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ABSTRACT
This research focuses on the climatology of cloud-to-ground (CG) lightning flashes based on PERUN
lightning detection network data from 2002 to 2013. To present various CG lightning flash characteristics,
10 km 3 10 km grid cells are used, while for estimating thunderstorm days, circles with radii of 17.5 km in the
1 km 3 1 km grid cells are used. A total of 4 328 892 CG lightning flashes are used to analyze counts, density,
polarity, peak current, and thunderstorm days. An average of 151 days with thunderstorm (appearing anywhere in Poland) occurs each year. The annual number of days with thunderstorms increases southeasterly
from the coast of the Baltic Sea (15–20 days) to the Carpathian Mountains (30–35 days). The mean CG
lightning flash density varies from 0.2 to 3.1 flashes km22 yr21 with the highest values in the southwest–
northeast belt from Kraków-Cze˛stochowa Upland to the Masurian Lake District. The maximum daily CG
lightning flash density in this region amounted to 9.1 km22 day21 (3 July 2012). The monthly variation shows a
well-defined thunderstorm season extending from May to August with July as the peak month. The vast
majority of CG lightning flashes were detected during the daytime (85%) with a peak at 1400 UTC and a
minimum at 0700 UTC. Almost 97% of all CG lightning flashes in the present study had a negative current,
reaching the highest average monthly values in February (55 kA) and the lowest in July (24 kA). The percentage of positive CG lightning flashes was the lowest during the summer (2%–3%) and the highest during
the winter (10%–20%).

1. Introduction
Thunderstorms pose a direct risk to human lives and
property. In the United States, in addition to flash-flood
phenomena, cloud-to-ground (CG) lightning flashes are
among the leading causes of weather-related fatalities
(Holle et al. 1999; Curran et al. 2000). On average 10 people
are killed in Poland each year by CG lightning flashes, as
shown by the data from the Polish National Institute of
Statistics. According to the European Severe Weather
Database (ESWD; Groenemeijer et al. 2004; Dotzek et al.
2009), between 2012 and 2014 Poland experienced more
than 100 damaging lightning events that killed 17 people.
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CG lightning flashes are also associated with economic losses; they affect high-voltage power lines, cause
forest and infrastructure fires, and also result in transportation disruptions (Wierzchowski et al. 2002; Sasse
and Hauf 2003; Larjavaara et al. 2005; Mäkelä et al.
2013). Knowing the spatial and temporal distribution of
thunderstorms can improve weather forecasting, and
also can help urban planners, insurance companies, and
the public to be better prepared (Brooks et al. 2003a).
For decades the main climatological research into
thunderstorm spatial and temporary occurrence was
based on observations at meteorological stations. Although human observations allow one to analyze longterm changes in the number of thunderstorm days
[100-yr climatologies: Changnon and Changnon (2001);
Bielec-Ba˛kowska (2003)], they cannot estimate the intensity of thunderstorms (Rakov and Uman 2003).
Storms with either one lightning strike or thousands of
flashes are reported as one thunderstorm. This however
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can be examined using lightning detection that allows
one to count the number of flashes on particular days
and in particular locations.
CG lightning flash climatologies based on data from
ground-based lightning detection networks have been
developed for some European countries.

a. Central Europe
Based on data recorded between 1992 and 2001 from
the Austrian Lightning Detection and Information
System (ALDIS), Schulz et al. (2005) showed that thunderstorms are most likely to occur from May to September, especially over the southern part of Austria, where
the topographical and meteorological conditions are
most favorable (flash density up to 4 flashes km22 yr21,
computed within 1 km 3 1 km grid cells). Using the
same grid resolution in the climatology of lightning
characteristics within central Europe, Wapler (2013)
estimated the highest CG lightning flash density to be in
southern Germany, with more than 30 flashes km22 yr21.
In the Czech Republic, the number was estimated
across 20 km 3 20 km grid cells and found to average 1–3
CG lightning flashes km22 yr21 each year (Novák and
Kyznarová 2011).

b. Southern Europe
A 10-yr period (1992–2001) of lightning data derived
from the Spanish Lightning Detection Network (SLDN)
was analyzed over 0.28 3 0.28 grid cells by Soriano et al.
(2005). They found that the lightning density is mainly
related to the topography and the atmospheric circulation, with the maximum found over the Pyrenees
and along the coast of Catalonia (density up to
2 flashes km22 yr21). The CG lightning flash climatology
for Portugal (Santos et al. 2012) revealed that thunderstorms are most likely in May and September between
1600 and 1800 UTC. The maximum CG lightning flash
density estimated on the 0.18 3 0.18 grid cells was up to
0.6 flashes km22 yr21. In Italy, Biron (2009), taking into
account CG lightning flash data over 10 km 3 10 km grid
cells from the Italian National Meteorological Service
Lightning Network (LAMPINET) between 2005 and
2007, concluded that Lake Como, Sardinia, the Gulf of
Trieste, and Naples, Liguria, and the central Apennine
have the highest average annual CG lightning flash
densities. The highest CG flash density, up to
9 flashes km22 yr21, computed over 0.028 3 0.038 grid
cells, was also found in northeastern Italy by Feudale
et al. (2013).

