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Abstract

A new method for the assessment of the hail hazard in high spatial resolution and its application for Southwest
Germany are presented. By applying a cell tracking algorithm to 3D radar data, tracks of severe hailstorms
are detected and merged with loss data from a building insurance company. Besides the detection of hailstorm
tracks between 1997 and 2007, maximum reflectivity is projected on a 10 km × 10 km grid and analyzed by
extreme value statistics. In doing so, radar reflectivities are related to statistical return periods. The results
confirm a high spatial variability of both track density and hail hazard. Accordingly, severe hailstorms occur
most frequently, and consequently also with highest intensities, in the region south of Stuttgart, whereas hail
activity is lowest over the Rhine valley and the low mountain ranges of the Black Forest and Swabian Jura.
Based on a conceptual approach, it is discussed how spatial differences in hail incidence can be explained
plausibly by low Froude number flow (Fr < 1) around the mountains of Black Forest and the northwestern
edge of the Swabian Jura, which causes downstream horizontal convergence.

Zusammenfassung

In der vorliegenden Arbeit werden eine neue Methode zur Abschätzung der Hagelgefährdung in hoher
räumlicher Auflösung vorgestellt und Ergebnisse für den südwestdeutschen Raum präsentiert. Dabei werden
einzelne Zugbahnen schwerer Hagelstürme aus 3D Radardaten mit Hilfe eines Zellverfolgungsalgorithmus
bestimmt und mit Schadendaten einer Gebäudeversicherung abgeglichen. Neben der Detektion der Hagelzug-
bahnen im Zeitraum von 1997 bis 2008 wurden die maximalen Radarreflektivitäten auf ein Gitter der Größe
10 km × 10 km projiziert und mit Methoden der Extremwertstatistik analysiert. Damit können den Radar-
reflektivitäten statistische Wiederkehrperioden zugeordnet werden. Die Ergebnisse bestätigen, dass sowohl
die identifizierten Zugbahnen der Hagelstürme im Mittel als auch die Hagelgefährdung erhebliche räumliche
Variabilitäten aufweisen. Hagelstürme treten am häufigsten und mit den höchsten Intensitäten in der Re-
gion südlich von Stuttgart auf, während das Rheintal und die Mittelgebirge von Schwarzwald und Schwäbi-
scher Alb erheblich seltener betroffen sind. Mit Hilfe eines konzeptionellen Ansatzes wird gezeigt, dass die
räumliche Variabilität der Hagelereignisse mit Umströmungseffekten des südlichen Schwarzwalds und der
nordöstlichen Kante der Schwäbischen Alb bei niedrigen Froudezahlen (Fr < 1) und einer damit verbunde-
nen Strömungskonvergenz stromab plausibel erklärt werden kann.

1 Introduction

Severe hailstorms that occur almost exclusively in the
summer months carry a high risk for buildings, vehicles,
and crops. In the federal state of Baden-Württemberg
in Southwest Germany (see Fig. 1), nearly 40 % of the
total damage to buildings between 1986 and 2008 are
related to large hail, with the mean annual loss amount-
ing to almost EUR 50 million. Single extreme events
with a low probability of occurrence, however, exhibit
a damage potential that by far exceeds the mean annual
loss. Examples are the Stuttgart hailstorm on 15 August
1972, where six people were killed, the large-scale no-
torious Munich hailstorm on 12 July 1984 with a total
loss of EUR 1.5 billion, or the small-scale Villingen-
Schwenningen hailstorm on 28 June 2006, which caused
damage to buildings in the order of EUR 250 million.
Due to the high risk potential associated with large hail,
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comprehensive information about the local probability
and intensity is essential for loss prevention and risk
management purposes.

Convection-related weather phenomena like hail swa-
ths with a typical horizontal extent of several hundred
meters only usually are not captured accurately and
uniquely by a single observation system. Tracks and
intensity of convective cells can be studied best by
radars having a large area under constant surveillance
and reaching high spatial as well as temporal resolution.
Since the radar signal is modified by several factors, for
example particle spectra, attenuation, aggregate phase
of water, and increasing distance of the radar beam to
the ground due to the earth’s curvature (SAUVAGEOT,
1992), a unique relation between radar reflectivity alone
and hail on the ground is impossible to establish. In-
surance loss data, on the other hand, display the direct
impact of hail on vulnerable assets and, thus, provide a
good basis for studying ambient conditions on hail days
and local-scale characteristics of hail occurrence (e.g.,
SCHIESSER et al., 1997; HOHL et al., 2002; SCHUSTER
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et al., 2006). However, they rely on population density
and/or vulnerability of the insured values.

For the assessment of the hail impact, several stud-
ies try to establish a relation between radar and dam-
age data. SCHIESSER et al. (1999), for example, cor-
related radar measurements with amounts of hail dam-
age to buildings for a severe hailstorm in Switzerland.
They showed that severe gusts can significantly increase
overall damage to building surfaces. HOHL et al. (2002)
established a relation between hail damage to build-
ings and radar-derived hail kinetic energy, which repre-
sents the total volume of hailfall per surface unit. This
quantity, originally derived from hailpad observations
by WALDVOGEL et al. (1978), was considered in sev-
eral other studies of hail damage (e.g., VISSER and
VAN HEERDEN, 2000; HOHL and SCHIESSER, 2001;
SCHUSTER et al., 2006).

So far, only a limited number of studies have focussed
on the long-term estimation of the hail hazard or the hail
risk. One of the oldest surveys for Germany was pub-
lished by SCHWIND (1957), who estimated community-
based hail hazard from the number of years with insured
hail damage to crops between 1912 and 1941. He re-
ported a very high spatial variability of hail days, in par-
ticular over complex terrain. Data from a hailpad net-
work in Northern Italy were used by GIAIOTTI et al.
(2003) to investigate hail climatology. They concluded
that even if hail is a local phenomenon, its climatology
in the area studied can be interpreted only by accounting
for the mesoscale triggering mechanisms, namely, the
interplay between synoptic perturbations and the com-
plex orography of Friuli Venezia Giulia. For the state of
New South Wales in Australia, SCHUSTER et al. (2005)
derived a hail climatology based on reports of hailstones
from 1791 to 2003. Despite an almost homogeneous ter-
rain, they also reported a high spatial variability of hail
occurrence.

