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Abstract

Hailstorms become a serious meteorological risk in mid-latitudes countries and
due to their local scale development and short time span, their forecast is still
an open problem. Moreover, the lack of reliable hailstorm occurrence databases
is an important handicap for NWP models validation, time trends studies and
their relationships with global warming and climate change. However, this fact
can be overcome by knowing the physical relationships between the favourable
synoptic patterns and the mesoscale triggering factors for hailstorm

development in every local study area.

Norteastern Spain is one of the European regions with more hailstorm days
observed in summer months. Since 2001, from May to September, reliable
databases of hailstorm occurrence in the Middle Ebro Valley have been
recorded, knowing their intensity, time-frequency and spatial coordinates. June
and July 2006 presented the highest number of hailstorm days ever observed in
2001-2010 period. With the objective of analysing the meteorological factors
responsible for this anomaly, atmospheric patterns at low and mid-tropospheric
levels were studied. A set of special synoptic configurations, with an evident
deviation of climatic values were found, causing anomalies in 850 hPa
temperature with respect to the characteristic values of the 2001-2010 and
1950-2010 periods. The analysis of the anomalies in relation to both periods of
time has allowed to detect a positive trend in 850 hPa temperature and

geopotential height in the Western Mediterranean area. As a consequence, the

http://mc.manuscriptcentral.com/joc

Page 2 of 42



Page 3 of 42

O©CoOoO~NOODRWN-

International Journal of Climatology - For peer review only

characteristic synoptic circulation has been modified since 1950, changing
towards low level patterns that favour adequate thermodynamic environments
for hailstorm development in Northeastern Spain. Finally we have studied the
periodicities in the monthly 850 hPa temperature field, after a previous cluster
analysis, in order to improve the knowledge about the seasonal forecast of

hailstorms.

Keywords

Hailstorms, Western Mediterranean, Anomalies, Trends, Morlet transform

1. Introduction

Hailstorms are defined as small-scale severe weather phenomena and are one
of the most important meteorological risk in mid-latitude continental areas. In
the Mediterranean and Southwestern Europe, summer month hailstorms
provoke millions Euros in losses that are not restricted to agriculture, but rather,

they affect industry, property, and occasionally cause loss of life.

Severe convection refers to the transfer of heat and humidity through a vertical
flow associated with flotability, being able to generate adverse phenomena such
as hail, tornadoes, intense precipitation and strong winds. Doswell (1987) and
Houze (1993) established the mechanisms to get a pre-convective environment:
atmospheric instability, low-level moisture and a trigger mechanism. The
thermodynamic conditions that favour the onset of convection are well known,

however, the detection and documentation of hailstorms is a very complicated

http://mc.manuscriptcentral.com/joc



O©CoOoO~NOODRWN-

International Journal of Climatology - For peer review only

task because of its large spatial and temporal variability, and the fact that they
are small-scale convective phenomena. For these reasons, the observation
analysis and forecasting of hailstorms present important challenges, with the
most important being the improvement of spatial and temporal precision, as well
as the availability of a forecast with enough forewarning to minimize the

damages.

The Northeastern (NE) Spain, specifically the Middle Ebro Valley (MEV, see fig.
1), is one of the areas in Europe with the highest occurrence of severe
convective phenomena (Brooks et al., 2003), along with the Alps and the
Balkans. In some instances the storms have been severe, precipitating large-
sized hail and causing important losses (Garcia-Ortega et al., 2007). The
damage caused by hail amounts to around 100 million Euros per year, which
indicates that hail precipitation is not only frequent but also has a major social
and economic impact. Since 2001, the Atmospheric Physics Group (GFA) of the
University of Ledon (ULE) has carried out the detection and tracking of
hailstorms in the MEV, during the period from May to September, using a
nowcasting model with C-band radar (Lopez and Sanchez, 2009; Sanchez et
al., 2013). Additionally, there is a vast hailpad network deployed and voluntary
observers which help to verify where and when hail falls, as well as having
relevant information, such as the size distribution or associated kinetic energy
(Sanchez et al., 2009). Additionally, the GFA has established two objective
classifications at both, synoptic-scale (Garcia-Ortega et al., 2011) and mesocale

(Garcia-Ortega et al., 2012; Merino et al., 2013) defining the dynamic and
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thermodynamic environments favourable to the onset and development of

convection resulting in hail in the MEV.

