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Abstract. Measuring the properties of hailstorms is a diffi-
cult task due to the rarity and mainly small spatial extent of
the events. Especially, hail observations from ground-based
time-recording instruments are scarce. We present the first
study of extended field observations made by a network of
80 automatic hail sensors from Switzerland. The main ben-
efits of the sensors are the live recording of the hailstone ki-
netic energy and the precise timing of the impacts. Its po-
tential limitations include a diameter-dependent dead time,
which results in less than 5 % of missed impacts, and the pos-
sible recording of impacts that are not due to hail, which can
be filtered using a radar reflectivity filter. We assess the ro-
bustness of the sensors’ measurements by doing a statistical
comparison of the sensor observations with hailpad observa-
tions, and we show that, despite their different measurement
approaches, both devices measure the same hail size distri-
butions. We then use the timing information to measure the
local duration of hail events, the cumulative time distribu-
tion of impacts, and the time of the largest hailstone during a
hail event. We find that 75 % of local hailfalls last just a few
minutes (from less than 4.4 min to less than 7.7 min, depend-
ing on a parameter to delineate the events) and that 75 % of
the impacts occur in less than 3.3 min to less than 4.7 min.
This time distribution suggests that most hailstones, includ-
ing the largest, fall during a first phase of high hailstone den-
sity, while a few remaining and smaller hailstones fall in a
second low-density phase.

1 Introduction

Measuring the properties of hailstorms is a difficult task due
to the rarity and mainly small spatial extent of the events.
Hail typically happens less than once per year at any loca-
tion in Europe (Punge and Kunz, 2016) and around two–
three times per square kilometre per year in areas that are
considered to be prone to hailstorms in Switzerland (Nisi et
al., 2016; NCCS, 2021). The need for reliable, high-quality,
long-term observational data for hail has been repeatedly
highlighted by the hail community in recent years (Punge
and Kunz, 2016; Martius et al., 2018; Allen et al., 2020).

The two main approaches for observing and measuring
hail are (1) using proxy data obtained from remote sens-
ing instruments, particularly weather radars or satellites, and
(2) using surface (or ground-truth) observations. Surface ob-
servations can be obtained from different sources, includ-
ing crowdsourcing mobile applications, such as the Me-
teoSwiss app (Barras et al., 2019), insurance damage claims
from insurance companies, observations from storm chasers
(e.g. https://www.sturmarchiv.ch/, last access: 10 July 2023)
or observer networks (Changnon, 1970; Počakal et al., 2009;
Nad̄et al., 2021), observations from aerial drone measure-
ments (Lainer et al., 2023; Soderholm et al., 2020), and hail-
pad networks (Changnon, 1970; Lozowski and Strong, 1978;
Federer et al., 1986; Smith and Waldvogel, 1989; Fraile et
al., 2003; Giaiotti et al., 2003; Sánchez et al., 2009; Pocakal,
2011; Manzato, 2012).

Among those ground-based observational methods, hail-
pad networks have been the most extensively used. Hailpads
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are affordable extruded polystyrene foam rectangles that are
exposed to the elements outdoors (Towery et al., 1976). Upon
impact, the hailstone leaves a dent in the hailpad, and its size
depends on the hailstone shape and density, in addition to
the specific response of the hailpad material. To estimate the
hailstone size from this dent, it is assumed that the hailstone
is spherical, has a constant density, and that the minor axe of
an ellipse used to fit the dent is related to the hailstone diam-
eter via a linear calibration fit, which is specific to the hailpad
material (Palencia et al., 2011; Manzato et al., 2022). Hail-
pads are manually collected and replaced by volunteers after
each hailstorm. While the collection date is always recorded,
hailpads provide time-integrated measurements and conse-
quently do not give any information about the precise start
and end of a hailfall or the exact timing of each single hail-
stone impact.

Observations from ground-based time-recording instru-
ments for hail documented in the literature are limited. Fed-
erer and Waldvogel (1975) observed a single hailstorm in
Switzerland, using a hail spectrometer, where hailstones fall
on a surface, are then photographed with an automatic cam-
era, and removed before the cycle starts again. Brown et al.
(2014) recorded three datasets in the Great Plains region of
the USA, using an impact disdrometer. Giammanco et al.
(2016) collected data from four thunderstorms during a field
campaign in 2015, using a network of six hail impact dis-
drometers. Consequently, there are only a few papers in the
scientific literature that discuss local hailfall duration and the
time evolution of the hail size distribution, which is impor-
tant for understanding hail, constraining hail parameteriza-
tion schemes in numerical models, and for validating radar-
based hail algorithms.

Switzerland completed the installation of the first national-
scale network of time-recording instruments for hail in 2020,
which is composed of 80 automatic hail sensors. The auto-
matic hail sensors deployed in the network (Wetzel, 2018)
are a later version of the prototype presented by Löffler-
Mang et al. (2011). This instrument records the precise tim-
ing of each hailstone impact and estimates the corresponding
kinetic energy and diameter of the hailstones. The observa-
tional dataset now consists of about 12 300 hailstone impacts.
Some observations recorded during the particularly active
hail season of 2021 were presented in Kopp et al. (2022),
where it was shown that automatic hail sensors could suc-
cessfully capture a precise time series of individual hailstone
impacts. However, a comprehensive analysis of the full ob-
servational dataset and an in-depth discussion of the capabil-
ities of the automatic hail sensors are still missing.

The objective of this paper is to present the first study
of extended field observations made by automatic hail time-
recording instruments. More specifically, we address the fol-
lowing questions:

1. What are the key operational aspects of automatic hail
sensors? What measurements do the sensors provide?

Considering the technical aspects, how can we make the
best use of the sensor observations, and what new infor-
mation can they provide about hail compared to existing
instruments?

2. How do sensor observations compare with hailpad ob-
servations? What can we learn from this comparison?

3. What is the point (local) duration of hailfall in Switzer-
land? How does it compare with existing estimates in
the literature ?

4. How are hailstone impacts distributed in time during a
hailfall?

We present the hail sensor and its measurement process
with its advantages and potential shortcomings in Sect. 2.1.
We show examples of the time series of hailstone impacts
captured by the sensors to illustrate our methodology to char-
acterize a local hail event in Sect. 2.2. We introduce the
hailpad data used for comparison in Sect. 2.3. Section 3.1
presents general observations of the network. Those obser-
vations are subsequently compared with those of a hail-
pad network from northern Italy (Manzato et al., 2022) in
Sect. 3.2.1. Section 3.3 presents the results of the analysis
of time-related quantities, such as the local hailfall dura-
tion (Sect. 3.3.1), the cumulative time distribution of impacts
(Sect. 3.3.2), and the time of occurrence of the largest hail-
stone (Sect. 3.3.3). Finally, general conclusions and future
research avenues are presented in Sect. 4.

2 Data and methods

2.1 Automatic hail sensors

2.1.1 The network

In the Swiss Hail Network project, 80 automatic hail sen-
sors were installed between June 2018 and July 2020 in the
three most hail-prone regions of Switzerland, according to
the climatology (Nisi et al., 2016, 2018; NCCS, 2021). These
regions are Jura (15 sensors) and Napf (38 sensors), which
lie to the north of the Alps, and southern Ticino (27 sen-
sors), which is found to the south of the Alps (Fig. 1). The
distance between neighbouring sensors varies considerably
within each region. The average distance is 1.1 km for Jura,
1.3 km for Ticino, 3.5 km for Napf, and 2.3 km for all three
regions combined. The distances are short enough to have
multiple sensors sampling the same hailstorm. The exact lo-
cation of the sensors also depends on instrumental and prac-
tical aspects, such as little shadowing and access. The main
purpose of the Swiss Hail Network is to collect ground ob-
servations of hail that can then be used to (a) verify opera-
tional radar-based hail algorithms and hail information from
hailpads and (b) for scientific studies on hail in general. This
project is a public–private partnership between La Mobilière,
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MeteoSwiss, inNET Monitoring AG, and the University of
Bern. The sensors will operate for at least 8 years and pro-
vide near-real-time data on hailstorms. As of spring 2023, the
sensors have now been operating for between three and five
hail seasons (April to September), depending on their loca-
tion.

2.1.2 Measurement process

Each sensor is designed as a Makrolon thermoplastic disc,
with a diameter of 50 cm (Fig. 2), providing a sensing area
of approximately 0.196 m2. The disc oscillates when hit by
a hailstone, and a highly sensitive piezoelectric microphone
records the oscillations, which are then converted to the hail-
stone kinetic energy (in joules) through a log-linear calibra-
tion curve.

The calibration procedure (Riehle and Schön, 2021),
which allows us to convert the electric signal output to an
estimate of the kinetic energy, is a key step in the measure-
ment process. Each sensor is individually calibrated by the
manufacturer under laboratory conditions before its deliv-
ery (lab calibration). As each sensor is exposed to various
weather conditions throughout the year, it has to be recali-
brated once a year either before or at the beginning of the
hail season (field calibration). The field calibration is done
using a portable calibration unit that can be fixed to the sen-
sor. Three rods of different known masses which are screwed
onto a polyamide sphere at the bottom are each dropped 12
times from two fixed heights on the same calibration point.
A material factor (determined at the factory using a hail gun)
takes into account the different impact behaviour of ice and
polyamide. The average of the signal responses is calculated
for each of the six different mass–height combinations, giv-
ing six points used to fit a power law between the voltage
signal and the kinetic energy. This power law is then used as
the calibration curve to translate the voltage signal of hail-
stone impacts to a kinetic energy estimate.

2.1.3 Hailstone diameter estimation

The hailstone diameter is then determined from the kinetic
energy, assuming spherical hailstones with constant drag co-
efficient, as follows (Pruppacher and Klett, 2010):

D =

[
9 ·Ekin · ρair · cw

ρ2
ice ·π · g

]0.25

, (1)

where D is the equivalent spherical hailstone diameter, Ekin
is the kinetic energy of the hailstone, ρair = 1.2 kg m−3 is
the surrounding air density, cw = 0.5 is the drag coeffi-
cient, ρice = 870 kg m−3 is the hailstone ice density, and g =
9.81 m s−2 is gravity. Diameter calculations using Eq. (1)
and the listed values for its parameters are directly imple-
mented in the hail sensor software by the manufacturer. We
note that values of ρair, ρice, and cw can vary, depending on
the local environment and from one hailstone to another, but

that similar values have been used previously in the literature
(e.g. Waldvogel et al., 1978a; Brimelow, 2018; Manzato et
al., 2022).

While Eq. (1) has been successfully used in the early lit-
erature (e.g. Federer and Waldvogel, 1975; Ulbrich and At-
las, 1982), the more recent literature has shown that the as-
sumptions on which it is based are not always satisfied. First,
hailstone growth results in a variety of hailstone shapes, and
hailstones tend to become increasingly non-spherical with in-
creasing size (see, for example, Shedd et al., 2021). Then, the
drag coefficient of hailstones (even spherical ones – but to
a lesser extent) depends on the Reynolds number, and their
density can vary greatly (see, for example, Heymsfield et al.,
2014, 2018, 2020).

We focus on relatively small hailstones, and most of them
have an estimated diameter of less than 20 mm, such that the
assumption of spherical hailstones remains a reasonable ap-
proximation (Waldvogel et al., 1978a; Shedd et al., 2021).
Therefore, we do not expect the drag coefficient to signif-
icantly depart from the 0.5 value (Waldvogel et al., 1978a;
Shedd et al., 2021). However, we note that, as the hail sen-
sor primary output is the hailstone kinetic energy, relations
other than Eq. (1) could be used and compared to estimate
the equivalent hailstone diameter. We discuss this point fur-
ther in the conclusion.