Since hail risk assessment is an essential task for
the insurance industry, different approaches to hazard
and risk mapping were developed with a clear focus
on application purposes. The “Kantonale Gebäudever-
sicherungen” of Switzerland, for example, compiled hail
hazard maps that relate hail diameters estimated from
radar data to specific return periods (EGLI, 2007). They
divided Switzerland into eleven different climatological
hail zones. A model for hail risk assessment is provided
by the HailCalc Europe software of Risk Management
Solution (RMS, see www.rms.com), which uses hail ki-
netic energy and hailstorm footprints. Based on opera-
tional radar data in Central Europe, a catalog of stochas-
tically modeled hailstorms was developed and combined
with additional climatological and meteorological data.
The validity and applicability of this approach, however,
remains to be tested.

The purpose of our study is to introduce a new
method for the assessment of the hail hazard in high
spatial resolution and to present results for Southwest

Germany (PUSKEILER, 2009). Tracks of severe hail-
storms in terms of probability of occurrence and inten-
sity are identified from radar and insurance data within
an 11-year period from 1997 to 2007. The study area
is Southwest Germany (federal state of Baden-Würt-
temberg) with a relatively complex orography. Since a
building insurance against natural hazards was obliga-
tory in Baden-Württemberg until 1994 and offered by
a monopolist, the data reach a very high spatial cover-
age. By combining 3D reflectivity data from a C-band
radar with the insurance loss data, the constraints in-
herent in both data sets are mitigated to a large extent,
with the high spatial resolution of the radar being main-
tained. The study aims at assessing spatial variability of
hail occurrence and identifying regions highly exposed
to hail hazard. By applying extreme value statistics to
radar reflectivity, hail hazard maps are compiled on a
10 × 10 km2 grid. Relations between orographic fea-
tures, flow effects, and the spatial distribution of hail
tracks are discussed by a conceptual approach.

The paper is structured as follows: The data sets and
their characteristics are specified in Section 2. Section 3
describes the methods, in particular the identification of
hailstorm tracks from radar data. The selection of hail
days for the sample and atmospheric characteristics are
discussed in Section 4. The results in terms of hail days,
storm tracks, and probabilities of maximum reflectivi-
ties are presented in Section 5. Section 6 discusses some
possible orographic effects on the flow. The last Section
7 gives a summary and conclusions.

2 Data sets and investigation area

The study area is located in Southwest Germany and
covers most parts of the federal state of Baden-Würt-
temberg (Fig. 1). The terrain exhibits a specific com-
plexity with some rolling terrain in the north, the flat and
broad Rhine valley, and a chain of the two low mountain
ranges of Black Forest and Swabian Jura. Local wind
systems often develop at the slopes and in the larger val-
leys of Black Forest (e.g., ADRIAN and FIEDLER, 1991;
KOSSMANN and FIEDLER, 2000), which may trigger
the initiation of convection. It is well known that this
region favors the development of deep convection (e.g.,
GYSI, 1998; MEISSNER et al., 2007), which may cause
high amount of damage due to hail, local storms, floods,
or even tornadoes (HANNESEN et al., 1998; DOTZEK,
2001). The study refer to a 11-year period between 1997
and 2007, for which both insurance and 3D radar data
are available.

2.1 Radar data

Tracks of hailstorms and related intensities are deter-
mined by the C-band Doppler radar of the Institute for
Meteorology and Climate Research (IMK). The IMK
radar located at the Karlsruhe Institute of Technology,
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Figure 1: Area under investigation with the radiosonde station of

Stuttgart-Schnarrenberg and the range of the IMK radar (KIT-CN).

Campus North (KIT-CN), covers a range of 120 km
for quantitative analysis. A complete volume scan at
14 different elevations with a lowest angle of 0.4◦ is
performed every 10 min. The raw data have a resolu-
tion of 0.5 km in radial direction and of 0.89◦ (3-dB
beam width) in azimuthal direction and are interpolated
on an equidistant grid of 0.5 km. To consider severe
thunderstorms with hail only, a lower threshold of 55
dBZ was defined for the maximum radar reflectivity
projected from the vertical column on a Constant Alti-
tude Plan Position Indicator (MAX-CAPPI). Examina-
tions of SCHIESSER (1990) and HOHL et al. (2002) for
Switzerland have shown that radar reflectivities equal or
greater this shreshold are related to hail damage to crops.
In a case study for Eastern Australia, SCHUSTER et al.
(2006) found the 55 dBZ to be a good approximation of
the hail swath causing significant damage to buildings.
The threshold of 55 dBZ, however, should be regarded
as a potential indicator of hail occurrence only, rather
than as final proof.

2.2 Insurance loss data

To close the gap between radar reflectivity measured at
a certain level above the ground and hail occurrence on
the ground, insurance loss data from 1986–2008 were
additionally used. Building insurance against various
natural hazards was mandatory in Baden-Württemberg
until 1994 and offered exclusively by the “Gebäude-
versicherung Baden-Württemberg”. The recorded loss
data of its successor, the “SV-Sparkassenversicherung”
(hereinafter referred to as SV), are characterized by
a high areal coverage and consistency. Separated into
5-digit postal code zones, the data comprise the date,

amount of loss, and number of notifications of claims
for each hail damage day. Claim-related deductibles (in-
sured’s participation of the damage) are already consid-
ered in the loss data, which were also inflation-adjusted
to the year 2008.

In order to reduce the effect of population density in
the insurance data, the number of claims was normalized
by the number of insurance contracts existing within
each postal code zone, referred to as loss frequency. The
total number of contracts and amount insured per year
and per postal code zone further allow for a data correc-
tion to account for the annual variability of the portfolio,
especially for the decrease after the abolition of the in-
surance obligation from 1994 (100 %) to 2007 (64 %).
A correction factor, defined as

δi =
nconi

1

23

∑
2008

i=1986 nconi
(2.1)

was established, where nconi is the number of contracts
of the year i. By multiplying the number of claims on
damage days by δi, it is assumed that the underlying
portfolio remained constant in the whole period consid-
ered. In the following sections, all analysis will be based
on the loss frequency adjusted accordingly.