In the last few years, different studies have been done trying to establish a
relationship between the current climatic change scenario and its consequences
in the intense precipitation events, hail or tornadoes. Warming of the climate
system is unequivocal, as is now evident from observations of increases in
global average air. In Southwestern Europe the increase in the surface
temperature in the period 1970-2004 it is shown to be between 1 °C — 2 °C
(IPCC, 2007). The question arises as to whether any evidence suggests an
increase in hailstorm events either in number or intensity. Moreover, the lack of
reliable surface observation systems is the main obstacle to know the trends in

hailstorms occurrence. This fact makes this question difficult to answer.

However, different studies have contributed to understand the influence of
climate change and the occurrence of thunderstorms and hail events. Leslie et
al. (2008) using numerical climatic simulations showed that hailstorm severity,
duration and paths are all sensitive to small changes in atmospheric
parameters. Botzen et al. (2010) showed that projected climate change may
lead to increase damage caused by hailstorms in the future. In particular the
damage is expected to be large in climate change scenarios where global

temperatures are expected to increase by up to 2 °C by 2050.

Some authors have tried to find evidence of changes in hail precipitation.
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Based on loss data of an agricultural insurance company in Switzerland (1920-
1999), Schiesser (2003) reported a substantial increase in the number of halil
events between 1980 and 1994. Piani et al. (2005) concluded that in Central
Italy, a growing trend of summer hailstorm frequency has been detectable since
the second half of the 1970s, and will likely be stationary or weakly growing in
the future, being more evident in spring. Over Ontario, Canada, Cao (2008)
identified a robust, ever-increasing frequency of severe hail events over the last
decades using damage data. Kunz et al. (2009), based on insured building
damage, observed in Germany that during the period 1974-2003, there was no
increase in the number of thunderstorm days, however, there was an increase
in the number of hailstorm days and also in the associated hail damage. Berthet
et al. (2011) detected an increase in hail intensity by 70% during the 1989-2009
period, while the frequency did not change significantly. Mohr and Kunz (2013)
found that the atmosphere has become more unstable over Central Europe

over the last two to three decades.

In order to overcome the lack of observations, relationships between the
hailstorm occurrence and the synoptic/mesoscale atmospheric patterns can be
established. The observed trends or the anomalies in the atmospheric
conditions should influence the occurrence of hailstorms, as well as their
intensity. An understanding of connections between the synoptic atmospheric
pattern trends and their effect on the formation of local thermodynamic regimes

could improve the quality of seasonal forecasts.
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Based on this idea, this paper is focused on two main objectives. The first one is
to explain the meteorological anomalies that influenced the thermodynamic
state of the atmosphere, causing an exceptional number of hailstorm days (HD)
in June and July of 2006, in comparison with the period 2001-2010. The second
one is to investigate if, in view of the anomalies found between atmospheric
patterns of 2006 and the 2001-2010 and 1950-2010 periods, there is a
significant trend in the time evolution of the representative variables that allow
us to establish conclusions about the trends and the periodicities of hailfalls in

Southwestern Europe.

The paper is organised as follows: in section 2 we present the methodology and
the databases. In section 3 we examine and discuss the results obtained about
atmospheric patterns, anomalies, trends and their significance, the decadal
rates of change and periodicities of the selected study fields. In section 4 we

present the conclusions.

2. Methodology and databases

A high-time resolution C-band radar from the GFA is deployed at 10 km to the
SW of Zaragoza city. This radar makes the tracking and the study of time and
spatial development of hailstorms in a radius of, approximately, 140 km (fig. 1).
The GFA has developed a nowcasting model for the detection of hail (Lopez
and Sanchez, 2009; Sanchez et al., 2013) with a resolution of 1x1x1 km?®.
Twelve elevation angles are used and the information registered is updated

every 3.5 minutes. The short lifetime of hail events and their local occurrence
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make the detection and study of hailstorms very difficult (Smith and Waldvogel,
1989). For this reason, the GFA also has a network of 729 observers in the
study area. The information coming from the observers, along with the model
outputs, has allowed us to know the number of hailstorms, their intensity,
evolution and structure, as well as their spatial distribution during the period

2001-2010.

The annual distribution of hail days corresponding to the period 2001-2010 is
shown in Fig. 2. The maximum number of HD is 50 in 2006, whereas the
average value is 32.6 days. The period analyzed each year corresponds to the
months from May to September. Throughout this period, there is an important
climatic variability that leads to notable variations in temperature at mid-
latitudes, which influences the intensity of the troughs, ridges, and the intensity
and extension of cold and warm air masses. For this reason, the data has been
classified by month for each of the years of the study. The results are shown in

Table 1.

