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Abstract: In recent years, some works have forecasted the future scenario of severe weather phenom-
ena, which include large hail. In the present manuscript, the authors focus on a region, Catalonia (NE
of the Iberian Peninsula), influenced by complex topography, the Mediterranean Sea, and different
air masses. These components are a complicated formula in determining the behavior of the hailfall
in the Catalan territory. The events of recent years have shown that expectations and the historical
context are not always the best indicators for the future, implying the necessity of the further study
of hail events. Using radar fields combined with ground registers and a topographic model permits
the characterization of the events in the territory. There is high seasonal and annual variability, with
reduced hit areas and small vertical developments in non-summer cases. All these factors are not
well solved by the spatial resolution of the current climatic models.
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1. Introduction

Severe thunderstorms produce damages of over USD 10 billion per year in the United
States and EUR 1-2 billion in Europe [1]. Severe thunderstorms produce large hail, straight-
line winds, or tornadoes. Severe weather is one of the more catastrophic natural phenomena
affecting humans. Hail’s effects on agricultural exploitation have appeared in documents
since the early 1800s in some regions such as France [2]. In this country, insurance served
to cover part or the total of the damages produced by hailfall in crops. Moreover, the
occurrence of severe thunderstorms in the warming climate has been a topic of growing
interest in the meteorologist and climatologist community in the last few years.

Ref. [1] and others summarize the complexity of the influence of the different ther-
modynamic variables (surface temperature, atmospheric moisture, convective available
potential energy, updraft speed, convective inhibition, freezing level, and wind shear) in
severe storm initiation or hail formation. For instance, Ref. [3] applied a logistic model
to estimate hail trends in Germany, both in the past and present. The model combined
meteorological variables and objective weather type classification. Moreover, insurance
data and lightning and radar observations helped to calibrate and validate the model.
The results showed a future positive trend of hail events, especially in Southern Germany.
However, there exists a divergence in the numerical model’s response to the expected
trends in different regions. Because of this, Ref. [4] considered it necessary to introduce the
use of ensembles. Ref. [5] used ensembles for forecasting severe convective environments in
the 21st century. The results indicated an increase in the SW of Europe (including Catalonia)
in the following years. However, this increase could not lead to an increase in severe storms
because of the rise in the convective inhibition conditions, as [6] stated. Ref. [7] summarized
the previous results in the following way: “Fewer hail days in the future, but more hail
damage potential”.

One of the main limitations of the model used by [3] is that it is based only on the
12 UTC information. In any case, they warned about the difficulty of determining the
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atmospheric conditions associated with hail events. Ref. [8] moved in the same line,
indicating differences in the trends of different variables between Europe and the United
States [9], in an extensive analysis of the comparison of a large set of re-analysis and
sounding observations. Another point of interest was the limited capabilities of the re-
analysis models for reproducing some parameters near the ground. Ref. [10] indicated that
the instability and the updraft strength in hailstorms are modeled at these lower levels,
resulting in a good understanding of this factor. The two other relevant factors are the
freezing level height and the vertical wind shear. Ref. [11] concluded that re-analysis
results tend to show an overestimation of the severe weather cases concerning the sounding
observations, but this does not affect the trends. Another limitation, well reported by [8]
or [11], of the numerical model re-analysis is the resolution of the grid points. This issue
implies that the spatial resolution is 0.75° x 0.75°, 80 km x 80 km. If we consider that the
topography of Catalonia plays a principal role in hailfall—see [12] or [13]—it is important
to understand “how the topography is observed in the model and how this can affect the
identification of events”. In this way, they observed different trends over and at the two
sides of the Pyrenees. Moreover, Ref. [14] also introduced the influence of the sea on the
number of hail registers in the South of France. Then, “the Mediterranean influence is
another point of interest, according to the contact with Catalonia”.

The uncertainty in the balance of the thermodynamic parameters [1], or the discon-
nection between severe convective storms (with spatial scales of tens of kilometers and
time resolutions of hours) and the global climate systems (with resolutions of more than
100 km and synoptic times), introduces a lot of uncertainty in the future scenarios regarding
hail occurrence. To explain the spatial characteristics of hailfall, Ref. [4] identified in the
state-of-the-art that the affected area usually does not exceed 40 km?.

