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Abstract

We report systematic evidence for a statistically distinguishable subset of
cold-season lightning episodes in Central Europe that shows a distinct and
recurrent association with wind turbines. Using Blitzortung stroke data from
2021 to 2024, ENTLN classifications from 2023, and local electric-field mea-
surements, we identify episodes in which lightning activity is concentrated
near wind turbines, detected cloud-to-ground strikes are consistently of neg-
ative polarity, and the cloud region passing the turbines exhibits a strongly
negative electric field measured at the ground. These findings have implica-
tions both for understanding cold-season lightning processes and for assessing
turbine-related lightning risk.
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1. Introduction

Terminology used throughout this paper follows the definitions given in
Appendix A.

Lightning strikes pose a significant hazard to wind turbines (Candela Garol-
era et al., 2016), particularly during winter (Montanya et al., 2016). Japanese
coastal regions document that up to 95% of turbine strikes occur in the cold
season (Matsui et al., 2020), but winter lightning in connection with wind
turbines in inland continental Europe remains poorly understood.

Although some studies report changes in cloud-to-ground lightning statis-
tics following the installation of wind farms (Chen et al., 2021), including case
studies showing up to 93% of winter strokes located in the vicinity of turbines
in southwestern France (Soula et al., 2019), and several theories attempt
to explain how wind turbines may initiate lightning discharges (Montanya
et al., 2014), the underlying mechanisms remain unresolved. Experimental
data that would allow a complete understanding of the interaction between
wind turbines and lightning remain limited.

Between 2018 and 2019, amateur observers from the Czech Thunderstorm
Research Association noticed unusual winter lightning near wind farms in
western Czechia and eastern Germany (Czech Thunderstorm Research Asso-
ciation, 2019, 2021). These observations raised the question whether effects
similar to those reported in other regions of the world may also occur in Cen-
tral Europe. Since 2021, stroke-level data from the radio lightning detection
network Blitzortung (Wanke, 2011) have enabled systematic investigation of
this phenomenon.

Motivated by these observations, and enabled by the recent availability
of Blitzortung data, the objectives of this study are to:

1. test whether cold-season lightning strokes occur with statistically sig-
nificant proximity to wind turbines in Central Europe,

2. characterize their type and, in the case of strikes, their polarity,

3. analyze local electric field conditions during the cold season.

2. Methods

We analyze lightning strokes detected by radio detection networks from
2021 to 2024 and wind turbine positions obtained from OpenStreetMap
(OSM) (OpenStreetMap contributors, 2024) as available in the 2024 dataset.



2.1. Study Area and Electric Field data

The study area (Fig. 1) is defined as a circle of radius 60 km centered at
(50.26°N, 12.52°E), where Boltek EFM-100 electric field mill (Boltek Corpo-

ration, 2023) (EFM) is located. According to OSM (January 2025), this area
contains 369 wind turbines and 47 other high-rise structures.

Studenec (50 2579778,12.5184889)

T T
: . R Chernrutr
Y wind turbine - J Glauchau Hohenstgin-——" )
N f gLy e
A High-rise Structure ; m * w ; R, A
7 % > \ { . YA’ ! y
B Met. station /; ] ) AY R lugau r=60 km!
50.7°N a7 = 5 % (‘\ S Zwickat fiberg \e Lengefe_l\. Say
. : - R 3 >
is Y Yilkay- w Y / Thum :
GAH S N, / rienberg Olbull|,\v.]\u
Fiegenruck \ C IEI\Y ach /) Kirthberg ] WONIZE Geyer"| 144 AN
] ) #
| Al " Anngberg- —
R .“,.,, v ﬁg?“‘d : Elterlein _ﬁuf Holz 4
50.55°N S = 2 Y Schwerrenbergy - Y‘\
3 Auerbach ragebirge ? i
9 L 4 A JoNWPadu. A
b i 3 V‘f’ﬂ“d”Y Eibenstock ( T ‘ ) - 355 Ji
Y 4 y A < ~ : i o g
Lobensteij 'd f l VLl e 777-_}[);\(;m
Gef - - N 1 x
S / . ey 34 ’l A Joharngeorgenstadt Sy, Y ‘_, “~
50.4°N SO, Vel AL Ld
. il v \ Sthm‘!!ck i L h_,,; )
ad Stety {' Y ¢ A Klmgen hal b VrJ‘“'J
aila - § Kkrasgice y -
Bl §* ”Of ;Y\’fu Mwneuklr:h_en A ’*lem}ek st J
or [mal 2 ad o o V) 5 "3va Role ‘,{f‘ Vojensky
50.25°N ; . ‘ X ,\ ifezd-Hradiste
He B ﬁ"‘ as * i ‘ j~—KaA(ov,VaKv - dbo
Mlehberg ™ N Y !1 w 5“’."“"_4" ovarsiy B
h k % | -
) AT A Y
] A Marktid ”ﬂm‘km‘;i Kyl ol A =
50.1°N AL L&ZNne{™n4d Ok 3 . o
: [+ 'S atur C A
Gy o !; > cng€H CHEO Sladkovshy 1
Bad Berne A s "ev?jn - A fos | 0. /. Tou2 J
h - ( {
‘[’D'Ukm"a Aarktredwitz—- v al.lsa:suv‘l a4y :
/" \ Marianshé  Tepla
o el rd Ugne [~
49.95°N |55 4 etereeieh < & e -
£ | Naturpark ? . . asy
j
, - Steinwald "\ Bezdru e (54
a %bﬂr\heré‘ﬂnr! /// firschenreut Pritodd plaga 2 ‘1
reuen < ebhnEiSiaut pendorff /! J:Q”':;”‘W \ by f
49.8°N /S| am Kulm, " NS . D:mau 4 3 Cernoin / E Tamos:
. p b It = Y 7
Pressath < | y { Mésto Jouskow
i 1. stifbra” ™ ~=<pizef
/ Neustadt ] =Pizen
Grafenwohr an der,Waldnalab N T LR T ol
uerbach 3 o | o Kladraby hiygan {7\ stal
20 AT A o -
11.75°E 12°E 12.25°E 12.5°E 12.75°E 13°E 13.25°E