c. Northern Europe
In Scandinavia, the Nordic Lightning Information
System (NORDLIS) was used by Mäkelä et al. (2014)
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to construct a CG lightning flash climatology spanning
2002–11. The average daily number of ground flashes
peaked in mid-July and early August while cold season
(October–April) thunderstorms were most frequent
over the sea. At 0.28 3 0.28 grid resolution, Sonnadara
et al. (2006) estimated for Sweden the maximum CG
lightning density up to 0.4 km2 yr21 and highlighted
that the main thunderstorm season extends from June
to August. Daily CG lightning flash densities in the
contiguous United States and Finland across 20 km 3
20 km grid cells, as well as the relationship between
thunderstorm days and CG lightning flash density,
were analyzed by Mäkelä et al. (2011). Enno (2011)
investigated the lightning climatology of Estonia for
the period 2005–09 and estimated that for 10 km 3
10 km grid cells the maximum lightning density was 1
flash km22 yr21.

d. Eastern Europe
The lightning climatology of Romania, as derived
from the Romanian National Lightning Detection Network (RNLDN), was studied by Antonescu and Burcea
(2010). The analyses of the years 2003–05 and 2007 revealed that most of the CG lightning flashes occur over
the southern slopes of the central meridional Carpathians (density of up to 3 flashes km22 yr21 computed
within 20 km 3 20 km grid cells) from May to
September.

e. Poland
For Poland such a study has been not performed yet.
However, integrated European lightning climatologies
have been developed with the use of the Arrival Time
Differencing Network (ATDnet) for the years 2008–13
(Anderson and Klugmann 2014), and the Vaisala Global
Lightning Dataset (GLD360) and the European Cooperation for Lightning Detection (EUCLID) dataset
for 2011 (Pohjola and Mäkelä 2013). The results show
that the lowest lightning flash density was located
along the coast of the Baltic Sea while the highest was
placed over the southeastern and south-central parts of
the country (density of over 3 flashes km22 yr21 in the
GLD360 and EUCLID networks, and 4 flashes km22 yr21
in ATDnet).
The Polish PERUN lightning detection network
(Łoboda et al. 2009), which was introduced in 2002,
presented the possibility of performing a national analysis. Therefore, by using the data from this network the
main aim of this paper is to present a CG lightning flash
climatology for Poland. This is a first of its kind study to
be performed in Poland and is a contribution to the
European CG lightning climatology. Previously, national thunderstorm characteristics in Poland were
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studied only with the use of surface synoptic observation (SYNOP) reports. Bielec-Ba˛kowska (2003),
Kolendowicz (2006, 2012), and Czernecki et al. (2015)
estimated that within a particular location, from 15 to 33
thunderstorm days occur on average every year
in Poland.
The paper is organized as follows. Section 2 describes
the data and methods used in this study. The results
concerning spatial, annual, monthly, and diurnal distributions of lightning count, density, polarity, peak current and thunderstorm days are presented in section 3.
The last section contains a summary and concluding
remarks.

2. Data and methods
In this section we describe the PERUN lightning detection network, its structure, detection techniques, detection efficiency, location accuracy, quality of the data,
and quality control assumptions. We also discuss computational methods that we use to produce maps with
thunderstorm days and characteristics of CG lightning
flashes.

a. Lightning data
The lightning detection network in Poland is operated by the Institute of Meteorology and Water
Management–National Research Institute (IMGW–
PIB), and since 2002 has worked operationally under the
name of PERUN (the god of thunder and lightning in
Slavic mythology). The system consists of nine Surveillance et Alerte Foudre par Interférométrie Radioélectrique (SAFIR3000) total lightning automatic
detection stations located at Białystok, Olsztyn, Toru
n,
Gorzów Wielkopolski, Kalisz, Cze˛stochowa, Włodawa,
and Warszawa (Fig. 1a). The network center’s central
processor (CP) unit is situated at IMGW–PIB headquarter in Warszawa.
With the use of interferometry in the band of very
high frequency (VHF), sensors perform angular localization of thunderstorm electric activity for both
CG and intracloud (IC) flashes. For measurements of
various electrical parameters and discrimination between different types of discharges, detections are also
performed at low frequencies (LFs). The system uses a
direction-finding (DF) technique (Krider et al. 1980).
The system is capable of detecting up to 100 events per
second (Betz et al. 2009). Further information on
lightning detection techniques and their limitations
may be found in MacGorman and Rust (1998) and
Rakov and Uman (2003).
To construct a climatology of CG lightning flash, we
use PERUN data from 2002 to 2013. The R software

package (R Core Team 2014) was used for our computational purposes. The PERUN database contained
the information concerning the time of the event
(milliseconds), the place [World Geodetic System
(WGS-84) map projection], uncertainty related to detection (m), the type of discharge (CG or IC), polarity,
peak current estimation (kA), and multiplicity. We reprojected the original WGS-84 projection into a
meter-based Polish CS92 (EPSG:2180) coordinate
system. The basic unit of detection was strokes; however, in the case of a multistroke flash, we considered
only the first located stroke and its current. This meant
that in the statistics we included only flashes instead of
strokes.
As in previous studies on lightning climatologies
(e.g., Antonescu and Burcea 2010; Feudale et al.
2013; Mäkelä et al. 2014), we considered only CG
lightning flash data and excluded IC flashes. This can
be justified by the relatively low detection efficiency
and low quality of IC lightning data, which may yield
unreliable climatological results. According to the
previous studies of Cummins et al. (1998) and Wacker
and Orville (1999a,b), some of the CG positive flashes
with the peak current below 10 kA may be considered
to be IC flashes; therefore, we also filtered out our
data from these flashes and they have been removed.
They accounted for around 1.5% of all CG flashes
and around 33% of all positive CG flashes in our
database.
Since the network is able to detect flashes that may
appear far from the Polish border (e.g., numerous cases
of lightning detections over Kazakhstan), the data
have also been limited to the administrative borders
of Poland.