2.3 Hail reports

For a qualitative comparison of the spatial distribution
of hail occurrence as obtained from the combination of
radar and insurance data, we used additionally reports
of hail observations from the European Severe Weather
Database (ESWD, www.eswd.eu; DOTZEK et al., 2009)
between 1900 and 2009 with a special focus on the in-
vestigation period 1997–2007. The main objective of
ESWD is to collect and provide detailed and quality-
controlled information on European severe convective
storms and related extremes like straight-line winds (>
25 m s−1), tornadoes, large hail (maximum diameter
>2 cm), heavy precipitation, funnel clouds, gustnadoes,
and lesser whirlwinds. Information are supplied from
collaborating national meteorological and hydrological
services, from voluntary observer networks as well as
from the public. Data used in this study comprise the day
and time of hail occurrence on the ground, their location
as well as the maximum diameter of the hailstones. A
rough comparison with data from the Land Statistical
Office revealed no general relation between report fre-
quency and population density (not shown). It should be
noted, however, that the hail reports exhibit a strong ob-
servational trend, as will be discussed briefly in Sec. 4.1.

2.4 Sounding data

For the assessment of the preconvective environment
and the characteristics of hailstorm tracks, various con-
vective parameters and indices were calculated from
Stuttgart radiosonde observations (315 m asl; see Fig.
1 with station site). The soundings contain profiles of
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air pressure, geopotential height, temperature and dew-
point temperature, wind speed and wind direction. To as-
sess atmospheric conditions additionally over the north-
ern Rhine valley, composite soundings were determined
by adding temperature and dewpoint temperature from
the 200 m mast (112–312 m asl) of IMK (KIT-CN) to
the Stuttgart sounding data, similar to HANNESEN et al.
(1998). In this procedure, sounding data below 500 m
asl, which are strongly influenced by vertical heat fluxes
from the surface, were omitted. Prior to the calculation
of convective parameters, all vertical profiles were inter-
polated into equidistant increments of 10 m.

According to the radar data, the majority (92 %) of the
analyzed hailstorms occurred between 1300 and 1600
UTC, when solar heating of the atmosphere provides a
favourable starting point for the daily cycle of convec-
tive system formation and growth. Hence, it can be as-
sumed that the 1200 UTC profiles are representative for
the preconvective environment in the investigation area.
Wind speed and direction are obtained from the sound-
ing with the smallest time lag to the occurrence of max-
imum radar reflectivity on a day.

Convective parameters considered in this study com-
prise the Convective Available Potential Energy (CAPE;
MONCRIEFF and MILLER, 1976) as integrated from
the level of free convection (LFC) to the equilibrium
level assuming a surface-based parcel (CAPES) and
one mixed over the lowest 50 hPa (CAPE50), Convec-
tive Inhibition (CIN50), K-Index (KI; GEORGE, 1960),
Lifted Index (LI; GALWAY, 1956), and Showalter In-
dex (SHOW; SHOWALTER, 1953). The synopsis of these
metrics should reveal the potential of thunderstorm de-
velopment according to the prevailing properties of the
air mass. Since the indices and parameters do not con-
sider any triggering mechanism for deep convection, for
example, orographic or frontal lifting, a direct relation-
ship to thunderstorm or hail occurrence cannot be estab-
lished. For further explanations and the interpretation of
specific values with respect to the investigation area, the
reader is referred to KUNZ (2007).

3 Methods

3.1 Cell tracking algorithm TRACE3D

Frequency and intensity of convective cells are deter-
mined by applying the cell tracking algorithm TRACE3D
(HANDWERKER, 2002) to 3D radar reflectivity data.
The algorithm identifies convective cells by specific
radar signatures and follows them in space and time us-
ing reflectivity of the successive scans.

In a first step, the algorithm determines contiguous
areas exceeding a threshold of 35 dBZ in reflectivity.
Within each area, a second threshold 10 dB below the
maximum within that area is introduced to identify so-
called reflectivity cores. In the next step, TRACE3D
tries to assign the reflectivity cores of the former vol-
ume scan to those identified in the current scan. This

Figure 2: Loss frequency in % of hail damage to buildings on 20

June 2002 with hailstorm tracks identified by TRACE3D (a) and the

maximum radar reflectivity in dBZ on that day (b).

requires an estimate of the shift vector, ~ve, which is de-
termined from the position vector, ~r, of the cores in the
preceeding scans. In case a reflectivity core was tracked
two time steps before, ~ve is determined by

~ve =
~r(t0 − ∆t) − ~r(t0 − 2∆t)

∆t
, (3.1)

where ∆t is the time interval between two consecutive
volume scans. In case the core was tracked several scans
before, ~ve is calculated as a weighted sum from all
former velocities. If a convective cell is just identified
in the current scan, ~ve is determined using the volume
velocity processing (VVP) algorithm which averages
the radial Doppler velocity within a radius of 30 km
around the radar site over heights between 2 and 4 km
(WALDTEUFEL and CORBIN, 1979).

The location of the reflectivity core in the following
scan at a time t0 + ∆t is estimated from the former
position ~r(t0) and the velocity ~ve(t−∆t), considering a
certain search radius around that point. The reflectivity
core that is closest to the estimated location is assigned
to the former one. Complex convective features like cell
splitting or merging are tracked by additional routines
(HANDWERKER, 2002).

3.2 Identification of hailstorms tracks

Hailstorm tracks as determined by TRACE3D are merged
with SV loss data using the geographical information
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system (GIS) ArcView. In doing so, all cell tracks be-
tween 1997 and 2007 that can be assigned to a non-zero
loss frequency are identified.

As an example, Figure 2 shows the combination of
cell tracks and loss frequency on 20 June 2002. On that
day, a squall line crossed the study area from southwest
to northeast, causing considerable damage to buildings.
The highest loss frequency was recorded in the small
community of Linkenheim-Hochstetten, located just a
few kilometers northwest of the radar, where approxi-
mately 79 % of all buildings were damaged. In general,
a good agreement is found between damage areas and
reflectivity cores (Fig. 2a). The longest track in the area
coincides well with the maximum loss frequency. The
interruption of the main track can be attributed to atten-
uation effects of the radar signal and possibly to a water
film on the radome during heavy rainfall at the radar site.
These effects also explain the reduced radar reflectivity
in Figure 2b around and northeast of the radar location,
where the loss frequency is high nevertheless. It is ob-
vious that convective cells are not entirely reproduced
when considering the location of the core only and not
their spatial extent. As can be seen in Figure 2b, this sys-
tem had a horizontal extent in the order of a few ten kilo-
meters with high reflectivities relevant to the widespread
distribution of the loss frequency.

