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Abstract This study investigates to what extent the frequency of hail events in the summer months has
changed during the past decades and which changes are expected to occur in the future. To improve the
diagnostics of hail events by considering various factors relevant for the formation of hail, a logistic hail
model has been developed by means of a multivariate analysis method. This statistical model is based on
a combination of appropriate meteorological parameters (convective parameter, moisture content, etc.)
and synoptic weather types. The output of the model is a new index that estimates the potential of the
atmosphere for hailstorm development, referred to as potential hail index. Validations with independent
data sets confirm the reliability of the model results. For Germany, the logistic hail model applied to
reanalysis data over the past decades shows a markedly north-to-south gradient with most of the potential
hail days occurring in the south. Applied to an ensemble of seven regional climate model simulations, it
is found that the potential for hail events will increase in the future (2021–2050) compared to the past
(1971–2000), but only statistically significant in the northwest and south of Germany.

1. Introduction

In Central Europe, severe hailstorms occurring almost exclusively during the summer half year may cause
damage amounting to billions of USD. Examples include the severe hail event on 27 and 28 July 2013 in
Germany with insured damage of 3.7 billion USD, representing the costliest insured loss event worldwide in
2013 [Munich Re, 2014]. Some insurance companies report a strong increase in hail damage over the past
decades. Based on insured agricultural losses (1920–1999), Schiesser [2003], for example, found a substantial
rise in the number of hail events in Switzerland between 1980 and 1994. Kunz et al. [2009] observed a rising
trend both in the number of hail events and related losses from data of a building insurer in southwest
Germany (Figure 1) over the past two decades. Using hailpad data from different areas of France, Berthet et al.
[2011] found that whereas the number of hail events between 1989 and 2009 remained nearly constant, the
intensity increased strongly. Given these few observations, the question arise to what extent the hail poten-
tial of the atmosphere already increased over the past decades and what changes can be expected for the
future due to climate change.

Like all weather phenomena related to deep moist convection, hail streaks are spatially very limited. According
to a study by Changnon [1970], 80% of all damage-causing hail streaks detected in the U.S. had a spatial extent
of less than 40 km2. Due to their local-scale extent and a lack of suitable observation systems in Germany, hail
is not recorded accurately, homogeneously, and uniquely by existing archives. Most suitable for the identifi-
cation and analysis of hail signals are weather radars, which have large areas under constant surveillance and
offer a high temporal and spatial resolution [Waldvogel et al., 1979; Kunz and Puskeiler, 2010]. However, at least
in Germany, radar data are not yet available over long time periods. The same is true for data sets based on
eyewitness reports like the European Severe Weather Database [Dotzek et al., 2009] of the European Severe
Storms Laboratory, which have a lack of spatial and temporal homogeneity. Insurance data are available over
a longer period but lack of temporal homogeneity due to temporal changes in the vulnerability and the reg-
ulatory practice of the companies. Thus, no homogeneous long-term record of hail occurrence is available,
which hampers statistical analyses and the identification of possible trends in the hail probability.

From a theoretical perspective, hail formation by accretion in cumulus clouds is most effective in environ-
ments with high liquid water content and large vertical velocity [Pruppacher and Klett, 1997]. These properties
may be reliably reproduced by state-of-the-art cloud-resolving numerical weather prediction models but not
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Figure 1. Part of Europe with the federal state of Baden-Württemberg
(dark gray) in Germany (light gray).

by high-resolution regional climate mod-

els (RCMs). To overcome this limitation,

convective indices derived from verti-

cal temperature, moisture, and—in some

cases—wind profiles or other meteoro-

logical parameters may serve as proxies

for thermal stability (relevant for ascent),

moisture content, and, thus, for hail-

storm formation. Unlike direct observa-

tions, these proxy data exist over longer

time periods with a sufficient homogene-

ity. If a relation between specific variables

of the RCM and hail observations avail-

able for a limited region and a limited time

period can be established, it might be

possible to apply those relations to other

regions and other periods where no direct

observations are available. Changes in

the proxies are also assumed to directly

impact the probability and/or intensity

of thunderstorms or hailstorms. Despite

neglecting other important factors for hail formation such as appropriate aerosols (ice-forming nuclei) or life-

time of a storm, several studies have succeeded in establishing a relationship between those proxies and hail

observations [e.g., Huntrieser et al., 1997; Groenemeijer and van Delden, 2007; Kunz, 2007; Sánchez et al., 2009;

Manzato, 2012]. In particular, the convective available potential energy (CAPE) and the lifted index (LI) are suit-

able to predict deep moist convection [Haklander and van Delden, 2003; Manzato, 2003; Mohr and Kunz, 2013].

As shown, for example, by Lee [2002] or Brooks et al. [2003], convective parameters derived from general circu-

lation models (GCMs) and RCMs can reproduce thermal stability of the atmosphere with sufficient accuracy.

Reanalyses may reveal both the interannual variability and the days with observed instability. Furthermore, it

is found that thunderstorms or hail events are more likely to occur (or not) during specific large-scale weather

types [Aran et al., 2010; Garćıa-Ortega et al., 2011; Kapsch et al., 2012], which can be reproduced from reanalyses

or RCMs.

By using a multivariate approach to quantify the convective potential of the atmosphere as proposed in this

study, several meteorological parameters relevant for the development of deep moist convection can be con-

sidered. According to Applequist et al. [2002], the logistic regression is a suitable statistical method to combine

different parameters relevant for thunderstorm formation. This method has been successfully applied in differ-

ent studies for binary diagnoses of thunderstorm or hail events [Billet et al., 1997; Sánchez et al., 2009; Schmeits

et al., 2005; López et al., 2007].

This study aims at assessing the hail potential of the atmosphere in Germany including possible changes

in past and future decades. For this assessment, a logistic hail model is developed, which combines several

meteorological parameters obtained from RCMs. Describing the probability of hail occurrence is developed

by means of logistic regression. The model is calibrated for a past period (1992–2000) using insurance loss data

and a downscaled reanalysis run. It is validated with insurance data and a hail statistic for a different period.

Afterward, the methods are transferred to an ensemble of high-resolution RCMs. Comparing the results for

past and future time periods, expected changes in the hail potential are quantified. To estimate the reliability

of the results, a miniensemble consisting of seven RCM runs is considered.