b. Detection efficiency and location accuracy
The spatial distribution of the SAFIR3000 sensors is
not homogenous in space; therefore, the detection efficiency and the location accuracy vary across the whole
country. Bodzak (2006) estimated that PERUN network
has a 95% detection efficiency over the area of Poland
and that it is particularly high at distances of up to
100 km from the sensor. Considering the 100-km buffer
zones around the SAFIR3000 sensors (Fig. 1a), we can
define that the highest detection efficiency is located in
the central-eastern part of the country while the lowest
falls over the coastal zone and the northwestern and
southwestern parts of the country.
Bodzak (2006) stated that the PERUN network reveals the lightning location accuracy in the whole
country to be below 1 km. However, by analyzing uncertainty related to lightning location accuracy derived
from our database (Fig. 1b), we can estimate that only
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FIG. 1. (a) Locations of SAFIR3000 lightning sensors in the PERUN network with 100-km buffer zones.
(b) Average CG lightning flash location accuracy (km) derived from the PERUN database during 2002–13.
Computed in 10 km 3 10 km grid cells. Dots denote main meteorological stations (44).

38.3% of the country has such a value while the location
accuracy of less than 2 km covers almost 76.6%. It can
be observed that the spatial distribution of the location accuracy is proportional to the density of the
SAFIR3000 sensors (Figs. 1a,b). In the places where the
distances between the sensors are smaller than 100 km
(70.7% area of the country), the location accuracy is
better. The lowest location accuracy (.6 km) falls on the
northwestern parts of the country, where the distances
to the sensors located in the central-eastern part of the
country are the highest (Fig. 1b).
The spatial differences in sensor density suggest that
climatological results obtained in the coastal and western regions may be slightly affected by unequal detection efficiency, especially if we take into account
low-peak current strokes (Mäkelä et al. 2014). In the
climatological examinations the study area should be
considered when determining the steady detection
efficiency and the location accuracy ratio; however, no
correction was made as we analyzed only the measured
values.
The performance of the network did not change
significantly over the analyzed time frame. In 2009 one
sensor (in Toru
n) was switched off because of the
renovation. There were also some small changes in the
configuration of the system (induced after the manufacturer’s recommendations) while in late 2009 the
manufacturer’s support of SAFIR3000 sensor types
was stopped. In 2012 IMGW–PIB managed to renovate sensors in the network and thus increased the

quality of the lightning detections throughout the
whole system. Although the detection efficiency and
the location accuracy varied somewhat, these changes
were small and did not significantly affect the detection
efficiency or the location accuracy. The interannual
changes in the average location accuracy deviated
from the average value up to 17% in 2002 and 2004
while in the remaining years these deviations were
lower than 10%.

c. Map computations
Diendorfer (2008) showed that a reliable accuracy
for flash density can be achieved when on average of
more than 80 flashes occurs in each grid cell. Therefore,
most of the modern CG lightning flash climatologies
typically use 10 km 3 10 km, 20 km 3 20 km, or 0.28 3
0.28 (approximately 20 km 3 20 km) grid cells (e.g.,
Soriano et al. 2005; Sonnadara et al. 2006; Tuomi and
Mäkelä 2008; Biron 2009; Antonescu and Burcea 2010;
Mäkelä et al. 2011; Enno 2011; Santos et al. 2012). In
this study we use a resolution of 10 km 3 10 km for the
grid cells (100 km2 area), and following the study of
Diendorfer (2008), we believe that it is the most appropriate for our database (an average of 117 flashes
in a grid cell).
To compute thunderstorm days derived from the
PERUN database, we considered the flashes in the
circle with the radius of 17.5 km from the center of
the 1 km 3 1 km grid cells. The higher resolution was
chosen here to provide more-detailed and smoothed
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TABLE 1. Statistics for 2002–13 CG lightning flashes derived
from the PERUN lightning detection network. Data have been
limited to the administrative borders of Poland.
Category
Total
Negative
Positive
During daytime (.2128
sun angle)
During nighttime (,2128
sun angle)

No. of flashes Percentage Avg yr21
4 328 892
4 201 622
127 270
3 678 756

100.0
97.1
2.9
85.0

360 741
350 135
10 605
306 563

650 136

15.0

54 178

results. To compute such maps, it was necessary to include additional lightning data within a 17.5-km buffer
zone away from the Polish borders. The same method
used in this study to compute thunderstorm day characteristics has also been used in other studies (Novák
and Kyznarová 2011; Wapler 2013; Mäkelä et al. 2014).
We used the value of 17.5 km since for Poland it was
proven by Czernecki et al. (2015) to provide the best
overlap of thunderstorm days derived from the human
observations with those estimated within the use of
lightning detection data (at least two CG lightning
flashes in the circle).
We used SYNOP reports from 44 meteorological
stations derived from NOAA/National Climatic Data
Center (NCDC) daily summaries for the same period as
the data from the PERUN database (2002–13). In total,
we distinguished 12 419 daily reports with thunderstorms (1478 unique days with thunderstorms).

