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Abstract

10 Geostationary optical lightning imagers provide continuous observations of total lightning activity, but their response to

11 upward lightning and continuing-current-dominated flashes remains difficult to evaluate because direct current-based ground
12 truth is rarely available. This paper evaluates Meteosat-12 Lightning Imager (LI) observations using direct lightning-current
13 measurements from an instrumented wind turbine in Croatia. The turbine is equipped with a current-measurement system, and

14 selected events are additionally documented using high-speed video and observations from a ground-based lightning location
15 system. We analyze 76 direct strikes to the instrumented wind turbine during the LI pre and operational period from July 2024
16 to February 2026. The dataset consists predominantly of upward flashes, with only five downward cloud-to-ground cases, and

17 includes negative, positive, and bipolar flashes. It also encompasses waveform classes dominated by initial continuous current
18 (ICC), as well as flashes containing pulse-type components such as return strokes (RSs). For each measured lightning current
19 waveform, LI group-level observations were extracted within 50 km of the turbine and referenced to the onset and duration of
20 the measured current. LI detections were evaluated in a preceding window, from 500 ms before current onset to the beginning
21 of current flow, and in a during-current window extending over the measured current duration. The overall LI detection
22 efficiency was 76.3 % when detections in either window were considered, with efficiencies of 61.8 % in the preceding window

23 and 65.8 % during the measured current flow. LI detectability depended on current waveform class, with flashes containing
24 pulse-type components generally more frequently detected during current flow. Furthermore, LI detected groups more
25 frequently in the preceding window for positive flashes initiated by negative upward leaders than for their negative-polarity
26 counterparts. In contrast, the detection efficiency during the current-flow window was the same for both polarities. The
27 day/night analysis showed a modestly higher detection efficiency at night. Moreover, group-count, radiance, and flash-level
28 analyses show that LI observations mainly represent the cloud-top optical manifestation of the broader lightning process rather

29 than the local attachment process alone. These results demonstrate the value of direct lightning-current measurements for
30 evaluating satellite optical lightning observations of lightning.