Figure 1: Map of the study area with the locations of wind turbines and high-rise struc-
tures within a 60 km radius. Map data (©) OpenStreetMap contributors, licensed under
ODDL 1.0. The red cross mark in the center is the position of our EFM sensor. Green
squares labelled CH and KV indicate the locations of the Cheb and Karlovy Vary meteo-
rological stations, respectively.



2.2. Extraction of Lightning Strokes

Lightning strokes were obtained from two complementary radio-based
detection networks: Blitzortung and ENTLN.

2.2.1. Blitzortung

The Blitzortung VLF/LF network (Wanke, 2011) locates radio sources
associated with rapid changes in lightning channel current using the Time
Difference of Arrival (TDoA) method. It is a community-operated system
with global coverage and publicly available stroke-level data. Blitzortung
does not provide stroke classification (IC vs. CG; please see Appendix A for
terminology) or polarity information; it reports only the estimated source lo-
cation and timestamp of each detected electromagnetic impulse. Blitzortung
data were used for the full analysis period 2021-2024.

2.2.2. ENTLN

The Earth Networks Total Lightning Network (Zhu et al., 2017, 2022)
provides stroke classification (IC vs. CG), altitude, and in the case of CG
strikes (reported altitude of zero) strike polarity (CG—/CG+; please see
Appendix A for terminology). A classification confidence threshold of >80%
was applied throughout to eliminate borderline cases. Following the reported
upgrade of the ENTLN network (Zhu et al., 2022), only data from 2023
onward were considered sufficiently spatially consistent over Europe. ENTLN
data were therefore used exclusively for case studies from 2023 onward.

2.2.83. Location accuracy in the study region

The horizontal location accuracy of Blitzortung has been reported as ap-
proximately 1.4 km (Narita et al., 2018), based on measurements conducted
in Japan. To verify whether this value is representative for the Central Euro-
pean domain studied here, we performed a cross-comparison against ENTLN
CG strikes recorded on 15 August 2023 during an extensive thunderstorm,
within a time window of +100 ms.

Of the 892 qualifying ENTLN CG strikes and 5,957 Blitzortung strokes
recorded on that day in the study region, 86 pairs were successfully matched.
The low pairing fraction reflects the different detection philosophies of the
two networks: whereas ENTLN CG strikes (confidence >80%) represent a
filtered subset of ground-reaching discharges, Blitzortung reports all detected
electromagnetic impulses regardless of discharge type, the majority of which
are intracloud strokes without a corresponding CG counterpart. For the

4



matched pairs, the median spatial separation between ENTLN and Blitzor-
tung was 1.43 km. The median absolute time difference was 3 s, confirming
strong temporal agreement. The systematic spatial bias was: 1.29 km in the
latitudinal and —0.62 km in the longitudinal direction.

These results confirm that the 1.4 km location accuracy reported by
Narita et al. (2018) is representative also for the Central European domain
studied here, and provide a regional empirical basis for the 1.4 km threshold
used throughout this study.

2.3. Eaxtraction of Wind Turbines and High-Rise Structures

Geographical positions of wind turbines and high-rise man-made struc-
tures were extracted from OpenStreetMap (OSM) using the Overpass Turbo
APT (Overpass API Developers, 2025). OSM data quality in Europe is more
than adequate for this purpose, with typical horizontal accuracy on the order
of 1.5 m (Haklay, 2010), which is negligible compared to the uncertainty of
lightning location.