3. Results
In this section we first present the statistics for the CG
lightning flash data limited to the administrative borders
of Poland and we also estimate the intensity of the
thunderstorms. In section 3b, we present the spatial
distribution of the lightning flash densities and thunderstorm days on different time scales, as these parameters have been frequently used in past CG lightning
flash climatologies. Section 3c is devoted to the percentage of nighttime CG lightning flashes. The polarity
and peak current characteristics are presented in
section 3d.

a. Data statistics
In total, 4 952 203 CG lightning flashes were derived
from the PERUN database for the years 2002–13 while
4 328 892 of the flashes were limited to the administrative borders of Poland in order to compute country-scale
statistics (Table 1). Among these, almost 97% were
negative CG lightning flashes while 3% corresponded
to a positive lightning charge. With the use of latitude,
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longitude, date, and exact time of the detection (counted
in seconds), we calculated the angle of the sun for each
record and divided the data for detections during
the daytime (sun angle $ 2128) and nighttime (sun
angle , 2128). The value of 128 was used on the basis of
NOAA’s astronomical term for nautical dawn [‘‘This is
the time at which the sun is 12 degrees below the horizon
in the morning. Nautical dawn is defined as that time at
which there is just enough sunlight for objects to be
distinguishable;’’ NOAA/NWS (2015)] in order to focus
on daytime and nighttime as it is perceived by the human
eye. As it turned out, 85% of all flashes in our database
were detected during the day while 15% occurred during
the nighttime.
To estimate the intensity of thunderstorms, we used
daily sums of flashes. We did not include in the analysis
days with only one detected lightning flash because of
the possibility of false detection and thus unreliable
climatological results (these kinds of single discharges
may originate either from electromagnetic noise of anthropogenic origin or be lightning from large distances
reflected by the ionosphere). Depending on the number
of diurnal flashes, we have distinguished in our database
thunderstorm days (lightning anywhere in Poland) with
more than 1 flash (1815 days), 10 flashes (1354 days), 100
flashes (980 days), 1000 flashes (542 days), and 10 000
flashes (123 days), which gave an annual average of
151 days with a thunderstorm occurring anywhere in
Poland (Table 2).
There were 438 days during which the number of CG
lightning flashes was between 101 and 1000. These days
accounted for only 3.8% of all flashes in the database
while 123 days with their daily CG lightning flashes
counts exceeding 10 000 consisted represented 60% of
all of the lightning data (Table 2). Moreover, thunderstorms on only the 10 days with the highest daily number
of CG lightning flashes (Table 3) generated in total
545 071 CG lightning flashes, which accounted for 12.6%
of the whole analyzed dataset. Six of these days appeared during the years 2011–13. At this point it is also
worth mentioning that the majority of thunderstorm
outbreaks occurred in July, the peak month (7 cases in
the top 10 days and 41 cases in the top 100 days). The
second-most intense month was June with 2 cases in the
top 10 days and 26 in the top 100 days. August places
third, with 1 case in top the 10 days and 22 in the top
100 days.

b. Average annual number of thunderstorm days
The average annual number of thunderstorm days
(Fig. 2b) with at least two CG lightning flashes increases
generally from the northwest to the southeast with the
lowest values along the Baltic Sea coast (15–20 days)
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TABLE 2. Statistics for days during 2002–13 with detected CG lightning flashes derived from the PERUN lightning detection network.
Data have been limited to the administrative borders of Poland. Days with one detected lightning flash have been omitted.
No. of flashes

No. of days

Percentage

No. yr21

No. of flashes

Percentage

No. yr21

2–10
11–100
101–1000
1001–10 000
.10 000
SYNOP reports

461
374
438
419
123
1478

25.40
20.61
24.13
23.09
6.78
81

38
31
37
35
10
123

1598
13 172
164 218
1 571 504
2 578 400

0.04
0.30
3.79
36.30
59.56

133
1230
13 684
130 958
214 866

and the highest in the Carpathian Mountains (30–
35 days). The mean annual number of thunderstorm
days averaged for the whole country amounted to 24.21
and was reasonably close to the value of 24.3 obtained
from SYNOP reports for Poland by Kolendowicz (2012)
through long-term observations (1951–2010). Similar
results for the spatial distribution of thunderstorm days
in the years 1885–2000 were also found by BielecBa˛kowska (2003).

c. Average annual CG lightning flash density
The spatial distribution of the mean CG lightning
flash density over 10 km 3 10 km grid cells varied from
0.2 to 3.1 flashes km22 yr21 (Fig. 2c). Similar densities
were also observed in, for example, Austria, Spain,
Romania, and the Czech Republic (Schulz et al. 2005;
Soriano et al. 2005; Antonescu and Burcea 2010; Novák
and Kyznarová 2011). In Poland, the lowest values were
found over the Baltic Sea while the highest occurred in
the middle-eastern part of the country [southwest
(SW)–northeast (NE) belt from Kraków-Cze˛stochowa
Upland to Masurian Lake District; Figs. 2a,c]. Although
the previous climatological study of Taszarek and Brooks
(2015) pointed to exactly the same area as the most vulnerable for tornado occurrence, this pattern does not
overlap with the spatial distribution of thunderstorm days.
Such a distribution may be presumably correlated with
PERUN’s spatial lightning detection efficiency, which is
the highest in the middle-eastern part of the country and
thus accounts for more flash detections (Bodzak 2006;
Figs. 1a,b). However, the results of the European lightning
density analyses obtained by Anderson and Klugmann
(2014) through the use of ATDnet for the years 2008–13,
by Pohjola and Mäkelä (2013) from GLD360 and
EUCLID for the year 2011, and by the Blitzortung network (Wanke 2011) for the year 2011 pointed exactly to
the same region in Poland where the highest CG lightning
flash density occurred.