31
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34 1. Introduction

35 The continuous observation of lightning from space has become an increasingly important capability for
36 atmospheric monitoring, severe-weather nowcasting, lightning climatology, and the assessment of lightning-
37 related hazards. In contrast to ground-based lightning location systems (LLSs), which detect electromagnetic
38 emissions produced by lightning discharges, satellite-based optical lightning imagers observe transient optical
39 emissions escaping from clouds and therefore provide a complementary view of total lightning activity. Early
40 satellite observations from the Optical Transient Detector (OTD) and the Lightning Imaging Sensor (LIS)
41 demonstrated the value of optical measurements for mapping lightning occurrence over large regions and for
42 building long-term climatological datasets (Boccippio and Christian, 1998; Christian et al., 1999). More recently,
43 geostationary lightning imagers have enabled continuous monitoring over fixed Earth disks, including the
44 Geostationary Lightning Mapper (GLM) onboard the GOES-R series, the Lightning Mapping Imager onboard the
45 Fengyun-4 series, and the Lightning Imager (LI) onboard Meteosat-12 (Goodman et al., 2013; Hui et al., 2020;
46 Blakeslee et al., 2020; Holmlund et al., 2021). These instruments have substantially expanded the spatial and
47  temporal coverage of lightning observations and are increasingly used in both scientific and operational contexts.
48 The Meteosat-12 Lightning Imager represents the first European geostationary optical lightning mission. The
49 instrument detects short optical pulses associated with lightning in a narrow spectral band near the neutral oxygen
50 emission line around 777.4 nm, using millisecond-scale sampling and on-board background subtraction to identify
51 lightning-related optical transients (Dobber et al., 2014; Holmlund et al., 2025). LI observations are organized
52 into hierarchical products, including events, groups, and flashes, which provide information on the timing,
53 location, spatial extent, and radiance of optical lightning activity. Since the start of Meteosat-12 LI data
54 dissemination, the instrument has provided continuous observations over Europe, Africa, the Atlantic Ocean, and
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55 adjacent regions, offering a new capability for monitoring total lightning activity in the European sector (Enno et
56  al., 2025; Bliziak and Sokol, 2026; Viticchié et al., 2026).
57 Despite this observational capability, satellite lightning measurements require careful evaluation because they
58 do not measure the lightning associated current. Optical emissions observed at cloud top depend not only on the
59 electrical processes occurring within the flash, but also on cloud optical thickness, scattering and absorption,
60  viewing geometry, background illumination, instrument thresholding, and the spatial and temporal clustering
61 algorithms used to produce higher-level products. Consequently, a satellite detection or non-detection cannot be
62 interpreted solely as the presence or absence of lightning current at the ground. Instead, LI observations must be
63 understood as measurements of the optical manifestation of lightning as seen from space. This distinction is
64 particularly important when interpreting flashes that include continuing-type currents, such as initial continuous
65 currents (ICCs) in upward lightning, which may be electrically important at the attachment point but not
66 necessarily optically bright at cloud top.
67 Most evaluations of satellite lightning imagers have relied on comparisons with other remote-sensing systems,
68 especially ground-based LLSs, VHF lightning mapping systems, and, in some cases, other satellite optical
69 instruments. Such intercomparisons are essential because each system observes a different physical manifestation
70 of lightning. LLSs operating in the LF/VLF range provide accurate timing and geolocation of impulsive discharge
71 processes, particularly cloud-to-ground strokes, and are therefore widely used for operational lightning monitoring
72 and lightning-risk studies. However, their ability to characterize in-cloud activity and continuing-current processes
73 is limited compared with their performance for impulsive events. This complementarity between ground-based
74 electromagnetic observations and space-based optical observations has been emphasized in previous
75 intercomparison studies. Poelman and Schulz (2020) compared EUCLID observations with ISS-LIS optical
76 measurements and showed that the two systems exhibit distinct detection characteristics. Erdmann et al. (2020)
77 compared ISS-LIS, the Meteorage LF network, and the SAETTA Lightning Mapping Array in the northwestern
78 Mediterranean, highlighting that flash duration, spatial extent, altitude, and lightning type influence satellite
79  optical detectability. Figueras i Ventura et al. (2019) further demonstrated the value of combining lightning
80 observations with other atmospheric measurements to interpret lightning initiation and propagation. These studies
81 provide important methodological context for the evaluation of optical lightning observations, while also showing
82 that satellite and ground-based systems should be considered complementary rather than interchangeable.
83 The need for complementary observations is especially relevant for upward lightning from tall structures and
84 wind turbines. Upward flashes often begin with an upward leader initiated from the structure and can include long
85 ICCs, continuing currents, pulses superimposed on continuing currents, subsequent return strokes, or
86 combinations of these processes (Rakov and Uman, 2003; Montanya et al., 2014; Rachidi and Rubinstein, 2022).
87 Because many upward flashes are dominated by continuing-type currents, they may be only partially characterized
88 by conventional LLS data, particularly when no strong impulsive component is present. At the same time, these
89 flashes are important for power systems and wind-energy infrastructure because long-duration currents and large
90 charge transfer can contribute to thermal and mechanical stress in lightning protection systems (IEC 61400-24,
91 2019; CIGRE C4.407, 2013). For this reason, evaluating how LI observes lightning is not only a satellite-
92 validation problem but also a measurement problem relevant to the interpretation of lightning exposure in power-
93 system applications.
94 Direct lightning-current measurements provide a uniquely valuable reference for evaluating satellite lightning
95 observations. Unlike LLSs, which infer lightning occurrence and location from remotely measured
96 electromagnetic signals, current sensors installed on an instrumented structure directly measure the waveform
97 flowing through the attachment point. These measurements provide flash onset time, duration, polarity, peak
98 current, continuing-current occurrence, and waveform morphology, and therefore offer a physical ground truth
99 that cannot be obtained from satellite observations or LLS data alone. Instrumented towers have shown the value
100 of such measurements for characterizing lightning attachment to tall structures (Rachidi and Rubinstein, 2022),
101 while recent measurements from the Croatian wind-turbine site provide the direct-current dataset used in this
102 study (Vukovic et al., 2025a; Vukovi¢ et al., 2026a).
103 Previous space-based optical studies have also shown that satellite imagers can provide information about flash
104 development that is not available from LLS observations alone. Simultaneous observations from ASIM, ISS-LIS,
105 GLM, ground-based optical systems, and LLSs have demonstrated that optical satellite detections may be
106 associated with different stages of the flash, including in-cloud development, impulsive processes, and continuing-
107 current-related luminosity (van der Velde et al., 2020; Montanya et al., 2021; Montanya et al., 2022). These studies
108 motivate the present evaluation of Meteosat-12 LI using direct current measurements as the primary reference,
109 with LLS observations used as complementary context.
110 Recent work has begun to evaluate Meteosat-12 LI performance using regional ground-based lightning
111 datasets. Bliziak and Sokol (2026) presented an early validation of LI observations using the Earth Networks
112 Total Lightning Network. Gedik et al. (2025) evaluated LI performance over Switzerland and Austria relative to
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113 ALDIS/BLIDS, reporting different detection behaviour in nationwide datasets and in regions near tall structures
114 where upward lightning is more frequent. Enno et al. (2025) summarized first-year Meteosat-12 LI observations
115 and main performance characteristics. More recently, Viticchié et al. (2026) assessed Meteosat-12 LI detection
116 efficiency using multiple reference systems, including GLD360, EUCLID, and GLM. These studies provide the
117 first broad evaluation of LI performance and establish a valuable baseline for interpreting LI data. However, most
118 available evaluations are still based on comparisons with remote-sensing reference systems. Such comparisons do
119 not provide direct information on the current waveform at the attachment point, and therefore cannot fully assess
120 how LI responds to such flashes.