Wind turbine coordinates were obtained using the query given in Ap-
pendix B.1. High-rise structures other than wind turbines were obtained
using the query given in Appendix B.2.

High-rise structures, in our study, are defined as man-made objects with
a height exceeding 70 m above ground level or buildings with more than
25 floors. This includes skyscrapers, communication towers and masts, tall
chimneys, cooling towers, and similar structures.

2.4. Radar data

Radar data were acquired by a Doppler dual-polarisation C-band radar
operated by the Czech Hydrometeorological Institute (CHMI), located at the
Praha peak ( 862 m a.s.l.) in the Brdy Hills (49.66°N, 13.78°E). The distance
from the radar to the EFM site is approximately 110 km, and the distances to
the wind turbines in the study area range from approximately 100 to 120 km.

For radar analysis, we used the MAX3D product, which represents the
maximum reflectivity in a vertical column above each grid point. Dur-
ing the documented episodes, this composite reflectivity captured echo max-
ima located at altitudes of approximately 2—4 km above mean sea level.
The spatial resolution of the MAX3D radar field is 1 km x 1 km per pixel.
MAX3D was used to track the motion of precipitating regions relative to the
EFM site and the wind turbines.



In addition to MAX3D, we used the CAPPI 2 km radar product (Constant
Altitude Plan Position Indicator at 2 km) to analyse precipitation intensity
and the horizontal structure of radar reflectivity.

2.5. Reanalysis-based meteorological classification

ERAS reanalysis data (Hersbach et al., 2020) were used to classify the
large-scale meteorological environment. Because of the relatively coarse spa-
tial and temporal resolution of the dataset, an analysis at the exact location
and time of the event was not feasible. Instead, a 5 x 5 grid of nodes
encompassing the central part of the study area was examined in order to
characterize the environmental conditions within the region of interest.

The classification was based on near-surface temperature and relative hu-
midity, the vertical extent of saturated layers, and the heights of the 0°C,
—10°C and —20°C isotherms. In addition, conditions relevant to thunder-
storm electrification were assessed. Following Stucke et al. (2024), the pres-
ence of liquid water near the —10°C level was used as an indicator of envi-
ronments favourable for non-inductive charging processes.

2.6. Distance Computation

Distances between each Blitzortung stroke and the nearest wind turbine
or high-rise structure were computed using great-circle distances.

3. Results

3.1. Stroke distribution relative to ground objects

Because the spatial distribution of wind turbines and high-rise structures
is inherently uneven, it is first necessary to characterise their statistical dis-
tribution across the landscape. To this end, we generated a synthetic dataset
of 1000 strokes with a uniform spatial distribution and constructed the corre-
sponding histogram (Fig. 2). This reference distribution provides a baseline
that allows a meaningful comparison with the probability distribution of
lightning events, both those unrelated to wind turbines and those observed
during real lightning episodes.

An identical distance-to-object analysis applied to the real strokes from
the 24 November 2023 snowstorm (Fig. 3), shows that more than 94.5% of the
strokes occurred within 1.4 km of a wind turbine, whereas none were located
within this distance of high-rise structures. Let us recall that a distance
of 1.4 km corresponds to the reported location accuracy of the Blitzortung



network. This episode is presented solely as an illustrative example intended
to demonstrate the shift in the statistical distribution of strokes. It was
selected because it generated lightning strokes throughout the full spatial
extent of the study area.
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Figure 2: Histogram of distances to the nearest wind turbine (blue) and high-rise structure
(orange) for 1000 randomly generated strokes within the study area.
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Figure 3: Histogram of distances to the nearest wind turbine (blue) and high-rise structure
(orange) for 236 lightning strokes detected during the 24 November 2023 snowstorm. A
total of 94.5% of all strokes (223 out of 236) occurred within 1.4 km of at least one wind
turbine. None occurred within this distance of any other high-rise structure. The dashed
line marks the estimated horizontal location uncertainty (/1.4 km).

3.2. Temporal analysis

Fig. 4 shows days (lightning episodes) with at least one stroke. Circles’
sizes correspond to stroke counts during one day; vertical position is the
median distance to the nearest wind turbine. The median was chosen as
a single representative metric for each episode because the stroke distance
distributions are typically highly skewed (Fig. 3): a small number of distant
strokes would bias the mean upward, while the median robustly reflects the
dominant clustering behaviour.