As can be seen, in June and July 2006, more than half of the days of the
months were HD. This anomaly prompted us to study the atmospheric
characteristics of June and July 2006, and their comparison with the
representative values corresponding to the period 2001-2010 (with registered

HD data), and from the period 1950-2010 in order to find possible trends.

The atmospheric conditions of the study area have been characterised by the

http://mc.manuscriptcentral.com/joc

Page 8 of 42



Page 9 of 42

O©CoOoO~NOODRWN-

International Journal of Climatology - For peer review only

monthly 1950-2010 gridded reanalysis data from the National Centers for
Environmental Prediction (NCEP), with a latitude—longitude resolution of 2.5° x
2.5° (Kalnay et al., 1996). The selected area comprises from 30°N to 50°N of
latitude and from 20°W to 10°E of longitude, covering Southwestern Europe,
Northwestern Africa (the Western Mediterranean area) and the mid-latitude
Eastern Atlantic Ocean. The window dimensions were selected, not only in an
effort to be consistent with the objectives of this study, but also to avoid the
influence of circulation features in regions outside the study area. The dynamic
and thermodynamic state of the atmosphere was described by the temperature
and the geopotential height at 850 hPa and 500 hPa (T850, T500, G850 and
G500). These fields provide relevant information about the atmospheric status

at low and mid-tropospheric levels.

Additionally, the anomalies for T850 with respect to the periods 2001-2010 and
1950-2010, in the months of June and July, were calculated. In view of the
results, we have obtained, on a cell-by-cell basis, the T850 and G850 trends
using the Mann-Kendall test, as well as its significance. This test allows us to
statistically determine if the values of a variable increase or decrease over time.
The rate of change of the variables was found using the Sen method, a non-
parametric estimator of trend magnitude robust to outliers (Sen, 1968). The
calculations were done using the MAKESENS application from the Finnish
Meteorological Institute (Salmi et al., 2002). The slope obtained by the Sen
method, in each of the matrix points, was used to estimate the decadal rates of

change (Beier et al., 2012).
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Once the trends were obtained and the T850 (not shown) and G850 fields in the
period 1950-2010 were studied, a cluster analysis (CA) was performed with the
original values of T850 as a useful way of objectively organising these patterns
into groups. Using years as variables and the grid-points as cases, the CA
allowed us to establish grouping structures on the matrix for the selected
atmospheric fields. The non-hierarchical k-means method (Anderberg, 1973)
was used, and the Euclidean distance was taken as the similarity index. Gong
and Richman (1995) showed that non-hierarchical methods outperformed
hierarchical techniques. This method minimises the sum of the intragroup sum
of squares (D), which decreases as the number k of groups increases. The
cluster number needs to be identified before the algorithms can proceed,

selecting the optimum number when the decrease in D was not significant.

Nevertheless, the decision regarding the number of groups is not a completely
objective task as a degree of subjectivity is present, based on the physical
evidences. The spatial structure of the decadal rates of change of the
temperature and geopotential height is a correct reference to give a physical
interpretation for the results of the CA and select the most appropriate number

of clusters.

With the objective of studying the possible periodicities present in the T850

field, and using the CA results, a wavelet analysis was carried out. The

Continuous Wavelet Transform (CWT) analysis is a powerful tool for studying
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multi-scale and non-stationary processes occurring over finite spatial and
temporal domains (Lau and Weng, 1995). This implies a substantial advantage
with respect to the Fourier transform, whose analysis is limited to stationary

signals and implies a loss of information in the temporal domain.

Its development began with Morlet (1983) and, since then, different applications
in the field of Earth sciences have been found (Labat, 2005; Sang, 2013). The
Morlet wavelet has been used as a non-orthogonal and complex mother
wavelet, which consists of a flat wave modified by a Gaussian envelope. This
wavelet is subjected to a process of dilation and translation along the studied
signal to obtain the wavelet coefficients. The wavelet function (¥) depends on
a time variable () with zero mean and localised in a time-frequency space

(Torrence and Compo, 1998). This function is defined as:

T

Yy(n) = x s givang /s

where wy is the non-dimensional frequency with a value of 6, which satisfies the
the admissibility condition (Farge, 1992). The different advantages of the
wavelet analysis have allowed us to study the variability of the time series,
taking account of the temporal dimension and reaching a compromise in the

localization of a signal in a time-frequency space.