d. Maximum daily CG lightning flash density
The analysis of the maximum daily number of CG
lightning flashes per kilometer squared revealed the

places where the most intense or multiple thunderstorms occurred within one day (Fig. 2d). The maximum daily CG lightning flash density varied from 0.2
to 9.1 km22 day21 (3 July 2012; Table 3). This meant
that very intense thunderstorms were capable of
producing locally in only one day more CG lightning
flashes that on average occur during the whole year
(Fig. 2c). These kinds of storms are most likely related
to mesoscale convective systems (MCSs; Houze
2004)—thunderstorms that are capable of producing
large numbers of CG lightning flashes. The maximum
daily density of the CG lightning flashes is the highest
in the belt from Kraków-Cze˛stochowa Upland to
Masurian Lake District (Fig. 2a), similar to the average annual CG lightning flash density (Fig. 2c).
Another similar pattern was also found in the largehail report distribution in the study by Taszarek and
Suwała (2015).
The spatial distribution of CG lightning flashes in the
10 days with the highest number of detected CG lightning flashes in our dataset (Table 3, Fig. 3) revealed that
the thunderstorm activity was often covering more than
half of the country, with 4–8 locations having CG
lightning flash density exceeding 3–5 km22 day21. The
maximum CG lightning flash density during these days
TABLE 3. Top 10 days with the highest daily number of CG
lightning flashes detected by the PERUN lightning detection network from 2002 to 2013. Data have been limited to the administrative borders of Poland.

Date

No. of CG
lightning
flashes

Avg flash
density (km2)

Max flash
density (km2)

26 Jun 2006
3 Jul 2012
15 Aug 2008
31 Jul 2005
20 Jul 2011
7 Jul 2012
1 Jul 2012
14 Jul 2011
29 Jul 2005
21 Jun 2013

73 549
65 656
64 029
61 456
54 675
48 234
47 985
44 765
44 698
40 024

0.24
0.21
0.21
0.20
0.18
0.16
0.15
0.14
0.14
0.13

6.56
9.11
3.69
5.83
3.51
2.91
6.57
6.03
6.24
8.36
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FIG. 2. (a) Hypsometric map of Poland based on Shuttle Radar Topography Mission Global Coverage (SRTM3) data (Farr et al. 2007).
(b) The average annual number of thunderstorm days during 2002–13. Lightning location data are computed within a radius of 17.5 km from
the bin center (within a surface area of 962 km2) in 1 km 3 1 km grid cells. (c) The average annual number of CG lightning flashes km22.
(d) The maximum daily number of CG lightning flashes km22. Lightning densities are computed for 10 km 3 10 km grid cells. Based on
lightning data derived from the PERUN network for the period 2002–13. Dots denote main meteorological stations (44).
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varied from 3 to 9 km22 day21 (Table 3). These days also
indicate that the belt from Kraków-Cze˛stochowa Upland up to the Masurian Lake District is the most vulnerable region in terms of the occurrence of intense
thunderstorms in Poland.

e. Annual variations in CG lightning flash density and
thunderstorm days
The yearly variations in the total annual numbers of
CG lightning flashes show a notable variability, with an
average of 360 741 CG lightning flashes per year (Fig. 4)
and a spatial average of 1.17 flashes km22 yr21 (Fig. 5).
The years 2011 and 2012 were characterized by increased
thunderstorm activity, with more than 500 000 CG lightning flashes per year (spatially 1.8 flashes km22 yr21).
For thunderstorms, the years 2004 and 2009 were the
least active and produced only 200 000 CG lightning
flashes each year (spatially 0.6 flashes km22 yr21 ).
Most of the annual peak CG lightning densities
(.8 flashes km22 yr21) were observed in the middle and
the eastern parts of the country. The highest value occurred in 2012 near the Masurian Lake District and
exceeded 12 flashes km22 yr21.
The interannual number of thunderstorm days (occurring anywhere in Poland), with at least two flashes,
varied from 133 (2007) to 171 (2002), with an average of
151 per year (Fig. 6). Human observations performed at
meteorological stations indicated a lower frequency (an
average of 123 days per year) and were similar to the
data sample of thunderstorm days with at least 10 flashes
(an average of 113 per year; Fig. 6).
The spatial distribution of thunderstorm days in
particular years indicated that in almost every year
more than 30 thunderstorm days occurred in the
southern and southeastern parts of the country (Fig. 7).
The highest value (58 days) observed in 2002 also occurred in the same region. The rest of the country was
characterized by a greater differentiation, from 5 to
even 50 thunderstorm days (Masurian Lake District in
2010). The annual number of thunderstorm days averaged across the whole area of the country amounted
to 19.3 in 2008 with up to 27.5 in 2012 (Fig. 7). In the
long-term climatology based on the SYNOP reports
(Kolendowicz 2012; Czernecki et al. 2015), this value
varied between 18 in 1976 and up to 32 in 1963 (based
on the average from 44 meteorological stations).
Bearing this in mind, the thunderstorm activity analyzed in this paper did not differ from the overall
climatological values.

f. Percentage of nighttime CG lightning flashes

FIG. 3. The number of CG lightning flashes km22 in 10 days with
the highest number of detected CG lightning flashes (as in Table 3).
Computed for 10 km 3 10 km grid cells. Based on lightning data
derived from the PERUN network for the period 2002–13.