The trend analyses around the world show high variability ([10] or [15]), mainly
because of the limitations in the datasets. Then, it is possible to find datasets with no
significant trends, a significant increase, and a significant decrease, depending on the region
and the methodology. However, it seems that there exists a global increase in damages,
from insurance reports [1]. In financial terms, Ref. [16] suggests that these changes can
increase human exposure to severe hailstorms by 178% in the region of Colorado (United
States of America). These authors propose the improvement of communication with the
population as one of the best tools to mitigate this effect.

The use of remote sensing allows for the estimation of hail events’ time and spatial
variability. Depending on the type of sensor (radar or satellite), the resolution (temporal and
spatial) and the coverage vary notably. Moreover, the diagnosis of hail in thunderstorms
depends on patterns, signatures, or the combination of different variables, fields, or chan-
nels. Ref. [17] used a probabilistic technique over different channels of global satellites to
construct a 20-year Mediterranean climatology. The general results indicate a positive trend
of hail events. The study found that the number of hail and severe hail events occurred
mainly during September, August, and October in Catalonia and the rest of the Iberian
Peninsula. The number of cases was lower in this region in regard to the estimated value for
Central Europe, but it was one of the three unique areas of the study with a positive trend.
These results were contradictory to those found by [18] for the whole SW of Europe, based
on data from hail pad networks. In this case, accounting partly for the large variability
across the 15 years of study, the months with a higher number of events were May and
June. However, July is the month with the highest expected positive future trend, implying
an increase in severe events in the region. Ref. [19] used the Overshooting Top detected in
Meteosat (areas with values exceeding the 6K for the surrounding area), combined with
different variables of re-analysis that filter anomalies in the preliminary methodology. The
spatial hail distribution shows how the NE of the Iberian Peninsula is one of the areas with
more hail events in Europe, parallel with Southern France and the Alpine region. These
results are contradictory to those obtained by [17]. Finally, it is interesting to note that
few hail climatology studies exist based on radar observations [20-23], and all of them
consider a short period of analysis (10 or fewer years), which makes these analyses poorly
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representative in climatic terms. On the other hand, they provide results with good spatial
and temporal resolutions.

The general goal is to analyze some of the points highlighted before in a region such
as Catalonia, NE of the Iberian Peninsula, where sources of information such as hail pads,
ground registers from spotters, and weather radar are available. It is important to know
the limitations of the current systems used for analyzing hail events, which are not well
explained in many studies in the literature. Moreover, we have not found any similar
work for the area of study and its vicinity. In particular, the study focused on determining
the effects of the spatial resolution in the different sources used for estimating hail, as
for the topography, because of the high spatial variability and the small area affected
by the thunderstorms. Moreover, we have compared the trends in some variables with
other analyses.

2. Materials and Methods
2.1. Topography

We performed the topographic analysis through a raster file with the Digital Elevation
Model (DEM) of Catalonia and its surroundings. The values are in meters above sea level
(m ASL), and the spatial resolution is 0.0025° x 0.0025° (210 m x 275 m). The projection is
“+proj = longlat + datum = WGS84 + no_defs” (World Geodetic System 1984, EPSG:4326),
and the extents are 3.00042° E, 7.00121° W, 36.99879° N, and 46.00042° N. Finally, the
number of cells is 3600 x 4000 pixels.

2.2. Ground Observations

Figure 1 shows all the registers of the Servei Meteorologic de Catalunya database.
Observations are from different sources [24,25]: hail pads, meteorological expert spotters,
and social networks (accompanied by photography), among others. Each register must
contain the location, the date, the time, and the size. The dataset contains observations for
the period 2004 to 2022.
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Figure 1. Map with all the daily hail registers (red points) for the period 2004 to 2022. The orange
dots indicate the locations of the radars of the Network of the Servei Meteorologic de Catalunya.
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2.3. Weather Radar

We used the Vertical Integrated Liquid (VIL) fields [26] of the composition of the
4 C-Band Single-Pol radars of the Network of the Servei Meteorologic de Catalunya
(Figure 1). They have been used to estimate the hailfall with a good spatial
(1 km x 1 km) and temporal (6 min) resolution, with good reliability for identifying
the areas hit by hailstones larger than 2 cm (corresponding to values over 20 mm).

The analysis considered the maximum daily VIL fields to simplify the procedure
instead of the 6 min maps. More details about the capabilities and limitations of the radar
network are discussed in [27].