The paper is structured as follows: Section 2 gives a short overview of the used data sets and statistical meth-

ods. Section 3 is dedicated to the development and section 4 to the validation of the logistic hail model, whose

results for the past and future are discussed in section 5. Finally, section 6 summarizes the results and gives

some conclusions.
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Table 1. Regional Climate Model Runs Used in This Study With Some Specifications

Model (Version) Global Forcing Horizontal Resolution Emission Scenario Run Referred to as

CCLM–IMK (4.8) ERA-40 0.065◦ – – IMK40

CCLM–BTU (4.8) ERA-Interim 0.11◦ – – BTUInt

CCLM–IMK (4.8) ECHAM5 0.065◦ A1B Run 1 IMKR1 C20/A1B

CCLM–IMK (4.8) ECHAM5 0.065◦ A1B Run 2 IMKR2 C20/A1B

CCLM–IMK (4.8) ECHAM5 0.065◦ A1B Run 3 IMKR3 C20/A1B

CCLM–CR (3.1) ECHAM5 0.165◦ A1B Run 1 CRR1 C20/A1B

CCLM–CR (3.1) ECHAM5 0.165◦ A1B Run 2 CRR2 C20/A1B

CCLM–CR (3.1) ECHAM5 0.165◦ B1 Run 1 CRR1 C20/B1

CCLM–CR (3.1) ECHAM5 0.165◦ B1 Run 2 CRR2 C20/B1

2. Data Sets and Methods

According to statistical analyses of radar and insurance loss data [Kunz and Puskeiler, 2010; Mohr, 2013], hail-
storms in Germany occur most frequently from the afternoon until the early evening during the three summer
months June, July, and August. Therefore, the investigations presented in this study refer to this quarter of
the year. The used data sets and methods are briefly described below.

2.1. Regional Climate Model Data
The convective parameters and large-scale weather types considered in the logistic hail model are quantified
from different high-resolution RCM simulations (see summary in Table 1). To estimate the spread and reliability
of the results of future changes in the convective potential, we investigate the impact of the global forcing
by different realizations and emission scenarios [Nakićenović et al., 2000] and of different RCMs. Since some
of these parameters require three-dimensional (3-D) meteorological fields, the number of available climate
model runs for Germany is strongly limited. All our analyses are based on 12 UTC (around 12:40 local time),
where the convective energy is highest, at least in the mean.

The model in climate mode, CCLM [Rockel et al., 2008], is a nonhydrostatic RCM developed from the opera-
tional weather forecast model Consortium for Small-scale Modeling (COSMO) of the German Weather Service
(DWD). Using CCLM version 4.8, different high-resolution climate runs were carried out by the Institute for
Meteorology and Climate Research (IMK-TRO) at the Karlsruhe Institute of Technology (KIT) [Berg et al., 2013;
Wagner et al., 2013]. The model data were calculated via double nesting of the model area (intermediate step of
0.440◦) for Germany at a resolution of 0.065◦ (∼7 km). For the control period 1971–2000 (C20) CCLM was driven
both with ERA-40 reanalysis [Uppala et al., 2005] from the European Centre for Medium-Range Weather Fore-
casts and with European Centre/Hamburg version 5 (ECHAM5)/MPI-OM runs 1–3 provided by the Max Planck
Institute for Meteorology (MPI-M) in Hamburg, Germany [Roeckner et al., 2003]. Estimates for the future are
related to the period 2021–2050 (PRO). Since the results of the Intergovernmental Panel on Climate Change
emission scenarios are still very similar until 2050, only the mean scenario A1B was used for the dynamical
downscaling [Schädler et al., 2012].

The CCLM-Consortium Runs (CCLM-CRs) [Hollweg et al., 2008] are based on the earlier version CCLM 3.1 to
simulate the climate for Europe. The runs were driven by ECHAM5/MPI-OM with two realizations (R1 + R2).
For our study, we employed C20 and the two emission scenarios A1B and B1 with a horizontal resolution of
0.165◦ (∼18 km; data stream 2).

A 20 year hindcast simulation of the period 1989–2008 for Europe was performed by the Chair of Environ-
mental Meteorology at Brandenburg University of Technology (BTU) with CCLM version 4.8 and a horizontal
resolution of 0.11◦ (∼12 km). The simulation used a well-tested new standard configuration and was driven
by interpolated six hourly data from ERA-Interim reanalysis [Dee et al., 2011]. Soil moisture was initialized
with values resulting from a previous 20 year test run with the same configuration in order to avoid spin-up
effects due to a delayed soil adjustment during the first years of the simulation. The simulation is part of the
EURO-CORDEX initiative, a coordinated regional climate downscaling experiment for Europe (see http://www.
euro-cordex.net). The performance of the simulation has already been analyzed and compared with other
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regional climate runs of the EURO-CORDEX model ensemble in several evaluation studies [Vautard et al., 2013;
Kotlarski et al., 2014].

2.2. Meteorological Parameters
In the development process of the logistic hail model, we tested various convective indices and meteorologi-
cal parameters (see Table A1) to obtain a combination that yields the highest prediction skill. As will be shown,
most appropriate is the surface-based lifted index (SLI) [Galway, 1956]. The SLI is defined as the temperature
difference between 500 hPa (T500) and that of a parcel lifted from near-surface layers up to 500 hPa first dry
adiabatically and, after reaching the lifting condensation level, moist adiabatically:

SLI = T500 − T ′
S→500 . (1)

The lower (negative) the values of SLI, the more unstable the atmosphere. In a previous study, Mohr and Kunz
[2013] have already shown that SLI among the various convective indices and parameters exhibits the best
relation to hail damage days determined from insurance loss data.

2.3. Objective Weather Type Classification
In addition to the convective parameters, we considered also large-scale weather types based on the objec-
tive weather type classification of DWD [Dittmann, 1995; Bissolli and Dittmann, 2001]. This method separates
among 40 different weather types (objective weather type, OWT) that are numerically quantified from
weather forecast or climate models using the following scheme:

AACI950CI500F , (2)

where AA indicates large-scale flow directions (NO = northeast, SO = southeast, SW = southwest, NW = north-
west, and XX = no prevailing direction) determined from the u and v components of the wind vector in
700 hPa. CI950 and CI500 represent the cyclonality index (CI) in 950 and 500 hPa, respectively, determined from
the relative vorticity 𝜁 . Positive values indicate cyclonic (C), negative ones anticyclonic (A) flow. The parameter
F considers the moisture content in the atmosphere through the precipitable water. If the value on a specific
day is greater than the 10 day running average and long-term mean, the atmosphere is classified as wet (W),
otherwise as dry (D). The identification of hail-related and hail-unrelated weather types is based on loss data
provided by the Vereinigte Hagel for the period from 2001 to 2009 (see next paragraph).

Our analysis reveals that four weather types can be related to hail, whereas three are almost unrelated. Since
the logistic model requires numerical values, the weather types are defined in a binary scheme:

OWT =
⎧⎪⎨⎪⎩

1 , SWCAW, SWCCW, XXCAW, SWACW

0 , all other OWTs

−1 , NWAAW, NWAAD, XXAAD ,

Hail-related weather types, indicated by a numerical value of 1, include types with southwesterly flow direc-
tions, moist air masses, and cyclonic flow at at least one level. Hail-unrelated weather types, represented by
−1, are characterized by anticyclonic flow at both levels and flow from northwest or without a defined direc-
tion. The weather types identified in our study approximately correspond with those obtained by Kapsch
et al. [2012] for hail events in southern Germany and by Bissolli et al. [2007] for tornado occurrence in Germany.