3. Results.

3.1. Synoptic patterns.
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Figure 3 shows the geopotential height maps at 850 hPa. During the period
1950-2010, June and July patterns were similar, and were characterized by a
flow from the West, with a small undulation over the Iberian Peninsula (IP). To
the West and to the East, the Azores High and a high-pressure center located
over the East of Algeria can be found. However, in the period 2001-2010 the
undulation becomes deeper, causing a trough over the West of the IP. In 2006
the trough, whose axis is to the West of Portugal, is well-formed leading to an
embedded low in June, to the SW of the IP. These patterns change the low level
wind over the NE Spain causing a South component flow, which produces the

transport of warm and humid air from the Mediterranean Sea.

The 1950-2010 average pattern at 500 hPa (Fig. 4) is characterised by a zonal
flow with a light undulation forced by the high pressure center from the North of
Africa. The configuration of the period 2001-2010 is similar, although the
geopotential values over the IP are slightly higher. However, 2006 shows a
trough that penetrates through the West of the IP as an extension of what was

observed at 850 hPa.

Precisely, the patterns observed in 2006 create favourable synoptic conditions
for the formation of hailstorms in the MEV, according to the cluster classification
done by Garcia-Ortega et al. (2011). These synoptic patterns are associated
with the entrance of cold fronts that cause atmospheric instability, leading to
storm formation that are sometimes prefrontal. The presence of a trough with or

without an embedded low at 850 hPa is a common characteristic in hail risk
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situations in the MEV. This synoptic pattern always appears in the SW of the

study area.

The temperature field is associated with the geopotential height. The presence
of troughs or lows is related to the entrance of cold air masses, which, when
extended in height, provoke unstable situations. On the other hand, the MEV is
a region in which, during the summer months, the high temperatures favour the
formation of thermal mesolows (Tuduri et al., 2003; Garcia-Ortega et al., 2007)
that, along with an adequate low-level wind pattern, can lead to one of two
possibilities. The first is the formation of areas with strong convective instability,
and the second is the appearance of convergence areas. Both factors are the
main ingredients for the triggering convection associated with hail events
(Garcia-Ortega et al., 2012). Figure 5 shows the differences in temperature at
850 hPa with respect to the two studied series. Upon seeing the results, it is
evident that there is an increase in temperature in June and July of 2006 that
affects especially the NE of Spain, although the geometry of the isotherms is
different. In June, the area with maximum positive differences respect to the
1950-2010 period (2.5 °C — 3.0 °C) covers the N and E of the Peninsula, while
in July, the maximum positive differences are centered over France, with 2.0 °C

- 3.5 °C over the NE of Spain.

3.2 Anomalies in June and July 2006.

Given the importance that the difference in temperature between low and mid-

tropospheric levels has in the onset of convection, anomalies have been

http://mc.manuscriptcentral.com/joc



O©CoOoO~NOODRWN-

International Journal of Climatology - For peer review only

calculated for the difference in temperature at 850 hPa and 500 hPa, using the
standardised matrix data. For each grid-point in the domain, the average value,
¥, and the standard deviation, @, have been calculated. Those values that are
outside of the interval defined by =¥+ o, are considered to be significant

anomalies.

Positive anomalies are shown in June and July of 2006 with respect to the
period 2001-2010 (fig. 6 left). In June, there is an anomaly in the Mediterranean
with maximum values of 2.8 °C - 3.2 °C, over Sardinia Island. Over the Atlantic,
to the NW of Galicia, there is also an anomaly of 0.8 °C -1.2 °C. With respect to
the period from 1950-2010, the anomaly is more evident, covering the Eastern
of the IP (with values 1.6 °C - 2.4 °C) and extending toward the Mediterranean
Sea (with maximum of 3.6 °C — 4.0 °C) and toward the Atlantic Ocean (fig. 6
top, right). In both cases, the anomalies are due to the increase in temperature

at 850 hPa in the Mediterranean and to the N of the IP.

During the month of July 2006, anomalies with respect to the two series
considered were observed, being centered in the SW of France (with maximum
values of 3.2 °C - 3.6 °C), affecting almost all of the IP, with values of 2.0 °C -
2.8 °C in the MEV, with respect to both series. The anomaly in the period from

1950-2010 extends over the SE of the IP, reaching the North of Africa.