2.4. Methodology

The study focused exclusively on the Catalan territory for both ground observations
and VIL fields (see Figure 1). Figure 2 shows how the hail swaths have been estimated:
from the VIL maximum daily field (left panel), we cropped them using the boundaries of
Catalonia. After this, we selected only those pixels equal to or larger than 20 mm. The right
panel of Figure 2 shows the final result, with the orange area.

LAT

(b)
0
1> 3
65
60
55 o
50 g -
45
39
i
3 <
26 o |
20 e
14.
9.
4
0 o
S -
0
S T T T T T T
0.5 15 20 25 3.0 0.5 1.0 15 20 25 3.0
LON LON

Figure 2. (a) Daily maximum VIL field for the 30 August 2022 (the hail event with the largest hail size
recorded in Catalonia, with more than 10 cm diameter). (b) The orange area is the result of applying
crop and thresholding techniques to the previous field, indicating the area hit by hail larger than or
equal to 2 cm in Catalonia.

3. Results
3.1. Topography

To demonstrate the effects of spatial resolution in the DEM field, we applied a resam-
pling technique (using the raster package of R software) to create new charts from the
original (0.025° x 0.025°, resolution, panel A of Figure 3). The pixel resolutions of the new
maps are 0.01° x 0.01° (panel B), 0.05° x 0.05° (panel C), 0.1° x 0.1° (panel D), 0.5° x 0.5°
(panel E), and 0.75° x 0.75° (panel F). With a high value of the pixel size, the capability of
the DEM to reproduce the different ranges is low. For instance, the Pyrenees (the range that
borders Catalonia in the North) lose their shape in panel E. However, other minor mountain
chains change their pattern in panel D and even panel C. Regarding the maximum height,
the differences are notable: from 3043 m ASL (0.025°) to 2832 m ASL (0.01°), 2336 m ASL
(0.1°), or 1474 m ASL (0.75°). The last two cases have a maximum reduction of a quarter
and a half, respectively.
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Figure 3. DEM field used in the current analysis. Panel (A), the original map, with a resolution
of 0.025° x 0.025°. The rest of the panels are reconstructions using different pixel resolutions:
0.01° x 0.01° panel (B), 0.05° x 0.05° panel (C), 0.1° x 0.1° panel (D), 0.5° x 0.5° panel (E), and
0.75° x 0.75° panel (F). The red points of panel A indicate the locations of different cities of Catalonia:
Barcelona (B), Ripoll (R), Lleida (L), and Tortosa (T).

To quantify the differences, Table 1 shows the value of the height in the DEM
(in m ASL) of the point corresponding to the centers of the four cities marked with red
dots in panel A of Figure 3, depending on the resolution of the pixel (see the different
panels). For instance, the center of Barcelona varies its height from 28.0 m (0.05° x 0.05°) to
86.8 m (0.75° x 0.75°), or with a 58.8 m difference. However, differences are higher in the
case of Ripoll (504.3 m), Lleida (285.9 m), and Tortosa (314.3 m). These values, which seem
small, have high importance in the organization of convection, in terms of its location. For
instance, Ref. [28] showed that small coastal ranges could be very effective in some cases.
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Table 1. Height of the pixel corresponding to the center of the cities marked (red dots) in panel A of
Figure 3, according to the different resolutions of the pixels indicated in the same figure.

Resolution —

0.0025° 0.01° 0.05° 0.1° 0.5° 0.75°

Location |
Barcelona 42.0 343 28.0 439 33.0 86.8
Ripoll 778.0 808.1 852.2 863.5 1190.3 686.0
Lleida 209.0 174.4 168.1 194.9 405.7 454.0
Tortosa 13.0 6.9 60.8 220.5 86.1 321.2

3.2. Ground Observations

We investigated how the grid resolution was affected when we converted the punctual
registers in a field. In this case, we focused on two variables: the total number of daily
events per pixel (from 2004 to 2020) and the maximum hail size registered in each pixel.
Because of their small pixel size, the two first analyzed resolutions (0.0025° x 0.0025° and
0.01° x 0.01°) are inconvenient because they do not provide valuable information about
the occurrence and intensity (see panels A and B of Figures 4 and 5, and Table 2).