2.4. Insurance Loss Data, Lightning Data, and Hail Events From Radar Data
For the calibration and validation of the logistic hail model, loss data provided by the building insurance
company SV SparkassenVersicherung are used. Usually, buildings may become damaged by hailstones with a
diameter exceeding 2–3 cm [Gessler and Patty, 2013]. Building insurance data are available for the period from
1992 to 2008 for the federal state of Baden-Württemberg (Figure 1, dark gray). The data set lists the number of
loss reports, the resulting loss amounts, and contract information resolved into five-digit postal code zones.
The losses have been inflation adjusted through 2010 and corrected with respect to the annual variability of
the portfolio (for further information, see Kunz and Puskeiler [2010]). A day is defined as a hail day if at least 10
claims were settled on that day and if, moreover, the damage frequency (i.e., the ratio of damaged to insured
buildings in percent) has amounted to at least 0.01% within the respective postal code zone.
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All damage reports were additionally checked with lightning data of the European Cooperation for Lightning
Detection network provided by Siemens. Only events in whose 40 km surroundings at least five flashes have
been registered on a specific day have been taken into account. Overall, 67 days have been excluded from
the insurance data set, most of them centered around a significant hail damage day. In the 9 years calibration
period (1992–2000), 115 hail damage days (i.e., 14% of all days in the data set) have been considered in total.
This corresponds to 12.8 days per year on average for the whole area of Baden-Württemberg. During the
validation period (2001–2008), 146 hail damage days (20%) have been recorded (18.3 days per year).

For the identification of hail-related and hail-unrelated weather types (see previous paragraph), we used loss
data from the Vereinigte Hagelversicherung, which is a special insurer for agricultural products. The data
set covers the whole area of Germany and only indicates whether there was hail damage or not in regions
comparable to five-digit postal codes zones.

Another validation is performed for hail signals derived by Puskeiler [2013] from a combination of 3-D radar
data of the DWD radar network, lightnings, and insurance loss data. The hail statistics are available for the
summer half year (April–September) between 2005 and 2011. The hail criterion applied to radar data is an
adjusted version of the Waldvogel method [Waldvogel et al., 1979]. The results show a high correlation with the
insurance data described above (e.g., Heidke Skill Score (HSS)∼0.70). For more details, the reader is referred to
the study of Puskeiler [2013]. Here we used the hail statistics for the period 2005 to 2008 to determine whether
a specific day was a hail day or not. Overall, hail signals in the radar data were detected on 250 days, that is,
on 68% of all days within the time frame considered (summer months).

2.5. Logistic Regression
Using a multiple logistic model, the occurrence probability p of an event is investigated as a function of dif-
ferent meteorological factors {x1, x2,… , xn} as independent variables [Hosmer and Lemeshow, 2000]. As a
rule, a dichotomous scheme (e.g., hail YES/NO) is defined as a dependent variable y. Hence, the occurrence
probability is given by

y = p(x) = 1
1 + e−g(x) with 0 ≤ p(x) ≤ 1 , (3)

with the model based on the linear regression:

g(x) = 𝛽0 + 𝛽1x1 + 𝛽2x2 +…+ 𝛽nxn . (4)

The regression parameters 𝛽n are derived by applying the maximum-likelihood method to maximize the prob-
ability. This means that the coefficients are determined through an iterative method, which ensures that the
estimated variables are as close as possible to the original data.

When evaluating the quality of the logistic regression model, one differentiates between the assessment of
the quality of the overall model and that of the individual independent variables [Backhaus et al., 2011]. The
overall model LLV is that which includes stepwise all independent variables. The significance of the overall
model is checked using the likelihood ratio test (LRT) which compares the log likelihood of the overall model
LLV with that of the null model LL0 (i.e., 𝛽1 = 𝛽2 = … = 𝛽N = 0):

LRT = −2
LL0

LLV
= +2(LLV − LL0) . (5)

Note that the terms in the ratio are logarithmic, thus allowing the expansion on the far right. If LRT is sig-
nificantly different from zero, the model with its independent variables has a significant explanatory power
(mostly 𝛼 = 0.05).

Applying the likelihood quotient test (LQT), it is checked stepwise forward whether another independent
variable can improve the model approach used so far. Similarly, as in the likelihood ratio test, the likelihood of
the overall model LLV is compared with that of a model reduced by the influence of one variable (or several
variables) LLR and with the corresponding regression coefficient set to zero [Hosmer and Lemeshow, 2000]:

LQT = +2(LLR − LLV ) . (6)

Due to the exponential relation between the independent and the dependent variables, the effect of the
individual regression coefficients 𝛽n on the probability p cannot be determined directly. Using the effect
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coefficient ec allows to estimate which of the variables xn has the strongest impact on the occurrence probabil-
ity y of a binary event [Backhaus et al., 2011]. The strength of the respective effect is measured by the standard
deviation of the independent variable 𝜎(xn). Hence, the standardized effect coefficients are quantified by

ecn = e𝛽n⋅𝜎(xn) . (7)

Since in the case of regression coefficients with 𝛽n < 0, the effect coefficient is ecn < 1, the reciprocal value of
the latter must be considered for comparisons with the results of other variables. This is necessary in case of a
negative correlation between variable xn and the event, for example, between SLI and hail (for further details,
see Mohr, [2013]).

3. Design of the Logistic Hail Model

The logistic hail model (equation (3)) is determined separately at each grid point (33× 38) of the regionalized
reanalysis run (IMK40) for the federal state of Baden-Württemberg. It is calibrated against insured hail damage
within a detection radius of 100 km (1992–2000). This radius provides a good correlation between convec-
tive parameters and convective events as, for example, suggested by Haklander and van Delden [2003]. The
different regression coefficients 𝛽n (equation (4)) are estimated through a quantitative comparison between
the meteorological variables xn and the observations. The probability phail of the occurrence of hail can be
calculated afterward by using the logistic model obtained.

Being the variable with the highest prediction skill for hail according to Mohr and Kunz [2013], SLI is the first
parameter to be integrated into the model. Using a stepwise forward method, the next new variable xn is
determined by the LQT (equation (6)). Only those variables are further considered that yield an improvement
of the logistic model in terms of a positive result of LQT and higher skill scores based on categorical verifica-
tion. For the latter, different accuracy measures such as the probability of detection (POD) or the false alarm
rate (FAR) and skill scores such as HSS or Peirce skill score (PSS, also known as the true skill statistic) are quan-
tified between the results of the logistic model and the hail damage days according to the insurance data
[Wilks, 2006]. After that, the explanatory power of the overall model is subsequently checked using the LRT
(equation (5)).

A total of 36 different convective and meteorological parameters were tested as variables xn (see Table A1).
According to the stepwise forward method, most suitable for the logistic hail model are the following four
parameters: (1) surface-based lifted index at 12 UTC (SLI), (2) minimum near-surface temperature (Tmin),
(3) near-surface temperature (T2m) at 12 UTC, and (4) hail-related and hail-unrelated objective weather
types (OWTs).

These parameters reflect the atmospheric stability, advection of specific air masses, and near-surface con-
ditions in the morning and early afternoon, respectively. Tmin is a measure for the wet-bulb potential tem-
perature 𝜃w in the afternoon and a reasonable indicator for the conditions prevailing in the morning in the
boundary layer [Willemse, 1995; Dessens, 1995; Sánchez et al., 1998, 2008]. Higher temperature in this layer at
night causes less nocturnal inversion at low levels due to long-wave radiation and may lead to higher mois-
ture contents. In this sense, Tmin is also relevant for the formation of convection in the early afternoon. This
conclusion is confirmed by the fact that consideration of Tmin in the logistic model becomes redundant if
other parameters related to near-surface moisture are used, for example, TQV, r2m, Td,2m, or Td,850. All these
parameters could be used in principle instead of Tmin.

In many studies, phail ≥ 0.5 defines the common threshold value as criterion for the occurrence of an event
[Hosmer and Lemeshow, 2000; Sánchez et al., 1998, 2009; López et al., 2007]. However, upon closer examina-
tion, we found that the number of events would be underestimated for this threshold. The receiver operating
characteristic (ROC)—or simply ROC curve—can provide an objective way to determine the dichotomizing
threshold [Jolliffe and Stephenson, 2012]. The ROC curve is a graph of the POD against the probability of false
detection (POFD) as the decision threshold changes. Values that are close to the diagonal (POD = POFD)
indicate random processes (black line in Figure 2). Perfect discrimination is represented above the diagonal
with values showing the highest distance H to the diagonal. This applies also when the PSS (POD − POFD)
is maximized [Manzato, 2007]. In Figure 2, all ROC curves for a selection of various grid points show a good
discrimination. An optimum threshold phail varies between 0.1 and 0.2 depending on the respective grid
point (light gray). The closely positioned curves support the use of a constant value for phail. A value of
phail =0.2, for example, is equivalent to PSS=0.53. All further analyses are based on a threshold of phail ≥0.2.
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Figure 2. The ROC curve for varying thresholds phail. The light gray
shaded area indicates the best values of the threshold depending on
the logistic hail model for different grid points (1–11; see Figure 3).
See full text for more details.

Following the ideas described above, the
linear regression model (equation (4))
that gives the best results is defined by

ghail = 𝛽0 + 𝛽1 ⋅ SLI + 𝛽2 ⋅ Tmin

+ 𝛽3 ⋅ T2m + 𝛽4 ⋅ OWT ,
(8)

where phail =

{
< 0.2 , hail: NO

≥ 0.2 , hail: YES
.

In the following, the logistic hail model
described by equation (8) is abbreviated
as LHM. The index obtained by the LHM,
referred to as potential hail index (PHI),
quantifies the number of days on which
hail is likely to occur.

Table 2 show the results of the cate-
gorical verification for the stepwise for-
ward method of the logistic hail model by
adding new parameters. A direct compar-
ison between SLI and hail events already
yields a high HSS of 0.36. Adding a
new parameter, the skill of the model is
enhanced step by step—particularly for
Tmin—up to a maximum value of HSS =
0.43. Note that the POD increases more

than twice (0.32 for the direct comparison and 0.68 for the LHM), whereas the FAR almost remains the same
(0.57 and 0.6). For the last step (T2m), the improvement is only marginal. However, including T2m gives a higher
HSS for more grid points or LHMs.

Since at each grid point an individual logistic hail model is obtained with different regression coefficients, the
question arises as to which of the 33×38 model configurations is best suited for determining the hail potential
of the atmosphere representative for a larger domain. The quality of each individual logistic models can be
checked among each other by means of the pseudo-coefficient of determination after McKelvey and Zavoina
(MKZ-R2) [McKelvey and Zavoina, 1975]. The MKZ-R2 is based on the explained variance:

MKZ-R2 =

∑N
i=1

(
ŷ∗i − ŷ

∗

i

)2

∑N
i=1

(
ŷ∗i − ŷ

∗

i

)2
+ N

,where ŷ
∗

i = 1
N

N∑
i=1

ŷ∗i (9)

Table 2. Accuracy Measures (POD and FAR) and Skill Scores (HSS and PSS) Based
on Categorical Verification of Predicted Hailstorms Verified With Hail Damage Days
According to Insurance Data (1992–2000)a

HSS98% HSSmean PSS98% PODmean FARmean

SLI (direct) 0.36 0.28 0.36 0.32 0.57

SLI (by logistic regression) 0.36 0.31 0.47 0.58 0.66

SLI + OWT 0.38 0.34 0.49 0.61 0.64

SLI + OWT + Tmin 0.42 0.38 0.55 0.67 0.61

SLI + OWT + Tmin + T2m 0.43 0.39 0.56 0.68 0.60

aThe first row indicates the verification results for SLI (< −3.6 K) without considering
the logistic model. The other rows depend on the logistic regression model with chang-
ing number of parameters xn. Mean (98%) stands for an average value (98% percentile)
of an area with 15 × 16 (= 240) grid points in the center of the investigated field.
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Figure 3. Pseudo-coefficients of determination after MKZ-R2 (values
≥ 0.7 indicate a good explanatory power) for each of the 33× 38 model
configuration between IMK40 and insurance data (1992–2000) to com-
pare the different model quality. The numbers indicate the grid points
where the logistic hail models will be applied afterward.

and N is the sample size. High values of
MKZ-R2 ≥ 0.7, which are indicative of a
good explanatory power of the LHM,
are found particularly in the center of
the investigation area with a maximum
southwest of the city of Ulm (Figure 3). To
account for the LHM-dependent uncer-
tainty of the results, we created for the fol-
lowing analyses an ensemble consisting
of 11 different models. Sensitivity analy-
ses, where the size of this ensemble was
varied, are described in section 5.1. The
grid points with the respective LHMs are
selected so that both models with the
highest (e.g., 2–4) and lower (e.g., 10 and
11) skills are considered to describe the
variability achieved. Table 3 (top) lists the
values of the individual logistic regression
coefficients 𝛽n as a function of the used
variable xn for the 11 LHMs. It is apparent
that the𝛽n values of the individual models
do not exhibit an excessive spread. This
proves that the individual LHMs do not
differ too much from one grid point to
another. From this, one can conclude that

differences in the LHMs that may be caused by orographic or climatological influences are rather small.

To exclude multicollinearities, the correlations between the four parameters described above are analyzed by
means of the variance inflation factor

VIFn = 1
1 − r2

n

, (10)

where r2
n is the coefficient of determination between two independent variables xn [Götze et al., 2002]. The

presence of multicollinearity could result in unstable regression coefficients, which means that they change
strongly when a variable xn is added or removed. This may lead to a falsification of the results. The larger the
variance inflation factor is, the more probable is a correlation between the parameters. However, a general
accepted convention for multicollinearity does not exist. In different studies the threshold for multicollinearity
differs between 4 and 10 [e.g., O’Brien, 2007]. If the inflation factor is determined for different parameters xn