These anomalies are mainly due to the increase observed in the T850. It has

been observed that there are not significant differences in the T500 values with
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respect to the two periods in the study (not shown). If similar differences to
those registered at 850 hPa had been observed, the difference in temperature
between low and mid-levels would not provide any relevant information. Another
noticeable fact is that more intense anomalies of T850 are observed with
respect to the period 1950-2010 than respect to the period 2001-2010. These

results suggest the possibility of an up trend of T850 in the study area.

3.3 Trends and cluster classification in the period 1950-2010.

We have obtained the T850 and G850 trends as well as its significance levels,
for the period 1950-2010, using the Mann-Kendall test. Figs. 7 and 8 show the
decadal rate of change obtained using the Sen method, and the level of
significance for the Mann-Kendall test. Except for some of the grid-points where
slight negative trends were found, in practically all of the study area, a positive
decadal rate of change was observed for T850, which affects all of the Iberian
Peninsula with maximum values in the Western Mediterranean, as well as the
coast of Southeastern Spain. In these areas, the values exceed 0.5 °C. decadal’
' and 0.4 °C. decadal™ in the months of June and July, respectively (fig. 7), with
a level of significance ( 3 0.001. The G850 (fig. 8) shows positive decadal rate of
change in both months as well. The maximum values are found over the
Eastern part of the study area, being 6 m. decadal™ (June) and 5 m. decadal™
(July). The level of significance is, in general, lowest in the areas affected by the

maximum decadal rates of change (1 - ( > 0.95).

The existence of a positive T850 trend is evident in the period 1950-2010 in the
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Mediterranean area close to the coast of Spain. This increase comes from the
strengthening of the African ridge in the months of June and July, as shown in
Fig. 8. As a consequence of this strengthening, a double-effect is produced: the
cited increase of temperature at 850 hPa to the SE of Spain, especially during
the month of June, which could be up to 3° between 1950-2010, and the wind
pattern associated with the strengthening of the African ridge. The increase in
temperature affects the low troposphere situated in the area over the
Mediterranean Sea. This fact causes an increase in the water vapor content in
the area. The wind pattern associated with the perturbation observed at G850
reinforces the southern component of low-level wind in the area, favouring a
humid and warm air advection from the Mediterranean Sea to the East of the IP.
This wind pattern, along with the orographic characteristics of the study area,
facilitates the formation and development of convection in the MEV (Garcia-

Ortega et al., 2012).

Thus, a reinforcement of this structure from the period 1950-2010 could cause
an increase in the frequency of HD in the MEV. The absence of reliable data
about hail in the second half of the 20" century does not allow us to know about
the real data of the time evolution of the number of HD since 1950, however, the
results of the study allow us to affirm that a positive trend in T850 and G850 is
occurring, toward patterns that generate favourable environments for the
development of hailstorms in NE Spain. The results are coherent with the
observed fact that the anomalies from 2006 are deeper with respect to the

period 1950-2010 than with respect to the period 2001-2010. In this context, the
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anomaly observed in 2006 is an extreme case for this evolution pattern.

After confirming the T850 positive trend over the Western Mediterranean Sea, it
was interesting to study the possible periodicities. However, before doing this
study, we have analysed the groups that can be established between grid-
points, taking the T850 time series. In order to do this, a cluster analysis was
done for the original T850 data, using the methodology previously described.
Based on the similarity criterion and the identification of the clusters with the
structures observed in the decadal rate changes, and the T850 patterns from
the period 1950-2010 (not shown), two clusters were selected for each month,
June and July (fig. 9). From this result, and taking each cluster individually, we

have studied the periodicities present in the time series of T850.

3.4 Wavelet analysis.

As it was explained in section 2, the wavelet analysis allows to study the
variability of the time series taking account of the temporal dimension. With the
objective of studying the periodicities in the cluster average temperature in the
months of June and July from 1950 to 2010, a CWT was applied. Although
linear tendencies do not affect the CWT results, the original time series were
detrended, since as it was mentioned by Yi and Shu (2012), it is known that

temperature data are composed by a linear trend, periods and a random signal.