Figure 4 and Table 2 reveal the importance of the pixel size in the total number of
registers. The selected points (red dots in panel A of Figure 3) correspond to regions with
different behaviors of hail occurrence. Barcelona (B), Ripoll (R), and Lleida (L) belong to
zones with a large number of cases, and, on the other hand, the area of Tortosa (T) includes
few observations. However, the number of registers per size of pixel grows differently in
Barcelona and Lleida compared to that in Ripoll. This latter city stops rising in the final
segment. Then, the pixel resolution has high importance in characterizing hail occurrence
in a region.

RES: 0.0025 B RES: 0.01 c RES: 0.05

RES: 0.75

Figure 4. Raster of the number of the total observations registered per pixel with different spa-
tial resolutions (0.0025° x 0.0025°—panel (A), 0.01° x 0.01°—panel (B), 0.05° x 0.05°—panel (C),
0.1° x 0.1°—panel (D), 0.5° x 0.5°—panel (E), and 0.75° x 0.75°—panel (F)), for the period
2004 to 2022.
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Figure 5. As in Figure 4 but for the maximum hail diameter registered from ground observations.

Table 2. Maximum diameter of hail and total number of hail cases (of any size) per pixel depending
on the resolution for the four cities considered in the previous section.

Max Nobs  0.0025 0.01 0.05 0.1 0.5 0.75
Bcn NA NA 1.0 4 1.5 17 2.0 29 35 164 60 471
Rip NA NA 08 1 2.0 2 25 4 60 229 50 193
Lle NA NA 30 10 3.0 20 3.0 34 40 313 6.0 547
Tor NA NA 25 5 25 5 25 6 4.0 23 4.0 59

Figure 5 and Table 2 show the maximum diameter registered, according to the ground
registers, and focus on the four points belonging to the centers of the cities presented
in Figure 3. As occurred with the total number of observations, the differences are high
depending on the pixel size. For instance, Barcelona and Ripoll have values close to 1.0 cm
with a resolution of 0.01°. However, the values move to 6 and 5 cm, respectively, for 0.75°.
The grid size selection is crucial because it can explain the hail behavior for a selected area.
The smaller ones (0.0025° and 0.01°) cannot reflect the occurrence of most of the hail events
(because of the high spatial variability), but larger ones (0.5° and 0.75°) outperform the
number of cases and the size in each point. If we consider that climatic models use the
0.75° pixel resolution, it should be considered necessary to introduce this variability in the
hail events.

3.3. Weather Radar

The use of weather radar (or another remote sensing tool) allows for a reduction in the
effect of spatial variability in hail events. However, it increases another type of uncertainty
associated with the validity of the observation itself. The radar estimates the hail size
indirectly, in front of the direct measurement of the ground register. The estimation can be
more or less precise, depending on the model used, the technique applied for the validation,
or the quality of the remote sensing data. However, it has never had the capability of



Climate 2023, 11, 16

8 of 14

A RES: 0.0025

reproducing the event with the same reliability as the ground register. Figure 6 presents
the spatial effect (number of cases with a VIL pixel exceeding the 20 mm threshold) for the
region during 2013-2022, which is shorter than for the ground register dataset. We can make
some inferences from this figure. First, the topographic influence in the spatial distribution
is notable, with most of the pixels with more than six cases (blue color) occurring in regions
with heights over 1000 m ASL (panel A). Second, the influence of the pixel size affects the
resulting field, as in the previous cases. The initial configuration (panel A) maintains the
shape until the 0.1° resolution. For larger-sized pixels (panels E and F), the pattern does not
reproduce the reality of the spatial variability provided by the radar fields.
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Figure 6. As in Figure 4 but for the hail occurrence according to the radar data (VIL > 20 mm), and
for the period 2013-2022.

We analyzed 2196 hail swaths obtained from the VIL fields (threshold of 20 mm) for
2013-2022. The percentiles of 25, 50, and 75 have values of 21.34, 37.82, and 86.28 km?,
respectively, and the maximum is 1662.65 km?. Then, the area affected by hailstorms is
small. The area exceeded 100 km? in only 21.3% of cases, and 1.9% of hail events had an
extent of more than 500 km?. If a pixel of 0.75° x 0.75° resolution has an area of more than
6900 km?, the model’s capability to reproduce the environment in which the event occurs
is poor. Figure 7 presents the probability of hail occurrence concerning the centroid of the
case (located at 0,0) for the complete dataset. The red color (probability between 70 and
75%) reaches a radius of 3 km. The yellow one (50 to 70%) does not arrive within the radius
of 4 km. Finally, the green area (40 to 50%) has a radius between 5 and 6 km. To conclude,
there is a dominant direction from NW to SE, but this is more evident only for long paths.
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Figure 7. The probability of occurrence of hail is based on the 2196 cases of hailfall identified with
VIL fields and centered on the centroids of all events.

