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Abstract

In the project "Hail Climate Switzerland", MeteoSwiss, in collaboration with partners from various sec-
tors, has created new products for assessing the hail hazard in Switzerland. These include a new
generation of radar hail data, which has been extensively quality checked and reprocessed within the
scope of the project. Based on these data, maps and statistics of the monthly and annual number
of hail days of different intensities as well as hailstone sizes are produced and made available to the
public. Furthermore, using a probability-based resampling approach, return values of hailstone sizes
within the Swiss radar domain were computed in high spatial resolution for different return periods.
This document describes the radar hail products of the Swiss weather radar network. It focuses on
the quality assessment and improvement of the existing operational radar hail detection algorithms at
MeteoSwiss that form the basis for the new hail statistics. Further information on the new products and
their interpretation can be found in the Technical Report by Schréer et al. (2022).
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1 Introduction

Switzerland has some of the more thunderstorm-prone regions in Europe (Van Delden, 2001). Hail
accompanies many of these thunderstorms on a yearly basis and consequently, next to floods and
wind storms, it is one of the main natural hazards in Switzerland. Hail causes substantial damage to
agriculture, with even small hail stones able to ruin whole cultivations. Furthermore, hail is a threat to
buildings and to cars (VKF, 2013; BAFU, 2016; VdS, 2018). While hail has long been a known hazard
of Swiss summers, the magnitude of hail damages has increased markedly in the past decades, espe-
cially since the beginning of the 1990s (Jordi and Imhof, 2016).

Since the 1950s several studies have focused on hail in Switzerland, ranging from the characterisation
of its occurrence, to hail suppression studies or hail-favouring weather patterns (e.g., Bider, 1954; Fe-
derer et al., 1978, 1986; Smith and Waldvogel, 1989; Willemse, 1995; Nisi et al., 2016, 2018; Trefalt,
2017; Trefalt et al., 2018). The northern Prealps in central Switzerland have long been known to be
a hotspot for hail occurrence in Switzerland, which is why the “Grossversuch 1V”, a project to test the
efficacy of Soviet hail suppression methods, between 1977 and 1981 (Federer et al., 1986) was carried
out in this region. Based on radar-derived hail information, two further hail hotspots were identified:
the first along the southern Prealps and the second in the Jura mountains (Nisi et al., 2016).

While there has been widespread interest in hail in the scientific community, public sector and private
industry in Switzerland, in recent years it had become clear to many stakeholders that a common as-
sessment basis for hail risk in Switzerland was missing. This was the starting point for a new project,
carried out between 2018 and 2021, aimed at building a new reference climatology of hail for Switzer-
land. This endeavour broadly encompassed two thematic blocks. The first block aimed at quality con-
trolling and improving the existing hail data in order to make them usable for climatological applications.
The second block focused on deriving sound, long-term hail climatology products from the reprocessed
products and developing a probabilistic resampling approach to derive return values of hail stone sizes
for different return periods. This document focuses on the first block. For documentation of the second
block, as well as an interpretation help in easy language on the technical backgrounds of the radar hail
data, the reader is referred to the Technical Report by Schréer et al. (2022).

The main questions tackled in this document are:

« What is the uncertainty of the single-polarisation algorithms Probability of Hail (POH) and Max-
imum Expected Severe Hail Size (MESHS) currently implemented for hail detection at Meteo-
Swiss?

» How does the uncertainty depend on the single components upon which the POH and MESHS
algorithms are based, i.e. EchoTop heights (ET) and COSMO model freezing level height (Hg)?

» How does the uncertainty change within the Swiss radar domain area?
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» How does this uncertainty change from 2002 to today?
» How can uncertainties due to missing data and other error sources be minimised?

This report is structured as follows. Chapter 2 provides a background on hail maps for Switzerland
existing before the “Hail Climate Switzerland “ project and an introduction to hail observation. Chapter
3 is dedicated to the data used, with in-depth description of the Swiss radar network. Chapter 4
describes the theoretical factors contributing to the quality of the hail algorithms. Chapter 5 presents
the results regarding availability, uncertainty and error quantification of the hail algorithms. Chapter 6
presents hail algorithm improvements done within the “Hail Climate Switzerland” project. Chapter 7 is
dedicated to the discussion and conclusions.

Technical Report MeteoSwiss No. 284



Hail Climate Switzerland
Operational radar hail detection algorithms at MeteoSwiss: quality assessment and improvement 3

2 Background

2.1 Hail maps for Switzerland

Even as far back as the beginning of the 20*" century, MeteoSwiss published a map showing the
hail frequency in Switzerland (see Fig. 2.1). This interest in hail remained unchanged throughout the
last century and in recent decades several hail risk maps were compiled for Switzerland, to serve as
a basis in damage prevention and risk management for insurances, planning and norm definitions.
These maps range from hail frequency maps, indifferent of hail stone size, to maps showing return
values of hail stone sizes for different return periods, e.g., 50 years. The maps were derived from
various sources of data, including earlier versions of radar hail data, but also insurance data derived
from damage claims, making it hard to compare and verify the different products. The following list
offers a short desciption of the previously existing hail hazard information for Switzerland:

+ SIA hail map (2002)
The hail map by SIA (Swiss Society of Engineers and Architects, see Fig. 2.2), which was in-
cluded in the SIA 261/1, shows the hail risk in Switzerland and has been available since 2003.
The unmarked regions are low to moderate hail risk, while the two highlighted regions are high
risk: The first region covers the central Swiss plateau and the second covers central and southern
Ticino. This map is based on five different climate zones within Switzerland.

* ‘Hagelregister’ hail maps (2006)

The Hagelregister hail maps (Fig. 2.3, www.hagelregister.ch) show hail diameters that can be
expected to hit a house with return periods of (a) 50, (b) 100, and (c) 300 years (VKF, 2007)
and have been available since 2007. These maps are based on hail damage data from 1941
to 2004 and eleven climate regions in Switzerland: western and eastern Jura, western, central
and eastern Plateau, western, central and eastern Alps and south of the Alps (Schiesser, 2006).
Radar data, which was also used in the development of these maps, was available from 1992-
2004 for the area north of the Alps and for 1996-2004 for the area south of the Alps. Some of the
most damaging years in terms of VKF damage statistics, however, occurred after 2004.

« Swiss Hail Insurance hail map (2011)
The Swiss Hail Insurance hail map (Fig. 2.4), available since 2006, shows hail danger in Switzer-
land. This map is based on the evaluation of insurance damage data collected by the Swiss
Hail Insurance over approximately 50 years as well as radar data (Schiesser, 2006), focusing on
specific radar reflectivity thresholds.

» Mobiliar Lab & MeteoSwiss hail map (2016)
The Mobiliar Lab & MeteoSwiss hail map (Fig. 2.5), developed in scientific collaboration with
MeteoSwiss and the University of Bern was the first hail climatology to be derived based on the
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radar hail algorithm Probability of Hail (POH) (see section 3.1.3) and has been published by
Nisi et al. (2016). It used data from 2002-2014. The Swiss radar network was expanded after
completion of this map (see section 3.1) and the radar composite products improved since then.
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Figure 2.1: Hail frequency in Switzerland for 1883-1900, showing several regions with high hail frequency, in
central Switzerland, the region of Basel in northwest Switzerland, in northeast Switzerland just southeast of Lake
Constance and around Lake Zurich. Source: MeteoSwiss Annals, 1909.

Figure 2.2: Hail map from the SIA (Swiss engineers’ and architects’ association) showing two regions of in-
creased hail probability, one in central Switzerland and a polygon covering central and southern Ticino.
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Figure 2.3: Return periods for hail of 1, 2, 3, 4 cm diameter in (a) 50, (b) 100 and (c) 300 years. Source: VKF,

www.hagelregister.ch.
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Figure 2.4: Hail danger from low to high based on damage data and radar data. Source: Swiss Hail Insurance.

gering Hagelh&ufigkeit hoch

Figure 2.5: Hail frequency based on radar hail algorithms, as published by the Mobiliar Lab for Natural Risks,
University of Bern after Nisi et al. (2016). The scale shows hail frequency ("Hagelhaufigkeit") from low ("gering")
to high ("hoch").

These maps are difficult to compare and contrast because they are based on different types of
data. However, a first comparison between the maps highlights some contradictory information.
One example is the high hail probability southwest of Lake Thun shown in Fig. 2.4 but not in any
other maps. All of these maps are subject to some deficiencies. A common problem is the sparse
and short observational data basis of hail that only allows a rough regionalisation and a lack of
spatial detail. Furthermore, damage data, upon which the maps heavily base, is inevitably influ-
enced by population density distribution and reporting biases in space and time. Consequently, it
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is difficult to disentangle whether regions and/or times of reduced hail activity are due to meteor-
ological reasons, or due to none or few exposed and vulnerable assets, such as buildings, cars,
or areas under cultivation and uncertainties of these maps are largely unknown.

Because of partly contradictory information, the little detail in some maps and the availability of
newer data, an update was needed. The public-private partnership project “Hail Climate Switzer-
land”!, with various actors from the private and public sectors under the leadership of the Federal
Office of Meteorology and Climatology MeteoSwiss was launched in 2018. The goal was to cre-
ate a new reference hail climatology for Switzerland, to be used across sectors by all stakeholders
for several different applications related to hail. Within the scope of the “Hail Climate Switzerland”
project, a range of new hail climatology products on the frequency and intensity of hail were de-
veloped. Radar hail products had been computed operationally in real-time for the Swiss radar
network since 2002, but had primarily been used for nowcasting and warning purposes. In order
to make these data usable for climatological purposes it had to go an extensive quality control
and updating process: the data had to be thoroughly checked for errors, in case of large gaps
they had to be filled, or at least documented, the data had to be made as homogeneous as
possible throughout the data time period, and other specific alterations had to be made. These
steps are documented in the present document. Based on an improved radar hail dataset, the
new Swiss hail climatology was developed and made available to the public and different affected
sectors, as described in Schrder et al. (2022).

2.2 Hail observation

Hail can be observed with a number of different instruments. There are direct and indirect ways to
measure or estimate hail. However, hail observation is challenging due to the very short-lived and local
nature of hail, typically in the range of a few minutes to few tens of minutes and few kilometers to few
tens of kilometers. Wieringa and Holleman (2006) estimate that to appropriately observe hail streaks,
a hail measurement network would have to be ten times denser than for most other meteorological
parameters, such as e.g. precipitation.

2.2.1 Direct hail observation

The following are the most common instruments to get direct hail information:

+ Hail pads
Hail pads (Fig. 2.6) are styrofoam pads typically covered in aluminum foil that present deformation
of the surface after hail impact. These marks allow conclusions about the probable size of hail
that hit the hail pad. Hail pads observations cover single points and dense networks are possible
only for small areas. The pads are checked and evaluated no more than once a day. The costs
are low, but the effort is high. Currently, there is no hail pad network in Switzerland.

+ Digital hail sensors
Automatic digital hail sensors (Fig. 2.7) consist of a macrolon disk that generates vibrations upon
hail impact, which are picked up by a highly sensitive microphone. It is thus possible to estimate

"For more information see: https://www.meteoswiss.admin.ch/home/climate/swiss-climate-in-detail/
hail-climatology.subpage.html/en/data/projects/2018/national-hail-climatology-switzerland.html
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the kinetic energy and the size of the hail stones. After installation and calibration, the effort is
low; however, the cost is high. A hail sensor network with 80 sensors was set up in the hail hot
spots of Switzerland in summer 2020. For further information see section 3.5.1.

+ Damage data
Damage data related to hail exists from agricultural, building or car insurance companies. The
resolution of the damage data is low: usually only the day and the postal code are available
for a hail damage, since spatial aggregation is needed for anonymity reasons. Furthermore,
it is spatially inhomogeneous since it is strongly linked to population density and it presents
large uncertainty. Conclusions about hail stone sizes are generally not possible. In addition, the
availability of this data is low, as it is rarely shared by insurance companies.

» Crowd-sourced hail information
Hail reports from the population, as via storm chasers and spotters or through a specifically
developed app. Via the MeteoSwiss app?, e.g., the general population can, since 2015, provide
size information on hail with precise location and time information. The distribution of these
data depends on population density; in Switzerland, spatial coverage is high in populated areas.
These data are relatively inexpensive, but require extensive plausibility checks, e.g., to identify
and filter false reports, before they can be used. For further information see section 3.5.2.