Other cells identified by the tracking algorithm, for ex-
ample those in the eastern part of the area, are not asso-
ciated with damage to buildings. This finding confirms
that a radar reflectivity in excess of 55 dBZ cannot be
attributed unambiguously to large hail.

3.3 Estimation of return values

Assessment of local hail climatology in terms of return
values (intensity) related to probability is based on the
statistical description of a sample of extremes. Basically,
there are two different methods for describing extremes
statistically. One is the classical generalized extreme
value (GEV) distribution which is based on annual max-
ima (FISHER and TIPPETT, 1928). The other approach
is the peaks-over-threshold (POT) method, where all
events over a chosen threshold are selected for the sam-
ple and modeled by the generalized Pareto distribution
(GPD; PALUTIKOF et al., 1999; COLES, 2001). Since
the time period considered in this study is very short, the
POT method is used to increase the number of events
included in the analysis and, correspondingly, to re-
duce statistical uncertainty (BRABSON and PALUTIKOF,
2000).

The individual samples comprise all damage-related
cell tracks projected onto a 10 × 10 km2 grid. This size
is a compromise between blurring interesting local-scale
effects in the occurrence of hailstorms and ensuring a
sufficient number of events for the samples.

For each grid cell, maximum radar reflectivity was de-
termined on each of the selected 65 hail days (see Sec-
tion 4.1). If a grid cell was hit by hail more than once

on the same day, the highest radar reflectivity only was
selected for the sample. This ensures statistical indepen-
dence of the events, which is a prerequisite for apply-
ing extreme value statistics. The samples in the different
grid cells comprise between 10 and 50 events. All sam-
ples are statistically modeled by the GPD for a threshold
of ζ = 55 dBZ (cf. Sec. 2.1).

The cumulative distribution function (CDF) of the
GPD is defined by

F (x) = 1 − [1 −
k

α
(x − ζ)]1/k, (3.2)

where the shape parameter, k, indicates the width, and
the scale parameter, α, the slope of the CDF.

Using the exceedance rate, λ = n/M , where n and M
are the total number of events and the number of years,
respectively, the expected reflectivities as a function of
the return period, RP , result as

XRP = ζ +
α

k
[1 − (λRP )−k]. (3.3)

The two a priori unknown parameters, k and α,
are determined by maximum likelihood estimation (cf.
WILKS, 1995) which is a versatile statistical method
commonly used for fitting a statistical model to a sample
of data.

4 Days with hail damage to buildings

4.1 Selection of hail days and storm scale

investigations

Within the investigation period from 1997 to 2007, hail
damage to buildings was recorded on 1285 days. A com-
parison between insurance and radar data for several hail
days revealed that a multiplicity of individual claims
were assigned to a wrong date, usually one day before
or after a real hail event (KUNZ et al., 2009). In order
to filter out these incorrect cases and to select signifi-
cant hail events exclusively, different lower thresholds
were applied to the data. Lower thresholds of 50 claims
and EUR 100,000 loss were applied to define a hail day
within the entire investigation area irrespective of the lo-
cation of occurrence. This gives a total of 65 hail days,
for which also radar data are available, i.e. 5.9 days per
year on average. The examination of ambient conditions
(Sec. 4.2) and the statistical analysis of hailstorm tracks
and hail hazard (Sec. 5.2 and 5.3) are based on this defi-
nition of a hail day. A threshold of three claims define a
hail day within a 5-digit postal code zone. This thresh-
old is applied independently to each of the postal code
zones to study the spatial variability of hail days (Sec.
5.1). The two different thresholds were found to be most
appropriate for defining a hail day according to several
comparisons between insurance and radar data as well
as synoptic station data.
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All identified hail days are restricted to the hail sea-
son in southern Germany, normally lasting from April
to September (KUNZ, 2007). Most of the hail days (23
days) occurred both in June and July, the fewest in April
(1) and September (5). Even if hailstorms may occur at
any time, the majority (92 %) of the analyzed events
formed in the afternoon between 1300 and 1600 UTC.
The type of convective organization was classified ac-
cording to the vertical and horizontal extent of high re-
flectivities of the MAX CAPPI. In total 18 % of all hail
events can be attributed to isolated cells, 45 % to large
isolated or group cells (multicells or supercells), 25 % to
squall lines, and 12 % to mesoscale convective systems
(MCS). A weak relation appears between the type of
cell formation and the time, when the cells exhibit their
highest intensity. Whereas isolated cells preferably have
their maximum intensity approximately at 1430 UTC
on average, it is 2 h later for higher organized convec-
tion, except for MCS. The number of identified isolated
cells, however, is too low to establish this as a general
statement. The insurance data confirm that isolated cells
cause only minor damage, yielding a mean daily loss
amounting to EUR 1.9 million. Against to this, the mean
loss associated with organized convection is higher by a
factor of seven. According to the reports in the ESWD
database, maximum hailstone diameters range between
2 and 7 cm. The largest hailstones were recorded dur-
ing the most damaging hailstorm within the investiga-
tion period associated with a supercell that hit the town
of Villingen-Schwenningen on 28 June 2006. However,
only 55 % of the hail days (= 35 days) are also listed in
the hail reports. The main reason for this discrepancy is
the observation trend in the reports probably due to the
increasing risk and severe weather awareness of the so-
ciety. Between 1997 and 2003, only 30 % of the days
with hail damage are also documented in the reports.
After this year, the ratio rises to 81 %. Unfortunately,
only 14 reports contain actual information on hailstone
sizes. Therefore, a general relation between hailstone
sizes from the reports and loss frequency cannot be es-
tablished.