The last point to consider in this section regards the vertical development of thunder-
storms that produce severe hail over 2 cm, which is the usual threshold [24]. The Echo Top
product of the radar for the 12 dBZ threshold (or TOP12) is the maximum height reached by
the thunderstorm considering the selected reflectivity threshold. We have considered the
circular area with a 50 km radius surrounding the hail register to determine the maximum
vertical development. We obtained a mean value of 5.7 km for the 184 TOP12 values. Thus,
the vertical hailstorm development was not high at the moment of the hailfall in many
cases that occurred outside of the warmest season (May to August). This point is crucial for
hailfall identification using satellite data, causing an underestimation of cases compared
to reality.

3.4. Trend

The spatial resolution is crucial in data management and this can influence the trend
analysis from the previous results. To illustrate this influence, Figure 8 shows different
trends in the number of hail registers and the maximum hail size recorded considering the
locations of the four red points in panel A of Figure 3. We selected the highest resolutions,
0.5° and 0.75°. The trend in the number of occurrences per year varies depending on the
spatial resolution (panels A and B). In the case of 0.5° pixel resolution, the positive rise is
0.4 cases per year, and 2.3 cases per year for 0.75° (six times larger). On the other hand,
the maximum hail size (panels C and D) has a higher positive trend for 0.5° resolution
(0.32 cm per year) than for 0.75° (0.29 cm per year). In this case (maximum hail size), the
last two years of the period have the highest impact on this trend, while, for the number of
observations, 2018 was the year that marked this tendency. The results reveal a positive
trend with large variability for a short period. Thus, we should use caution in interpreting
these values.
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Figure 8. Boxplot of the number of cases (top row) and maximum hail size (bottom row) per year
(period 2013-2022) for the four red points of panel A of Figure 3, for the spatial resolution of 0.5°
(panels A and C) and 0.75° (panels B and D).

The previous results from ground observations have been compared with the radar
data (Figure 9) to confirm or not the previous behavior. A hail day can contain one or more
hail events. The first point to note is that the year with the maximum value was always
2018. Moreover, the trend was again positive in all cases, but with some nuances. The
number of events per year increases more for the radar, 7.5, compared to the value of 2.7 for
ground registers. On the contrary, the number of hail days increases more for the surface
observations (0.98) than the radar (0.76). This last result indicates that many cases remain
unobserved by the population, but, thanks to remote sensing, they are possible to consider
in a database. In any case, it is important to emphasize that a database of the order of
10 years is simply not sufficient to expect to identify any climate-change-related signal with
meaningful statistical significance.

Hail events per year/Normalized (2013-2022)

10

O Obs/Year B ObsD/Year B Rad/Year ® RadD/Year

N cases

RIUA T

20122013 2014 2004 2015 2015 2016 2016 2017 2017 2018 2018 2019 2018 2020 2020 20210 204 202 202

Figure 9. Normalized evolution (respect to the maximum) of the number of hail events and hail days
(a hail day can contain more than one event) from the perspective of the ground observations (orange
events and red days) and the radar (cyan events and blue days), for the period 2013-2022.
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4. Discussion and Conclusions