Table 1: Cold season (November-March) Lightning Episodes in 2023 (Date). The table
lists total ENTLN Strokes (Strokes), Strokes classified with given confidence (> 80%),
Intracloud Strokes (IC), negative Strikes (CG-), positive Strikes (CG+), median Blitzor-
tung stroke distance to the nearest wind turbine in km (Median), and weather description
(observer’s precipitation classification / near-ground temperature) from the Karlovy Vary
meteorological station (606 m a.s.l.).

Date Strokes >80% IC CG- CG+ Median Weather
[km]| description
2023-01-13 8 5 0 5 0 0.3 Rain / +5°C
2023-02-01°* 35 8 1 7 0 0.7 Rain & Snow / 0°C
2023-03-14 21 5 0 5 0 0.8 Rain / +7°C
2023-03-25%* 44 16 3 13 0 0.5 Rain / +7°C
2023-03-30 193 124 87 35 2 13.9 Rain & Snow / +11°C
2023-11-24* 79 37 1 36 0 0.4 Snow / +2°C
2023-12-21 135 55 2 51 2 5.8 Rain & Snow / +6°C
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Figure 4: Daily distribution of lightning activity from winter 2021 to winter 2024. Each
circle corresponds to a day with at least one detected stroke; circle diameter is propor-
tional to stroke count. The vertical position represents the median distance to the nearest
wind turbine. The dashed red line marks the estimated Blitzortung location uncertainty

(~1.4 km).

3.3. ENTLN lightning classification

Tab. 1 summarises the ENTLN stroke and strike classification for cold-
season (November—March) Lightning Episodes detected in the study area in

2023.



3.4. Electric field and radar data

Episodes marked with an asterisk in Tab. 1 correspond to likely strikes to
wind turbines within 8 km of our EFM. Radar data (MAX3D; see Methods)
were used to determine whether the same reflectivity segment passed over
both the EFM and the wind turbine. Only two episodes (2023-02-01 and
2023-11-24) met this condition.

For these two episodes, we produced animations (Video 1 and Video 2)
showing the evolution of the electric field (left panel) together with the cor-
responding radar frame (right panel). The yellow shaded region indicates
the uncertainty window of the radar timestamp, because each radar image
is composed of scans acquired over a period of five minutes. Axes in the
radar frames indicate horizontal coordinates in kilometres. The black line
outlines the border of the Czech Republic. Red dots in the electric field plot
represent the distance of lightning strokes reported by Blitzortung as seen
from the EFM site. The position of the EFM itself is marked by a square
symbol labelled S in the radar frames. Points labelled CH and KV denote
the locations of the meteorological stations Cheb and Karlovy Vary, respec-
tively. Plus signs indicate the positions of lightning strokes, and asterisks
mark the locations of wind turbines. Strokes that occur in the vicinity of
a wind turbine are highlighted in red. Radar colour shading corresponds to
reflectivity in dBZ.

Time: 2023-02-01 18:50:00
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Video 1: EFM and radar data for lightning episode 1 February 2023. Animation is available
here: https://youtu.be/28a0707ifls.
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Video 2: EFM and radar data for lightning episode 24 November 2023. Animation is
available here: https://youtu.be/DI3buov8Psg.

In both cases, the strike occurred when a region of 35—40 dBZ reflectivity
passed over the wind turbine. According to EFM measurements, when such
a region passed over the EFM location, the measured field was strongly
negative. The absolute magnitude is unknown because the EFM range was
set for summer thunderstorms, which rarely exhibit such strong ground-level
electric fields.

During the documented cold-season lightning episodes, radar echo max-
ima were located at altitudes of approximately 2-4 km a.s.l. Bright-band
contamination was not a concern in these cases: near-surface temperatures
were close to 0°C, placing the melting layer at approximately 800 m a.s.l.,
well below the lowest radar beam, which samples at approximately 1600 m
a.s.l. at the distances relevant to this study.

3.5. Hydrometeors classification

To characterise the microphysical composition of the precipitating cloud
during the documented episodes, we analysed data from the dual-polarisation
radar using the HClass hydrometeor classification algorithm (Vaisala, 2024).
Vertical cross-sections oriented west—east and passing through the centre of
the study area were extracted for the hour during which lightning activity
was recorded.

The results for both episodes (2023-02-01 and 2023-11-24) are shown in
Fig. 5 and 6. The hydrometeor distribution is consistent across both cases
and corresponds to cold-season precipitation at low altitudes.
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Figure 5: Hydrometeor classification (HClass) from the dual-polarisation radar for the
lightning episode on 1 February 2023 (18:59 UTC). West—east vertical cross-section passing
through the centre of the study area. The horizontal axis shows distance in km along the
cross-section; the vertical axis shows height above mean sea level.
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Figure 6: Hydrometeor classification (HClass) from the dual-polarisation radar for the
lightning episode on 24 November 2023 (12:24 UTC). West—east vertical cross-section
passing through the centre of the study area. The horizontal axis shows distance in km
along the cross-section; the vertical axis shows height above mean sea level.