Table 3. Logistic Regression Coefficients 𝛽n (Top) and Related Effect Coefficients ecn (Bottom) for the LHMs at Points 1
to 11 (Subscript; see Figure 3), Based on IMK40 and Hail Damage Days According to Insurance Data Between 1992 and
2000

x LHM1 LHM2 LHM3 LHM4 LHM5 LHM6 LHM7 LHM8 LHM9 LHM10 LHM11

𝛽0 = −1.60 −2.16 −2.53 −2.73 −2.54 −2.06 −1.72 −2.22 −2.49 −3.15 −3.49

SLI 𝛽1 = −0.36 −0.37 −0.36 −0.34 −0.31 −0.32 −0.32 −0.32 −0.32 −0.21 −0.25

Tmin 𝛽2 = 0.32 0.31 0.32 0.29 0.29 0.30 0.36 0.32 0.29 0.29 0.28

T2m 𝛽3 = −0.24 −0.21 −0.20 −0.18 −0.17 −0.21 −0.27 −0.21 −0.18 −0.16 −0.13

OWT 𝛽4 = 0.64 0.64 0.67 0.65 0.63 0.59 0.47 0.63 0.62 0.58 0.58

x ec1 ec2 ec3 ec4 ec5 ec6 ec7 ec8 ec9 ec10 ec11 Mean

SLI 4.3 4.7 4.7 4.4 3.7 4.0 3.9 3.9 4.0 2.6 2.9 3.9

Tmin 3.1 2.9 2.9 2.7 2.7 3.0 3.8 3.0 2.7 2.9 2.5 2.9

T2m 3.4 2.8 2.7 2.4 2.4 3.0 4.0 2.8 2.4 2.2 1.9 2.7

OWT 1.5 1.5 1.5 1.5 1.5 1.4 1.3 1.5 1.5 1.4 1.4 1.5
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Figure 4. Verification of the developed 11 logistic hail models with the Heidke Skill Score (HSS) between (left) IMK40 and insurance data (1992–2000), (middle)
BTUInt and insurance data (2001–2008), and (right) BTUInt and hail signals based on radar data (2005–2008).

in the LHMs, only values below 4 result. Furthermore, the correlation coefficient r between SLI and T2m only
shows a slight correlation with values between 0.45 and 0.52, depending on the respective grid point.

In addition, the question arises as to which of the used variables has the greatest effect on phail. Applying
equation (7), the effect coefficient ecn is calculated for each independent variable xn of the 11 LHMs (Table 3,
bottom). The larger the values, the greater the effect strength of the variables with respect to the result of
the relevant logistic model. If the value corresponds to 1, the variable has no effect on the result. According
to Table 3 (bottom), SLI has the greatest influence on the probability in almost all individual models (LHM1 −
LHM11). Only in the case of LHM10 the effect of Tmin is greater than that of SLI. Having values in a range between
2.7 and 2.9 averaged over all models, Tmin and T2m show similar effects. It becomes clear that both, SLI and
T2m, have a significant contribution to the LHMs despite a small correlation of about 0.5. Also, the results of a
LHM with or without T2m differ considerably. Therefore, both parameters have to be included. Although being
the smallest of all, the contribution of the OWT still is significant. As already found in the case of the logistic
regression coefficients 𝛽n, the difference between the models is not very pronounced.

4. Validation of the Logistic Hail Model

To further assess the reliability of the logistic model approach, an additional validation is performed using
two independent data sets. For this, we quantified the LHM ensemble as described above from the recently
released BTUInt hindcast model runs. For the verification, we applied the hail statistics obtained from a
multicriteria approach including radar, loss, and lightning data (see section 2).

Since the individual regression coefficients𝛽n of the LHMs have been specifically adapted to the climatological
conditions prevailing in IMK40, a bias correction has to be applied prior to the statistical analysis using BTUInt.
Without bias correction, the variability of PHI among the different RCMs would be too large. Because the BTU-
Int simulations overestimate the summer temperatures compared to IMK40, the bias correction is performed
for SLI, Tmin, and T2m. This correction is based on the frequency distributions of the respective parameters for
the whole area and periods. For SLI, the bias is +2.0 K; for Tmin it is −0.7 K and for T2m −2 K.

After applying the bias correction, the results of the PHI ensemble quantified from BTUInt hindcasts are
compared at first with building insurance data in Baden-Württemberg (2001–2008; Figure 4, middle). The val-
ues and spatial distribution of HSS (mean of the 11 models) are almost similar to that obtained from IMK40
(1992–2000; Figure 4, left). The highest values above 0.35 are found in the center of the investigation area.
The decrease toward the boundaries of the domain is due to the fact that most of the hail damage events
(≈95%) are recorded in the central area by considering a detection radius of 100 km (see section 3). Over-
all, PHI derived from IMK40 performs slightly better compared to BTUInt (see Table 4). This may be related to
the fact that the LHMs are calibrated for the same period of IMK40. Further, the values of HSS depend on the
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Table 4. Accuracy Measures (POD and FAR) and Skill Scores (HSS and PSS) Based on Categorical
Verification of Predicted Hailstorms per LHM Verified for IMK40/BTUInt and Hail Damage Days
(Baden-Württemberg)/Hail Signals From Radar Data (All of Germany)a

HSS98% HSSmean PSS98% PODmean FARmean

IMK40 ↔ insurance (1992–2000), 15 × 16 0.42 0.39 0.55 0.65 0.60

BTUInt ↔ insurance (2001–2008), 15 × 16 0.39 0.36 0.48 0.64 0.58

BTUInt ↔ radar (2005–2008), Germany 0.43 0.33 0.42 0.44 0.47

BTUInt ↔ radar (2005–2008), South Germany 0.44 0.37 0.44 0.49 0.41

BTUInt ↔ radar (2005–2008), North Germany 0.39 0.29 0.37 0.40 0.53

a15×16 means 240 grid points in the center of Baden-Württemberg. South (North) Germany means only
grid points below (above) 51◦N. Mean (98%) stands for an average value (98% percentile) of the respective
investigated area.

climatological event frequency [Hamill and Juras, 2006]. Tests with varying time periods, however, show that
these effects are not very high and normally smaller than 0.025 HSS. Most important in this comparison, how-
ever, is the fact that the evaluation results of IMK40 and BTUInt are very similar, despite the different periods
considered (1992–2000 versus 2001–2008). This is a further indication that this approach is sufficiently robust.

Validated with hail days from the radar composite for Germany between 2005 and 2008, the results of BTUInt
show higher HSS values up to 0.49 compared to the evaluation with insurance data (recall that IMK40 is not
available after 2000). The higher HSS may be due to the complete coverage of the investigation area of the
radar data. Regions with high HSS values (>0.4) can be observed in parts of Southern Germany and North
Rhine-Westphalia. Overall, the LHMs fit better in southern Germany (HSSmean = 0.37) compared to the north
(HSSmean = 0.29; see Table 4). Particularly, near the coast of the Baltic Sea the values are low. This must be kept
in mind when the LHMs are quantified from the future RCM ensemble for Germany (section 5.2). The reasons
for these differences are probably the different climatologies of static stability or properties in the near-surface
layers in the north. Most important, however, is the finding that the LHM is transferable to a larger region,
in this case the whole area of Germany (particularly south of 52◦N). These results shall be discussed in the
next section.

5. Assessment of Hail Potential

In this section, we apply the LHM ensemble approach to two different 30 year time frames: the one is the whole
C20 period (1971–2000) using IMK40 downscaled reanalysis and the other is the PRO period (2021–2050)
using a miniensemble of seven RCMs.