121 The present work addresses this gap by evaluating Meteosat-12 LI observations using direct lightning-current
122 measurements from an instrumented wind turbine in Croatia. The site is equipped with low- and high-frequency
123 Rogowski coils installed at the base of the turbine tower, allowing both continuing-type currents and pulse-type
124 currents to be measured. A high-speed camera provides independent optical evidence for selected events when
125 visibility conditions permit, while a regional ground-based LLS supplies complementary information on nearby
126 cloud-to-ground and intracloud detections. In this configuration, the current measurement is used as the primary
127 ground truth for flash occurrence, timing, duration, polarity, and waveform classification; the LLS is used as
128 contextual information on impulsive activity in the surrounding region; and the high-speed video is used as
129 supporting evidence in selected case studies. The authors have already conducted several similar smaller-scale
130 studies (covering a couple of events) in which LI detections were analyzed at a high level for several cases
131 (Vukovi¢ et al., 2025b; Vukovi¢ et al., 2026b). In this paper, we aim to create robust, reliable statistics over a
132 long-term, multi-month period, across a wider range of lightning conditions, in order to quantify LI performance
133 validated against the absolute ground truth of local measurements.

134 The analyzed dataset in this paper covers the entire Meteosat-12 LI operational period from July 2024 to
135 February 2026 and includes 76 directly measured lightning-current waveforms at the instrumented wind turbine.
136 The events include different polarities and waveform classes, including ICC-only flashes and flashes containing
137 pulse-type current components. For each measured waveform, LI group-level observations are evaluated relative
138 to the onset and duration of the directly measured current, allowing LI performance to be assessed as a function
139 of current-based flash properties.

140 The objectives of this paper are therefore to quantify Meteosat-12 LI detection performance for current-
141 measured upward lightning, to evaluate how LI observations differ among current-based flash classes, to examine
142 LI activity preceding the onset of current at the turbine, and to interpret representative events using LI groups,
143 integrated radiance, current waveforms, LLS detections, and high-speed video where available. By using direct
144 lightning-current measurements as the primary reference, this study complements previous LI and ISS-LIS
145 evaluations based mainly on LLS and optical intercomparisons and provides a physically grounded assessment of
146 Meteosat-12 LI observations for lightning affecting wind-energy infrastructure.

147 2. Methods
148 2.1 Instrumented Wind Turbine Site and Ground-Based Measurements

149 The wind farm lightning observatory is located in southern Croatia, near the Adriatic coast, in mountainous
150 terrain. The wind farm consists of 14 wind turbines distributed in two groups of seven, with the eastern group
151 located at generally higher elevations. The instrumented turbine, WT4, is located in this higher-elevation sector
152 at approximately 1250 m above sea level. All turbines have 80 m towers and 49 m blades, corresponding to a
153 maximum blade-tip height of approximately 132 m above ground level. Figure 1 shows the wind-farm layout,
154 including WT4 and the substation where the high-speed camera is installed.
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156 Figure 1. Wind farm layout: substation with high-speed camera and WT4 instrumented with Rogowski-coils.

157

158 ‘WT4 has been instrumented since July 2022 with two Rogowski-coil current sensors mounted around the tower
159  near its base, approximately 1 m above ground level. These sensors are used to measure electrical currents that
160 flow through the tower when the wind turbine is struck by lightning. The low-frequency sensor is used to measure
161 continuing-type currents, including ICCs and continuing currents (CCs), whereas the high-frequency sensor is
162 used to measure pulse-type currents, such as return strokes and pulses superimposed on continuing current
163 (Vukovic et al., 2025, 2026).

164 A high-speed camera installed approximately 3.5 km from WT4, provides supporting optical observations of
165 the instrumented turbine when visibility conditions allow. WT4 is the only turbine within the camera field of view.
166 The camera records approximately 1 s per event, including about 0.2 s of pre-trigger data, with frame rates
167 adjustable from several thousand frames per second up to several tens of thousands of frames per second and a
168 spatial resolution of 640 x 600 pixels. These video observations are not used to define LI detection efficiency, but
169 they are used as independent supporting evidence in selected event-level analyses. The current measuring system
170 and high speed camera installation are shown in Figure 2.

Figure 2a. Rogowski-coil current sensors at the WT4 tower Figure 2b. High-speed camera

171 The site is also covered by a regional ground-based VLF/LF Lightning Location System (LLS). The LLS
172 provides information on nearby cloud-to-ground strokes and intracloud detections, including detection time,
173 location, polarity, and classification where available. In this paper, LLS data are used as contextual information
174 on impulsive lightning activity occurring before and during the current-measured flashes.

175 2.2 Meteosat-12 Lightning Imager (LI)

176 The LI is an optical lightning sensor composed of four cameras with on-board real-time processing. The
177 instrument detects lightning-related optical transients associated with total lightning activity and converts these
178 detections into higher-level lightning products. The LI field of view covers approximately 84 % of the Earth disk,
179 as shown in Supporting Information on Figure Sla. The spatial sampling is 4.5 km at the sub-satellite point and
180 increases with distance from this point; over central Europe, the effective spatial resolution is approximately 7 km
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181 (Supporting Information, