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Abstract. The damages from climatic extremes have dramat-ages to several components of the society such as farming,
ically increased in the last decades in Europe, as likely outindustry, infrastructures, insurance and reinsurance compa-
comes of climate change: floods, droughts, heat waves andies, as well as to the larger communities.

hailstorms have brought local as well as widespread damages Among climatic extremes events, besides floods and thun-
to farmers, industry, infrastructures and society, to insurancelerstorms, hailstorms deserve a particular attention even if
and reinsurance companies; in this work we deal with thetheir effects affect limited areas compared to those affected
hailstorm hazard. The NCEP-NCAR Reanalysis (2.5 by 2.5 by other extremes.

lat-lon) over the Italian area and the hailstorm reports at sev- Insurance companies that have to refund these damages
eral sites are used to identify few forcings for hailstorms; often have neither sufficient data bases nor clear cut scientific
statistical relationships linking forcings and hailstorm fre- bases to build the respective prize structure upon.

quencies are derived. Such relationships are applied to the |t is known (Brimelow et al., 2002) that damages are re-
same forcings derived from the CGCM2-A2 climate scenariolated to the logarithm of the kinetic energy due to the fact
provided by the Canadian Centre for Climate modeling andthat, for a spherical particle with diametey the kinetic
analysis (CCCma; resolution approximately 3.75 by 3.75 energy is proportional ta*. The insufficient information
lat-lon), to evaluate the expected changes of the frequency ofor this type of events is obvious when looking at the ta-
hailstorms. The time series of the forcings from the NCEP-ples that relate the description of the event to the typical
NCAR Reanalysis and the CCCma climate scenario in thegrain dimensions and the potential damages. In particular,
past decades are compared in order to assess the reliabilitiie so-called “Torro Hailstorms Intensity Scale”, obtained in
and accuracy of the predictions of the future hailstorm haz-1986 by J. Webb, has revealed very useful to obtain informa-
ard. tion about the dangerousness of hailstorms. Scale is avail-

It is shown that the climate scenario provides a fairly faith- able on the web page of TORnado and storm Research Or-
ful representation of the past trends of the forcings relevanganisation lttp://www.torro.org.uk/TORRO/severeweather/
to the hailstorms frequency and that such quantity, henceailscale.php
the hailstorm hazard, is growing and will likely grow inthe  |n 1995 in Forth Worth, Texas, the “Mayfest” hailstorm
future over the limited area taken into consideration in thisproduced US$ 2 billion in damage and 109 injuries with the
study. largest hail sizes over 11 cm.

Despite the huge efforts, the prediction of hailstorms is
still approximate, with a far lower accuracy than the pre-
diction of thunderstorms (Edwards and Thompson, 1998).
Countries such as USA and New Zealand have effective hail-
Climatic extremes, like floods, heat waves and hailstorms Storm survey and prediction services: the National Weather
have increased in the last decades in Europe (Munich ReServices (NWS) have defined provisional methods for hail-
1999; Brunetti et al., 2002; Coleman, 2003), likely as re- Storms with grains up of 1.9 cm. In Europe such detailed
sults of the ongoing climate change, although some author§€vices miss, resulting in the lack of continuous and homq—
attribute this growing to a new increased sensitivity in the 9N€OUs measurements over most of the European Countries.

Society (Pielke, 2004). Such dangerous events produce dam? [taly, only the Regions of Trentino Alto Adige and Friuli
Venezia Giulia manage networks for the monitoring of hail

Correspondence td=. Piani frequency and size (Giaiotti et al., 2001, 2003). In Austria,
(f.piani@ibimet.cnr.it) Bulgaria, Greece and part of France (Dessens et al., 1994)
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the frequencies of hailstorms over ltaly, pursued by means
of a statistical approach based upon the available hailstorm

e T . data, global Reanalysis and a climate scenario.
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LV S s P
P 2 Data and methods
m\’g > GRID3399
o § In Italy, as well as in other areas in Europe and worldwide, no
ra . homogeneous time series of hailstorms are available, due to
; }\ j . R 2% the lack of organized and sustained measurement networks,
1 , 3 with the result that partially reliable information are avail-
.‘.(i«;‘?xy able only through media reports. All the regional editions of
| the newspapers have been examined to find out news about

the occurrence and features of hailstorms. Contacts with all
the regional Meteorological Centres have been activated as
well, to gather at least a preliminary indication of hailstorms
occurrence and hail grain dimensions. All the events regis-
tered by the Meteorological Centres and those reported in the
Fig. 1. Reanalysis Grids (25¢2.5> Lat-Lon, black) and CCCma  pewspapers have been taken into consideration. Because of
Scenario Grids (3'.75&3'7.5) Lat-Lon, red) over Italian area \_N'th the high degree of subjectivity in evaluating the events into
indication of the grid considered to present results of analysis. consideration, especially concerning the hail grains dimen-

sions, the accuracy is at least questionable; anyway, multiple

references were looked whenever possible, at least for Tus-
similar monitoring networks exist. In this study, being atten- cany.

tion is impracticable; an accurate validation phase could be&gg1 and 2002.

made only extending this work to parts of Italy as well as of The NCEP-NCAR daily Reanalysis (Kalnay et al., 1996;
Europe, where detailed information from such networks aregistier et al., 2001), with a spatial horizontal resolution of
available. 2.5° x2.5° lat-lon, are used to determine the forcings for hail-
Several studies were performed on statistical methods tatorms, partly following the ideas by Brooks et al. (2003);
evaluate the hailstorms frequency. Recent papers showeghe same forcings are derived from the CGCM2-A2 climate
that radar and rawinsonde data improve the reliability of thescenario (Flato and Boer, 2001; spatial horizontal resolution
predictions, because they supply observed value for upperef 3.75 x3.75° lat-lon) provided by the Canadian Centre for
air variables. Green and Clark (1972) produced a funda-Climate modelling and analysis (CCCma), to derive the ex-
mental work: for the first time they showed that the Verti- pected changes of the hailstorm frequencies.
cally Integrated Liquid (VIL) could be used as a predictor These data are derived from a second generation coupled
of hailstorm occurrence. Two papers from Kitzmiller and model (CGCM2) on the basis of the emissions scenarios
Breindenbach (1993, 1995) faced the problem of central andPCC SRES “A2” (fast population growth, rather slow eco-
southern Plains (USA) hailstorm prediction using few atmo- nomic and technological development, Watson, 2001).
spheric variables such as VIL, melting level, 50hPa zonal The relevant atmospheric quantities which are potentially
wind components (the latter quantity was shown in the sec-associated to the hailstorms frequency and the hail grain size
ond paper not to be a pure hail indicator but rather a signifi-and can be simply computed from both the NCEP-NCAR
cant severe weather indicator) and surface relative humidityReanalysis and the CCCma scenario, are the following (Bil-
Danielsen (1977) showed the importance of the mixing ratiolet et al., 1997):
in place of the relative humidity in hailstorm frequency and
hail grain dimension. — Lapse Rate (LR, difference between the temperature at
Some of the atmospheric variables used in this work, dur- 850 hpa and at 500 hpa);
ing a 1.5 years project funded by a big multi-national Insur-
ance Company to derive the hailstorm frequency over Italy
at the Municipality level, are the same used by Billet et

— Precipitable Water (PW, water vapor content in the col-
umn of atmosphere from 850 hpa to 500 hpa);

al. (1997) i.n_ the frame of_ the very short term prediction of  _ Rgjative Humidity (RH, ratio between environmental
the probability of large hail. vapor pressure and saturated vapor pressure, averaged
To our knowledge, only few papers have afforded the anal- at the levels 850 hpa and 500 hpa).

ysis of observed or reconstructed time series of hailstorm fre-

quency or the prediction of hailstorm frequency with the useDue to the different spatial resolution of the two global

of a climate scenario (Changnon, 1997). The specific objecdatasets (Fig. 1), an interpolation algorithm based on the in-
tive of this research is the prediction of the future trends ofverse squared distances was used to resample the finer Re-
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Table 1. Comparison of the order statistics and average values of the relevant atmospheric quantities in the cases of “events” (hailstorms)
and “no events”. The second and third columns show the actual values ofstiaéistics, and their critical values at the 99% statistical
significance level; the fourth and fifth columns show the average values of the same quantities in the two opposite situations.

