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Abstract. Evaluating extreme rainfalls for a certain location is commonly considered when designing stormwater management

systems. Rain gauge data are widely used to estimate rainfall intensities for a given return period. However, the poor spatial

and temporal resolution of operational gauges is the main limiting factor. Several studies have used rainfall estimates based on

weather radar horizontal reflectivity (Zh), but they come with a great caveat: while proven reliable on low or moderate rainfall

rates, they are subject to major errors in extreme rainfall and convective cases. It is widely known that C-band weather radar5

can underestimate precipitation intensity due to signal attenuation or overestimate it due to hail and clutter contamination.

Since the late 1990s dual-polarization weather radar started to become operational in the National Surveillance radar network

in Europe, providing innovative QPE estimation based on polarimetric variables. This study circumvents Zh shortcomings

by using specific differential phase (Kdp) data from operational dual-polarization C-band weather radars. The rain intensity

estimates based on specific differential phase data are immune to attenuation and less affected by hail contamination.10

In this study, for the first time, quantitative precipitation estimations (QPEs) based on polarimetric observations by operational

C-band weather radars and without any raingauges adjustments are analyzed. The purpose is to estimate return periods for

1-hour rainfall total computed from polarimetric weather radar data using non-adjusted QPEs based on R(Zh,Kdp) data and

to compare the results with those ones derived using R(Zh) and rain-gauge data. Only the warm period during the year is

considered here, as most of the extreme precipitation events for such duration take place for both places at this time. Limiting15

the dataset to warm periods also allows us to use the radar-based rainfall quantitative precipitation estimates, which are more

reliable than the snowfall ones. Data from operational dual polarimetric C-band weather radar sites are used both from Italy

and Estonia. Given climatological homogeneous regions, this study demonstrates that polarimetric weather radar observations

can provide reliable QPEs compared to single-polarization estimates with respect to rain gauges and, that can provide a reliable

estimation of return periods of 1-hour rainfall total, even for relatively short time series.20
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1 Introduction

The increase in impervious surfaces due to urbanization leads to an increase in flooding frequency due to poor infiltration and

faster concentration time. The hydrological changes, driven by heavy urbanization, and resulting impacts on extreme rainfall,

are also being established: a significant amount of research over the last twenty years has shown a strong relationship between

urban areas and local microclimate.25

The IPCC Sixth Assessment Report (IPCC, 2021) increased the interest on short-duration rainfall extremes estimations as sev-

eral Earth regions are likely to be affected by an increase in heavy precipitation events in the near future due to global warming.

In Europe van den Besselaar et al. (2012) demonstrated that higher latitudes are yet experiencing an increment in intensity and

frequency of extreme events, and correspondingly in heavy precipitations. For all these reasons, studies on extreme annual

rainfall maximum depths for short durations are extremely relevant for hydrological studies, water management, and urban30

areas development (Marra et al., 2017).

However, the reliability of traditional rainfall depths estimations is often limited by the low spatial density of rain gauge net-

works, particularly for short durations (Overeem et al., 2010). Nevertheless, single-polarization weather radars can provide

quantitative precipitation estimates (QPEs), based on empirical relationships between the equivalent reflectivity factor at hori-

zontal polarization (Zh) and the rain rate with proper spatial and temporal resolution. Several studies investigated statistics of35

extreme areal rainfall depths obtained from single-polarization weather radar (Frederick et al., 1977; Allen and De Gaetano,

2005; Overeem et al., 2008, 2009a, b, 2010; Marra and Morin, 2015; Panziera et al., 2018; Marra et al., 2022). Keupp et al.

(2017) and Fabry et al. (2017) offer a complete review of monthly or annual rainfall climatology based on weather radar ob-

servations respectively in Europe and the contiguous United States (CONUS) area.