According to Dr John T. Allen, the greatest problem in determining environments
favorable to large hail is caused mainly by the fact that hail is a stochastic random process,
and, moreover, the reports contain sampling biases. The previous figures have shown the
irregular behavior of hail events in Catalonia, caused by the large variability in time and
space of the cases analyzed for ten years. Here, we focus on the second point, the bias of
the ground registers included in the database. Figure 10 shows the same as Figure 3, but
with the areas with the highest number of hail registers during 2004-2022 (marked with an
orange solid line). There are marked differences between the three regions. The first one is
the Western Plain, an agricultural area well known for the strong effects of hailstorms [29].
Because of this, the organization ADV-Terres de Ponent, in collaboration with the Servei
Meteorologic de Catalunya and the Atmospheric Physics Department of the University
of Leon, deployed a network of hail pads covering the highest part of the territory with
good spatial resolution. This network allowed the detection of practically all the hail events
(of any size) in this territory. The second area (marked with the 3) is an example of the
overestimation of cases caused by the high-density population of the region. All the events
(including those with tiny hailstones) have been widely reported by many professional
and amateur spotters using smartphones. Finally, the third area (labeled with a 2) is the
Central Pre-Pyrenees, a mountainous area with a low-density population and a few towns.
In this case, the underestimation of events seems evident, according to the estimations of
the remote sensing data. Thus, estimating the maximum hail size results is impossible
because of the lack of direct observations. However, some pieces of evidence of damage in
forests or infrastructure allow us to confirm the occurrence of the event in many cases.

Consequently, departing from the previous results, we try to briefly discuss some of
the points presented in the Introduction.

“Fewer hail days in the future, but more hail damage potential”. In the case of
Catalonia, the results for 20132022 using both ground observations and radar fields seem
to indicate the opposite direction. However, as was also introduced previously, many
studies confirm this trend in different parts of the world [1,10]. A future point of interest
could be identifying the common factors observed in the areas with the positive trend. In
any case, as also was shown during the research, the variability of the spatial and temporal
scales indicates that the results are not definitive, and the trends can change with more
data analyzed. For instance, after two years with the highest activity (2014 and 2018), the
following campaigns registered minima in the number of events and hail days. Again,
it is important to note that 10 years of data are not sufficient to expect to observe any
climate-change-related signal with meaningful statistical significance.

“Some limitations of the numerical model re-analysis are the resolution of the grid
points and the capability to reproduce some parameters near-ground. The affected area
by hailfall usually does not exceed 40 km?2”. We have not analyzed, in this research, the
influence of the different layers in the hail events. However, we have focused on the scale
of the events. It is possible to confirm that more than half of the 2196 cases detected with
radar had a size below 40 km?. This magnitude is below the pixel resolution in the models
used for future trend analysis. This resolution also affects the orography observed by the
models. Mountains are crucial in the generation and modulation of the life cycles of most
of the hailstorms in Catalonia. We have indirectly observed these limitations in the lower
atmospheric layers.

“It is important to understand how the model observes the topography and how this
can affect the identification of events”. Associated with the previous point, the analysis of
the changes in the DEM when we modify the pixel resolution reveals the low capacity of
the climatic models in describing the smaller ranges, but even meaningful mountainous
systems such as the Pyrenees [13]. For instance, the 3000 m ASL of the peaks of the Pyrenees
decreases to 1500 m ASL.

“The study found that the number of hail and severe hail events occurred mainly
during September, August, and October, in Catalonia”. In this case, we have not focused on
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the monthly analysis of the events because there is an extended state-of-the-art regarding
this question in Catalonia. All the previous studies [13,14,18,19,24,29] indicate that the hail
events have the maximum activity between May and September, with the highest number
of events per month during May and June and the largest stone size in July and August.
The Echo Top analysis of the thunderstorms producing hail sizes over 2 cm can explain
these differences. Most cases showed vertical development between 3 and 6.5 km, which
could indicate an error because we expected higher altitudes. These altitudes can occur, but
we focused on a maximum distance from the register location of 25 km. Thus, not all severe
hail events (>2 cm in diameter) occur in thunderstorms with high vertical development,
and not all the higher vertical ones of summer lead to large hailstones.
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Figure 10. Same as in Figure 3, but with areas with the maximum number of registers. 1: the Western
Plain, 2: the Central Pre-Pyrenees, 3: the Metropolitan Area of Barcelona.

To conclude, we have analyzed a period of ten years using weather radar and ground
registers, observing similar positive trends in the number of hail events and the days with
hail in Catalonia. The length of the period is comparable with other, similar research in
other territories [21-23]. However, the large spatial and temporal variability of the events
that usually occur in a limited region indicate that these trends can change depending on
future years. Moreover, research on future trends using climatic models should consider the
influence of the topography and how this is under-evaluated when the pixel size increases
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to the scale of the current systems. This is crucial so as not to provide false messages to the
population, which is very sensitive to communications linked with global warming.
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