z Statistics z statistics ~ Average valuesin  Average values in
observed value critical value “events” “no events”
LR 6.297 2.326 27.99 25.37
PW 5.644 2.326 13.78 9.95
RHM 0.318 2.326 45.28 45.28
Table 2. Eigenvalues matrix with the explained variance. Table 3. Eigenvector matrix.
F1 F2 F3 F1 F2 F3
Eigenvalue 1445 1.022 0.534 LR 0428 0.783 -0.451
variance %  48.157 34.051 17.792 PW 0.715 0.011 0.699
Cumulated % 48.157 82.208 100.000 RHM 0552 -0.622 -0.556

analysis data over the coarser grid of the CGCM2-A2 ClimateTable 4._Co_ef'f_|C|ent of_ projection of the three principal directions
on the discriminant axis.

scenario.

As a preliminary statistical analysis, atmospheric condi- Variable  F
tions, described by means of the set of the above mentioned
variables and associated with hailstorms, are compared with F1 0617
those associated to no-hail events, with the help of the Mann- :;2)) 8'222

Whitney non-parametric test (Wilks, 1995), to understand
whether the two samples belong to the same statistical pop-
ulation. In other words, such test helps evaluate whether the

three atmospheric variables do significantly differ in the two new independent variables, which respective link to the hail-
opposite situations; to this purpose, therder statistics are  storm frequency and size can be investigated and interpreted;
used, accounting for the ranks of the single realizations of they| pcs are retained in order to preserve the whole original
above mentioned variables during events (hailstorms) and nghformation, half of the variance (as explained by the first
events, compared with their critical value at the 99% signifi- pc) not being considered sufficient to explain the changes of
cance level, in turn depending only on the length of the serieshe conditions underlying the hailstorm events.
(Wilks, 1995). An interesting feature is the positive sign of all the eigen-
The first result of the study is that the Lapse Rate and thesector components of the first PC (F1): it means that it
Precipitable Water are significantly different, whilst the Rel- projects positively on all the considered atmospheric quan-
ative Humidity is not, as is shown in Table 1; the averagetities; recalling that PW and LR were significantly higher
values of the same quantities in the case of “events” (hail-during hailstorms, it is not surprising that the same behav-
storms”) and “no events” are shown too. ior is followed by F1. Its average value during hailstorms is
Most atmospheric variables are mutually correlated, eithel0.965, whilst in “no events” is-0.002.
in space or in time, or both; the Pearson correlation test is ap- Note that the Relative Humidity is not significantly (from
plied to the pairs of series of the considered variables, showa statistical point of view) different in case of “events” (hail-
ing that the pairs PW and RHM, PW and LR are linearly cor- storms) and “no events”, therefore it is not a "leading” phys-
related with a statistical significance level higher than 95%,ical quantity for F1; in other words, the projection of F1
the former with a greater correlation coefficient (36%) than onto the discriminant direction is driven mostly by the Pre-
the latter (28%), whilst the RHM and LR are not (correlation cipitable Water and the Lapse Rate.
coefficient 2%). A Discriminant Analysis (Wilks, 1995; von Storch and
Since these forcings are mutually correlated, a PrincipalZwiers, 1999) was further applied to the principal compo-
Component Analysis (Wilks, 1995; Von Storch and Zwiers, nents (forcings) to identify the range of their values under
1999) was performed to identify the orthogonal (indepen-which the hailstorms occur and the discriminant direction
dent) directions (eigenvalues, Table 2, and eigenvectors, TafTable 4); such analysis also allows to assign the probabil-
ble 3) of the standardized variables; the three original mutu-ity of hailstorms; the relationship between the discriminant
ally correlated atmospheric variables are projected onto thredirection F and the Probability of event;, is a sinusoidal
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Fig. 2. Annual trend of hailstorm frequency. Fig. 4. Annual values of Precipitable Water.
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Fig. 3. Annual values of Lapse Rate. Fig. 5. Annual values of Relative Humidity.

function of the discriminant direction and, hence, of the threeltalian area, allows to compute the annual and seasonal prob-

atmospheric variables: abilities of occurrence.
The time series of the forcings from the NCEP-NCAR Re-
y= analysis and the CCCma climate scenario in the past decades

0.49-0.14- cog2r - (-0.09 F)—0.43-sen2r - (-0.09 F), (1)  (1961-2003) are compared in order to assess the reliability
of the climate scenario with regard to the hailstorm hazard.

Several important cautions have to be taken about this re-
search:

whereF is the discriminant direction.

This relationship derives from the application of a non-
linear regression to the probability of event (obtained by the
application of Discriminant Analysis), using the Discrimi-
nant Direction as independent variable. This equation max-
imizes the R? coefficient, that reaches a very high value
(0.999). Notice thaRr? coefficient represents the explained
variance of a particular event. Non-linear regression was
used because of the complexity of the particular phenomenon

examined. — The hail frequency shown should be considered as a

All the information needed to derive the probability of “relative frequency”: the attention has to be focused on
hailstorm events for the past and the future is now available:  trends rather than on the absolute values:

the forcings, computed from the Reanalysis or the climate

scenario, can be projected onto the three principal directions, — Only a particular grid mesh that covers Tuscany and
which in turn are projected onto the discriminant direction other districts in Central Italy (Fig. 1) is considered;
F to derive the probability of event (the probability of no analyses on other grid meshes are left to a further work.
event is the complimentary to 1 of the probability of event).

This process, repeated for every day in the considered perifhe trends of the annual and seasonal probability of events
ods (19612003 for the NCEP-NCAR Reanalysis and 1961-are computed with the aim to evaluate the tendencies of the
2040 for the CGCM2-A2 scenario) and grid mesh (spatialhailstorm hazard; hailstorms follow a relevant seasonal cy-
horizontal resolution of 3.753.75° lat-lon) covering the cle, occurring especially in the warm season, roughly March

— Homogeneous hailstorm time series, that should be used
as a reference to assess the past trend of the events,
are missing; the large scale model Reanalysis are used
in their place, with no possibility of direct comparison
with observations;
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Table 5. Summary of the results on hailstorms occurrences. Only trends significant at the 95% level are reported.

Reanalysis CCCma CCCma CCCma Notes
(1961-2003) (1961-2003) (2004—-2040) (1961-2040)
positive positive positive positive
Annual Slope=0.13 Slope=0.09 Slope=0.11 Slope=0.10
R?=0.17 R?=0.13 R?=0.11 R?=0.33
Weak Atmospheric
Winter positive no trend no trend no trend conditions inhibits
after 1990 hailstorms.
Increasing variability
Weak Weak Contrast between two datasets.
Spring positive netagive positive no trend Unclear if the recent
Slope=0.2 Slope=0.02 Slope=0.04 estimated increase is
R?=0.08 R?=0.001  R?=0.004 definitive or a
temporary fluctuation.
Environmental
positive positive positive positive conditions favor
Summer  Slope=0.21 Slope=0.4 Slope=0.21 Slope=0.23 powerful convective
R?=0.07 R2=0.22 R2=0.09 R2=0.29 motion that guide
thunderstorms and hailstorms.
Surface, low and mid-troposphere
slowly cool, yet atmosphere
positive negative positive positive can still support a considerable
Autumn  Slope=0.08 Slope=0.01 Slope=0.19 Slope=0.10 water vapor content that
R2=0.05 R2=0.0006  R2=0.06 R2=0.09 could favor thunderstorms

221

and hailstorms.

or April to November or December, when the environmen- on annual as well as seasonal basis, confirming the stability

tal conditions, in particular the northern Mediterranean seaof the tendencies.

surface temperature, allow the triggering and development Qnly long-term trends are inter-compared, to show the

of convective thunderstorms, which are natural precursors ohossible impact of the slowly changing of the atmospheric

hailstorms. _ _ . composition, beyond the higher frequency climatic noise, on
In the present study, the winter season is defined as Janhe hailstorms forcings and probability; such effects could

uary to March, when hailstorms are least likely. not of course be revealed by a straightforward comparison of
A low-pass filter (5-years moving average) is also applied,seasonal or annual values.

to reduce the higher frequency variability (noise) that can  the Reanalyses and the Scenario produce the same trends

hide existing linear correlations and trends. in summer and over the whole year, while differences are
revealed in spring and autumn, when the trends seasons are
anyway very small (not shown).