Figure 10 shows the results for the CWT, along with the time series in each

case of study. In cluster 1 of June one mode at around 20 years seems to
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persist for the whole period. Another cycle of 7 years is presented, but after
1980 an abrupt change in frequency gives place to an oscillation mode at
around 8-9 years that persists during the remaining time. Between 1970 and
1980 it is possible to detect the shortest wave of the time series, with a period of
2.5 years. With respect to cluster 1 of July, the largest wave seems to present,
since year 1970 up to year 2010, a progressive change in frequency joint with a
frequency modulation effect. This period shows increasing wavelengths with
time, reaching a 30 years period at year 2010. By the other hand, lower
wavelengths are more variable, with the presence of an oscillation mode with a
period between 5-7 years since 1960 lasting to 1990. Then, a frequency change
takes place, giving rise to wavelengths of period around 2.5 years, between
1990 and the end of the signal. For cluster 2 in June, a wavelength of period
close to 27 years is distinguished for the first half of the signal. In addition, it is
observed a prevailing oscillation mode of a period around 15-17 years during
the whole time series. As in the previous cases, higher frequency waves are
also important for the series, being possible to recognise for this wavelength
range: one mode of period around 7.5 years, which starts in 1950 and suffers a
frequency change close to 1970, increasing the wavelength in 1-2 years up to
2010; and another period at around 2.5-3 years, which appears suddenly during
1950 and 1990, lasting in both cases for 5 years. In cluster 2 July it is possible
to decompose the signal in four wavelength ranges. The larger starts in 1960
showing a period of 27.5 years and, after a frequency change between 1970
and 1980, stays up to the end with a period of around 22.5 years. Another

present structure from the initial time is a wave with a period of 10 years. A
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slightly frequency modification is observable after 1980, decreasing the original
wavelength to a period of 8 years. Other important range mode corresponds to
a period of 6-7 years between 1950-1975, when a frequency change gives
place to a wave of around 3-4 years. Finally, the lower wavelength range

corresponds to 2.5-3 years which is perceptible along the whole study period.

4. Discussion and conclusions

The GFA from the University of Lebén in Spain has access to a complete
database for all of the hailstorms that happened in the MEV since 2001,
between the months of May and September. In June and July 2006, there were
an exceptionally high number of hailstorms in the MEV. Specifically, 33 HD were
registered, these being 66% of the hailstorms from May-September 2006 and
74% more than in June and July 2010, the year with the second-highest number
of hailstorms in these months. Because of this information, the characteristics of
synoptic models in both months were studied, along with their differences with

respect to the periods 2001-2010 and 1950-2010.

The selected domain ranges from 30°N to 50°N and 20°W to 10°E. Hailstorms
are convective events; therefore, the selected atmospheric fields were
temperature and geopotential height at 850 hPa and 500 hPa, corresponding to
gridded re-analysis data from the NCEP. The synoptic patterns of June and July
2006 show important differences with respect to the patterns for the two cited
periods. Specifically, at 850 hPa, there is a deepening of the trough located to

the West of the Iberian Peninsula, which extends to 500 hPa, and that, along
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with the reinforcement of high pressure centered in Algeria, generates a South-

component flow over the NE of Spain.

Additionally, in 2006, there were positive anomalies in the difference of
temperature at low and mid-tropospheric levels, due to the increase in
temperature at 850 hPa. The anomalies, with respect to the period 2001-2010
reach 2.8 °C - 3.2 °C in June over Sardinia and 3.2 °C - 3.6 °C in July over SW
France. These anomalies deepen when they are calculated with respect to the
period 1950-2010, these being de 3.6 °C - 4.0 °C in June and extending over

the Eastern coast of Spain in both months.

As such, trends in temperature and geopotential height at 850 hPa during this
last period have been studied. A positive trend was found, with a decadal rate of
change of T850 over de Peninsula, with maximum values of 0.5 °C. decadal™
and 0.4 °C. decadal” in the months of June and July, respectively, in the
Western Mediterranean, with a level of significance ( 8 0.001. The G850 shows
positive decadal rate of change in both months as well, being the maximum
values of 6 m. decadal™ (June) and 5 m. decadal™ (July) over the Eastern part

of the study area.

These results show a change in the atmospheric characteristics at 850 hPa
between 1950 and 2010, and imply a strengthening of the African ridge during
this period. This evolution causes the positive trend in T850 in the area affected

by the ridge, with a maximum increase of 3°C in the period 1950-2010 in T850-
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June, over the Western Mediterranean. The increase of T850 and the
deepening of the ridge generate winds with a strong Southern component over
the MEV, with high water vapor content, which provide favourable environments
for the development of convection and, specifically, an increase in the number

of HD.