3.6. Meteorological characterisation of the documented episodes

Tab. 2 summarises the meteorological parameters derived from ERA5 for
the two case-study episodes (2023-02-01 and 2023-11-24).

Near-surface temperatures and relative humidity were consistent with ob-
servations from the Karlovy Vary and Cheb meteorological stations, and
homogeneous cloud cover was independently confirmed by radar data and
visibility observations at both stations.
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Table 2: Meteorological parameters derived from ERA5 reanalysis for the two case-study
episodes.

Parameter 2023-02-01 2023-
2-m air temperature (°C) —1to +1 —1 t
Relative humidity (%) ~100 ~1
Layer with RH ~ 100% Surface to ~4 km Surface t
Height of melting layer / 0°C isotherm (km a.s.l.) ~0.8 ~(
Height of —10°C isotherm (km a.s.l.) 2.2 2.
Height of —20°C isotherm (km a.s.l.) 3.6 3.
Liquid water near —10°C level >50% of grid points >50% of ¢

Wind-field thunderstorm
Large-scale dynamical
~0.8-2.2

Environment type
Dominant forcing mechanism
Layer favourable for non-inductive charging (km a.s.l.)

Wind-field t]
Large-scale
~().8

3.7. Electric field comparison: winter vs. summer

Another noteworthy result is that the electric fields generated by win-
ter clouds often reach higher magnitudes than those observed during most
summer storms.

For comparison, we include typical EFM records of a winter lightning
episode (Fig. 7) and a summer thunderstorm (Fig. 8), both recorded with
the same instrument at the same location. Both episodes produced lightning
events within 8 km of the instrument, and the record duration and vertical
scaling are identical. The markedly higher electric field magnitudes observed
in the winter case are consistent with a low cloud base placing the main
negative charge region in closer proximity to the surface.
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Figure 7: Electric field record during the lightning episode on 24 November 2023. Distances
of the detected strokes (red dots) are given relative to the location of the EFM instrument.
Note that the electric field record is out of range around the time of the closest discharge.
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Figure 8: Electric field record during the lightning episode on 16 August 2023. Distances
of the detected strokes (red dots) are given relative to the location of the EFM instrument.

3.8. Case study: lightning episode with exclusive wind turbine association

We present an example of a lightning episode that produced wind turbine-
associated lightning events only. Grouping all strokes occurring within one
second (twice the median lightning-event duration reported by Kakona et al.

15



(2023)) into a single lightning event, we constructed the animation (Video 3)
in which each event is visualised by cyan circles marking its constituent
strokes. If any stroke within an event falls closer than 1.4 km to a wind
turbine, that turbine is highlighted with a red dot.
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Video 3: Animation of the lightning episode on 24 November 2023. Animation is available
at: https://www.youtube.com/watch?v=jIgVS3HVkIo.

4. Discussion

The histogram of stroke distances relative to ground structures (Fig. 3)
indicates a clear dependence on the positions of wind turbines during the
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selected real lightning episode. To examine the seasonal behaviour of this
pattern, we constructed Fig. 4. To distinguish individual episodes, we calcu-
lated the median distance between each stroke and the nearest wind turbine.
This metric is particularly important because a lightning event may extend
over a large area, and only a subset of its detected strokes may actually ap-
proach a turbine. It must also be emphasised that the Blitzortung network
does not provide information on whether a given stroke is a strike. In the
plots, the red dashed line marks the 1.4 km threshold, which we adopt as the
approximate location accuracy of the Blitzortung system.

The figure shows that episodes with strokes near wind turbines occur
predominantly during the cold season (November—March). We therefore re-
fer to this pattern as Seasonal Wind Turbine-Associated Lightning
(SWAL).

One might argue that the observed spatial association between cold-
season lightning and wind turbines is not a novel finding, since winter light-
ning to tall man-made structures is well documented (Azadifar et al., 2016;
Heidler et al., 2013; Smorgonskiy et al., 2013, 2015; Stucke et al., 2024; Mor-
genstern et al., 2022), and the probability of a lightning strike is known to
increase with object height (Eriksson, 1987; Rakov, 2003). However, wind
turbines differ from static tall structures in several aspects relevant to light-
ning initiation. Rotating blade tips avoid the accumulation of self-produced
space charge and are therefore exposed to stronger local electric fields than
static objects of comparable height (Montanya et al., 2014). Furthermore,
the composite materials of wind turbine blades are susceptible to triboelectric
charging through collisions with hydrometeors such as snow and ice particles,
a mechanism analogous to the electrostatic charging documented for heli-
copter rotor blades operating in snowy conditions (Grosshans et al., 2017).
These properties suggest that wind turbines may trigger lightning under me-
teorological conditions distinct from those associated with upward lightning
from static towers.