4.2 Ambient conditions on hail days

Even if thunderstorm prediction is one of the most diffi-
cult tasks in weather forecasting, the potential for severe
thunderstorms is related to specific preconvective condi-
tions. Any kind of instability (conditional, potential, or
latent) over a layer of sufficient depth, moist air at low
levels, lift to initiate convection, and vertical wind shear
(e.g., DOSWELL, 1987; HOUZE, 1993).

On the selected hail days, several atmospheric fea-
tures can be identified, which are decisive for the devel-
opment of organized convection. In most of the cases,
the flow in the mid-troposphere has a direction between
south and west; only 6 days show other directions (Fig.
3) in line with the findings of BISSOLLI et al. (2007).
This will be important for the discussion of storm tracks
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and assumed orographic flow modifications in the next
section. According to the convective indices and param-
eters displayed in Figure 4, the atmosphere was con-
siderably unstably stratified with high contents of mois-
ture at low levels (not shown). For example, the surface-
based CAPES amounted to 1250 J kg−1 on average for
the composite sounding, representative for the north-
ern Rhine valley, and to 1080 J kg−1 for the original
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sounding data. The mixed-layer CAPE50 was on aver-
age 610 and 500 J kg−1, respectively. The CIN50 (>
-110 J kg−1), on the other hand, was in a range with
a high likelihood of being eroded in the early after-
noon hours, either by vertical mixing within the bound-
ary layer or by synoptic-scale lifting. Only on some hail
days the sounding-derived CIN50 exhibits lower values
(< -150 J kg−1). We assume that frontal passages or
strong large-scale lifting helped the parcels overcome
the inversion layers on those days. Also the other in-
dices shown in Figure 4, KI (median: ≈ 31 K), LIS
(≈ −2.1 K), and SHOW (median: ≈ 0.1 K), reveal
a high potential for deep convection. According to the
study of KUNZ (2007), the values of all indices and pa-
rameters are in a range in which severe convection can
be expected (indicated by the direction of the arrows in
Fig. 4), in particular for the Showalter Index, SHOW.

The convective potential of the atmosphere does not
significantly change with the location, as can be inferred
from the similarity of the convective parameters as de-
rived from the original and the composite soundings.
Also the parameters, which are sensitive to the values at
the surface, CAPES and LIS, do not show significant dif-
ferences. This, however, applies only on average to the
statistical distribution, but not to each of the hail days.

5 Assessment of hail hazard

In the following sections, hail climatology over South-
west Germany is discussed based on the number of hail
days, hail tracks, and hail hazard as obtained by apply-
ing extreme value statistics.

5.1 Number of hail days

To obtain an impression of the spatial variability of
hail occurrence, the number of hail days within the 11-
year period was determined separately from radar and
insurance data. Recall that a day is considered a hail
day within a 5-digit postal code zone when more than
three claims were settled. To account for the variable
areas of the zones, the total number of hail days was
normalized by the respective area, yielding the quantity
of hail days per square kilometer. Based on the radar
data, a hail day was identified when a threshold of
55 dBZ was exceeded (cf. Sec. 2.1) and TRACE3D
was able to identify a cell track. Since this definition
covers the maximum radar reflectivity of a reflectivity
core only and does not consider the whole extent of
the convective systems, the results are projected on an
equidistant grid of 10 × 10 km2. It is obvious that the
two definitions differ from each other not only due to
the different spatial scales, but also because of the fixed
radar reflectivity that may be considered an indication
only for hail on ground level. None of the two definitions
includes the intensity of the thunderstorms.

Figure 5: Number of hail days according to SV data (hail days per

km2; color shading) and radar data (days with Z > 55 dBZ on a

10 km grid; isolines) accumulated from 1997 to 2007; red points are

residential and commercial buildings. Zones without hail damage are

in gray.

The SV data reveal a very high spatial variability in
hail incidence (Fig. 5). The number of hail days per
square kilometer is between zero and almost ten. Sev-
eral hot spots can be identified. Most conspicuous is
the large region around the agglomeration of Stuttgart,
where hail damage occur most frequently. But also other
areas like those near Freiburg, Villingen, or Heidelberg
experience a high number of hail days. Over the elevated
terrain of the Black Forest and Swabian Jura as well as
over the hilly terrain in the northeast of Baden-Würt-
temberg by contrast, damaging hailstorms occur com-
paratively infrequently. Although this analysis relies on
buildings, the analyzed number of hail days generally
does not depend on settlement density. This is indicated,
for example, by the low values near Karlsruhe and south-
west of Stuttgart, or, conversely, by high values over
sparsely populated regions like that between Reutlingen
and Villingen.

In contrast to the insurance data, the number of days
with high radar reflectivity exhibit a strongly reduced
spatial variability with values between 22 and 47 (iso-
lines in Fig. 5). The low variability can be attributed
above all to the lower resolution of the 10 × 10 km2

grid. Despite the different definition of a hail day and
reference area, both data sources show similar patterns
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with high values around the Stuttgart agglomeration and
lower values north of Stuttgart and over the Black For-
est. Note that the radar does not cover the southern parts
of the investigation area (see Fig. 1).

5.2 Hailstorm tracks

Statistical analysis of the SV loss data (not shown) re-
veals that most of the damage to buildings can be at-
tributed to extreme hailstorms that occur only infre-
quently. Therefore, we restricted the following investi-
gation of hailstorm tracks to the 30 most severe hail days
with respect to the number of claims in the period 1997-
2007. Since the intention was to examine tracks of hail-
storms exclusively, only radar reflectivities in excess of
55 dBZ are displayed. Hence, the tracks do not comprise
the locations of origin or dissipation of the convective
storms.

Significant spatial differences in hail track density are
obvious in Figure 6a, with a maximum again over the
agglomeration of Stuttgart and a minimum over the two
mountain chains of Black Forest and Swabian Jura as
well as over the northern parts of the study area. At the
fringe of the maximum radar range (120 km; circle in
Fig. 6a), some tracks approximately follow the circular
boundary. This is an artefact from the cell tracking al-
gorithm TRACE3D. Thus, all tracks within the utmost
10 km range, indicated by the shading in Figure 6a, are
not reliable (HANDWERKER, 2002). Interestingly, the
tracks of the most severe hailstorms exhibit a much bet-
ter agreement with the number of hail days from SV data
than with the hail days determined from the radar (cf.
Fig. 5). This confirms that the methods applied for de-
tecting tracks of individual hailstorms are also appropri-
ate for estimating hail occurrence and, finally, hail haz-
ard.

The accumulation of individual hailstorm tracks re-
veals several interesting details. One of the most promi-
nent findings is the spatial distribution and variability
of the tracks, in particular the sharp gradient in track
density at the northwestern edge of the Swabian Jura.
In this region, most of the cells proceed approximately
parallel to the mountain ridge. But also the minimum of
tracks over the Black Forest and the broad Rhine valley
are striking characteristics of hail climatology. Note that
the comparatively high number of storm tracks between
Villingen and Reutlingen, which is behind the northern
Black Forest mountains in radial direction to the radar
location, is an indication of beam shielding at the moun-
tains not substantially modifying the results. Even if the
actual mechanisms that determine the spatial distribu-
tion of storm tracks cannot be derived directly from the
analysis, orography may be assumed to play a decisive
role. Possible explanations will be discussed in the next
section.

The majority of hailstorms proceeds from southwest
to northeast, which corresponds more or less to the mean
wind direction in the middle troposphere (see Fig. 3).

Most of the tracks are no straight lines, they rather ex-
hibit several kinks and lateral displacements. It must be
noted, however, that the tracks are identified by the max-
imum reflectivity that can vary horizontally on short dis-
tances already. Besides, in cases of multicell thunder-
storms, new cells are usually triggered laterally of the
complex, causing a horizontal shift of the detected max-
imum reflectivity.

Another interesting feature of the set of convective
systems is the length of the individual tracks. In most
cases, they are more than 70 km long. Given a mean
wind speed of 15.1 ± 6.5 m s−1 between 700 and
500 hPa, this yields a persistence in excess of 1 or
2.5 hours, respectively. During this time span, the con-
vective cells maintain a peak radar reflectivity above
55 dBZ.

The spatial distribution of hailstorm occurrence is
approximately confirmed by hail observations (D ≥

2 cm) from the ESWD data base (Fig. 6b). In partic-
ular the highest track density around the agglomeration
of Stuttgart coincide well with the number of reports, but
also the low density over the Rhine valley and the north-
ern parts of the study area. The reports also confirm the
sharp gradient in hailstorm occurrence at the northwest-
ern edge of the Swabian Jura. More than three reports
have been submitted on a few days only (10 out of 65).
Hence, tracks of hail swaths including length and width
cannot be extracted from these observations. Unfortu-
nately, most of the reports do not contain actual infor-
mation on hailstone sizes (indicated by N/A in Fig. 6b).
Therefore, quantitative comparison with the radar data,
in particular in terms of hail hazard (next paragraph), is
not feasible.

5.3 Hail hazard

Hail damage to buildings depends both on the frequency
of severe hailstorms and the intensity of hail as a func-
tion of maximum and/or mean hailstone sizes. In order
to consider in this study not only the number or density
of hailstorms, but also the intensity related to probabil-
ity, extreme value statistics (see Sec. 3.3) was applied
to the radar reflectivity data. Similar to the quantifica-
tion of hail days from radar data (Fig. 5), the analyses
were performed on a 10 × 10 km2 grid. The samples
of the individual grid boxes comprise daily maximum
radar reflectivity on the 65 selected hail days, no matter
where the storms occurred within a box. Similar to the
previous sections, reflectivity data above a threshold of
ζ = 55 dBZ only are considered. Due to the high spatial
variability in the occurrence of hailstorms, the sample
sizes at the grid points vary between 10 and 50 events.
As the uncertainty is expected to increase substantially
for the tail of the distribution function, which is due to
the limited samples in particular, only results for a one-
and five-year RP, i.e. a probability of 1 and 0.2, respec-
tively, are shown.



Meteorol. Z., 19, 2010 M. Kunz & M. Puskeiler: Hail hazard assessment 435

Figure 6: Tracks of hailstorms (>55 dBZ) on the 30 most severe hail days between 1997 as identified from radar data applying TRACE3D

(a) and reports for hailstone diameters D ≥2 cm from the European Severe Weather Database (ESWD, www.eswd.eu) between 1997 and

2007 (circles) and for 1900–2009 (triangles) (b); reports without specifications on hail diameter are indicated by N/A (blue). See text for

further explanations.

Figure 7: Radar reflectivity of the most severe hailstorms according to SV insurance data between 1997 and 2007 for a statistical return

period of 1 year (a) and 5 years (b).

The radar reflectivity for a one-year RP varies be-
tween approximately 60 and 65 dBZ within the study
area (Fig. 7a). For the interpretation of the results, it
should be borne in mind that radar reflectivity in dB is
a logarithmic unit. Doubling the signal in linear units
(mm6 m−3), equals an increase of about 3 dB. The re-
sults shown in Figure 7a closely resembles the density
of hail tracks. This applies to the spatial distribution as
well as to the location of the minima and maxima. It
can be deduced that intensities are correlated well with
track densities, at least for moderate events described by
a one-year RP. This means that in regions, where hail-

storms are rare events, like the Rhine valley or Black
Forest and Swabian Jura, storm intensity is also low on
the average. Conversely, over regions, where hailstorms
occur frequently like the region south of Stuttgart, they
are also more intense. Note that this applies to the mean
over a long-term period, but is not true for individual
events.

For higher return periods, for example a five-year RP
(Fig. 7b), radar reflectivity shows distinct differences
compared to the one-year RP. High reflectivities are no
longer restricted to the area of Stuttgart, but occur else-
where within the study area as well, for example over
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the northeastern parts. Accordingly, a relation between
intensity and incidence no longer can be established.
The differences to the one-year RP be explained by a
higher slope of the GPD at the grid boxes concerned.
This may result in a stronger increase of the return lev-
els (in dBZ) with increasing RP. The underlying sam-
ples at this boxes comprise only a few moderate events,
but also very extremes. As will be discussed in the next
section, most of the (mean) hail events are related to spe-
cific terrain characteristics, causing the high spatial vari-
ability in hailstorm occurrence shown in Figure 6. Most
extreme events with very long tracks, on the other side,
like the Munich hailstorm in 1984, are hardly modified
by specific characteristics of the terrain. In other words,
also regions with low probabilities of hail occurrence
might be affected by extreme hailstorms. This finding
is confirmed by the ESWD reports displayed in Figure
6, which shows that larger hailstones (e.g., 3–5 cm) are
not restricted to regions with a high probability of hail.
Consequently, maximum intensity cannot be derived di-
rectly from the number of events, at least on the local
scale. In order to reduce statistical uncertainty, which
manifests in high spatial gradients, sample sizes should
be enlarged either by expanding the observation period
or by stochastic modelling of the tracks. It is expected
that for longer time series of reliable hail data, also ex-
treme events will occur most frequently in the regions
with highest hail incidence.

6 Discussion: flow modifications by
local orography

From various studies based on observational data or nu-
merical modeling, it is well-known that the orographic
structures of the Black Forest favor the development
of deep convection (e.g., BARTHLOTT et al., 2006;
MEISSNER et al., 2007; KOTTMEIER et al., 2008). Af-
ter initiation, convective cells propagate approximately
with the mean mid-level wind, while intensifying fur-
ther. This may partly explain the high density of thun-
derstorms downstream of the mountains of the Black
Forest, i.e. the region around Stuttgart, but not their high
intensity.

According to examinations of surface charts and 500-
hPa geopotential on all 65 selected hail days, the average
synoptic situation is characterized by an extended trough
with its center located over the West European Basin or
the Bay of Biscay, and a ridge over the Mediterranean.
As a result of this constellation, warm and moist air is
advected from southwesterly directions in the area un-
der investigation, frequently referred to as the “Spanish
plume” (MORRIS, 1986). On the other hand, the surface
pressure gradient in the study area is weak, resulting in
low near-surface wind speeds. From Stuttgart soundings
at 1200 UTC, a mean velocity of Ū = 4.1 ± 2.0 m s−1

(mean ± standard deviation) is obtained by density-
weighted integration over the lowest 2 km. Despite the

Figure 8: Conceptual sketch of low Froude number flow over the

investigation area with the expected location of air flow convergence

(dashed).

high CAPE aloft, static stability as expressed by the
Brunt-Väisälä frequency for dry conditions is moder-
ate within the boundary layer, on the average N̄ =
0.013 ± 0.0008 s−1.

Combining both parameters and normalizing with the
maximum mountain height, H , defines the Froude num-
ber:

Fr =
U

NH
(6.1)

Note that U in (6.1) is the wind speed perpendicular to
the mountain. With a characteristic mountain height of
H = 1000 m and the mean values for Ū and N̄ listed
above, F̄ r = 0.32 ± 0.15. Several studies with numeri-
cal models demonstrated that the Froude number or the
inverse non-dimensional mountain height, Ĥ = 1/Fr
acts as a control parameter for the transition from the
flow-over to the flow-around regime (e.g., SMITH, 1989;
SCHÄR and DURRAN, 1997). As shown, for example,
by SMOLARKIEWICZ and ROTUNNO (1989) for an iso-
lated idealized 3D mountain, high Froude number flow
(Fr > 1) goes almost directly over the mountain and a
large-amplitude gravity wave develops over and down-
stream of the peak. In case of low Froude numbers
(Fr < 1), the gravity wave response is significantly re-
duced, as much of the air stream is diverted laterally and
goes around the mountain.

Transferred to the orography of Southwest Germany,
flow at low Froude numbers might be partly deflected at
the southern Black Forest mountains and to go around
them. This concept is illustrated in Figure 8. When im-
pinging on the mountains, the flow will split into two
parts, one with a more northerly direction due to flow
channeling in the upper Rhine valley (the region near
Freiburg) and one that goes around the southern flank
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of the Black Forest. At the western flank, this branch
will get a slightly northern component going around the
mountain. The northern branch is expected to partly flow
through the Kinzig Valley, which separates the northern
from the southern Black Forest. In the region shaded in
the sketch, the two parts of the flow will meet again,
causing horizontal flow convergence that favors the on-
set or further intensification of deep convection. A sim-
ilar concept was already introduced by DOTZEK (2001)
for the northern Vosges mountains and the Rhine val-
ley. He proposed low-level convergence to develop in
the northern Rhine valley due to westerly cross-flow
between the Vosges and Palatinian mountains. In a re-
cent study, HAGEN et al. (submitted) related hot spots
for convection initiation over the Vosges and the Rhine
valley to differences in the Froude number, Fr. They
showed that during low Fr conditions the flow will be
diverted around the Vosges creating a convergence zone
over the ridges, whereas for high Fr, the flow will be
over the Vosges mountains and converge at the lee side
with the weaker flow in the Rhine valley.

A second effect that is assumed to be important to
thunderstorm occurrence is the expected flow deviation
at the northern edge of the Swabian Jura. Due to the al-
most 45◦ orientation of the topography, the flow meets
the mountain at a very sharp angle. The velocity com-
ponent perpendicular to the obstacle is reduced signif-
icantly, yielding a very low Froude number. Hence, air
parcels are expected to flow more or less parallel to the
northern edge of the Swabian Jura. Convective cells that
are advected by the mean flow cannot go over the hills,
which explains the high gradient detected in the occur-
rence of severe thunderstorms in this region (cf. Fig. 6).
The assumed existence of such airflow characteristics is
only due to the specific orography with the broad and
deeply incised Kinzig Valley and the orientation of the
Swabian Jura.

Even if the hypothesis of flow characteristics is a rea-
sonable explanation for the spatial distribution of hail
tracks and radar reflectivity, some open questions still re-
main. Both the length scale of the mountains and the ex-
act height for stability and wind speed averaging are dif-
ficult to estimate for real conditions. Moreover, the ac-
tual flow regime and the leeside convergence needs fur-
ther evaluation. In case of saturation of the air, N must
be replaced by the saturated Brunt-Väisälä frequency
Nm according to LALAS and EINAUDI (1974), which is
significantly reduced compared to the dry one. All these
questions will be scrutinized in the next step by analyz-
ing the comprehensive data set obtained during the Con-
vective and Orographically-induced Precipitation Study
(COPS) in 2007 in the same region (KOTTMEIER et al.,
2008), and by simulations with the COSMO numerical
weather forecast model of DWD.