Interesting results are found when we take into account the percentage of CG lightning flashes occurring
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FIG. 4. Annual CG lightning flash count (bars), percentage of CG lightning flashes occurring
during the night (black solid line), and percentage of positive CG lightning flashes (black
dashed line). Based on lightning data derived from the PERUN network for the period 2002–
13. Data have been limited to the administrative borders of Poland.

during the night (sun angle , 2128; section 2d). We can
observe an increase in CG lightning flashes occurring
during the night from an average of 12% during the
years 2002–07 to as much as 17% during the years 2008–
13, with the peak in 2009 (22%; Fig. 4). It is difficult to
explain such an increase, but since it is a percentage
value, we doubt the fact that changes in network’s
performance could affect it. It is possible that in
these years conditions were more conducive for providing higher thermodynamic instability during the
evening hours. Thunderstorm clouds could then last
longer and produce more lightning during the night,
especially in the form of MCSs (Nesbitt et al. 2000;
Virts et al. 2013). The presence or absence of a few
MCSs in a single year due to synoptic-scale factors
that naturally vary from year to year could have
dominated an average lightning count on many time
and spatial scales.
The spatial distribution of the percentage of CG
lightning flashes occurring during the nighttime varied
in most of the area from 2% to 20% (Fig. 8). The exception was the midwestern and the southwestern parts
of the country, where this value exceeded 45%. In the
days with the highest number of CG lightning flashes in
this region (e.g., 1 July 2012, 2 July 2012, 5 July 2012,
7 July 2012, 22 August 2012, 4 August 2013, and 29 July
2013), we can see that the majority of the flashes were
produced by MCSs that were passing through this area
during the nighttime hours (not shown). The majority
of these cases had a very characteristic pattern. Thunderstorms during the daytime initiated over Germany
and/or the Czech Republic and then moved northeasterly/easterly in the form of MCSs that were

entering to the west and southwestern parts of Poland
in the evening and nighttime hours. We also consider
this pattern as one of the reasons why the annual percentage of CG lightning flashes during the nighttime
has been higher in recent years (Fig. 4). MCSs that
usually last until the late evening hours were more
frequent in recent years and, thus, resulted in a higher
percentage of nighttime flashes. The same effect was also
observed in the studies of Nesbitt et al. (2000) and Virts
et al. (2013), where long-lived MCSs were affecting the
daily lightning cycle and increasing the percentage of CG
lightning flashes during the nighttime.
The percentage of nighttime CG lightning flashes was
highest during winter months and peaked in January
(90%). The lowest percentage of nighttime flashes was
in the early summer (11%), and from that point it was
increasing each month through October (46%; Fig. 9).
This could be justified by the advection of cold air
masses during the late summer that over relatively
preheated ground provided higher thermodynamic instability during the nighttime.

g. Monthly variations of CG lightning flash density
and thunderstorm days
The monthly variations in CG lightning flash frequency clearly show a well-defined thunderstorm season
extending from May to August with July as a peak
month (an average of 137 024 CG lightning flashes per
year with a maximum flash density in central Poland of
up to 20 km22 month21; Figs. 9 and 10). Similar thunderstorm seasons have also been found in recent European CG lightning flash climatological studies (e.g.,
Antonescu and Burcea 2010; Novák and Kyznarová
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FIG. 5. Annual number of CG lightning flashes km22 during the years 2002–13. Computed for 10 km 3 10 km grid
cells. Based on lightning data derived from the PERUN network.
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FIG. 6. Annual number of days with detected thunderstorms from SYNOP (44 stations)
reports (bars), and annual number of days with the following number of CG lightning flashes
detected: .1 (gray dotted line), .10 (gray dashed line), .100 (gray solid line), .1000 (black
empty line), and .10 000 (black solid line). Based on lightning data derived from the PERUN
network for the period 2002–13. Data have been limited to the administrative borders
of Poland.

2011; Feudale et al. 2013; Wapler 2013; Mäkelä et al.
2014). The spatial distribution of the CG lightning flash
density in June–August was the highest in the belt from
Kraków-Cze˛stochowa Upland up to the Masurian Lake
District.
The analysis of thunderstorm days reveals that the
daily probability for thunderstorm occurrence anywhere
in Poland from May to August exceeds 76% (.23 days
with thunderstorm in each month; Fig. 11) with the July
as a peak month (87%; 27 days). In April and September
this probability decreases to 40% (12 days) while during
cold months it varies from around 5% (February; 2 days)
to 25% (October; 8 days).
While days with at least 2 CG lightning flashes occur
all year round, the days with at least 10 CG lightning
flashes occur mainly from March to October, and
those with at least 100 CG lightning flashes occur from
April to September. Most of the intense thunderstorm
days with at least 10 000 CG lightning flashes appear
during May–August and the number peaks in July (an
average of 4.2 days yr 21), the most intense month
(Fig. 11).
The monthly number of thunderstorm days averaged across the whole country (Fig. 12) varied from
0.03 (December) to 0.32 (October), thus giving daily
probabilities for thunderstorm occurrences in a particular location (in a circle within the radius of
17.5 km, ;962 km2) from 0.1% to 1%. Substantially
higher probabilities exceeding 14% (4.4 days) extended from May to August with the peak in July

(21%, 6.6 days). In transitional months, the probability amounted to 3% in April (0.9 days) and 4% in
September (1.2 days).
From April to August thunderstorms were most
frequent in the continental southeastern part of the
country (Fig. 12). Studies by Riemann-Campe et al.
(2009) and Brooks et al. (2003b) revealed that strong
diurnal heating during these months and overlap with
the boundary layer’s high moisture content often results in high convective available potential energy
(CAPE) environments in this part of the country and,
thus, provide good conditions for thunderstorms.