Once the trends and the decadal rates of change of the selected fields were
studied, the periodicity of the T850 signal during the period 1950-2010 was
analysed. Given the existing direct relationship between the results found for
T850 and G850, T850 was selected for the next stage of investigation.
Previously, a CA for the T850 field was done, using years as variables and the
grid-points as cases for the period 1950-2010. The results show two very similar
clusters for June and July, respectively. Cluster 1 includes the Northern half and
the extreme SW of the study domain and cluster 2 includes the extreme S and

SE.

We have obtained the periodicities of the mean 850 hPa temperature during
1950-2010, applying CWT over each cluster of June and July. In cluster 2 for
both months, there are a greater number of cycles. Generally, there is a small
cycle in 2.5 years, which reaches 3 years in cluster 2 in both months. In June,
there is a greater cycle of 7 years in cluster 1 and of 7.5 years in cluster 2,
changing in time to periods of 9 to 9.5 years, respectively. In July, these
periodicities seem to be smaller beginning in general between 5 and 7 years,

and decreasing in both cases.
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In cluster 2 there is a new periodicity of 15-17 years in June; while in July it is

close to 10 years, and diminishes to 8 years at the end of the series.

In all of the cases, greater periodicities that are relatively clear can be observed,
except in the case of cluster 1 in July. The periodicities vary from 20 years in
cluster 1 in June up to about 27 years in cluster 2. And in cluster 2 of July a

cycle of 27.5 years descends to 22.5 also in the half of the time series.

The anomaly in 2006 is also seen in the time series of T850 (fig. 10). In cluster
1 June, the CWT shows a possible effect of the superposition of two cycles
described, which could be responsible for the high number of HD. Similarly, this
occurs in 1980, though we do not have data from this year. One can sense the
superposition of cycles in cluster 1 for July, although it is not observed with the

same clarity, due to the increase in the high values of periodicity of this cluster.

The results show a clear change in the temperature and geopotential fields at
low tropospheric levels since 1950, affecting the Western Mediterranean area.
This change generates synoptic environments that are more favourable to the
development of hailstorms in NE Spain, which causes an increase in the
number of HD. The periodicities of the mean 850 hPa temperature during 1950-
2010 help to explain the anomaly observed in 2006, and show the importance
of a more detailed analysis of the periodicities of the temporal series. Later

studies will allow us to establish relationships between the periodicity found and
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other factors, such as the NAO, solar radiation, solar activity or sunspot cycles,

with the subsequent improvement in the seasonal forecasting of hailstorms.
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May June July August  September Total
2001 1 0 9 6 4 20
2002 2 4 7 6 4 23
2003 2 6 10 10 1 29
2004 2 6 11 14 4 37
2005 1 10 5 8 5 29
2006 5 17 16 4 8 50
2007 7 8 6 9 4 34
2008 6 6 11 15 1 39
2009 6 6 5 9 1 27
2010 1 9 10 10 6 36

Table 1. Monthly distribution of HD in the MEV for the period 2001-2010.

Figure captions

Figure 1. Study area.

Figure 2. Time evolution of HD in the MEV from 2001 to 2010.

Figure 3. From left to right: Geopotential height at 850 hPa in 2006,
geopotential height average of period 2001-2010 and geopotential height

average of period 1950-2010 (top: June; bottom: July).

Figure 4. From left to right: Geopotential height at 500 hPa in 2006,

geopotential height average of period 2001-2010 and geopotential height

average of period 1950-2010 (top: June; bottom: July).
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Figure 5. From left to right: 850 hPa temperature difference between 2006 and
2001-2010 average; between 2006 and 1950-2010 average (top: June; bottom:

July).

Figure 6. From left to right: Anomalies of temperature difference between 850
hPa and 500 hPa of 2006 respect to 2001-2010 average and 1950-2010

average (top: June; bottom: July).

Figure 7. Top: Decadal rate of change of 850 hPa temperature in the period

1950-2010 in June (left) and July (right). Bottom: Level of significance (1-().

Figure 8. Top: Decadal rate of change of 850 hPa geopotential height in the

period 1950-2010 in June (left) and July (right). Bottom: Level of significance (1-

Q-

Figure 9. 850 hPa temperature clusters for 1950-2010 period (left: June, right:

July). Light grey color is Cluster 1 and dark grey color is Cluster 2.

Figure 10. From left to right: Continuous wavelet power spectrum of detrended

time series of 850 hPa temperature in June (top) and July (bottom) for clusters

1 and 2, and the corresponding time series.
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