However, due to signal attenuation at C-band (Delrieu et al., 2000) and due to hail contamination (Ryzhkov et al., 2013), the40

horizontal radar reflectivity (Zh) is subjected to significant errors, especially during intense rainfalls and convective precipita-

tions. As stated by Fairman et al. (2015), relevant QPEs underestimations typically occur in mountainous areas and far away

from the weather radar; beam-blocking and overshooting also cause large differences between radar-based QPEs and reference

gauges. To overcome these limitations, several adjustment techniques have been developed, correcting QPEs, derived from

single-polarization weather radar, with raingauges measurements (Einfalt and Michaelides, 2008; Goudenhoofdt and Delobbe,45

2009). Overeem et al. (2009b) derived short-duration extreme rainfall depths from gauges-adjusted weather radar QPEs. Barn-

des et al. (2001), Ryzhkov et al. (2005) and Vulpiani et al. (2012) demonstrated that polarimetric rainfall estimation algorithms

based on specific differential phase (Kdp) outperform the conventional QPEs based on horizontal radar reflectivity, being im-

mune from partial beam-blocking, attenuation, hail contamination, and weather radar miscalibration. Several studies focused

on the evaluation of R(Kdp) relationships performances with respect to traditional R(Zh) for precipitation events (Paulitsch50

et al., 2009; Moisseev et al., 2010; Cremonini and Bechini, 2010). Voormansik et al. (2021a) deeply analyzed five years QPEs

derived from operational C-band polarimetric weather radar in Estonia and Italy, demonstrating that R(Zh,Kdp) blended al-

gorithms provide good quality QPEs.

For the first time, this study investigates the statistical properties of annual rainfall maximum for 1-hour rainfall total, analyzing
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QPEs derived from R(Zh,Kdp) observations by operational dual-polarization C-band weather radars in two different climate55

regions. The results from short-period weather radar observations are compared with statistics obtained from gauges measure-

ments and QPEs based on traditional horizontal radar reflectivity. Section 2 provides a description of study areas, polarimetric

weather radar systems, and algorithms used to derive QPEs. In Section 3 extreme value statistic is applied to fit the theoretical

distributions, providing rainfall depth as a function of duration for given return periods. Finally, discussion and conclusions

follow.60

2 Materials and methods

This study focuses on QPEs based on polarimetric C-band weather radar, operating in Northern Italy and Estonia. The studied

period is limited to the warm period of the year as most of the extreme precipitation events at short temporal scales take place

at this time. Limiting the dataset to a warm period also helps to exclude that weather radar observations come from the snow

or ice crystals, a requirement for reliable rainfall intensity estimations based on R(Zh,Kdp).65

2.1 The study areas

This study focuses on areas in Piemonte, Italy, and Estonia, covered by operational dual-polarization Doppler C-band weather

radars operated by the local weather services.

Piemonte is located in northwestern Italy, in the upper areas of the Po valley; the central part of the region is relatively flat

(300-200 m a.s.l.) with the Torino hill that reaches 770 meters a.s.l.. The Alps surround plains with altitudes ranging from70

1,000 m to more than 4,500 m a.s.l.. The two areas considered in this study are centred on Torino hill and they extend for about

30-50 km far from the weather radar, corresponding to about 7,300 km2 altogether (Figure 1, the left map). To ensure QPEs

data quality, the choice to restrict the study areas close to the radar site is driven by these main reasons:

1. to reduce weather radar beam-broadening and beam-propagation effects;

2. to avoid the Alps complex orography in western and northern directions;75

3. to limit the weather radar beam height above ground;

4. to avoid or to limit spatial non-stationarity of the GEV parameters and their dependence from geomorphology (altitude,

terrain slope and exposition).

The Piemonte rainfall regime is sub-continental with a dry season during winter, the main maximum precipitation occurs

during fall and a secondary maximum during spring-summer (Devoli et al., 2018); convective precipitations are very frequent80

from late spring to early fall. Pavan et al. (2018) reconstructed rainfall climatology over Po valley from gauges observations

from 1961 to 2015, showing that, although the relatively small extent of the whole study areas, there are different precipitation

regimes between the area A1, located close to the Alps, (wetter) and the area A2, the flats south of Torino hill, (dryer). It is

worth mentioning that the average annual rainfall within each single study area is uniform.
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