Instruments that directly measure hail as it falls onto the ground typically only perform point measure-
ments and therefore result in small areas of observation. The small-scale occurrence of hail means
that there is great spatial variability and these direct measurements cannot be taken as reference or
simply extrapolated to larger surrounding areas. In Switzerland, hail pads are currently not being used
and hence cannot be used for a new hail climatology. An automatic hail sensor network has been in-
stalled in recent years (see section 3.5.1), but the hail storms observed are still few. Insurance data, is
not openly accessible and is too spatially inhomogeneous and low resolution to be used for a climato-
logy over the entire Swiss territory. Crowd-sourced hail information from the MeteoSwiss app, although
being a very rich dataset, could not be used as primary data basis for a new hail climatology due to its
limited temporal extent.

2For more information  see: https://www.meteoswiss.admin.ch/home/services-and-publications/
beratung-und-service/meteoswiss-app.html
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Figure 2.6: Example of a hail pad that has been hit by several hail stones of different diameters. Source:
CoCoRaHS (www.cocorahs.org).

Figure 2.7: Example of a digital hail sensor as installed by inNet AG in Swiss hail hotspots. Source: inNet.
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2.2.2 Indirect hail observation with weather radar

Hail observations on a continuous wider-spread area with high spatial resolution to appropriately rep-
resent spatial gradients can, however, be estimated by means of weather radar (see Fig. 2.8). Con-
trary to the observations briefly presented, radar does not directly observe hail occurrence at the
ground, as it measures a signal aloft in the atmosphere. These weather radar signals can, how-
ever, be related to hail, or other types of precipitation, through empirically-derived algorithms. Typically
“echoes” or “reflectivity” of a certain threshold intensity are linked to hail occurrence. In more advanced
algorithms, radar signals are linked with temperature information of the surrounding atmosphere, re-
trieved from soundings or from a numerical weather model, and their relation gives an estimation of
hail occurrence on the ground. In Switzerland, weather radar observations have been of high enough
quality to allow for estimations of hail occurrence since 2002.

In the following sections, the Swiss radar network and hail algorithms that have been used operationally
at MeteoSwiss, are presented.

Figure 2.8: Monte Lema weather radar at 1’626 m a.s.l., after installation of the 4 generation in 2011. Photo-
graph courtesy of Simon Miller.

Technical Report MeteoSwiss No. 284



Hail Climate Switzerland
Operational radar hail detection algorithms at MeteoSwiss: quality assessment and improvement 11

3 Data used for “Hail Climate Switzerland”

Within the “Hail Climate Switzerland” project, radar data from 2002 onwards is considered, as this
covers the time period with archived radar data that can be confidently evaluated in a quantitative
manner. The specifics of the Swiss radar network and the radar hail algorithms used at MeteoSwiss
since 2002 are described in section 3.1. Since, as will be described, the hail algorithms also partially
rely upon environmental information retrieved from the COSMO numerical weather prediction (NWP)
model, a short introduction to the COSMO model and the model data is given in section 3.2.

3.1 Swiss radar network and radar hail algorithms at MeteoSwiss

Data from the Swiss radar network from 2002 onwards were used. As of 2002 there were three single-
polarisation Doppler C-band radars (5.4 GHz or 5.4 cm wavelength) in Switzerland, at Albis (A), La
Déle (D), and Monte Lema (L) (see Tab. 3.1 and Fig. 3.1), making up the 3"¢ generation Swiss radar
network. These three radars were replaced with state-of-the-art dual-polarisation Doppler C-band
radars that became operational in May 2012, October 2011 and May 2011 respectively. In June 2014
and in January 2016 two additional dual-polarisation Doppler C-band radars were added to the Swiss
radar network at high altitude sites, one in Valais at Pointe de la Plaine Morte (P), and one in the Grisons
at Weissfluhgipfel (W) (see Tab. 3.1 and Fig. 3.1). All radars within the Swiss radar network have the
same technical specifications (see Germann et al., 2015, 2016, 2022; Willemse and Furger, 2016).
These two additional radars were added mainly to improve radar visibility in mountainous regions and
to increase redundancy. The horizontal sampling of the radars is done at a beamwidth of 1 degree, with
a 83 m horizontal radial resolution, and all radar moments as well as operational clutter cancellation
are computed in real-time with this high-resolution polar data. However, due to the big size of this
original data, only a reduced version at 500 m resolution with polar coordinates is archived. With
radar operating system changes, the polar data formats used have undergone changes throughout the
years: Polar data were saved in “ZYx” data format for the 3" generation, in “PLx” data format until
27 October 2017 and in “MLx” data format thereafter, with “x” standing for the radar. Therefore the
data from 2002 onwards was converted to the latest format, i.e. all data since 2002 is now available in
“MLx” format. The content of the data does not change from one format to the other, but the file format
becomes each time more flexible and allows for additional moments to be stored alongside with the
original observation. Composite products, meaning products created combining the data from various
radars, are saved on Cartesian grids with 1 km x 1 km resolution. Within the “Hail Climate Switzerland”
project, MLx polar data was used to reprocess the radar data presented in Sects. 3.1.3 and 3.1.4 .
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1st 4th

e 2l ] il iy i installation | gen. operational
Albis (A) 938 237'604 681'201 1959 7 May 2012

La Déle (D) 1’682 142’408 497°057 1959 7 October 2011
Monte Lema (L) 1’626 99’762 707°957 1993 6 May 2011

Pointe de la

Plaine Morte (P) 2’937 135476 603’687 2014 19 May 2014

Weissfluhgipfel

(W) 2’850 189790 779700 2016 18 January 2016

Table 3.1: The five radar sites of the current, 4th generation Swiss radar network, their elevation (el. [m a.s.l.])
and location (Swiss coordinates [m], see Fig. 3.1), the year of the first installation along with month/year the 4"
generation was put into operation.

Albis

) 4
Weissfluhgipfel
s Pointe de la
LE‘%"E Plaine Morte
-y =
4 .
} Monte Lema

v

Figure 3.1: Map with location of the five current, 4th generation radars within the Swiss radar network, Albis (A),
La Déle (D), Monte Lema (L) Pointe de la Plaine Morte (P) and Weissfluhgipfel (W).

3.1.1 Scan strategy of 3" and 4'" Swiss radar network generation

The scan strategies of the 3"¢ and 4" generation are shown in Fig. 3.2. For the respective radar
generation, all three or five radars have identical scan strategies. A detailed description for the 3"¢
generation can be found in Joss et al. (1998) and the 4" generation is described in Germann et al.
(2022). The strategy of both generations comprise 20 elevation scans, which complete a full volume
scan in 5 minutes. The elevation scans are subdivided into two 2.5-minute long half-volume-scans,
shown for the 4" generation in blue (first half scan) and yellow (second half scan) in Fig. 3.2. For each
elevation, a full 360° azimuth scan is performed with a resolution of 1°. As can be seen in the figure,
some changes were made between the 3"¢ and 4" generation scan strategies, but the general idea
stayed unaltered. In the 4" generation, the fourth and fifth elevation scans in the temporal sequence, at
1° and -0.2° respectively, measure up to a distance of 246 km, thanks to a relatively low pulse repetition
frequency (PRF) of 600. These are long-range scans. Most other elevation scans do not measure up
to this distance. The highest vertical information density in the scan volume is found between 0 and
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162 km range and up to 18 km height. Between 162 km and 246 km distance, the vertical density is
low.

The main difference between the 3"% and 4" generation scan strategies is the more elevated height
reached in the newer generation. The old scan-volume covered the atmosphere up to about 12 km,
while now it reaches about 18 km.
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Figure 3.2: Scan strategies of the 3"¢ (solid and dotted green lines) and 4" (blue and yellow areas) generation
radars of the Swiss radar network. In blue (yellow) are the beams of the first (second) half scan of the 4" gener-
ation. At the end of every beam are indicated the number in the beam sequence (#), the elevation angle (El), the
revolutions per minute (RPM) and the pulse repetition frequency (PRF). For the beam elevations and ranges of
the 3" generation radars, the green dotted line show the 3 dB beam around the centre of the beam (solid green
line).

Figures 3.4, 3.5 and 3.6 show the number of measurement levels above a minimum altitude of 1000 m
for the 3"¢ and 4! radar generation and different radar composites, respectively. They are represent-
ative of the different radar composite quality codes and indicate the areas of higher uncertainty across
all radar products. The differences and improvements are described in the following.

37< radar generation With the three 3"? generation radars Albis, La Déle and Monte Lema active,
there was already some overlap between the radars, and within Switzerland only locations in Grisons
in eastern Switzerland, the southwest part of Valais and a narrow cone along the Jura at the border
between France and Switzerland, were covered with a relatively low number of vertical measurement
density. Some of the Swiss territory would however remain uncovered, when one or more radars were
not operating, as can be seen in the bottom panel of Fig. 3.4, showing the composite with only La Déle
and Monte Lema. The missing information from Albis means that all of the Swiss territory has a lower
vertical measurement density and especially in the northeast of the country some small areas do not
get any information.
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4'" radar generation and addition of new radars Comparing the top panels of Figs. 3.4 and 3.5,
it is apparent that the change from the 3" to the 4" generation radar improved the vertical density
of measurements across Switzerland, which is due especially to the scans no longer being “capped”
at 12, but rather 18 km, as shown in Fig. 3.2. At distances above 162 km from the radar sites, the
measurement density slightly lowered.

The addition of the fourth and fifth radars to the Swiss radar network naturally increased the vertical
measurement density over the whole territory, which can be seen comparing the top panels of Figs. 3.5
and 3.6. They also increased the visibility in two lower-visibility areas in the 3"¢ generation: in Grisons
and southwest Valais. Furthermore the back-up coverage in case of missing data from one or more
radars is much improved, as can be seen in the example in the bottom panel of Fig. 3.6, showing the
case in which data from Albis is missing. With Albis missing, the density of vertical measurements
still remains high throughout all of Switzerland. A full 5-radar composite is shown in the top panel of
Fig. 3.6.

Clutter cancellation Radars measure return signals of the emitted wave. When measuring close
to the ground, i.e. at low elevations it frequently happens that these return signals come from static
physical obstacles like houses or towers. In areas of complex topography, as in large areas of Switzer-
land, such non-meteorological returns can also be due to the terrain. When the emitted wave reaches
a mountain, i.e. a barrier, it is returned and the mountain acts as a physical barrier to the wave. On
the one hand, this means that there is no visibility beyond this point along the radial and on the other,
the target that has been reached will show up e.g. on a precipitation map as so-called “clutter” if it is
not appropriately identified and removed. Fig. 3.3 shows the effect that the sophisticated clutter can-
cellation algorithm implemented operationally at MeteoSwiss (Joss and Lee, 1995; Della Bruna et al.,
1995; Germann et al., 2006, 2022), which processes all radar volumes at every timestep, has on the
radar images for Switzerland: A map with abundant non-meteorological signals is converted into a map
showing only precipitation. The same clutter cancellation algorithm is also applied to the MeteoSwiss
radar hail products, ensuring an almost entirely clutter-free hail signal.

Clutter cancellation OFF Clutter cancellation ON

- o

. . =t I " ¥ - )
0.08 0.16 025 040 063 10 16 25 40 63 10 16 25 40 63 100 160 250 mmh

no Data N I ' I | I I I
8 13 19 25 31 37 43 49 55 61 dBZ

Figure 3.3: Example of two precipitation fields [mm/h] derived from radar with clutter cancellation off (left) and on
(right). Source: M. Boscacci, MeteoSwiss.
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Figure 3.4: The top panel shows the number of levels above a minimum altitude of 1000 m with measurements
in a composite with data of all three radars of the 3" radar generation (quality code 7, see Tab. 3.2) and the bot-
tom panel shows the number of levels with measurements in a composite with data of only La Déle and Monte
Lema radars of the 3"¢ radar generation (quality code 6). Measurements from different radars that fall within the
same cuboid (see section 3.1.7), are counted only once since they are averaged when a composite product is
computed.
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Figure 3.5: The top panel shows the number of levels above a minimum altitude of 1000 m with measurements
in a composite with data of only Albis, La Déle and Monte Lema radars of the 47¢ radar generation (quality code
7, see Tab. 3.2) and the bottom panel shows the number of levels with measurements in a composite with data of
only La Ddle and Monte Lema radars of the 4™ radar generation (quality code 6). Measurements from different
radars that fall within the same cuboid (see section 3.1.7), are counted only once since they are averaged when
a composite product is computed.

Technical Report MeteoSwiss No. 284



Hail Climate Switzerland

Operational radar hail detection algorithms at MeteoSwiss: quality assessment and improvement

3 Data used for “Hail Climate Switzerland”

Quality: V
Min altitude: 1000
Visibility: 50%

Southing [km]

—100{ Max: 52

>1 measure in volume counts as 1.

400 600

Easting [km]

800

Quality: U
Min altitude: 1000m
Visibility: 50%

Southing [km]

—100{ Max: 42

>1 measure in volume counts as 1.

400 600
Easting [km]

Figure 3.6: The top panel shows the number of levels above a minimum altitude of 1000 m with measurements
in a composite with data of all five radars of the 4t" radar generation (quality code V, see Tab. 3.2) and the bot-
tom panel shows the number of levels with measurements in a composite with data of only La Déle, Monte
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Lema, Plaine Morte and Weissfluhgipfel radars of the 4"¢ radar generation (quality code U). Measurements from

different radars that fall within the same cuboid (see section 3.1.7), are counted only once since they are aver-

aged when a composite product is computed.
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3.1.2 Radar composite quality

To give information about the number of radars contributing to a composite product timestep, a quality
flag is added to the file names of all radar composite products. In theory, this flag can change at every
new volume scan, i.e. every 5 minutes. The 32 available flags for the 3"¢ and 4 generation for all
possible combinations of the five radars are shown in Tab. 3.2. For radar composites with one to three
radars, the quality flags for the 3"¢ and 4‘" generation are the same and the distinction between the
two generations is made by the date of the data file and not the composite quality flag. From 2002
to mid-2014, the maximum quality composite consisted of three radars, with the maximum flag “7”. In
June 2014, when the fourth radar was added, “F” became the new maximum quality flag, and with the
addition of the fifth radar in January 2016 “V” became the new maximum quality flag.

Duplicate files: Data delivery from radar to server While the 3"¢ generation radars were oper-
ational, a connectivity problem between the radar site and the radar server at MeteoSwiss implied a
time-out and lead to no products being produced during that time. For the 4t generation radars, there
is no time-out for the data delivery, meaning that if there is a connectivity problem at the radar, the
recorded data is stored locally and will be transmitted to MeteoSwiss radar server as soon as the con-
nection is back on. The composite products are produced in real time with all the available data. For
example if La Déle and Monte Lema arrived on time, but not Albis, which arrived later: A first composite
with the two radars is compiled for operational purposes (with quality code “6”). An updated version
with all the available radars can be produced a posteriori (with quality code “7”). More than one file of
the same product at the same time step but with different quality flag may thus be available in the radar
archive (personal communication, Boscacci, 2018). For this project, only the versions with the highest
composite quality flag were used.
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Table 3.2: Quality flags for the radar composite products. The available radars (Albis (A), Déle (D), Lema (L),
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Pointe de la Plaine Morte (P) and Weissfluhgipfel (W)) are denoted with “x”. The radars that are available, but not

contributing to the composite are denoted with “-”. The flags that correspond to maximum quality for three, four
and five radar composites respectively, which were the maximum possible quality until May 2014, between May
2014 and January 2016 and thereafter, respectively, are highlighted in blue.
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3.1.3 Hail identification with single-pol radar: Probability of hail (POH)

In several hail suppression campaigns (Mather et al., 1976; Foote and Knight, 1979; Waldvogel et al.,
1979), it was found that combining the height of the top of the 45 dBZ echo (ET45), i.e. the uppermost
height at which a 45 dBZ echo is measured in a vertical column, and the environmental freezing level
height (Hy) gives an indication for hail occurrence at the ground, as observed by hail pad networks. The
ET45 was measured by single polarisation, or “single-pol”, S-band radar, while the Hy was estimated
by proximity radio-sounding. The data collected during one of these campaigns, namely the “Gross-
versuch IV” (Waldvogel et al., 1979), was later related to probability classes for hail occurrence at the
ground (see top panel of Fig. 3.7 and Witt et al. (1998)). Witt et al. (1998) used the data of Waldvogel
et al. (1979) for a probability fit, but rounded the values of the now called “Probability of Hail” (POH)
to the nearest 0.1, to avoid conveying an exaggerated degree of precision of the algorithm. A verifica-
tion study with observations from the (S-band) Weather Surveillance Radar 1988 Doppler (WSR-88D)
close to Denver, USA, obtained very good results, setting POH = 0.5 as the verification threshold of
POH with a probability of detection of 92% and a false alarm ratio of just 4%. Later on, Foote et al.
(2005) tested the polynomial fit on C-band radars operated by Weather Modification Inc in Mendoza,
Argentina and Alberta, Canada and again related the height difference to a probability of hail at the
ground through a third-order polynomial function (see Eq. 3.1 and Fig. 3.7). In this polynomial function,
a height difference ET45 - Hy <1.59 km corresponds to POH 0%, while 4.15 km corresponds to POH
80% and >5.79 km corresponds to POH 100%. Kessinger and Brandes (1995) also validated POH.
The algorithm by Foote et al. (2005) was implemented at MeteoSwiss without changes and has been
operational since 2008. It is computed using the ET45 composite product from the Swiss radar network
and Hy from COSMO Numerical Weather Prediction model (see section 3.2).

y = —1.20231 4 1.00184(ET45 — Hy) — 0.17018( ET45 — Hy)? + 0.01086(ET45 — Ho)®  (3.1)
with ET45 — Hy in km.

Variation of POH depending on ET45 or H, The sensitivity of POH on ET45 and H is important for
the output of the algorithm. Therefore, it is discussed hereafter for some typical values (see Fig. 3.7).

» Anincrease from POH = 80% to POH = 100% is related to an increase in the ET45-H, difference
by 1.64 km. Such a deviation can occur because of several factors: By keeping Hy constant (at
e.g. 4 km) and increasing the ET45 by 1.64 km, by keeping the ET45 constant and lowering Hy
by 1.64 km, or by a combination of changes in both of these heights.

» Keeping Hy fixed and increasing ET45 by 100 m results in a change in POH between 1-5%.
Keeping Hy fixed and increasing ET45 by 500 m results in a change in POH between 6-24%. As
can be gathered examining the slope of the POH function in Fig. 3.7, an increase of the ET45-H
difference has a larger effect at smaller ET-H, differences and a smaller effect at greater ET-H,
differences. These large differences are thus necessary for high POH values.

» An uncertainty measure of POH may be estimated combining uncertainty contributions from the
slope of the POH function of Fig. 3.7, the Hy uncertainty and ET45 uncertainty. However, as
will be described further on in the document, the latter two, and especially the last one, are not
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Figure 3.7: Probability of hail POH [%] at the ground depending on the height difference between ET45 [km] and
Ho [km]. The top panel shows a step-wise function, while the bottom panel shows the third order polynomial fit by
Foote et al. (2005). Highlighted are the differences corresponding to POH=0%, 80%, 90%, and 100%. Adapted
from Foote et al. (2005).

3.14 Hail identification with single-pol radar: Maximum expected severe hail size
(MESHS)

The algorithm for the maximum expected severe hail size MESHS has been operational at MeteoSwiss
since 2009. It follows the so-called “Treloar nomogram” from Joe et al. (2004), based on Treloar (1998)
(see Fig. 3.8). Similarly to POH, the MESHS algorithm is based on the height of the top of the 50
dBZ echo (ET50) and Hy. The nomogram shows functions for 2, 4 and 6 cm hail size as a function of
ET50 and Hy. The relations are based on the observation of 27 storms on 19 different days between
September and March 1994-1997 within 200 km of Sydney single-pol S-band radar. Hail sizes were
reported by the NSW Severe Thunderstorm Spotter Network. One size was reported for each event.
The maximum ET50 in a 20-minute window was considered. When computing MESHS, the measured
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ET50 is compared to Egs. 3.2-3.4. Depending on the outcome of this comparison, the hail size is then
computed according to either Eq. 3.5 or Eq. 3.6.

ET5050m = 1.5H + 1700 (3.2)
ET5040, = 1.7824H, + 2544.1 (3.3)
ET506em = 1.9333H, + 4040 (3.4)

with ET50200, ET504cm, ET5060m and Hy in m.

2% (ET50 — ET504¢1m)
ET50()Cm - ET504cm

2% (ET50 — ET5050m,)
ET504cm — ET5020,

if(ET50 > E5040m) — MESHS =4 + (3.5)

if(ET50 > E509¢,) - MESHS =2+ (3.6)

Considering the set-up and standards used in the algorithm definition of Treloar (1998), it is clear that
this algorithm is meant to give information about the largest hail in a hail event and not an average halil
size. This is important to keep in mind when interpreting MESHS data. Details and interpretation help
on the Maximum Expected Severe Hail Size MESHS with respect to hail stone sizes occurring in a hail
storm can be found in Schréer et al. (2022).

12000
11000
10000

9000

8000

ET50 [m]

7000

6000
5000

4000
2000 2500 3000 3500 4000 4500 5000

H, [m]

Figure 3.8: Functions upon which the Maximum expected severe hail size MESHS algorithm is based. MESHS
depends on the relation between Hy [m] on the x-axis and ET50 [m] on the y-axis. Shown are the functions fitted
for MESHS values 2, 4 and 6 cm. Adapted from Joe et al. (2004).

3.1.5 Hail identification with dual-pol radar: Hydrometeor classification

With dual-polarisation radar, in short “dual-pol”, the type of radar of the 4‘* Swiss radar generation,
there are further possibilities to define algorithms to estimate hail occurrence from the so-called dual-
pol “moments”. For example, Besic et al. (2016) developed a semi-supervised hydrometeor classifica-
tion method which has been operational for the Swiss radar network since 2017. This method classifies
the radar volumes into one of nine distinct classes, comprising two hail-relevant classes: “ice crystals”,
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“aggregates”, “light rain”, “rain”, “rimed particles”, “vertical ice”, “wet snow”, “melting hail” and “high
density graupel and ice hail”. The classes are identified separately for each of the volumes scanned
by the different radars and no composite product for the entire radar domain is available. An example
cross section from Albis radar is shown in Fig. 3.9.

'Polarimetric hydrometeor classification Meting Hail
\ lee hail

HD graupel

Wet snow

Graupel

Rain

Height [km]

Light rain
Diry snow

Crystals
Clutter
No data

Distance [km]

Figure 3.9: Example cross section showing hydrometeor classes. A hail storm is identifiable in orange and red,
while the melting layer is seen in yellow. Source: Besic et al. (2016).

While this product is computed operationally at MeteoSwiss, it could not yet be used for the “Halil
Climate Switzerland” project for two reason: Firstly, the data series is too short for climatological eval-
uations and a reprocessing of the hydrmeteor classification with all dual-pol data since 2011-12 is not
possible due to the high-resolution data not being archived. Secondly, the hydrometeor classification
gives information about the presence of hail aloft, but not whether this hail reaches the ground or melts
beforehand during its descent. Further ground reference data and observation campaigns are needed
to use these novel datasets for downstream products.

3.1.6 Thunderstorms radar tracking (TRT)

TRT is the operational, multi-sensor, object-based thunderstorm tracking and nowcasting system of
MeteoSwiss (Hering et al., 2004, 2008). TRT includes a classical cell tracking and position extrapola-
tion module, based on the measurements of the radar network. Every 5 minutes this module computes
the outlines of each identified storm cell, as well as the corresponding individual motion vectors with
high spatial resolution (1 km?), and is able to detect even small thunderstorms of only few km?.

In this work, TRT is used in the last step after clutter removal to remove the few still remaining clutter
pixels (see section 6.2.2).
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3.1.7 Specifics of ET computation at MeteoSwiss

Real-time computation The ET of 45 dBZ and 50 dBZ needed for the POH and MESHS computation
are produced on a 1 km x 1 km Cartesian grid covering the entire domain of the Swiss radar network
every 5 min, immediately following the completion of a full volume scan.

The ET products are derived in several steps processing single columns above all [x,y] pixel locations
in the 710 x 640 km radar domain with 1 km resolution (ELDES, 2010, 2017):

1. for a given position [x,y] of the Cartesian grid a column with 93 cuboids of 1 km horizontal and
200 m vertical resolution are initialised,

2. the data gates (centre of beam) from each available radar polar volume are collected, grouped
and averaged in case more than one are within the same cuboid,

3. all available single radar columns are combined into one column according to the weights of
radars (currently set to 1 for each [x,y] location if it is within a 246 km radius from the radar) and
theoretical visibility criteria > 50% is met,

4. all required ET thresholds are obtained one after another searching top-down through the column
for an echo higher or equal the given threshold,

5. an interpolation of vertical values (vertically adjacent cuboids) is performed in case the exact
threshold is not found, but surpassed at the top of the column,

6. optionally, a speckle filter can also be applied to reduce residual granular noise

Due to the cuboid geometry, the vertical uncertainty of the product is = 100 m. However, nowhere
within the Swiss radar domain are the 93 cuboids per column completely filled, increasing the vertical
uncertainty of the ET products. The operational computation does not take into account the change of
the maximum altitude visible to the radars depending on the location within the domain. This means that
there may be sharp changes in vertical information density between two adjacent [x,y] locations. This
can result in the artifacts presented in section 5.2.1. No interpolation between horizontally adjacent
reflectivity values is currently implemented. Approaches as the High Resolution Enhanced Echo Top
Algorithms presented in NOAA (2006) are under consideration.

Reprocessing for this project Within this project, all ET for the convective seasons (1 April - 30
September) between 2002 and 2020 were recomputed, to make the ET from the 37¢ and 4" generation
comparable and for the POH and MESHS scripts to work properly on both older and newer ET data.
As explained in section 3.1.1, the radar volume scans in the 3" and 4t generation differ mostly in that
the top of the volume was at 12 km in the 37¢ generation and is now at 18 km. While this difference
obviously now provides more information at higher altitudes in the atmosphere, ET45 and ET50 do
typically not exceed 12 km (see Trefalt (2017) and see Fig. 3.8), and are therefore not impacted by this
sampling change.

3.2 COSMO model data

In addition to the radar data, the POH and MESHS algorithms use Hy data from the Consortium for
Small-scale Modelling COSMO NWP model (Schéttler et al., 2008; Stephan et al., 2008). COSMO is a
nonhydrostatic limited-area atmospheric prediction model. From 2002 to today, four different COSMO
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regional resolution models have been operational subsequently. In 2002, the operational regional
model was COSMO-7, in February 2008 it changed to COSMO-2, in March 2016 to COSMO-1 and
in August 2020 to COSMO-1E. Many characteristics changed from one model to the next, but most
importantly the horizontal resolution increased from 6.6 km in COSMO-7 to 2.2. in COSMO-2 and
to 1.1 km in COSMO-1 and the currently operational COSMO-1E, which resulted e.g. in a better
representation of the model topography and the explicit inclusion of processes that were parameterised
in the earlier model versions. Along with the horizontal resolution, the vertical resolution of the model
also increased from 60 levels in COSMO-7 and COSMO-2 to 80 levels in COSMO-1 and COSMO-
1E. All versions of the operational COSMO used the same rotated lon/lat projection and the terrain
following vertical coordinate system SLEVE (Smooth LEvel VErtical coordinates, see Schér (2002)).
While the COSMO data is computed and saved in rotated lon/lat projection on the domains specified
in Tab. 3.3, the H fields used for the computation of POH and MESHS were saved only for the radar
domain with 1 km x 1 km grid spacing. Further basic information about the four COSMO models are
listed in Tab. 3.3.

3.2.1 Forecast vs. analysis

As can be gathered from Tab. 3.3, depending on the COSMO version in use, there were a specific
number of forecast runs every day with specific forecast length. With the NWP models, so-called ana-
lyses are produced as to have initial conditions for every new run: For example, prior to the COSMO-2
03 UTC run start, analysis hours 01 UTC and 02 UTC are computed. In the analyses, radio-soundings,
aircraft observations, ground weather station measurements, wind profiler data, some radar data and
many more observations are assimilated, making these as close to reality as possible. For a posteriori,
non time-critical purposes, using analyses is preferred over forecasts.

3.2.2 Specifics of Hy computation from COSMO

Real-time computation The Hy is retrieved from the COSMO forecast data in GRIB format using
the MeteoSwiss programme Fieldextra (see Bettems (2018) for Fieldextra v12.5.7). Because of time
constraints in real-time operational POH and MESHS production, H forecasts are used to compute the
radar hail products in real-time. To compute the Hy, the atmospheric air temperature profile is evaluated
top-down from 8000 m a.g.l. to the lowest model layer. The Hy corresponds to the first occurrence of
the isotherm. If the temperature profile never reaches 0°C or the model atmosphere is too shallow, Hy
is set to NA. Since May 2018, a specific option (“out_mode_hOcl_extrapolate = .TRUE.”) is active
within the Hy computation, that allows an extrapolation of the temperature profile below the model
orography, to identify the freezing level, in case the temperature never reaches 0°C between 8000 m
a.g.l. and the lowest model level. To this purpose, a temperature lapse rate is estimated from the
lowest two model layers and an extrapolated temperature profile is calculated. In case of a negative
lapse rate or a freezing level is estimated to be below 0 m a.s.l., Hy is set to NA.

Reprocessing for this project For the “Hail Climate Switzerland” project, all Hy data fields were
recomputed from COSMO analysis data instead of forecast data as used in real-time production. The
recently implemented option that allows the extrapolation of the temperature profile below the model
orography, was activated for the entire reprocessing period since 2002.

With increasing spatial detail from COSMO-7 to COSMO-1E, local-scale phenomena such as the up-
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ward curving of the 0°C isotherm due to updrafts in convective clouds are much better visible in the
Hy fields. This posed an issue in the computation of POH and MESHS, since the Hy needed for these
algorithms is the Hy of the environment and not the convective cells themselves. Following Fig. 3.7,
it is clear that increasing Hy could translate to decreasing ET45-Hy and could therefore locally lead
to an underestimation of POH. This is only possible when a storm cell was exactly co-located in the
radar data, i.e. locally a 45 dBZ value was reached as to have a defined ET45 value, and in the model
analysis data. Section 6.1 shows how this problem is treated.
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3.3 Specifics of POH and MESHS computation at MeteoSwiss

Real-time computation The two single-pol hail algorithms POH and MESHS are computed at the
same spatial and temporal scale as the ET products (see section 3.1.7). They depend on the ET
product availability to be computed. In real-time they are computed with Hy data from the latest NWP
model forecast run. Since there is a new forecast run every three hours, the starting hour and forecast
hours +1 and +2 are used. If the latest run data is not delivered in time or not available at all, data
from the previous run is used, i.e. forecast hours +3, +4 and +5. Since 2019, in addition to the
forecast versions of POH and MESHS needed for real-time applications, such as weather surveillance
and nowcasting, further POH and MESHS versions using Hy retrieved from the analysis are produced
daily. These are closer to reality and thus also deliver the base data for the computations of the radar
hail climatology products developed in the Hail Climate Switzerland project.

Reprocessing for this project All 5-minute POH and MESHS data have been reprocessed for the
convective seasons (1 April - 30 September) starting in 2002 using the reprocessed ET and COSMO
data. The original algorithms are defined in Sects. 3.1.3 and 3.1.4.

34 Largest expected hail on an area (LEHA)

LEHA is an arithmetic rule to transform the maximum expected severe hail size (MESHS), which refers
to a 1km? pixel, to a smaller reference area as for instance the size of a building. The transformation
is based on typical hail size distributions and was developed to estimate the hail size on areas in the
order of 10? to 10* square meters in the context of hail protection guidelines. For more information on
LEHA, see Schréer et al. (2022).

3.5 Ground observations used within this project

3.5.1 Automatic hail sensors

Ground measurements of hail are provided by a network of digital hail sensors. These sensors were
first developed by Léffler-Mang et al. (2011). A pilot network of seven and later ten sensors was placed
in the hot spots of Switzerland during the summers of 2015 to 2017. Between summer 2018 and
summer 2020 a total of 80 sensors were placed in the three main known hot spots in central Switzer-
land, the Jura and Ticino. Similarly to ground weather stations, these sensors are point measurements
and are not dense enough in space to observe all hail storms and to produce data directly employ-
able for the hail climatology. The data from these sensors is used in case studies to verify the POH
and MESHS algorithms and to develop new future radar hail products incorporating dual-polarisation
measurements. The data is also used for LEHA development (see section 3.4).

Technical Report MeteoSwiss No. 284



Hail Climate Switzerland
Operational radar hail detection algorithms at MeteoSwiss: quality assessment and improvement 29
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3.5.2 Crowd-sourcing of hail information and insurance data

In May 2015, a function to report hail was added to the smart phone application of MeteoSwiss®.
The app is accessible to a large fraction of the Swiss population. Until September 2017, the function
allowed users to report “no hail” and hail observations in four different hail size classes (see Barras
et al. (2019)). In September 2017 one class was split into two that were renamed, and one further
class was added to report ice spheres smaller than halil, i.e. graupel (see Tab. 3.4). Until 2020 a total
of about 119'000 reports are available. The crowd-sourcing data is also used in case studies to verify
the POH and MESHS algorithms (see also Schréer et al. (2022) section 3.2.5).

May 2015 - September 2017 Since September 2017

class name diameter [cm] class name diameter [cm]
no hail - no hail -
< coffee bean * <0.5
coffee bean 0.5-0.8 coffee bean 0.5-0.8
1 CHF coin 2.3 1 CHF coin 2.3
5 CHF coin 3.1 5 CHF coin 3.1
>5 CHF coin >3.1 golf ball * 4.3
tennis ball * 6.5-6.8

Table 3.4: MeteoSwiss App hailstone size class names and the corresponding real diameters [cm]. Left: classes
used from May 2015 to September 2017, right: classes used from September 2017 onwards, * denotes the new
classes.

Different types of insurance data were used to plausibilise and verify an approach to apply a conversion
of MESHS to represent the largest expected hail size of that area (see section 3.4), based on single
case studies.

SMore information here: https://wuw.meteoswiss.admin.ch/home/services-and-publications/
beratung-und-service/meteoswiss-app.html
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4 Factors contributing to POH and MESHS data-
set quality

As described in section 3.1, the radar hail algorithms employed in this project, POH and MESHS, re-
quire data from both radars, namely the ET products, as well as the COSMO NWP model, namely the
freezing level height Hy. The POH and MESHS dataset quality in space and time is thus a combina-
tion of qualities of their basic components ET and Hy. The quality of the datasets can be estimated
answering a series of questions:

* When is data available?
l.e., how big is the divergence between the theoretical maximum number of data timesteps and
the number of available timesteps in the 2002-2020 datasets? During which time periods do
missing data occur (temporal homogeneity)?

* Where is the data available?
l.e., is the entire domain covered, how good is the spatial homogeneity?

» How good is the available data?
l.e., what are the errors and uncertainty of the products themselves? How good is the qualitative
homogeneity within the dataset?

A selection of factors that can theoretically influence the quality of the ET and H, datasets are presen-
ted separately in sections 4.1 and 4.2. The actual quality of the two datasets for 2002 to 2020 is then
evaluated in sections 5.1.1 and 5.1.2.

4.1 Radar data quality

When is data not available? Possible reasons for temporal, spatial and qualitative inhomogeneities
in the ET dataset are:

* In case that all radars are out of order, i.e. no data is sent to the radar server.
In real-time production, for the 3"¢ generation, the file was missing in this case, while since the
4t" generation, this results in an empty composite with quality flag = 0 (see section 3.1.2).

» The radar server that receives the data from the radars is not working or data transmission is not
working, i.e. the polar radar files are missing and ET as well as POH and MESHS cannot be
computed.

« ET computation does not work on the radar server, i.e. the polar file is available, but ET as well
as POH and MESHS cannot be computed.
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These data gaps may or may not actually impact the hail dataset quality, depending on the presence
or absence of precipitation.

Considering the data set 2002-2020 as a whole data gaps are rare. They happen less than once per
year on average and given the chance of these very rare technical issues coinciding with an also rare
severe hail episode, the impact on the hail climatology is expected to be low.

Where is the data not available?

» A radar is switched off for preventive maintenance. This results in a missing polar file and a
quality flag lower than maximum (see section 3.1.2) for the composite file. Generally, these lower
quality does not impact the hail dataset quality since preventive maintenance is planned and
performed during clear sky conditions over the area covered by the corresponding radar.

* A radar is not working due to a technical problem or unplanned maintenance, or there is a
transmission problem. This results in a missing polar file and a quality flag lower than maximum
(see section 3.1.2) for the composite file. These lower quality files may decrease the hail dataset
quality, depending on the presence or absence of precipitation in the domain covered by the
particular radar.

Interruptions caused by preventive maintenance correspond on average to 1% of the time of year.
Interruptions caused by a failure correspond on average to about 1%. It happens only rarely that more
than one radar is missing at the same time, on average 0.3%. The gap left by a missing radar is
covered by the other 4 radars which still allows producing sufficiently reliable POH and MESHS fields.

Why is there reduced data quality?

» Any non-meteorological signals in the data may decrease the hail dataset quality. These may
be caused to signal interference, residual ground clutter, chaff, i.e. a military countermeasure
that interferes with the weather radar, or other artifacts. These non-meteorological signals are
effectively eliminated by the operational clutter cancellation algorithm (see 3.1.1). However, in
particular situations it can happen that very few non-meteorological signals manage to bypass the
algorithm. This problem is related to the third Swiss radar generation and practically disappeared
with the introduction of dual-polarization capability with the fourth radar generation. These types
of disturbances are largely independent of the meteorological situation.

» There is an uncertainty in the ET computation depending on the range, i.e. distance from the
radar, and radar visibility at the specific location.

+ Because of the system change between the 3¢ and 4! radar generations, the dataset is not
completely homogeneous over the entire period considered.

For further radar specific measurement issues that may decrease data quality which are not taken
into account for this project, such as e.g. attenuation, the reader is referred to Joss et al. (1998) and
Germann et al. (2006, 2022).

4.2 Model data quality

When is data not available?

Technical Report MeteoSwiss No. 284



Hail Climate Switzerland
Operational radar hail detection algorithms at MeteoSwiss: quality assessment and improvement 33
4 Factors contributing to POH and MESHS dataset quality

+ NWP forecast may not be produced. As explained in section 3.3, in this case, the Hy extraction
and POH and MESHS computation still works in case that a previous run for the missing hour is
available.

« Archived analysis files are corrupted or missing. The Hy cannot be extracted. COSMO runs are
not reprocessed, therefore a Hy gap remains in the dataset.

Where is the data not available?

* No spatial inhomogeneities are expected within the COSMO H fields, as the numerical weather
prediction model calculates coherent spatial fields. An exception can be the case of missing
values in case the Hy lies below the model topography (see section 3.2.2), however, this does
not affect hail conditions.

Why is there reduced data quality?

» There is a margin of uncertainty in the Hy computation from the atmospheric temperature profile.
The model levels are scanned from high to low altitude, and the first instance of a temperature
of 0° is taken as the Hy. The same temperature may, however, also occur at lower heights in
the atmosphere. Furthermore, the Hy uncertainty depends on the model-level density at the
elevation surrounding the Hy and thus depends on the model version.

» There is a lowered comparability and homogeneity issues between Hy from COSMO-7, COSMO-
2, COSMO-1 and COSMO-1E due to the increased resolution.
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5 Assessment of POH and MESHS quality: Avail-
ability, uncertainty and error quantification

In this section, the possible quality issues for POH and MESHS components ET and Hg, presented
in section 4 are discussed for the data used in the Hail Climatology project (core dataset 2002-2020).
Where applicable, solutions to the identified issues are presented.

In a first step, the availability of ET from radar, related also to the spatial quality of the products, and
the availability of archived model analysis data, which determines the Hy availability, are checked (see
Sects. 5.1.1 and 5.1.2). In a second step, the uncertainty stemming from the Hy and ET product design
and computation is addressed (see Sects. 5.2.1). In a third step, non-meteorological features in the
radar ET fields are addressed (see section 5.3).

5.1 Data availability
5.1.1 Radar ET data availability and composite quality

Tab. 5.1 shows the frequency per quality code for reprocessed ET files between 2002 and 2019 for the
convective season (1 April - 30 September). As can be seen, the availability of radar information has
varied a lot throughout this time period. A convective season contains 183 days, which equals 52’704
5-minute volume scans or 100%. The maximum quality is generally reached 80-95% of the time, as
can be seen checking the numbers corresponding to the maximum quality code “7” between 2002 and
2013, adding “7” and “F” for 2014, since Plaine Morte radar became operational when the convective
season had already begun, “F” in 2015 and “V” as of 2016. As stated in section 4.1, the preventive
maintenance is principally performed on days with clear sky conditions above the respective radar.
However, this still leads to lower than maximum quality code even if there is no expected impact on the
POH and MESHS fields.

Radar generation upgrade years The radar upgrade in 2011 and 2012 caused Albis, La Déle and
Monte Lema to each be out of service for several weeks while de-installing the old and installing the
new radars. The update also brought about some data delivery problems. This is why, in these two
years, quality codes for composites made up of only two radars instead of a full three-radar-composite,
i.e. quality codes “3”, “6“ and “6” were very frequent, all in the order of 20% (see top panel in Fig. 5.1
and Tab. 5.1). The first radar to be upgraded to the 4" generation system was Monte Lema in May
2011. In 2011, Monte Lema data was not available for 9°316 5-min composites (quality codes “1”,
“2”, “3”), i.e. 17.7% of the convective season. The same year La Dble was exchanged in October,
and in that convective season before the end of September La Doéle was not available for 8’638 5-
min composites (quality codes “1”, “4” and “5”), i.e. 16.4% of the convective season (see top panel
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in Fig. 5.1 and Tab. 5.1). In May 2012 the last 4" generation radar, Albis, became operational, and
throughout that year data fom Albis is missing for 13’283 timesteps (quality codes “2”, “4” and “6”), i.e.
25.2% of the convective season (see middle panel in Fig. 5.1 and Tab. 5.1).

A typical year For comparison, the bottom panel in Fig. 5.1 shows the ET composite quality frequen-
cies for a “typical” year (2018) with five active radars. As can be gathered, more than 90% of the time,
the composites comprise all five radars.

For the 2002-2020 radar hail datasets this means that generally, POH and MESHS fields have high
quality during the observation period. Only in the years 2011 and 2012, outages due to the change to
the 4th radar generation occurred more frequently. This leads to higher uncertainties in these years,
as no information about hail occurrence during the outage times is available. However, the quantity of
missing time steps suggests that the impact on the overall climatological statistics is low.

ET composite quality and missing radar In case one radar composite product is completely miss-
ing, or if the information from one single radar is not available, it cannot be reconstructed a posteriori.
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Figure 5.1: Absolute [counts] and relative frequency [%] of occurrence of each quality code for ET composite
files relative to the total number (52'704) for the convective seasons 2011, 2012 and 2018. 1R, 2R, 3R, 4R and
5R means that 1, 2, 3, 4, or 5 radars were active. See composite quality code description in Tab. 3.2.
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vear || R [ 2019 [2018 [2017 [2016 |[2015 [2014 [2013 |[2012 [2011 [2010 |[20009 |[2008 [2007 [2006 |2005 |[2004 [2008 | 2002
1 1 0 0 0 0 0 0 0 0 0.1 0 0 0 0 0 0 0 0.1 0
2 1 0 0 0 0 0 0 0.2 16 0.1 0 0 0 0.1 0 0.2 0 0 0
3 2 0 0 0 0 0.1 16 42 3.6 175 | 05 0.7 18 2.7 1.0 2.0 13 2.9 45
4 1 0 0 0 0 0 0 0 0.2 0.1 01 0.1 0 0 0.1 0 0.4 0 0.2
5 2 0 0 0 0 0 05 0.6 1.1 16.2 16 18 0.6 2.1 12 0.6 17.9 8.0 3.0
6 2 0 0 0 0 0 03 12 234 18 6.6 16 28 12.0 0.4 14 05 29 0.6
7 3 0 0 0 0 23 316 | 938 | 70 633 | 904 | 958 |947 |82 |970 |96 | 791 85.7 916
8 1 0 0 0 0 0 0

9 2 0 0 0 0 0

A 2 0 0 0 0 0 0

B 3 0 0 0 0 19 17

c 2 0 0 0 0 0 0

D 3 0 0 0.1 0 2.0 0.4

E 3 0 0 0 0 0.6 55

F 4 05 0.6 0.3 0.3 93.1 58.2

G 1 0 0 0 0

H 2 0 0 0 0

I 2 0 0 0 0

J 3 0 0 0 0.1

K 2 0 0 0 0

L 3 0 0 0 0

M 3 0 0 0 0

N 4 12 26 1.1 19

) 2 0 0 0 0

P 3 0 0 0 0

Q 3 0 0.1 0 0.1

R 4 3.7 2.4 6.6 0.7

s 3 0 0 0 0

T 4 0.6 14 0.7 22

u 4 0.7 2.4 17 05

v 5 934 | 905 | 893 94.1

TOT 100 100 100 99.9 100 99.9 100 100 99.1 99.1 99.9 99.8 992 | 997 | 998 | 992 99.6 99.9
miss/0 0 0 0 0.1 0 041 0 0 0.9 0.9 0.1 0.2 0.8 0.3 0.2 0.8 0.4 0.1

Table 5.1: Frequency [%)] of occurrence of each quality code for ET composite files relative to the total number (52'704) for each convective season from 2002 to 2019. See com-
posite quality code description in Tab. 3.2. “R” stands for number of active radars. “miss/0” designates a missing file or file with quality = 0, i.e. empty composite file. An empty
cell means that the specific quality was not possible in the relative year.
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5.1.2 NWP model data availability and quality

As can be gathered from Tab. 5.2, showing the monthly availability of COSMO archived hourly analyses
for the convective seasons from 2002 to 2019, only few files are completely missing, namely 19, with
a total file availability of 99.97%. The missing files are in the years 2002, 2004 and 2005 and thus all
stem from the COSMO-7 period. Further to the missing files, 29 archived analysis files have errors,
i.e. codification mistakes, that inhibit the computation of the Hy field needed for the POH and MESHS
computation. These errors were, in part, found on the same days that already had missing archive
files, as is summarised in Tab. 5.3. A total of only 48 out of 79’056 hourly Hy fields are missing for
the 18 year period. The availability of the single months is shown in Tab. 5.4. The total Hy hourly field
availability, considering both the missing archived and corrupted files, is 99.81%.

Looking closer at the single days with issues, some further information can be retrieved. In case 1 and
case 2 (see Tab. 5.3) the height of the surface (HSURF) and temperature (T) parameters, needed to
compute Hy were coded wrong in the archived file, although it is a posteriori not clear why. For case 3
and case 4 it is not clear why the mentioned hourly analysis file is corrupted. For case 5, similarly to
case 1and case 2, T is completely missing in the file.

Solution to missing Hy Other than the radar ET composites, the COSMO model runs cannot easily
be reprocessed a posteriori to produce missing analysis files. Missing archive files therefore remain
gaps in the dataset. Furthermore, available but corrupted data should not be altered to try to retrieve
Ho, which would have been possible by changing the dictionary used in Fieldextra or changing the
coding of HSURF and/or T parameters (P. Baumann, OSM MeteoSwiss, personal communication 31
July 2018).

In the real-time operational setting, a missing file would be replaced by the same hour but from a
previous run, e.g. using forecast hour +4 of the 03 UTC run, instead of forecast hour +1 of the 06 UTC
run, if data from the 06 UTC run was missing. However, in case of analysis files, there is only one file
for each hour, meaning that a missing hour cannot easily be replaced. Using Hy-independent radar
fields, such as the daily precipitation accumulation fields (ACCU), it was manually evaluated whether
the missing hours may coincide with a hail event. In Figs. 5.2 the 00-00 UTC ACCU product for the
days with missing Hy fields is shown. These fields indicate that there was indeed some precipitation
on these days, and a more in depth analysis of the available 5-min radar imagery showed that in only
two of the five days there is a possibility of missed hail observation:

» case 1 The most intense precipitation signal, possibly related to hail, is found in the region of
Bern between 13 and 14 UTC, i.e. for which Hj fields are missing. It was concluded that very
localised hail might have occurred within Switzerland between 01-21 UTC, when the H, fields
are missing.

 case 2 The strongest precipitation signal of the daily ACCU field is found in western Ticino, pos-
sibly related to moderate hail. It was, however, measured after 21 UTC, when Hy was available.
With moderate confidence, it was concluded that no hail occurred within Switzerland between
01-21 UTC, when the Hy fields are missing.

 case 3 With high confidence, it was concluded that no hail occurred within Switzerland between
06-09 UTC, when the H fields are missing.
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» case 4 With very high confidence, it was concluded that no hail occurred within Switzerland
between 07-14 UTC, when the H, fields are missing.

» case 5 With very high confidence, it was concluded that no hail occurred within Switzerland
around 20 UTC, when the Hy field is missing.

Because of the very small regions in which hail might have been missed in case 1 and with low
probability in case 2, the effect of these potential missing event in the dataset is minimal. The effort
of extracting the forecast data, on condition of it being available, was estimated to be too high in
comparison to the benefit of replacing these missing hours.

Model Year || Apr May Jun Jul Aug Sep
COSMO-7 || 2002 || 100 100 98.88 100 100 100
2003 || 100 100 100 100 100 100
2004 || 100 100 100 100 100 99.58
2005 || 100 100 100 100 100 98.88
2006 || 100 100 100 100 100 100
2007 || 100 100 100 100 100 100
COSMO-2 || 2008 || 100 100 100 100 100 100
2009 || 100 100 100 100 100 100
2010 || 100 100 100 100 100 100
2011 || 100 100 100 100 100 100
2012 || 100 100 100 100 100 100
2013 || 100 100 100 100 100 100
2014 || 100 100 100 100 100 100
2015 || 100 100 100 100 100 100
COSMO-1 || 2016 || 100 100 100 100 100 100
2017 || 100 100 100 100 100 100
2018 || 100 100 100 100 100 100
2019 || 100 100 100 100 100 100

Table 5.2: Monthly availability (in percent) of archived COSMO-7, COSMO-2 and COSMO-1 analysis files for the
convective seasons 2002-2019. Coloured cells indicate an availability below 100%.
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Missing hours Corrupted hours AT )7

Case || Date [UTC] [UTC] corrupted hours
[UTC]

1 4 June 2002 (02155) 16-23 (8) 10-15 (6) 10-23 (14)

2 5 June 2002 (02156) none (0) 01-21 (21) 01-21 (21)

3 15 September 2004 (04259) || 07-09 (3) 06 (1) 06-09 (4)

4 14 September 2005 (05257) || 07-14 (8) none (0) 07-14 (8)

5 10 September 2007 (07253) || none (0) 20 (1) 20 (1)

Table 5.3: Shown are details for five days with missing or corrupted archived COSMO analysis: The case
number, the dates (doy of year in brackets), the missing hours [UTC] (count in brackets), the corrupted hours
[UTC](count in brackets) and the time span of both (count in brackets).

Model Year || Apr May Jun Jul Aug Sep
COSMO-7 || 2002 || 100 100 95.14 (35) | 100 100 100
2003 || 100 100 100 100 100 100
2004 || 100 100 100 100 100 99.44 (4)
2005 || 100 100 100 100 100 98.88 (8)
2006 || 100 100 100 100 100 100
2007 || 100 100 100 100 100 99.86 (1)
COSMO-2 || 2008 || 100 100 100 100 100 100
2009 || 100 100 100 100 100 100
2010 || 100 100 100 100 100 100
2011 || 100 100 100 100 100 100
2012 || 100 100 100 100 100 100
2013 || 100 100 100 100 100 100
2014 || 100 100 100 100 100 100
2015 || 100 100 100 100 100 100
COSMO-1 || 2016 || 100 100 100 100 100 100
2017 || 100 100 100 100 100 100
2018 || 100 100 100 100 100 100
2019 || 100 100 100 100 100 100

Table 5.4: Same as Tab. 5.2 but considering both missing and corrupted archive files.
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Figure 5.2: Radar-derived 24 h precipitation accumulation [mm] on days with missing COSMO analysis Hy fields: (a) 4 June 2002, (b) 5 June 2002, (c) 15 September 2004, (d)
14 September 2005 and (e) 10 September 2007. Source: MeteoSwiss RadarLive.
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5.2 Computation uncertainty
5.2.1 Location-dependent ET uncertainty

The specifics of ET computation were described in section 3.1.7. When computing the Cartesian ET
product from the polar reflectivity data, the measurements are filled into 200 m high cuboids, resulting
in an intrinsic uncertainty of £ 100 m. However, while this uncertainty factor is constant for the entire
radar domain, other factors that affects ET uncertainty should be considered.

Vertical sampling density In Figs. 5.3-5.5, the number of cuboids with observations within a vertical
column of layer depth-dependent number of cuboids above each 1 km x 1 km pixel of the radar domain
is shown. The observation density between 4 and 12 km, within which one can expect to find a hail
storm cell core and therefore the ET45 and ET50 (see Trefalt (2017) and see Fig. 3.8), can be estimated
comparing the top and bottom panels of Figs. 5.3, 5.4 and 5.5.

Long-range bow-shaped artifacts In Fig. 5.6, the maximum daily (00 to 00 UTC) POH for 30 May
2008 is shown. In the northeast of the radar domain, a non-meteorologically looking bow-shaped
change can be noticed. Such long range gradients are found in the ET, and transferred to the POH
and MESHS products. This is because at a distance beyond around 200 km and 162 km for the 37¢
and 4" radar generation respectively, from a radar, in this case Albis, measurements are missing
above a certain height do to the geometry of the radar scan strategy (see Fig. 3.2). This results in
the maximum height sampled changing rapidly along the radial at long distance from the radar and
the possibility of this maximum observation level being lower than the actual highest occurrence of 45
dBZ in the atmosphere. This appears as sharp decreases of the ET and consequently also POH and
MESHS.

Beyond about 200 km and 162 km range for the 3"¢ and 4" radar generation respectively, the ET thus
presents high uncertainty. As can be seen in Fig. 5.7 for the 4t" radar generation, the areas beyond this
distance from a radar and within Switzerland are very small. None of these areas present single radar
coverage, meaning that the sampling density along the vertical will not be limited to the long-range
scan from the radar. Only in cases of missing radars, i.e. low composite quality, may this issue affect
the ET field quality within Switzerland.

Decreasing time resolution at long range In the 4! generation radar data, only few beams reach
beyond 162 km (see Fig. 3.2), beyond 200 km there are only 2. This means, that in places at such
far distance and with single radar coverage, some information will only be sampled twice per 5-minute
volume scan. This entails, that for fast moving precipitation, there might be holes in the hail footprints,
as can be seen in the southwestern edge of the La Déle radar domain in Fig. 5.8. Limiting the invest-
igation to Switzerland, this problem is marginal and only noticeable in case of missing radars, i.e. low
composite quality, and for small areas.

For all hail climatology products derived from POH and MESHS data, only data from the zone within
162 km around the five radar locations is used (see also Nisi et al. (2016) and Schréer et al. (2022)).
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Figure 5.3: The top / bottom panel shows the number of levels above a minimum altitude of 4000 m /11’000 m
with measurements in a composite with data of all three radars (A,D,L) of the 3"¢ radar generation (quality code
7, see Tab. 3.2). Measurements from different radars that fall within the same cuboid (see section 3.1.7), are
counted only once since they are averaged when a composite product is computed. The triangular area without
ET information in SW direction was caused by an obstacle in the vicinity of the La D6le radar present only in the
374 radar generation that was removed during the construction of the 4" generation.

5.2.2 H, computation uncertainty

COSMO-7 and COSMO-2 In COSMO-7 and COSMO-2 there were a total of 60 vertical model levels.
COSMO-1 and COSMO-1E In COSMO-1 and COSMO-1E the number of vertical model levels in-
creased to 80.

In summer, the freezing level height Hg is typically in the range of 3500-4500 m a.s.l. and the un-
certainty can be estimated to be in the range of + 200-300 m on average, for the whole time period
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Figure 5.4: The top / bottom panel shows the number of levels above a minimum altitude of 4000 m /11000 m
with measurements in a composite with data of Albis, La Déle and Monte Lema radars of the 4™ radar gener-
ation (quality code 7, see Tab. 3.2). Measurements from different radars that fall within the same cuboid (see
section 3.1.7), are counted only once since they are averaged when a composite product is computed.
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considered and the different models. To estimate the impact of this uncertainty on POH and MESHS,
refer to section 3.1.3 and Fig. 3.8.

5.3 Non-meteorological features in ET, POH and MESHS

5.3.1 Artifacts

All MESHS and POH data were reprocessed according to the above-described measures. In the fol-
lowing quality checks, it was found that the reprocessed dataset contained several non-meteorological
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Figure 5.5: The top / bottom panel shows the number of levels above a minimum altitude of 4000 m /11000 m
with measurements in a composite with data of all five radars of the 4t" radar generation (quality code V, see
Tab. 3.2). Measurements from different radars that fall within the same cuboid (see section 3.1.7), are counted
only once since they are averaged when a composite product is computed.

features. Although non-meteorological features are few and rare in the relative sense, removal of such
featues is essential when using the data for climatological purposes. This is because for a rare event
such as hail, even single erroneous signals can change local statistics significantly. To identify the exact
timesteps that contained problematic data, the daily maxima (00 to 00 UTC) of POH for all convective
seasons 2002-2020 were manually checked. An automatic identification of the disturbances was not
possible due to the big variation among them, ranging from very small to very large features, from
contiguous areas to indivudual pixels. The task of automatic identification was made impossible by
a combination of meteorological and non-meteorological features during the same day (see Fig. 5.9).
After identification of the problematic days, in a second step, the specific 5-minute data files with non-
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Figure 5.6: POH [%] daily maximum (00 to 00 UTC) for 30 May 2008. Source: RadarLive.
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Figure 5.7: The shaded areas are within 162 km from the Albis, La Déle and Monte Lema radar locations, which
is the area covered by a volume scan up to 18 km in the 4 generation Swiss radar network scan strategy.

meteorological features were identified. While the issue of non-meteorological features was biggest
during years of the 3"¢ generation Swiss radar network prior to 2011-12, it is not a problem exclusive to
that time period. A non-meteorological feature (military chaff) was found as recently as 24 April 2020
(see Fig. 5.10).

A total of 868 reprocessed ET, POH and MESHS timestamps with artifacts were identified; their yearly
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Figure 5.8: POH [%)] daily maximum (00 to 00 UTC) for 4 April 2012. Source: MeteoSwiss RadarLive.

distribution is shown in Tab. 5.5. Most causes of these interference are unknown. However, some
sources can be identified and are described in the following.
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No. No.
Year || 5-min Dates
files | 93YS
2002 || 5 2 02133 02134 02176
2003 || 13 4 03198 03201 03205 03208
2004 || 117 12 04191 04223 04224 04230 04232 04233 04237 04238 04240 04250 04255 04256
2005 || 111 15 05126 05136 05137 05142 05143 05151 05154 05165 05179 05180 05181 05182 05185 05199 05263
2006 || 88 13 06095 06130 06135 06137 06179 06176 06178 06186 06216 06228 06229 06230 06258
2007 || 46 11 07163 07166 07169 07177 07178 07240 07241 07242 07260 07261 07269
2008 || 30 9 08093 08125 08148 08186 08190 08195 08228 08249 08256
2009 || 286 13 09146 09148 09160 09166 09195 09198 09199 09208 09209 09223 09236 09237 09259
2010 || 64 14 10150 10154 10162 10174 10175 10191 10193 10198 10217 10226 10227 10238 10239 10250
2011 || 97 15 11157 11158 11161 11162 11163 11164 11168 11198 11199 11200 11204 11207 11208 11239 11243
2012 || 3 2 12240 12270
2013 || 1 1 13144
2014 || 1 1 14161
2015 || 5 3 15097 15105 15165
2016 || O 0
2017 || O 0
2018 || O 0
2019 || O 0
2020 || 1 1 20115

Table 5.5: Number of files per convective season for 2002 to 2020 with artifacts, number of affected days, and dates (day of year format).
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Monte Lema antenna instability issue 2006-2007 In the top left panel of Fig. 5.10 the POH daily
maximum (00 to 00 UTC) for 4 April 2007 is shown. Disturbances are visible over the Po Valley in
northern ltaly. It was found that many of the second elevations of the Monte Lema polar data presented
ground clutter in the area from the beginning of the convective season until mid-May, even though not
completely static. The disturbances exist also in the radar products starting 3 November 2006 (personal
communication, M. Boscacci, MeteoSwiss, 20 January 2021), but have no effect on the hail dataset,
since only the convective months April to September are considered. They are due to problems with
antenna stability.

Chaff 24 April 2020 On 24 April 2020, non-meteorological linear features were identified in the daily
maximum (00 to 00 UTC) POH (Fig. 5.10). Through internal information it could be confirmed that a
military chaff interfered with the weather radar.