5.1. Hail Potential in the Past
The median of PHI quantified from the 11 LHMs from IMK40 during C20 (Figure 5, left) shows a markedly
north-to-south gradient with highest values in the south. Whereas hail is expected to occur on 8 to 14 days a
year north of line of approximately 50◦N, southern Germany exhibits an annual average of 17.4±3.3 potential
hail days. Highest PHI values (22 to 28 days) are found in the Rhine Valley (north of Freiburg) and southeast
of Munich at the border to Austria. Over the Alps in the very south, the occurrence probability is smallest,
mainly due to the lower near-surface temperatures in elevated areas. This also applies to the low mountain
ranges, where the PHI is generally smaller compared to the lowlands. Averaged over the entire area under
investigation, the mean annual PHI is 14.9± 3.4 days. It should be noted that the results over Lake Constance
(region with the maximum in Figure 5) are highly uncertain because a lake model was not included, yielding
unrealistic sea surface temperatures [Mironov et al., 2010].

Compared to the median, the overall standard deviation of PHI (Figure 5, right) is relatively small and, nat-
urally, related to the form. In areas where the values of PHI are high, the standard deviation is enhanced as
well. The variation coefficient (<0.2), which is standard deviation normalized by the mean, does not show any
remarkable or systematic spatial variability (not shown).

The step-by-step development of the LHM reveals that the climatology of the respective variables integrated
into the model substantially affects the spatial distribution of the PHI results. Hence, the high number of
potential hail days in the Rhine Valley and in the northern foothills of the Alps is related to a lower thermal
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Figure 5. (left) Median and (right) standard deviation (STD) for the annual potential hail index (PHI) derived from the 11 LHMs (IMK40, 1971–2000). In Figure 5
(left), the mean values of the subdivided areas are north 11.9 ± 2.2 days, west 13.7 ± 1.5 days, east 13.4 ± 1.1 days, and south 17.4 ± 3.3 days.

stability and a higher moisture content in those areas. In contrast, thermal stability in the north is higher due
to the prevailing colder and drier conditions.

The overall spatial distribution of PHI is in good accordance to the north-to-south gradient shown by the few
available hail climatologies [e.g., Hand and Cappelluti, 2011; Puskeiler, 2013; Punge et al., 2014]. For example, the
high PHI values prevailing in southern Bavaria and in the center of Baden-Württemberg or the very low values
offshore are also found in the spatial pattern of lightning density or radar reflectivity [Kunz and Puskeiler, 2010;
Puskeiler, 2013]. However, the LHM cannot match several features of these studies that occur especially on the
local scale, such as the location of the maxima in Baden-Württemberg or Bavaria. These discrepancies can be
attributed to the limited parameter space that is incorporated in the LHM. In particular, over complex terrain,
convergence zones due to thermally direct circulation or flow deviation around obstacles are most decisive
for the location of convective initiation [Barthlott et al., 2011]. For example, Knight and Knight [2003] and Kunz
and Puskeiler [2010] have shown that hail can often be observed on the lee side of mountains. Semi-idealized
COSMO simulations revealed that the flow around the mountains at low Froude numbers in combination with
gravity waves intensifies horizontal flow convergence on the lee side, which in turn may trigger or intensify
thunderstorms (not yet published). The LHM, however, relies on parameters which only describe the precon-
vective environment and which do not consider mechanisms and processes relevant for convective initiation.
These trigger mechanisms, however, cannot be incorporated in the model since convergence zones are not
well captured by the RCMs. As already mentioned, the LHM only quantifies the potential for hail to occur and
the results have to be interpreted accordingly. Thus, the PHI cannot be related to single grid points; rather, it
represents a larger area around that point.

To further assess the robustness of the methods and results, various additional analyses were carried out by
changing the following points: (i) months considered (May to July instead of June to August); (ii) radius around
the grid points where hail events are considered (50 instead of 100 km); (iii) damage frequency in the insur-
ance data for the definition of a hail day (0.1 and 0.5 instead of 0.01%); (iv) size of the ensemble (21 and 31
instead of 11 LHMs); (v) threshold values for the probability of hail (0.15, 0.3, 0.4, and 0.5 instead 0.2); and (vi)
meteorological parameters in the hail model (e.g., CAPE, TQV, and TT). Overall, the results obtained using the
modified model are mostly similar to the results discussed above. For example, the results of the PHI for an
ensemble consisting of 31 LHMs display very small deviations (ΔPHI < 0.5 days) on most of the grid points
(75%; not shown). Only a few areas show a difference of up to one hail day per year compared to the original
LHM. These changes are due to the fact that as further grid points are selected, more LHMs with less explana-
tory power that underestimate the PHI are incorporated in the ensemble. Only changes in the hail probability
phail have a larger impact on the results. The spatial pattern obtained for this modification, however, shows
only marginal differences.
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Figure 6. Difference of average potential hail index (PHI) for the (a–c) CCLM-IMK and (d–g) CCLM-CR runs between future and past (2021–2050 compared with
1971–2000). Trends with significance below 95% are cross hatched. Note that a PHI decrease is statistically significant only at a few grid points (1%).

Finally, linear trend analyses of the PHI reveal for most areas in Germany an increase in the hail potential
(IMK40, 1971–2000; not shown). However, considering the statistical significance of these linear trends, it
turned out that most of the grid points have a level of significance below 95%. This reduced significance
was already found in trend analyses of single convective parameters from the same RCM run [Mohr, 2013].
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Table 5. Spatial Means and Standard Deviations of the Climatology
(C20, PRO) of the Mean Potential Hail Index (PHI) and Difference
Between PRO and C20 for the CCLM-IMK and CCLM-CR Runs as Well as
Normalized by C20

Absolute Relative

Climatology Change Change

Model Run (days) (days) (%)

IMK40 14.9 ± 3.4 – –

IMKR1 C20 13.8 ± 2.7 – –

IMKR2 C20 13.5 ± 2.9 – –

IMKR3 C20 13.6 ± 2.9 – –

IMKR1 A1B 15.1 ± 2.8 1.4 ± 0.8 10.1

IMKR2 A1B 16.0 ± 3.0 2.5 ± 1.1 19.9

IMKR3 A1B 14.2 ± 3.0 0.6 ± 0.7 4.4

CRR1 C20 13.2 ± 4.7 – –

CRR2 C20 12.7 ± 4.3 – –

CRR1 A1B 14.8 ± 4.8 1.6 ± 0.7 15.3

CRR2 A1B 15.9 ± 4.7 3.2 ± 0.8 29.7

CRR1 B1 14.4 ± 4.3 1.2 ± 1.2 12.9

CRR2 B1 16.9 ± 4.5 4.1 ± 0.8 40.6

Reasons are the high annual variability
of the PHI and the convective para-
meter, respectively. Across Europe,
increases and decreases of hail events
are found in the scarce literature.
Whereas, for example, in North Italy,
Giaiotti et al. [2003] found no upward
trend in the number of hail days
(1988–2001), Eccel et al. [2012] report
on a slight decrease in the number
of hail days estimated from hailpad
data (1975–2009). In France, Berthet
et al. [2011] found in hailpad analyses
a strong increase in hail intensity of
70% between 1989 and 2009, while
the frequency of hail events did not
change significantly.

5.2. Changes of the Hail Potential in
the Future
In the last step, the LHM is applied
to a miniensemble of different RCM
runs (see Table 1) with the objective to
quantify possible changes in the hail

potential in the future. By doing so, we assume that the four parameters selected for the LHM (SLI, T2m, Tmin,
and OWT) during the training period are also appropriate to describe the convective potential in the future.
For the consortial runs (CCLM-CRs), a bias correction for SLI and T2m was applied as described in section 4. For
SLI, the bias is +2.5 K; for T2m, it varies between ±5◦C (applied only for temperatures >17.5◦C) (for details, it is
referred to Mohr [2013]).

Overall, the individual model runs show significant differences in the changes of PHI between the projection
period PRO (2021–2050) and C20 (Figure 6 and Table 5). The largest variability is found for the different real-
izations of ECHAM5, especially for run 3 (Figure 6c) compared to run 1 or run 2. The specific version of the
RCM is of minor importance as the patterns between the IMK and consortial runs driven by ECHAM5 runs 1
(Figures 6a and 6d) and 2 (Figures 6b and 6e) are comparable. The influence of the underlying emission sce-
nario remains unclear: whereas the spatial distribution of PHI substantially changes between A1B and B1 for
CCLM-CR run 1 (Figures 6d and 6f), it is almost the same for CCLM-CR run 2—only with higher values in B1
compared to A1B (Figures 6e and 6g). One can conclude that most of the uncertainty in the change signals is
caused by internal climate variability as expressed by the different realizations of the driving GCM. This finding
is in agreement with other studies, for example, that of Hawkins and Sutton [2011] or Wagner et al. [2013], who
show that for near-future precipitation projections internal variability uncertainty is largest, whereas scenario
uncertainty is almost negligible.

Concerning the magnitude and sign of the change signals, the majority of the seven RCM runs shows an
increase in the median of PHI. Almost all model runs project the largest increase in PHI (2–6 days) at the south-
ern border region between Germany and Switzerland and over the northern foothills of the German Alps. A
total of more than 81% of all grid points of each run show an increase of PHI. For the RCMs driven by ECHAM5
run 2, this applies even to almost all grid points. Averaged over the entire area, an average PHI increase of
20–41% is expected for these three simulations. The greatest positive changes of up to 41% (+4.1 ± 0.8 days)
are expected for the consortium run CRR2 B1 with the highest values in Bavaria (Figure 6g). Only the two runs
IMKR3 A1B (Figure 6c) and CRR1 B1 (Figure 6f ) project a decrease in PHI for around 20% of the area. Whereas
this decrease is mainly restricted to the southern parts in CRR1 B1, it is more or less evenly distributed in
IMKR3 A1B.

The overall positive PHI trend expected for the future from the RCM ensemble can be ascribed to two effects: a
tendency toward a higher probability for large-scale weather types that favor hailstorm development [Kapsch
et al., 2012] and an increase in the near-surface temperature, both in the morning and at 12 UTC. Following the
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Figure 7. Overview of changes in the potential hail index (PHI) between 2021–2050 and 1971–2000 represented by an ensemble of seven climate simulations:
(a) number of runs showing an increase and (b) changes when at least five of the seven runs show a significant increase according to the Wilcoxon rank-sum test.

Clausius-Clapeyron equation, the latter causes an increase in the moisture content and, thus, in the convec-
tive energy. The connection between water vapor content in the boundary layer and deep moist convection
has been already observed by Trapp et al. [2007] for the U.S. On the other hand, both the lapse rate (e.g.,
surface/500 hPa and 850/500 hPa) and the SLI suggest a slight increase in atmospheric stability. These
changes, however, have a less impact on the overall PHI result.

To estimate the statistical significance of the changes in the PHI medians, the nonparametric Wilcoxon
rank-sum test (𝛼=95%, two sided) was applied [Wilks, 2006]. Changes that are not significant are cross hatched
in Figure 6. It is evident that all negative changes are not significant. By contrast, the runs driven by ECHAM5
R2 indicate significant changes for most of the grid points.

For better illustration, the results of all RCM runs are summarized by counting at each grid point the number
of climate simulations showing a PHI increase in PRO compared to C20 (Figure 7a). It becomes evident that
for almost all grid points, at least five of the seven RCMs project an increase in the hail potential in the future.
These changes are statistically significant on the 95% level in at least five of the seven model runs in the region
between Germany and Switzerland or Austria, respectively, and for an area northeast of the city of Cologne
(Figure 7b).

6. Discussion and Conclusion

In this study, we have developed and applied a logistic hail model (LHM) for the quantification of the hail
potential over the past (1971–2000) and future (2021–2050) decades. Different convective parameters and
large-scale weather patterns were derived from high-resolution climate simulations driven by ERA-40 and
ERA-Interim. Changes in the future have been assessed based on a miniensemble comprising seven different
RCM runs. The ensemble comprises different versions of the regional model COSMO-CLM, initial conditions of
the driving GCM (ECHAM5/MPI-OM runs 1–3), and two emission scenarios (A1B and B1). Since hail in Germany
mainly occurs during the hot months in the late afternoon, we have restricted our investigations to data at
12 UTC (around 12:40 LT in the center of Germany) during the three summer months.

The following major points and conclusions can be inferred from the results obtained:

1. The logistic model approach based on logistic regression essentially improves the diagnostic of hail events
through suitable combinations of different hail-related parameters. The model estimates the number
of days with an enhanced potential for hail to occur, which is referred to as potential hail index (PHI).
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Considering a vast number of meteorological parameters, the following variables are best suited for the
logistic hail model: (a) surface-based lifted index at 12 UTC (SLI), (b) minimum near-surface temperature
(Tmin), (c) near-surface temperature (T2m) at 12 UTC, and (d) hail-related and hail-unrelated objective weather
types (OWTs) according to the classification of DWD. These four parameters reflect static stability, advection
of air masses with specific characteristics such as temperature and moisture, and near-surface properties
in the morning and early afternoon. All these conditions are relevant for the development of organized
convection in terms of multicells, supercells, or mesoscale convective systems that may produce hail.

2. The PHI obtained by our logistic hail model is in good agreement with insured hail losses and hail signals
derived from radar data. The analyses demonstrate that the logistic hail model, calibrated for the federal
state of Baden-Württemberg, can be transferred and applied to the whole area of Germany. Only over
the northern parts and near the coastline, the results exhibit relatively large uncertainties which limit the
validity of the results.

3. Over past decades, the PHI derived from reanalysis shows a markedly north-to-south gradient with the
highest hail potential occurring in southern Germany.