The study area contains both wind turbines and 47 other high-rise struc-
tures of comparable or greater height. The reference distribution of ran-
domly placed strokes (Fig. 2) establishes the expected stroke-to-object asso-
ciation under the null hypothesis of no preferential attraction. During SWAL
episodes, the stroke distribution observed for wind turbines deviates signif-
icantly from the reference distribution, whereas no comparable deviation is
found for tall static structures. Fig. 3 shows a representative example of
this pattern for the 24 November 2023 episode; the similar contrast between
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wind turbines and tall static structures is observed consistently across all
episodes with a median stroke—turbine distance smaller than 1.4 km. Since
both object types are present within the same spatial domain and are sub-
ject to identical meteorological conditions during each episode, this contrast
cannot be attributed to differences in object density or spatial coverage. It
should be noted, however, that the study area contains only nine structures
exceeding 150 m in height, excluding wind turbines. The absence of observed
strikes to these structures during SWAL episodes is therefore of limited sta-
tistical significance and cannot be used to conclude that tall static structures
are categorically unaffected. We therefore hypothesise that wind turbines
represent a distinct category of lightning-attracting structures under SWAL
conditions, and that direct comparison with the tower lightning literature is
not straightforward.

On the basis that wind turbines represent a structurally distinct category
of lightning-attracting objects, we now turn to the meteorological condi-
tions under which SWAL episodes occur. ERA5 reanalysis data show that
near-surface temperatures during both case study episodes were close to 0°C,
relative humidity was near 100% from the surface up to approximately 4 km,
and the —10°C and —20°C isotherms were located at approximately 2.2 and
3.5 km, respectively. These conditions are characteristic of the wind-field
thunderstorm subtype (Morgenstern et al., 2022). Wind-field thunderstorms
are characterised by shallow clouds with a large fraction of the cloud layer
warmer than —10°C and driven by large-scale dynamical forcing rather than
convective instability (Morgenstern et al., 2022). According to the classifi-
cation criterion of Stucke et al. (2024), the presence of liquid cloud water at
the —10°C isotherm level is a defining characteristic of this subtype; more
than half of the considered ERA5 grid points satisfied this condition at the
nearest available pressure levels for both episodes. It should be noted that
wind-field thunderstorms do not account for all cold-season lightning activity
in the study region, as illustrated by the episodes on 2023-03-30 and 2023-
12-21 in Tab. 1, which exhibit median stroke—turbine distances well above
1.4 km and are therefore not classified as SWAL.

The cloud electrification conditions during SWAL episodes differ markedly
from winter lightning observations in Japan, where lightning to wind turbines
is predominantly of positive or bipolar polarity and is typically initiated by
upward leaders (Matsui et al., 2020), associated with the tilted-dipole charge
structure characteristic of Japanese coastal winter thunderstorms (Brook
et al., 1982). In contrast, ENTLN data show that in SWAL episodes, the
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detected strikes were consistently of negative polarity, suggesting a different
charge structure. This is independently supported by EFM measurements:
for both case study episodes, a strongly negative electric field was recorded
at the EFM site when the radar reflectivity segment that had been located
above the wind turbine at the time of the strike subsequently passed over
the EFM location.

The ERAD reanalysis data show that the —10°C isotherm was located at
approximately 2.2 km and the melting layer at approximately 0.8 km a.s.l.,
placing the entire temperature range relevant to non-inductive charging be-
tween these altitudes (Takahashi, 1978; Saunders et al., 2006). The HClass
hydrometeor classification (Fig. 5 and 6) confirms the presence of graupel
throughout this zone, satisfying the microphysical conditions necessary for
non-inductive charge separation (Takahashi, 1978). These observations in-
dicate that cloud electrification did occur during the documented episodes,
and that both the main negative charge layer and a lower positive charge
layer are expected.

The EFM records for both case study episodes show repeated sign rever-
sals of the electric potential gradient during the passage of the precipitation
system (Video 1 and Video 2). This pattern is consistent with a succession
of precipitation bands (Takahashi et al., 1999), each with a distinct spatial
charge structure, passing over the EFM site (Fig. 9).
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Figure 9: Time evolution of radar reflectivity (CAPPI at 2 km altitude) during the light-
ning episode on 24 November 2023. The horizontal axis shows time in minutes elapsed
since 12:00 UTC, corresponding to the start of each radar scan. Reflectivity is colour-coded
in dBZ. The field covers a 5 x 5 km area with 1 km x 1 km pixel resolution; the EFM
site is located at the central pixel. The figure demonstrates that precipitation intensity
varies in time and is inhomogeneous in the horizontal plane, supporting the hypothesis of
a succession of precipitation bands. A pronounced inhomogeneity is evident in the interval
25-30 min, coinciding with the strongly negative electric potential gradient recorded by
the EFM (Video 2 and Fig. 7).

ol

EN

15

10

1 2 3 4 5

We speculate that two complementary mechanisms may contribute to
the preferential association of SWAL discharges with wind turbines. First,
in precipitation bands where the lower positive charge layer is locally absent
or weakly developed, the main negative charge region is directly exposed
above the ground objects. Second, collisions of positively charged precipi-
tated hydrometeors with the non-conductive blade surfaces may charge the
blades positively (Grosshans et al., 2017), a process that is particularly ef-
fective for rotating blades (Montanya et al., 2014). Both mechanisms are
illustrated schematically in Video 4.
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Video 4: Schematic animation of the proposed SWAL discharge mechanism. A succession
of precipitation bands passes over the wind turbine from left to right. In Band A, positively
charged hydrometeors triboelectrically charge the rotating blades. In Band B, where the
lower positive charge layer is weak or absent, the main negative charge region is directly
exposed above the turbine, providing favourable conditions for a negative cloud-to-ground
discharge. The electric field mill (EFM) records the corresponding sign reversals of the
electric potential gradient. Animation available at: https://youtu.be/rytdPtL3PAQ.

It should be noted that direct electric field measurements in the imme-
diate vicinity of wind turbines are not available in this study, and that the
turbine structure itself is expected to significantly distort the local electric
field (Montanya et al., 2014). The proposed mechanisms therefore remain
speculative and should be tested by dedicated field campaigns.

Because the documented episodes produce strikes only in the vicinity of
wind turbines and do not resemble fully developed thunderstorms capable of
producing lightning to ground-level objects such as trees or low-rise buildings,
it remains uncertain whether the observed meteorological conditions would
have evolved into a typical winter storm in the absence of wind turbines.
The term SWAL is therefore descriptive and does not imply a conventional
winter lightning regime.
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5. Conclusion

This study provides systematic evidence that a subset of cold-season light-
ning in Central Europe forms a distinct and recurrent pattern associated with
wind turbines. Analysis of four years of Blitzortung stroke data, supported by
ENTLN classification and local electric field measurements, reveals a statisti-
cally distinguishable subset of cold-season lightning episodes. We refer to this
pattern as Seasonal Wind Turbine-Associated Lightning (SWAL).

Episodes classified as SWAL are characterised by three consistent obser-
vational features: (i) their strokes occur in proximity of wind turbines, (ii)
the strikes are consistently of negative polarity, and (iii) the cloud region
passing the wind turbines exhibits a strongly negative electric field measured
at the ground.

These findings raise an important question: Would SWA L-like episodes
occur even without wind turbines, or do turbines modify the local
electric environment in a way that enables lightning that would
not otherwise develop?

The results presented here highlight the need for high-resolution mod-
elling and targeted observations of cold-season cloud electrification in the
vicinity of large wind farms. Understanding whether SWAL is a turbine-
induced process, or a naturally occurring but previously unrecognized mode
of winter lightning, will be essential both for lightning physics and for the
assessment of turbine-related lightning risk in Central Europe.

The identification of SWAL as a statistically distinguishable subset of
cold-season episodes, characterised by a strong spatial association with wind
turbines and consistently negative polarity, offers a rare opportunity to study
the boundary conditions under which negative cloud-to-ground discharges
develop, a question of broader relevance to lightning physics and to our un-
derstanding of cloud electrification processes.

We encourage the lightning research community to investigate SWAL-
like episodes using additional lightning detection networks and measuring
apparatuses in order to assess whether similar patterns can be identified
independently.
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Appendix A. Terminology and Definitions

Lightning science spans multiple measurement domains (optical, radio,
electrostatic, current sensing,...), each using partly overlapping terminology.
Commonly used terms such as flash, stroke, strike, or lightning do not neces-
sarily refer to the same physical phenomenon. To ensure clarity and repro-
ducibility, we explicitly define the terminology adopted in this study. Defini-
tions follow the operational criteria used in our analysis and may differ from
conventions used in other subfields.
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Appendiz A.1. Lightning Stroke
The lightning channel current can be written as

I(t) = ]slow(t> + ]fast(t)7

where the slow component represents quasi-steady current and the fast com-
ponent represents rapid impulsive changes (e.g., return strokes, recoil lead-
ers).

Loop antennas used in lightning detection systems do not measure the
current directly. A voltage (electromotive force, EMF) is induced at the an-
tenna terminals according to Faraday’s law in response to the time derivative
of the magnetic field produced by the lightning channel. The induced EMF
&(t) may be approximated as

dIfast
E(t) = — M, ,
(1) = M 2

where Mg is the effective mutual inductance between the lightning channel
and the antenna. This mutual inductance depends on the distance and rel-
ative orientation between the channel and the loop, on the geometry of the
current path, and on the frequency-dependent response of both the antenna
and the front-end electronics.