2.1.4 Known sources of uncertainties

As the sensor is continuously exposed to variable weather
conditions, it is likely that its sensitivity slightly changes over
the course of the year. The ambient temperature also influ-
ences the calibration process (personal communication from
inNET Monitoring AG, 2022). Thus, despite the yearly field
calibration, the sensitivity of the sensor to weather conditions
introduces uncertainty in the kinetic energy measurements.
Another source of uncertainty is the impact location on the
sensor plate. The piezoelectric microphone is located under
the centre of the Makrolon disc, and consequently, an im-
pact close to the border of the disc will result in a slightly
lower signal for the same hail size. The manufacturer indi-
cates a 20 % uncertainty in the estimation of the kinetic en-
ergy and recommends that we work with hail classes of 5 mm
diameter ranges, although the sensor produces measurements
with a precision of several decimal places (Riehle and Schön,
2021).

2.1.5 Sensor dead time and saturation

A known and necessary limitation of the automatic hail sen-
sor is the “dead time” (i.e. the time period following each im-
pact during which no other hailstone can be recorded). The
dead time allows the sensor to properly record an impact by
avoiding interference from other hailstones hitting the sensor
right after this first impact and by letting the sensor electron-
ics perform the necessary signal treatment. The dead time
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Figure 1. (a) Map of Switzerland showing the locations of the 80 sensors, according to their installation date in the three hail-prone regions
(Jura is 15, Napf is 38, and Ticino is 27). Red patches show urban areas, and the black line denotes the alpine ridge. (b–d) Enlargement of
the three hail-prone regions showing network density and scale in kilometres. The areas covered by the three networks are approximately
53 km2 for Jura, 440 km2 for Napf (excluding the three sensors in Bern, Lucerne, and Thun) and 86 km2 for Ticino.

of the sensor ranges from 64 ms for hailstones smaller than
10 mm to nearly 1 s for hailstones of about 35 mm (personal
communication from the sensor manufacturer, 2022), which
is the size range of the largest hailstone observed so far by
the network. A dead time of 64 ms corresponds to 15 impacts
per second on the sensor plate or 70 impacts per second per
square metre. When the sensor is not able to record a new
impact because it happens during the dead time of a previous
impact, we call it saturation.

We investigated the influence of saturation and quanti-
fied to which extent it affects the measured hailstone den-
sity (number of hailstones per second). We used an approach
from radiation detection (Lucke, 1976) to estimate the “true”
detection rate R as follows:

R =
N(

T −
∑N
i=1τi

) , (2)

whereN is the number of recorded impacts, T is the duration
of a hail event, and τi is the dead time of the ith hailstone.

Equation (2) has been adapted to account for the hailstone
size dependence of the dead time (hence the τi). We then
multiply T by R to obtain an adjusted number of impacts,
and we use this adjusted number to estimate the fraction of
missed impacts.

The value of T (and subsequently R) depends on how we
characterize and define a hail event (see Sect. 2.2 and 2.2.1
for details). At this stage, it is sufficient to say that the defi-
nition depends on one parameter, called the maximum blank
time or tmb, and that the estimated fraction of missed im-
pacts, averaged over all hail events, takes values between 4 %
and 4.6 % for the considered values of tmb. Hence, the aver-
age fraction of the missed impacts remains low when com-
pared to all impacts. The fraction can be higher for individual
events (up to 10 %), especially for those events with a higher
hit rate (hailstones per second). We also note that we cannot
know the diameters of the missed hailstones.

Finally, hailpads can also become saturated (Manzato et
al., 2022). Saturation on hailpads can happen when their sur-
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