4. For the future (2021–2050), six of the seven RCM projections reveal on average an increase in PHI between
10 and 41%. The increase in PHI is statistically significant on the 95% level only in the northwest of Germany
and in the very south. The increase in PHI can be ascribed above all to a projected increase in the moisture
at low levels caused by the temperature increase, which both result in higher convective energy, and an
increase in probability for hail-related weather patterns.

5. In agreement with other studies [e.g., Hawkins and Sutton, 2009, 2011], the impact of natural climate vari-
ability, which is revealed by the different realizations of the GCM, is the main source of variability in the
results of PHI, whereas scenario uncertainty is almost negligible.

A potential weakness of our approach is the neglect of local-scale forced ascent in the LHM. Several studies
have shown that convergence zones evolving over topographically structured terrain due to direct thermal
circulation, flows around the mountains, or gravity wave formations are decisive for convective initiation
[e.g., van Zomeren and van Delden, 2007; Kottmeier et al., 2008; Barthlott et al., 2011]. Since orographically
induced convergence zones are not well represented by the RCM runs, this effect cannot be considered.
Thus, the model results in terms of PHI must be considered as potential for hail formation related to atmo-
spheric characteristics—in accordance to the interpretation of CAPE or SLI. Furthermore, it must be taken into
account that the model had been calibrated for the prevailing atmospheric conditions in the federal state
of Baden-Württemberg, where hail occurred most frequently compared to other regions in Germany. The
results found for that area and the time period considered, however, are in good agreement with those found
in other studies on the assessment of hail hazard [Puskeiler, 2013], overshooting tops [Punge et al., 2014], or
thunderstorm activity in Germany.

Another potential source of uncertainty of our approach may result from the fact that it is based on model
data at 12 UTC solely. When air masses with different properties are advected, for example, in conjunction
with a frontal passage, atmospheric properties may substantially change during the day. However, hailstorms
in Germany have their peak occurrence in the afternoon. Kunz and Puskeiler [2010], for example, found that
more than 90% of all hailstorms identified by radar analyses within a 12 year period occurred between 13 and
16 UTC. Furthermore, severe hail events typically occur prior to frontal passages. Thus, for the majority of hail
events the preconvective environment is well represented by the conditions prevailing at 12 UTC.

The reliability of the LHM approach is, in addition, confirmed by the fact that other studies also have found
the applied independent variables to be linked to thunderstorm and hail events [Willemse, 1995; Manzato,
2003; Mohr and Kunz, 2013]. Furthermore, our model did not support the hypothesis that CAPE × shear is an
appropriate predictor for deep moist convection in Germany as stressed by several studies, particularly in the
U.S. [e.g., Brooks et al., 2003; Trapp et al., 2007; Pistotnik et al., 2012; Brooks, 2013]. This finding is in agreement
with other studies on the statistical evaluation of convection in Europe, who found, for instance, that SLI has
a higher prediction skill compared to CAPE × shear [e.g., Manzato, 2003; Kaltenböck et al., 2009; Mohr, 2013].

For the nest step, we intend to increase the size of our ensemble by integrating the currently performed
RCM runs, where meteorological parameters are available on different levels, for example, the new climate
simulations of EURO-CORDEX [Jacob et al., 2014]. Most important is to consider model runs performed by
different RCMs and GCMs for better assessment of the uncertainties and scope of changes through natural
climate variability.
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Appendix A: List of Parameter Used

During the development of the logistic hail model different parameters were tested as potential variable/input

for the model. A summary of all meteorological parameters which describe the convective, kinematic, or

synoptic conditions in the troposphere or the moisture conditions in the lower layer is listed in Table A1.

Table A1. Convective Parameters and Meteorological Parameters Whose Qualities Are Analyzed in the Logistic Hail Model (Equation (4))

Variable x Meaning Hail Relevance According to Other Studies Regions

Convective Parameters and Indices

1 CAPE Convective available potential energy Groenemeijer and van Delden [2007], Sánchez et al. [2008], Netherlands, Argentina, China,

Xie et al. [2008], Hand and Cappelluti [2011], England, Baden-Württemberg

and Mohr and Kunz [2013]

2 SLI Lifted index Manzato [2003, 2012], Kunz [2007], and Mohr and Kunz [2013] Italy, Baden-Württemberg

3 CIN Convective inhibition

4 DCIS Deep convective index Kunz [2007] and Mohr and Kunz [2013] Baden-Württemberg

5 Δ𝜃E Delta 𝜃e Kunz [2007] and Mohr and Kunz [2013] Baden-Württemberg

6 K K index Sánchez et al. [2008] Argentina

7 KO KO index Sánchez et al. [2009] France

8 PII Potential instability index Kunz [2007] and Mohr and Kunz [2013] Baden-Württemberg

9 TT Total totals López et al. [2007] Spain

10 VT Vertical totals Piani et al. [2005] Turkey

Moisture Conditions in the Lower Layers

11 TQV Precipitable water content Billet et al. [1997], Piani et al. [2005], and Cao [2008] USA, Turkey, Canada

12 Tmin Minimum temperature in the morning Willemse [1995], Dessens [1995], Sánchez et al. [1998, 2008], France,

and Berthet et al. [2011] Spain, Argentina

13 Twet Wet-bulb temperature

14 r2m Mixing ratio at 2 m

15 Td,2m Dew point at 2 m

16 Td,750 Dew point at 750 hPa

17 Td,850 Dew point at 850 hPa López et al. [2007] and Sánchez et al. [2009] Spain, France

18 𝜃e850 Equivalent potential temperature at 850 hPa

19 MFC Surface moisture flux convergence Banacos and Schultz [2005] and USA, Western Europe

van Zomeren and van Delden [2007]

Kinematic Conditions

20 WSh0−6 Magnitude of vector difference between Brooks et al. [2003] and Groenemeijer and van Delden [2007] USA, Netherlands

the winds at the surface and 500 hPa

21 WSh9−5 Wind shear like (20) only between 950 and 500 hPa

22 WSh8−5 Wind shear like (20) only between 850 and 500 hPa

23
√

CAPE × WSh0−6 Brooks [2013] and Pistotnik et al. [2012] USA, Europe

24 wmax Maximal vertical wind speed

25 w500 Vertical wind speed at 500 hPa

26 w700 Vertical wind speed at 700 hPa Kagermazov [2012] Caucasus

27 vH850 Horizontal wind speed at 850 hPa López et al. [2007] Spain

28 vH500 Horizontal wind speed at 500 hPa López et al. [2007] Spain

Synoptic Conditions

29 OWT Weather types Aran et al. [2010], García-Ortega et al. [2011], Spain, Baden-Württemberg

and Kapsch et al. [2012]

30 𝜁500 Relative vorticity at 500 hPa

31 NGH Freezing level height Billet et al. [1997], Xie et al. [2008], and Sánchez et al. [2009] USA, China, France

32 PS Surface pressure Sánchez et al. [2008] Argentina
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Table A1. (continued)

Variable x Meaning Hail Relevance According to Other Studies Regions

Other Parameters

33 Tcon Convective temperature

34 T2m Surface temperature

35 RAINCON Convective precipitation

36 RAINGSP Total between ipitation

37 FI10−5 Thickness between 1000 and 500 hPa
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