3 Results Figure 2 represents the annual frequency of hailstorm fre-

In Table 5 are summarized the main results of this study. Thdluency:

reliability of the trends computed for the variables derived Trend analyses are applied to the original forcings as well
from the CCCma scenario is assessed after the comparisdh-apse Rate, Precipitable Water and Relative Humidity), lim-
with the trends of the same variables derived from the Redted to the annual and Summer averages, in an attempt to as-
analyses, during the same multi-decadal period (1961-2003p€ss their respective future tendencies and considering their
As well, the trends forecast for the next decades (2004Jespective role in driving the probability of hailstorms; the
2040), and for the whole period (1961—2040) for the cccmaseasonal analysis of tendencies of the three considered forc-
scenario variables are reported (only linear trends significantnds has been developed only for the Summer season, when
at least at the 95% level are shown). After removing the interthe probability of hailstorms is at its maximum.

annual variability by means of a 5-year linear moving aver- Table 6 and Figs. 3 to 5 summarize the annual trends; Ta-
age, the trends reported above show nearly the same trendsle 7 shows the summer trends, as do the Figs. 6 to 8.
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Table 6. Annual trends of the original atmospheric variables. Only trends significant at the 95% level are reported.

Year Reanalysis CCCma CCCma CCCma
(1961-2003) (1961-2003) (2004-2040) (1961-2040)
no trend negative
Lapse Rate no trend no trend Slope®01 Slope=-0.0068
R?=0.17 R?=0.29
positive positive
Precipitable Water no trend no trend Slope=0.0324  Slope=0.0214
R2=0.46 R2=0.58
negative
Relative Humidity ~ Slope=0.2 no trend no trend no trend
R2=0.63
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Fig. 6. Summer values of Lapse Rate.
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Fig. 7. Summer values of Precipitable Water.

4 Conclusions

The research allows to identify the following likely fate for
the hailstorm hazard over the considered area in Italy:

— The climate scenario has a fairly good agreement with
the Reanalysis over the study area, with regard to those
forcings that are relevant to the occurrence of hail-
storms, especially in the warm season, which sheds

year

[—RH-CGCM2-A2 —RH- Reanalyses |

Fig. 8. Summer values of Relative humidity.

some light of confidence in the climate predictions into
the next decades;

— The annual probability of occurrence of hailstorms will
likely increase in the next future, both on an annual and
multi-annual time basis;

— The hailstorm hazard in Spring will likely increase in
the future, even if far more slowly than the observed
recent rapid growth;

— In Summer, the growing trend of the hailstorm fre-
qguency is detectable since the second half of the 1970’s,
and will likely be stationary or weakly growing in the
future, at higher levels than only 20 years ago;

— In Autumn, the observed recent weak increase of hail-
storm frequency is not represented by the climate sce-
nario, which on the other hand projects it into the future;

— The two most important forcings of the hailstorm fre-
guency, that is the Lapse Rate and the Precipitable Wa-
ter, show a discordant behaviour in the future: the Lapse
Rate generally decreases, while the Precipitable Water
generally increases, the latter being moderately domi-
nant with regard to the hailstorm frequency trends.
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Table 7. Summer trends of the original atmospheric variables. Only trends significant at the 95% level are reported.

Year Reanalysis CCCma CCCma CCCma
(1961-2003) (1961-2003) (2004-2040) (1961-2040)
no trend negative
Lapse Rate no trend no trend Slope®01 Slope=-0.0068
R2=0.17 R2=0.29
positive positive
Precipitable Water no trend no trend Slope=0.0324  Slope=0.0214
R?=0.46 R?=0.58
negative
Relative Humidity  Slope=0.2 no trend no trend no trend
R?=0.63
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