (delimited by black contour). (b) In red, areas interested by precipitations that
overpassed thresholds of Equation 4 (critical rainfall accumulations) and rain gages overpassing threshold (yellow asterisks) and related buffers (yellow circles); green
star labels indicate occurred landslides.

buildings and infrastructures. These landslides were reported
several days later after ground surveys by local authorities
and Civil Protection. Their reports contain information about
landslide type, location, reported damages but the triggering
datetime of landslides is not available. Figure 4 shows rainfall
accumulation from 21st to 25th November 2016 derived by
weather radar observations and adjusted on daily basis with
rain gages of meteorological ground network managed by Arpa
Piemonte.

Figure 4 demonstrates that the Piemonte raingauge network is
not able to accurately describe the spatial variability of convective
rainfall peaks, due to low spatial density. In Pellice-Chisone area
the maximum rainfall accumulation recorded by rain gages over
the whole period was 580.4 mm, meanwhile rainfall estimation by
weather radar shows three peaks overpassing 700 mm.

An early warning system based trusting in rain gages
observations would have probably failed where rainfall peaks are
missed.

Rainfall Triggered Landslides
To evaluate the effectiveness of SMART thresholds in forecasting
the triggering time of shallow landslides, the QPEs recorded
during the event and derived by weather radar observations
have been compared and filtered with the thresholds defined by
Equation 3 in the Pellice-Chisone and Alto Tanaro mountain
areas, where most landslides occurred (98 reported), and by
Equation 4 for the hilly environment of Alto Tanaro (7
reported). It is possible to reconstruct the spatial-temporal
evolution of phenomena, locating most prone areas to landslide
triggering.
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FIGURE 9 | (a) Accumulated rainfall from 24th November at 15:00 UTC in Pellice-Chisone. (b) In red, areas interested by precipitations that overpassed thresholds
of Equation 3 (critical rainfall accumulations) and rain gages overpassing threshold (yellow asterisks) and related buffers (yellow circles); green star labels indicate
occurred landslides; red circle include reported debris flows that reached the alluvial fans’ areas generated from shallow landslides triggered at the basins’ head and
propagated along channel networks.

During night on 23rd November, in Alto Tanaro heavy rainfall
started to overpass triggering thresholds. Figures 5a,b shows
the accumulated rainfall estimated by weather radar from the
beginning of event to 23rd November at 21:00 UTC, the green
stars show the whole reported landslides after the rainfall event
for which the triggering time is unknown. Figure 5b reports
in red areas where thresholds were overpassed according to
Equation 3. The yellow asterisk represents the raingauge that
recorded an overpassing.

The critical rainfall interested wider areas in Alto Tanaro
basin, causing an increase in landslides occurrence since 24th
November 2016 at 03:00 UTC (Figures 6a,b). Only one raingauge
issued a warning for threshold exceeding.

In the Alto Tanaro, where the higher number of shallow
landslides has been recorded, wider area interested by
overpassing has been reached on 24th November at 15:00
UTC (Figures 7a,b). It is interesting noting that no raingauge
recorded threshold exceedance at that time.

Some shallow landslides also occurred in hilly areas of Alto
Tanaro. The same approach has been followed, applying the
proper equation describing the behavior of intensity according
to rainfall duration (Equation 4). Figure 8 shows that extent of
rainfall critical values during the event.

The total number of landslides in this hilly area has been seven
but both rain gages and weather radar catched only five of them.

Over Pellice-Chisone the first critical rainfalls were reached on
24th November at 15:00 UTC (Figures 9a,b), also interesting the
upper part of some catchments, where channelized debris flows
were triggered due to the propagation of shallow landslides into
channel network and observed in alluvial fans’ areas (stars in
the red circle in Figure 9b). Three rain gages recorded threshold
overpassing missing most of landslide sites.

The area of threshold exceeding reached maximum extent on
25th November 2016 at 04:00 UTC, and then rainfall intensities

decreased until the end of event. Figure 10 shows reported
landslides, the area of overpassing threshold according to weather
radar QPEs, the rain gages and their datetime of overpassing
threshold values.