5.3.2 Residual ground clutter

Single ground clutter pixels As explained in section 3.1.1, a sophisticated clutter cancellation al-
gorithm is standardly implemented for weather radar data to remove non-meteorological echoes from
e.g. buildings and topography from the reflectivity fields, which are later processed to compute ET,
POH and MESHS among many other radar products. While this algorithm successfully removes most
of the unwanted features, there may be single pixels or areas, in which the clutter removal algorithm
does not succeed completely. This is especially true for non static clutter signals like e.g. transmitter,
chaff and radar jammer. The example in Fig. 5.11 shows the daily maximum POH (00 to 00 UTC) and
contains very localised non-meteorological features. While these single clutter pixels may be easily
identifiable by eye, they pose a problem when they frequently appear in the same location. Through
accumulating over time, these pixels will wrongly show as areas of increased hail frequency in clima-
tological products.

By computing frequency fields for the ET above a minimum threshold height, a method similar to Panzi-
era et al. (2018), and by considering the distribution of this value exceedance per pixel within the radar
domain, one can identify problematic areas within the area of interest. The idea is that pixels show-
ing a locally repeated far-above average frequency of ET can point to suspicious signals. Fig. 5.12
shows pixels with at least 800, 900, 1000 and 1100 threshold exceedances (i.e. ET40 > 1.59 km) per
convective season for two example years 2002 (3"¢ generation) and 2013 (4! generation). It is imme-
diately noticeable that in 2002, many pixels reached such frequencies, while there are none in 2013.
The same applies for all years prior to the switch to the 4" radar generation with dual-pol capabilities,
versus the years after 2012 (see all yearly ET frequency maps in section A.5 in the Appendix). It was
found that, while there were several regions with recurring ET40 values for all years between 2002 and
2011, indicating some residual ground clutter, this is no longer a problem in the 4t" radar generation
data. Hence, only the 3"¢ generation data needed to be altered as to remove residual ground clutter
pixels in the ET, POH and MESHS products.
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Figure 5.9: POH [%)] daily maximum (00 to 00 UTC) for 17 July 2003, 20 July 2003, 19 August 2004, 17 May
2005, 28 June 2006, and 13 July 2006 with meteorological and non-meteorological features.
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Figure 5.10: POH [%] daily maximum (00 to 00 UTC) for 4 April 2007, 7 June 2011 and 24 April 2020 with non-
meteorological features.
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Figure 5.11: POH [%] daily maximum (00 to 00 UTC) for 8 April 2002 where all pixels POH > 0% are residual
ground clutter.
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Figure 5.12: Frequency of ET 40 dBZ greater than 1.59 km for the convective seasons 2002 (left) and 2013 (right). In colour are pixels with frequencies exceeding 800, 900,
1000 and 1100 and white are pixels with 0 occurrences.
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6 POH and MESHS improvement

After assessing the possible quality issues of POH and MESHS through distinct evaluation of ET and
Ho quality, the factors which could be effectively changed were identified. On the one hand, the Hg
fields could substantially be improved through homogenizing throughout the time period considered
for the “Hail Climate Switzerland” project to better represent the environmental Hy, without explicit
thunderstorm signals in the latest, very high resolution COSMO generation. The procedure is briefly
described and results are shown in section 6.1. On the other hand, while it was not possible to replace
missing radar volume scans, non-meteorological features found in the ET data were analysed and
removed as best as possible. The different procedures and results for artefact and residual ground
clutter removal are presented in section 6.2. All corrections were made on the entire Swiss radar
domain, and not only limited to the Swiss national territory.

6.1 COSMO model data: smoothing and ‘homogenisation’

As described in section 3.2.2, the increasing spatial resolution of the COSMO NWP model brought
about the need to alter the Hy fields, since storm cells, naturally better captured in higher-resolution
models, affects POH and MESHS estimation. To avoid this issue, the H fields were spatially smoothed
to remove single storm cell signals, making sure to retain significant meteorological gradients in H,
such as those related to frontal systems. Testing different spatial smoothing methods and comparing
model versions to ensure a similar output for the entire considered time since 2002 was possible thanks
to the parallel production of COSMO-7, COSMO-2 and COSMO-1 data in 2016 (see Tab. 3.3). To
determine the appropriate smoothing option, sensitivity tests were performed using different methods,
such as low-pass Fourier filter, Gaussian filter and disk average, setting different thresholds, i.e. radii.
The pros and cons of using alreeady implemented smoothing options in the Fieldextra program used
to extract Hy versus more sophisticated options that would have required a separate step in Python
were considered. A total of 7 use cases with convective activity within or close to Switzerland were
evaluated. Because of the good results, the lack of border effect and the easy implementation within
Fieldextra, a disk average smoothing with a 33 km radius corresponding to 5, 15 and 30 mesh grid
units for COSMO-7, COSMO-2 and COSMO-1 respectively, was implemented. An example for 28 May
2016 18 UTC is shown in Fig. 6.1. The effect of different smoothing radii for the three model versions
using the disk-average method is shown in section A.2. This smoothing has since been implemented
for the real-time POH and MESHS production ensuring the continued quality and comparability for the
years extending beyond 2019.
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Figure 6.1: The top row shows the Hy [m] field for 28 May 2016 18 UTC from COSMO-1 (left), COSMO-2 (centre) and COSMO-7 (right) with noticeable storm cells northwest of

Geneva. The bottom row shows the same data, but spatially averaged on a disk of radius 33 km, with no remaining storm cell signals.
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6.2 Radar data: removal of non-meteorological features

6.2.1 Artifacts

In total, 868 5-minute radar data fields with artifacts were corrected. Although quite simple in principle,
this correction cost a lot of time, since several methods to best remove the artifacts had to be identified.
Further, several iterations of polar and/or Cartesian data correction, recomputation and visualisation
were necessary. Most artifacts were removed in one of two ways:

» Some were removed by correcting the affected original MLx format files and then reprocessing
the timestamps to produce new ET, POH and MESHS files. E.g. for the two examples in Fig. 6.2,
6.3, this was enough to remove the artifacts.

» Some artifacts still remained after this approach, and therefore the problematic ET timesteps
were completely reprocessed removing the radar in whose domain the artifact was found. E.g. in
the case of Fig. 6.4 the timestamp was reproduced from MLx files using only La Déle and Monte
Lema and leaving out Albis. This produced artifact-free ET, POH and MESHS fields. Although
in principle, same areas may be in the domain of multiple radars, it was found that the artifact-
“culprit” among the radars could easily be identified thanks to the proximity to a radar and often
radial or wave-like structures relative to the radar.

Special case: Monte Lema antenna instability issue 2006-2007 The non-meteorological features
found in the hail dataset in April and May 2007 (as e.g. shown in Fig. 5.10) were reconduced to a
clear problem in the Monte Lema polar data and corrected accordingly: To remove the disturbances,
all data from the second elevation scans of Monte Lema were removed and ET fields were recomputed
without this specific elevation. This solved the issue without any side-effects, i.e. no missing real
meteorological information.

Special case: Chaff 24 April 2020 As there is clearly no hail signal in the POH and MESHS fields
of 24 April 2020 (see Fig. 5.10), the 5-minute data fields of this particular day were simply completely
emptied (not shown).

6.2.2 Residual ground clutter

A first simple method, employed to remove residual ground clutter from the hail radar dataset, was the
identification of days without significant hail in the Swiss radar domain and setting all POH and MESHS
values in the 5-minute data of those days to 0. A list of all days without hail is available in section A.4.
All other days of the 3"¢ generation were evaluated for possible residual ground clutter with the method
explained.

ET frequency The ET frequency method explained in section 5.3.2 was employed to identify pixels

exceeding particularly often the ET40 > 1.59 km criterion. It was estimated that from a meteorological
point of view, each location (i.e. pixel) within Switzerland would not reach the criterion, naturally only
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Figure 6.2: POH [%)] daily maximum (00 to 00 UTC) for 20 July 2003 with non-meteorological feature on the left,
and same product but recomputed after MLx polar file correction on the right.
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Figure 6.3: POH [%)] daily maximum (00 to 00 UTC) for 28 June 2006 with non-meteorological feature on the
left, and same product but recomputed after MLx polar file correction on the right.

reached during thunderstorms of at least moderate intensity, more than for roughly three hours a day
during approximately 15 days per convective season, i.e. a total of 500-600 radar 5-minute time steps.
Considering the distributions of the exceedance frequencies throughout the Swiss radar domain for
the years of the 3"? generation, with a fair amount of residual ground clutter, and 4" radar generation,
presumably with no residual clutter, an maximum “acceptable” frequency of 800 exceedances per
convective season was set (see Fig. 6.5 and 6.6). Although the areal distribution within Switzerland and
the distribution of the frequency values changed somewhat from year to year, the frequency threshold
was kept constant from 2002 to 2011.

Candidate residual clutter pixels Masks with all pixels exceeding the defined threshold of 800 ex-
ceedances were created and applied to the 5-minute POH and MESHS data as follows.
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Figure 6.4: POH [%)] daily maximum (00 to 00 UTC) for 17 May 2005 with non-meteorological feature on the left,
and same product and day but produced removing Albis radar from the radar composite on the right.

* In afirst step, the total area, contiguous or not, of POH above 50% is computed.

— If the total POH > 50% area is 0, there is no clutter and no hail. No change is made to the
POH and MESHS 5-minute field.

— If the total POH > 50% area falls between 0 and 16 km?, a value determined through
sensitivity tests for several case studies, it is directly interpreted as clutter, i.e. too small for
a hail cell, and the entire POH and MESHS fields is emptied.

— If the total POH > 50% area is above 16 km?, it is interpreted as possible hail, and a check
starts through all candidate pixel locations.

* In the second step, the surroundings of the candidate clutter pixels are taken into account. The
basic idea of this step is that the clutter and hail pixels are not easily distinguishable by their
own value (i.e. the collocated POH value), but rather by different surroundings. Comparisons of
clutter pixels for 2002 identified manually with hail cells at different stages in their lifetime, showed
that they can for the most part be distinguished employing the variability (standard deviation: std)
of their surrounding pixels. An example is shown in Fig. 6.7: POH vs std 5 km vs std 7 km

« In a third step, a standard deviation map with 7 km? is created and checked. A standard deviation
value < 30 that is collocated with a POH pixel # 0 is set to 0, i.e. considered as clutter pixel.

This approach, based solely on POH values and their spatial variation, gets rid fairly well of residual
ground clutter in the ET, POH and MESHS fields. However, the method was implemented in a conser-
vative way, i.e. priority was given to not falsely interpreting too many small POH areas as clutter, but
keeping potential real hail cells. In fact, sensitivity studies showed that the method could result in holes
inside of hail cells if applied too “strongly”, i.e. with less conservative threshold values. The comprom-
ise between getting rid of clutter but keeping real hail signal means that not 100% of actual residual
ground clutter is removed. As shown in the example for 13 September 2003 in Fig. 6.8, the residual
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Figure 6.5: Density distribution of frequency of EchoTop 40 dBZ greater than 1.59 km for the convective seasons
2002 (top) and 2013 (bottom) with a fit.

ground clutter pixels within the green circles was successfully removed using the method, while the
clutter in the red circle was not. The number of clutter pixels in the orange circle were reduced, but not
entirely removed.

Match with TRT cells While the method successfully removes a large part of the remaining resid-
ual clutter pixels, several erroneous pixels remained mainly from the 3"¢ generation. A last additional
filter was thus applied using the outlines of the thunderstorms radar tracking algorithm TRT (see sec-
tion 3.1.6). For the daily maxima of POH and MESHS, only POH and MESHS pixels within the outlines
of a detected and tracked TRT cell are considered.
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Figure 6.6: Frequency of EchoTop 40 dBZ greater than 1.59 km for the convective season 2002. In colour are
pixels with frequencies exceeding 800 and grey are pixels with 0 occurrences.
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Figure 6.8: POH [%] daily maximum (00 to 00 UTC) for 13 September 2003 with residual clutter, before (left)

and after (right) clutter removal.
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7 Discussion and conclusions

In the previous sections, potential issues when working with radar and NWP model fields were sum-
marised and the actual problems in the 2002-2020 ET and H, dataseries, used for the computation
of the new hail climatology within the “Hail Climate Switzerland” project, were identified. Further, the
possibilities and limitations to address these issues and to improve the dataset were explored and the
actual steps taken were described.

Although several climatological studies have been carried out with radar hail data (e.g., Nisi et al.,
2016; Lukach et al., 2017), the underlying data quality has generally not widely been discussed, nor
are methods with which the radar data may have been improved for climatological purposes, been
published in detail making back-tracking of potential issues challenging.