h. Hourly variations of CG lightning flashes
The hourly distribution of CG lightning flashes overlaps well with the diurnal cycle of convective activity,
which generally depends on the boundary layer’s temperature and moisture content. The highest CG lightning flash activity peaks at 1400 and 1500 UTC (1600
and 1700 LT during summer months), whereas a flat
minimum lies between 2300 and 0900 UTC (0100
and 1100 LT during summer months; Fig. 13). Exactly
the same distribution was also found in other lightning climatological studies (e.g., Antonescu and
Burcea 2010; Wapler 2013; Virts et al. 2013; Mäkelä
et al. 2014).
Regardless of the number of CG lightning flashes
during the day, thunderstorm activity always starts to
increase around 1000 UTC (1200 LT during summer
months). We also note that the intense thunderstorms
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FIG. 7. Annual number of thunderstorm days in 2002–13. Lightning location data are computed within a radius of
17.5 km from the bin center (within a surface area of 962 km2) in 1 km 3 1 km grid cells. Based on lightning data
derived from the PERUN network.
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i. Polarity and peak current of CG lightning flashes

FIG. 8. The average percentage of CG lightning flashes occurring
during the nighttime (sun angle ,2128; section 3a). Results are
computed for 10 km 3 10 km grid cells. Based on lightning data
derived from the PERUN network for the period from 2002 to
2013. Dots denote the main meteorological stations (44).

with more than 10 000 CG lightning flashes per day
are still very active in the late evening hours [1700–
2100 UTC (;1900–2300 LT) during summer months]
while at the same time the activity of thunderstorms in
days with fewer than 1000 CG lightning flashes sharply
decreases (Fig. 13).

The percentage of positive CG lightning flashes was
the lowest from May to October (around 2%–3%),
while from November to April it ranged from 10% to
20% (Fig. 9). Positive flashes occur when the positive
charge region in the thunderstorm cloud is closer to the
ground compared to the typical scenario (Mäkelä et al.
2014). Therefore, shallow convection that is more likely
during cold seasons may provide a higher percentage of
positive CG lightning flashes (Williams 2001). A higher
percentage of positive CG lightning flashes during the
wintertime was also reported by Clodman and Chisholm
(1996), Orville and Huffines (2001), Soriano et al.
(2005), and Antonescu and Burcea (2010).
In a spatial sense, the percentage of positive CG
lightning flashes varied in most of the area from 1% to
4% while in the northwestern, midwestern, and
northeastern parts of the country it locally exceeded
6% (Fig. 14a). It is difficult to explain such a distribution; however, it is possible that during the analyzed
period these areas experienced a few intense thunderstorms with inverted polarity (Williams 2001) that
increased the percentage in a climatological sense.
Orville and Silver (1997) pointed out that as the distance from a sensor of a CG lightning flash increases,
only CG lightning flashes with higher peak current are
detected. Therefore, positive CG lightning flashes that
usually have a greater peak current than negative ones
produce a higher percentage of CG-positive lightning
flashes at long distances from a sensor. Such a pattern
was found in Antonescu and Burcea (2010) but in our
database this dependency only partially explained the

FIG. 9. Monthly annual mean number of CG lightning flashes (bars), percentage of CG
lightning flashes detected during the nighttime (black solid line), and percentage of positive CG
lightning flashes (black dashed line). Based on lightning data derived from the PERUN network for the period from 2002 to 2013. Data have been limited to the administrative borders
of Poland.

Unauthenticated | Downloaded 01/09/23 05:05 AM UTC

4298

MONTHLY WEATHER REVIEW

VOLUME 143

FIG. 10. Average monthly number of CG lightning flashes km22 during the years 2002–13. Computed for 10 km 3
10 km grid cells. Based on lightning data derived from the PERUN network.
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FIG. 11. Monthly mean number of days with a detected thunderstorm from SYNOP (44
stations) reports (bars), and the number of days with CG lightning flashes detected: .1 (gray
dotted line), .10 (gray dashed line), .100 (gray solid line), .1000 (black empty line), and
.10 000 (black solid line). Based on lightning data derived from the PERUN network for the
period from 2002 to 2013. Data have been limited to the administrative borders of Poland.

spatial distribution of the positive CG lightning flash
percentage.
A high correlation with network’s lightning detection
efficiency was found in a spatial pattern of an average
negative peak current (Fig. 14b). Lowest values (15–
25 kA) overlapped with the area of the high PERUN’s
lightning detection efficiency (Fig. 1a). This can be explained by the fact that the closer the lightning is to the
sensor, the lower the current of the lightning that can be
detected will be (Orville and Silver 1997). The highest
average peak current values (40–60 kA) that were observed along the coast of the Baltic Sea were presumably
due to larger peak electric fields over the highly conductive sea surface (Orville et al. 2011).
In the monthly distribution of the average peak current of negative flashes (not shown) the highest values
peaked in February (55 kA) with the lowest attributable
to July (24 kA). The electrical field that initiates the
lightning is presumably higher in lower temperatures
and therefore produces on average flashes with higher
peak currents (Brook 1992). The similar patterns in the
monthly distribution of average peak current of negative
flashes were also observed in the studies of Brook
(1992), Orville and Huffines (2001), Soriano et al.
(2005), and Antonescu and Burcea (2010).

4. Summary and final remarks
In contrast to SYNOP reports, CG lightning flash data
provide a basis for climatologies that resolve variations
in thunderstorm occurrence on different time scales with
great accuracy. The main aim of this study was to present
the first CG lightning flash climatology of Poland.