DISCUSSION

Figures 5–9 show the evolution of severe rainfall event that
hit Piemonte on November 2016. All shallow landslides in
Alto Tanaro’s Alpine environment occurred between 400 and
1500 m asl. The four highest shallow landslides (1400–1500 m asl)
have been checked with surrounding ground weather stations,
assessing that no snow at ground was reported during the whole
period. In Pellice-Chisone basin the seven landslides occurred
between 500 and 1150 m asl, excluding a snow contribution in
the phenomena triggering.

Given weather radar QPEs high spatial resolution (0.64 km2),
the warning system is more effective in landslide triggering
detection than the one exclusively based on rain gages. 14
landslides were reported in Pellice-Chisone basin of which 10
have been properly detected by weather radar, while only five ones
were detected by rain gages (Figure 10a). In Alto Tanaro’s Alpine
environment, 84 landslides correspond to proper detection by
weather radar QPEs, while only 72 landslides were detected
by rain gages, mainly due to low rain gages network density
(Figure 10b). Nevertheless, five rain gages reported threshold
exceeding corresponding to false alarms. In the hilly area, just five
over seven landslides occurred were correctly detected by both
radar QPEs and rain gages: this result suggests that a radar and
rain gages integrated approach could have better performances
in landslides triggering detection.

On 24th November 2014, temperature dropped and liquid
precipitations turn to snowfall above 1200–1400 m asl in
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FIGURE 10 | Rainfall accumulation over Pellice-Chisone (a) and Alto Tanaro (b) basins on 25th November 2016 at 04:00 UTC. In red, areas interested by
precipitations that overpassed thresholds of Equation 4 and 4 (Alto Tanaro’s hilly environment delimited by black contour) from radar estimation, rain gages
overpassing threshold (yellow asterisks) and related buffers (yellow circles) from the start of rainfall event to 25th November at 04:00 UTC; green star labels indicate
all the reported landslides.

Pellice-Chisone basin. The following day, a sudden increase
in temperature caused a new turn to liquid precipitation and
melting of the snow accumulated over rain gages. Weather
ground stations named Pragelato, Clot della Soma, Pra Catinat,

Praly, and Massello (Figure 11) recorded rainfalls exceeding
triggering threshold when heavy precipitation occurred but with
a significant contribution due to snowmelting over the gage.
These conditions determined false alarms in their surrounding
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FIGURE 11 | Rain gages elevation distribution in Pellice-Chisone area.

area. It is worth noting that weather radar QPEs provided better
estimations of the actual precipitation, correctly identifying that
any threshold was not overpassed.

CONCLUSION

Heavy precipitation interested Piemonte (Italy) between
21st and 25th November 2016, causing floods and diffuse
shallow landslides in Alto Tanaro and Pellice-Chisone basins.
The illustrated case study shows that the operational use of
QPEs, derived by merging weather radar observations and
quality-controlled rain gages, is more reliable and effective
in real-time determining a representative precipitation field
responsible for triggering shallow landslides. The availability of
QPEs with appropriate spatial and temporal resolution allowed
characterizing the initiation of the torrential phenomena (debris
flow) occurred in Pellice-Chisone basin by the observation of
evolution of critical rainfalls occurred over the head of basins,
where the mass transport was located. In Alto Tanaro basin
weather radar based QPEs identified correctly the triggered
shallow landslides distribution.

Furthermore, the widespread nature of triggers, which
occurred during November 2016 heavy rainfalls, confirmed

the effectiveness of the pre-announcement model of shallow
landslides developed and operated by the Arpa Piemonte. The
subsequent use of the distribution of critical rainfall values has
finally allowed reconstructing with a good degree of reliability the
timing of landslides triggering.

Given a long-time weather radar QPE dataset, a possible
next development will be to derive weather radar based
I-D thresholds and to compare them with gages-based ones.
Although, weather radar based quantitative precipitation forecast
(QPF) is not currently implemented into the Arpa Piemonte
operational EWS, the real-time forecast of landslides is possible
by making use of the time lag between slope failure and
rainfall peak, as demonstrated during November 2016 heavy
rainfall. A further development will consist in the application
of weather radars QPFs to foresee the shallow landslides
initiation one or 2 h ahead, improving the effectiveness of
warnings.
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