Saltikoff et al. (2019) mention that upgrading the radar operating software generally means changing
the data format. As was discussed in section 5.3.1, this has been at the root of one of the major im-
provement tasks performed in the process of preparing the hail radar data for the new hail climatology.

The high quality long term archive of volumetric radar data is an outstanding basis for calculating a
comprehensive hail climatology. Thanks to a meticulous automatic operational quality control combined
with an accurate quality inspection added by hand for this project, it was possible to calculate a new
reference hail climatology for Switzerland. There were a couple of quality concerns that we had to
address. Using radar hail data for climatological analysis is a very demanding use case, since long-
term statistics require homogeneous data in continuous and reliable quality. We studied the issues in
detail and developed methods to solve or minimize the problems as summarized in the following items.

» What is the uncertainty of the single-polarisation algorithms POH and MESHS currently imple-
mented for hail detection at MeteoSwiss?
The uncertainty of the single-pol algorithms cannot be summarised in one number. This is be-
cause several factors, described above, play a role. They range from the radar availability to
non-meteorological interferences to the zero-degree level.

» How does the uncertainty depend on the single components upon which POH and MESHS are
based, i.e. EchoTops and COSMO model freezing level?
It is strongly related to the ET and Hy uncertainties. The first of these two components varies in
quality and in measurement density depending on the location within Switzerland and the second
mainly on the increasing resolution in the COSMO models.

» How does the uncertainty change within the Swiss radar domain area, e.g. depending on the
range from the radars?
The atmosphere above central Switzerland is best sampled throughout the time period 2002-
2020, while coverage above parts of Grisons (Lower Engadine) and Valais markedly increased
in the most recent years thanks to the addition of two new radars. A cone-like feature with low
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visibility remains at the border between Switzerland and France. This is caused by a second,
more distant obstacle near the La Déle radar, which unfortunately could not be removed during
the construction of the 4" generation (see Fig. 5.3 and also Schréer et al. (2022) sections 1
& 2). Furthermore, at 200 km for the 3"¢ and 162 km for the 4" generation data since 2012,
the ET products become only a qualitative indication, since the measurement density here is too
small and especially limited to low elevations to allow for any accurate ET estimation. This often
translated to a strong gradient and underestimation of POH and MESHS in this area.

» How is this specifically for the Swiss national territory?
This is less of an issue inside Switzerland, since all areas are within 200 km or 162 km distance
from at least one radar.

» How can identified missing data, error sources and uncertainties be minimised?
Missing ET data can be reprocessed in case that polar radar data is available. If a radar is
missing in the composite it cannot be replaced, but documented and quantified. Hy can only be
extracted if the COSMO archive file is available.
Signal interferences as well as other artifacts cannot be ruled out in the future. The best ap-
proach is to observe hail data on a daily basis and keep track of all suspicious features within a
radar field.
Residual ground clutter has been shown to be especially a single-pol radar issue and can there-
fore be minimized by using dual-pol radar data, which allows for clearer clutter identification. This
issue is therefore expected to be minimal since the fourth generation of the Swiss radar network
and in future radar hail data.

Lessons learned While some uncertainty and spatial heterogeneity cannot be completely eliminated
from radar data, such as the intrinsic location-specific radar measurement density in some areas,
efforts can be made especially to keep track of non-meteorological features appearing in radar fields.
While most of these features are easily identifies by eye, they are almost impossible to be identified
automatically. Keeping track of them will greatly reduce any work to manually check the data in the
future, before new climatological applications. As Saltikoff et al. (2019) mention “possibilities to improve
historical datasets are limited, but the data we archive today are part of the data to be used by future
generations”.

This report focuses primarily on the problems encountered with the use of the radar hail dataset and
how they were mitigated. Thanks to these detailed and extensive automatic and manual quality con-
trols, a new high quality hail climatology was produced based on a large and robust dataset.
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Abbreviations

Abbreviations

COSMO Consortium for Small-Scale Modelling

ET45 The height of the highest 45 dBZ echo in a vertical column, also Echo-Top45
ET50 The height of the highest 50 dBZ echo in a vertical column, also Echo-Top50
HO Freezing level height [m]

MESHS Maximum expected severe hail size [cm]

NWP Numerical weather prediction

POH Probability of hail [%]

TRT Thunderstorms radar tracking
A Albis

D La Déle

L Monte Lema

P Pointe de la Plaine Morte

w Weissfluhgipfel
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A Appendix

A1 Composite quality for 3”7 and 4" generation radar composites

Number of levels measured per pixel within the radar composite
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Figure A.1: Number of levels with measurements in a Swiss radar network composite, depending on number
and combination of active 3"¢ generation radars, i.e. radar quality code as described in Table 3.2.
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A.2 H, smoothing sensitivity tests

Shown are examples for one date and time: 28 May 2016 18:00 UTC.
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Figure A.16: Smoothing tests of Hyp [m] for 28 May 2016 18:00 UTC with COSMO-1. Shown are versions with
no smoothing and a smoothing done averaging on a disk of radius 7, 15, 30, 45, 60 (mesh size unit), i.e. 7.7,
16.5, 33, 49.5, 66 km respectively.
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Figure A.18: Smoothing tests of Hy [m] for 28 May 2016 18:00 UTC with COSMO-7. Shown are versions with
no smoothing and a smoothing done averaging on a disk of radius 1, 2, 5, 7, 10 (mesh size unit), i.e. 6.6, 13.2,
33, 46.2, and 66 km respectively.
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A.3 Composite quality code frequency for 2002-2020
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Figure A.19: Absolute [counts] and relative frequency [%] of occurrence per composite quality code (0-V, see
Table 3.2) for composite files relative to the total number (52'704) for April-September 2002. 1R, 2R, 3R, 4R and
5R means that 1, 2, 3, 4, or 5 radars were active.
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Figure A.20: Same as Fig. A.19 but for 2003.
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Figure A.21: Same as Fig. A.19 but for 2004.

Figure A.22: Same as Fig. A.19 but for 2005.

Figure A.23: Same as Fig. A.19 but for 2006.
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Figure A.24: Same as Fig. A.19 but for 2007.

Figure A.25: Same as Fig. A.19 but for 2008.

Figure A.26: Same as Fig. A.19 but for 2009.
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Figure A.27: Same as Fig. A.19 but for 2010.

Figure A.28: Same as Fig. A.19 but for 2011.

Figure A.29: Same as Fig. A.19 but for 2012.
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Figure A.30: Same as Fig. A.19 but for 2013.

Figure A.31: Same as Fig. A.19 but for 2014.

Figure A.32: Same as Fig. A.19 but for 2015.
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A4 Days without hail 2002-2012

The following are days (in day-of-year format), without any significant hail in the Swiss radar domain
for the convective seasons (April to September) between 2002 and 6 May 2012, last day of 3"¢ radar
generation composite.

* 1 April - 30 September 2002:
91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 104, 105, 106, 107, 108, 111, 113, 114, 115,
118, 119, 120, 121, 122, 126, 127, 128, 135, 137, 143, 144, 148, 149, 150, 151, 158, 159, 161,
162, 163, 164, 165, 168, 177, 180, 181, 182, 183, 188, 189, 192, 196, 200, 201, 204, 207, 208,
209, 223, 224, 225, 226, 245, 254, 255, 256, 257, 258, 259, 260, 261, 267, 268, 269, 270, 271,
272,273

* 1 April - 30 September 2003:
91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 114,
115, 116, 117,118, 119, 121, 123, 124, 125, 126, 130, 135, 136, 137, 138, 141, 142, 143, 160,
170, 172, 180, 183, 186, 187, 189, 192, 195, 199, 200, 206, 210, 213, 214, 238, 239, 243, 244,
245, 246, 247, 248, 252, 253, 254, 255, 257, 258, 259, 260, 261, 262, 263, 264, 267, 268, 269,
270, 272, 273

* 1 April - 30 September 2004:
92, 93, 94, 95, 96, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111, 112, 113,
116, 117, 119, 120, 124, 125, 129, 130, 131, 134, 135, 136, 137, 138, 139, 140, 144, 145, 146,
150, 151, 153, 158, 159, 166, 167, 168, 169, 176, 178, 181, 182, 185, 197, 209, 210, 211, 212,
213, 227, 228, 235, 238, 240, 241, 243, 244, 245, 251, 252, 253, 254, 256, 257, 261, 262, 263,
264, 265, 266, 267, 269, 270, 271, 272, 273

* 1 April - 30 September 2005:
91, 92, 93, 94, 95, 96, 97, 98, 100, 101, 102, 103, 107, 108, 109, 110, 112, 113, 114, 115, 116,
118, 119, 120, 121, 130, 131, 132, 135, 137, 138, 139, 144, 145, 146, 147, 152, 153, 159, 160,
161, 162, 167, 168, 169, 183, 184, 187, 195, 201, 217, 218, 220, 221, 228, 229, 235, 236, 237,
240, 241, 242, 243, 256, 257, 258, 259, 261, 262, 263, 264, 265, 266, 267, 269, 270, 271, 272,
273

1 April - 30 September 2006:

93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106, 120, 121, 122, 123, 124, 129, 141,
145, 146, 148, 151, 152, 153, 154, 155, 158, 159, 160, 161, 162, 163, 174, 181, 191, 219, 227,
234, 240, 243, 244, 246, 247, 248, 257, 260, 261, 262, 263, 264, 265, 266, 268, 269, 270, 271,
272

1 April - 30 September 2007:

91, 92, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111, 112,
113, 114, 123, 124, 125, 127, 129, 130, 136, 137, 138, 148, 149, 150, 154, 174,177,179, 180,
181, 186, 187, 188, 192, 193, 194, 196, 198, 206, 207, 208, 209, 211, 212, 215, 216, 217, 222,
223, 237, 238, 239, 243, 244, 245, 246, 248, 249, 250, 251, 253, 254, 255, 256, 258, 262, 263,
264, 265, 266, 268, 270, 271, 272, 273
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A5 ET frequency over threshold 2002-2020

Technical Report MeteoSwiss No. 284




































MeteoSchweiz

Operation Center 1
CH-8044 Zurich-Flughafen
T +41 58 460 99 99
www.meteoschweiz.ch

MeteoSvizzera

Via ai Monti 146
CH-6605 Locarno Monti
T +41 58 460 97 77
www.meteosvizzera.ch

MétéoSuisse

7bis, av. de la Paix
CH-1211 Geneve 2
T +41 58 460 98 88
www.meteosuisse.ch

MétéoSuisse
Chemin de I’Aérologie
CH-1530 Payerne

T +41 58 460 94 44
www.meteosuisse.ch



	Abstract
	Introduction
	Background
	Hail maps for Switzerland
	Hail observation
	Direct hail observation
	Indirect hail observation with weather radar


	Data used for ``Hail Climate Switzerland''
	Swiss radar network and radar hail algorithms at MeteoSwiss
	Scan strategy of 3rd and 4th Swiss radar network generation
	Radar composite quality
	Hail identification with single-pol radar: Probability of hail (POH)
	Hail identification with single-pol radar: Maximum expected severe hail size (MESHS)
	Hail identification with dual-pol radar: Hydrometeor classification
	Thunderstorms radar tracking (TRT)
	Specifics of ET computation at MeteoSwiss

	COSMO model data
	Forecast vs. analysis
	Specifics of H0 computation from COSMO

	Specifics of POH and MESHS computation at MeteoSwiss
	Largest expected hail on an area (LEHA)
	Ground observations used within this project
	Automatic hail sensors
	Crowd-sourcing of hail information and insurance data


	Factors contributing to POH and MESHS dataset quality
	Radar data quality
	Model data quality

	Assessment of POH and MESHS quality: Availability, uncertainty and error quantification
	Data availability
	Radar ET data availability and composite quality
	NWP model data availability and quality

	Computation uncertainty
	Location-dependent ET uncertainty
	H0 computation uncertainty

	Non-meteorological features in ET, POH and MESHS
	Artifacts
	Residual ground clutter


	POH and MESHS improvement
	COSMO model data: smoothing and `homogenisation'
	Radar data: removal of non-meteorological features
	Artifacts
	Residual ground clutter


	Discussion and conclusions
	Abbreviations
	List of Figures
	List of Tables
	References
	Acknowledgment
	Appendix
	Appendix
	Composite quality for 3rd and 4th generation radar composites
	H0 smoothing sensitivity tests
	Composite quality code frequency for 2002-2020
	Days without hail 2002-2012
	ET frequency over threshold 2002-2020