7 Discussion and conclusions

Due to the local-scale characteristics of thunderstorms
and related extremes like hail, no single data set ex-
ists that uniquely and consistently comprises hailstorms
for a sufficiently long term. To obtain complementary
information about hail days, hailstorm tracks, and the
hazard, reflectivity data from a C-band radar were com-
bined with loss data from a building insurance company
and compared to ESWD reports. Each of the data sets
exhibits valuable features, but also specific constraints.
Insurance loss data facilitates the identification of dam-
aging hailstorms, but are restricted to populated regions.
Radar data, on the other hand, allow for the detection of
related storms tracks, but do not allow for direct conver-
sion into hail on the ground.

The investigations presented focus on the region of
Baden-Württemberg and on the 11-year period from
1997 until 2007. The following conclusions can be
drawn:

• Hail probability exhibits a high spatial variability on
short distances already. This is true for the number of
hail tracks as well as for the intensity. Therefore, hail
hazard must be regarded a local quantity.

• A hot spot of hail damage and hail probability is
the region south of Stuttgart. In contrast to this, hail
occurrence is lowest over the mountains of the Black
Forest and Swabian Jura as well as over the rolling
terrain in northern Baden-Württemberg. A prominent
finding is the sharp gradient in track density at the
northwestern edge of the Swabian Jura, which is also
confirmed by hail reports from the ESWD data base.

• The results of extreme value statistics reveal a rela-
tionship between track density and maximum inten-
sity. This means that regions with the highest proba-
bility of hailstorms on the average are also exposed to
the most severe storms. However, this relation is true
for low return periods only, for example a one-year
RP, but vanishes for higher RPs or intensities.

• The spatial distribution of hailstorms occurrence can
be explained by low Froude number flow that might
be partly deflected at the southern Black Forest
mountains and to go around them, causing horizon-
tal flow divergence downstream (region of Stuttgart).
The sharp gradient in track density between the re-
gion around Stuttgart and the Swabian Jura can be
explained by flow deviation at the mountains, where
the flow meets at a very sharp angle, causing signifi-
cantly reduced Froude numbers.
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By determining hail days independently from radar
and insurance data, several specific constraints inherent
in the respective data sets became obvious. As shown,
for example, by SCHIESSER et al. (1999), damage to
buildings is not directly proportional to the intensity and
size of the hail stones. It is strongly controlled by the
horizontal wind speed and, in particular, the vulnerabil-
ity of the buildings, which has increased considerably
in the last decades. Hence, the definition of hail days
based on damage data is subject to several uncertain-
ties. Also the threshold considered for the definition of a
hail day (more than three claims within a 5-digit postal
code zone) is arbitrary to a certain degree. On the other
hand, a direct conversion of radar reflectivity into hail
on the ground is not really sensible. As already alluded
to in the introduction, the received radar signal can be
affected by many physical effects. Consequently, esti-
mation of hail occurrence on the ground from radar re-
flectivity alone must remain incomplete. Combination of
radar data with insurance data ensures consideration of
damage-causing hailstorms exclusively, but with the ad-
vantage of the high spatial resolution of the radar data.
Moreover, the qualitative agreement between the hail-
storm tracks and the hail days according to the SV data
confirms that the methods applied are appropriate for re-
producing reliable hail tracks and deduced hail hazard
maps.

Most interesting from the meteorological point of
view is the spatial pattern of hail occurrence that is
supposed to be due to orographic modifications of the
flow. It offers new insight into the possible trigger-
ing and intensification mechanisms of deep convection
over complex terrain. For the in-depth understanding of
the connection between thunderstorm development and
orographically modified flow prior and during convec-
tion initiation, further investigations combining obser-
vational data analysis with model studies are necessary.

The estimation of hail occurrence and hail hazard at
high spatial resolution is a new and innovative task and
can be applied for several purposes. The information
can be used to identify regions, where damage preven-
tion and -mitigation by adaptation measures are most ef-
fective. Considering the substantially increasing damage
due to large hail (KUNZ et al., 2009), mitigation of dam-
age will become more important. As regards to opera-
tional weather forecasting, the warnings can be adapted
to the present hail hazard. Regions can be identified,
where issuing of early warnings is of paramount impor-
tance.

This work is a first step in assessing the climatology
and hazard of hailstorms at a very high spatial resolu-
tion. In the next step, we will analyze thoroughly the
hailstorm tracks with respect to the type of organiza-
tion, the intensity vs duration or track length, and the
lateral extent. Furthermore, we intend to expand the in-
vestigations to a wider area by using the radar compos-
ites of DWD and data already provided by other insur-

ance companies (e.g., Vereinigte Hagel). As the radar
composits do not comprise entire 3D radar reflectivity,
additional methods must be developed to derive tracks
of hailstorms. By using highly resolved reanalysis data,
spatial distribution of convection-related parameters and
their connection to the probability of particularly hail
will be studied.
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publik Deutschland, Volume 36 – Mitteilungen aus dem
Institut für Raumforschung, Bad Godesberg, 37 pp.

SHOWALTER, A., 1953: A stability index for thunderstorm
forecasting. – Bull. Amer. Meteor. Soc. 34, 250–252.

SMITH, R.B., 1989: Hydrostatic airflow over mountains. –
Adv. Geophys. 31, 1–41.

SMOLARKIEWICZ, P.K., R. ROTUNNO, 1989: Low Froude
number flow past three-dimensional obstacles. Part I: Baro-
clinically generated lee vortices. – J. Atmos. Sci. 46, 1154–
1164.

VISSER, P., J. VAN HEERDEN, 2000: Comparisons of hail
kinetic energy derived from radar reflectivity with crop
damage reports over the eastern Free State. – Water S. A.
26, 91–96.

WALDTEUFEL, P., H. CORBIN, 1979: On the analysis of
single-Doppler radar data. – J. Appl. Meteor. 18, 532–542.

WALDVOGEL, A., B. FEDERER, W. SCHMID, J. MEZEIX,
1978: The kinetic energy of hailfalls. Part II: Radar and
hailpads. – J. Appl. Meteor. 17, 1680–1693.

WILKS, D.S., 1995: Statistical Methods in the Atmospheric
Sciences – Academic Press, San Diego, 467 pp.