Although PERUN’s lightning detection efficiency and
the location accuracy are not homogenous in a spatial
sense, the analysis of 4 952 203 CG lightning flashes derived from the PERUN database for the period 2002–13
yielded numerous conclusions. The most important are
listed below.
1) The average annual number of days with a thunderstorm at a particular location generally increases
from the northwest to the southeast, with the lowest
values along the coast of the Baltic Sea (15–20 days)
and the highest in the Carpathian Mountains (30–
35 days). This is consistent with studies forming the
thunderstorm climatology of Poland that are based
on SYNOP reports and long-term time frames
(Bielec-Ba˛kowska 2003; Kolendowicz 2006, 2012).
2) The annual average of 360 741 CG lightning flashes
occurs each year over Polish territory. This results
in 151 days with a thunderstorm appearing anywhere in Poland. Approximately 15% of all CG
lightning flashes occur during nighttime hours while
around 3% are CG lightning flashes with a positive
current.
3) An increase in CG lightning flashes occurring during
the nighttime from an average of 12% in the years
2002–07 to as much as 17% in the years 2008–13 can
be observed. This was presumably due to a more
frequent occurrence of MCSs that in recent years
(e.g., 1 July 2012, 2 July 2012, 5 July 2012, 7 July 2012,
22 August 2012, 4 August 2013, and 29 July 2013)
produced large numbers of CG lightning flashes
during the nighttime hours.
4) The spatial distribution of the mean annual CG
lightning flash density in 10 km 3 10 km grid cells
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FIG. 12. Average monthly number of thunderstorm days during the years 2002–13. Lightning location data are
computed within a radius of 17.5 km from the bin center (within a surface area of 962 km2) for 1 km 3 1 km grid
cells. Based on lightning data derived from the PERUN network.
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FIG. 13. Mean diurnal distribution of CG lightning flashes (percentage bars) with a time
resolution of 1 h (UTC). Linear plots denote the diurnal distribution of CG lightning flashes on
days when 2–10 (gray dotted line), 11–100 (gray dashed line), 101–1000 (gray solid line), 1001–
10 000 (black empty line), and .10 000 (black solid line) flashes were detected. Based on
lightning data derived from the PERUN network for the period 2002–13. Data have been
limited to the administrative borders of Poland.

varied from 0.2 to 3.1 flashes km22 yr21, reaching its
lowest values along the coast of the Baltic Sea and its
highest in the SW–NE belt from Kraków-Cze˛stochowa
Upland to the Masurian Lake District. Although
this region partially coincides with the PERUN
network’s lightning detection efficiency, the same
area with peak lightning density was obtained in the
studies of Pohjola and Mäkelä (2013) and Anderson
and Klugmann (2014).
5) The maximum daily CG lightning flash density
varied from 0.2 to 9.1 km22 day21 and meant that
very intense thunderstorms were capable of producing locally in only one day more CG lightning
flashes that on average occur during the whole year.
The highest values of maximum daily CG lightning
flash density were observed in the central and eastern
parts of the country. The day with the highest
number of CG lightning flashes during the whole
analyzed period was 26 June 2006 (73 549 flashes).
6) The monthly variation in CG lightning flash frequency clearly showed a well-defined thunderstorm
season extending from May to August with July as a
peak month (an average of 137 024 CG lightning
flashes per year with the maximum flash density in
central Poland of up to 20 flashes per km22 month21).
The days with the most intense thunderstorms (days
with over 10 000 CG lightning flashes) occur from
May to August and peak in July (4.2 days month21)
as the most intense month.
7) The vast majority of CG lightning flashes were detected
during the daytime with the peak at 1400 UTC and
the minimum at 0700 UTC. It was also noticed that

the intense thunderstorms in days with more than
10 000 CG lightning flashes were still very active in
the late evening hours (1700–2100 UTC) while at
the same time the activity of thunderstorms in days
with less than 1000 CG lightning flashes was sharply
decreasing.
8) Almost 97% of all CG lightning flashes in our study
had a negative current, reaching the highest average
monthly values in February (55 kA) and the lowest in
July (24 kA). The percentage of positive CG lightning flashes was the lowest from May to October
(2%–3%), while from November to April the percentage ranged from 10% to 20%.
9) Compared to thunderstorm statistics in other parts
of Europe, Polish thunderstorms have many similar
features. The diurnal CG lightning flash peak around
1400 UTC with the thunderstorm high season extending from May to August was also found in CG
lightning flash climatologies of Austria (Schulz et al.
2005), Spain (Soriano et al. 2005), Romania
(Antonescu and Burcea 2010), Estonia (Enno 2011),
the Czech Republic (Novák and Kyznarová, 2011),
Germany (Wapler 2013), and Scandinavia (Mäkelä
et al. 2014). Conversely, over the Mediterranean
(especially the eastern part) the thunderstorm season
shifts toward cold season months (October–March)
with increased CG lightning flash activity during the
nighttime hours (Altaratz et al. 2003; Virts et al. 2013).
Further research into this topic is necessary, especially
concerning the atmospheric conditions during the days
with the most intense thunderstorms.
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FIG. 14. (a) The average percentage of positive CG lightning flashes, and (b) the average
peak current (kA) of negative CG lightning flashes. Results are computed for 10 km 3 10 km
grid cells. Based on lightning data derived from the PERUN network for the period from 2002
to 2013. Dots denote the main meteorological stations (44).
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