Because Iy (t) varies only on time scales much longer than the antenna
bandwidth, its contribution to dI/dt and therefore to the induced EMF is
negligible. The measured voltage predominantly reflects the fast impulsive
component of the lightning current, and provides a distorted band-limited
estimate of dlg,/dt.

For the purposes of this study, we define a Lightning Stroke as any de-
tected EMF peak, irrespective of whether it corresponds to a return stroke,
recoil leader, or another fast impulsive process during a lightning.

Appendiz A.2. Lightning FEvent or simple Event

A Lightning Event represents the full electromagnetic activity associated
with a lightning phenomenon over a short interval of time. In this study, a
Lightning Event is defined as a contiguous sequence of lightning strokes with
a total duration of up to 1 s. This threshold is motivated by the median
lightning-event duration of approximately 0.5 s reported in Kéakona et al.
(2023). Rare cases of substantially longer events may occur, but their fre-
quency is sufficiently low that they do not affect the statistical conclusions
of this work.
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Because a term with a similar meaning, flash, is typically used in opti-
cal detection systems, we avoid that terminology and use Lightning Event
consistently for radio-derived temporal clusters of strokes.

Appendiz A.3. Lightning Episode

In this study, we use the term Lightning Episode to describe a meteoro-
logical situation that might traditionally be referred to as a "thunderstorm".
Because our analysis focuses on the cold season, we avoid presuming that
such episodes exhibit the characteristics of summertime-like thunderstorms.

A Lightning Episode is therefore defined as a cluster of Lightning Events
that were radio-detected within the study area, typically occurring within
a single calendar day. This terminology captures the meteorological con-
text of winter lightning without implying the presence of a fully developed
thunderstorm.

Appendiz A.4. Lightning Strike

A stroke classified by the lightning detection network as a cloud-to-ground
(CG) lightning discharge is labeled as a Strike. A single Lightning Event
may contain multiple strikes. In this study, we do not distinguish between
downward and upward strikes, as such discrimination is beyond the resolution
and capability of the detection systems used.

Appendiz A.5. Strikes/Strokes Polarity

If a lightning discharge does not reach the ground, it is classified as an
intracloud stroke (IC). For IC strokes, the concept of polarity is not defined,
as the discharge develops between regions of opposite charge within the cloud
and does not provide a unique reference for charge transfer.

For strokes reaching the ground (hereafter referred to as strikes), polarity
is defined according to the convention introduced by (Rakov and Uman,
2003). A negative cloud-to-ground (CG—) strike transfers negative charge
from the cloud to the ground, while a positive cloud-to-ground (CG+) strike
transfers positive charge to the ground.

Strikes can be further classified as downward or upward, depending on
the direction in which the dominant part of the lightning channel develops.
The polarity of upward strikes is defined in the same way as for downward
strikes, i.e. according to the sign of the charge transferred to the ground,
regardless of the direction of channel development.
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Consequently, upward lightning with a dominant (longer) positive channel
is classified as CG—, analogously to downward lightning with a dominant
(longer) negative channel, since in both cases the direction of current flow is
the same and negative charge is transferred to the ground.

Appendiz A.6. Limitations of Stroke Localization

Radio-based lightning locating systems estimate source points correspond-
ing to strong dI/dt, which do not necessarily coincide with:

e maxima of the lightning current,
e maxima of dI/dt,

e physical CG attachment points.

This results from uncertainties inherent to Time Difference of Arrival
(TDoA) or Direction Finding (DF) methods (Hahn, 1972; Cummins et al.,
1998), the frequency response of the receiving antennas, and the fact that all
reported stroke locations represent a two-dimensional projection of a three-
dimensional discharge process. Furthermore, while a physical lightning stroke
is an extended channel segment, lightning location networks operationally re-
duce this complex structure to a single point-like source location. Through-
out this paper, the term "Stroke" therefore refers exclusively to this radio-
detected source point reported by the lightning detection network, not to the
full spatial extent of the underlying discharge.

Appendix B. Overpass Turbo Queries

Appendiz B.1. Wind Turbine Query

[out: json] [timeout:150];

nwr ["generator:source"="wind"] (49, 11, 51, 14);
out center;

Appendiz B.2. High-Rise Structures Query

[out: json] [timeout:150];
(

nwr (if :number (t["height"]) > 70) ["generator:source"! "wind"] ["man_made"] (49,
nwr (if :number (t["building:levels"]) > 25) (49, 11, 51, 14);
)

out center;
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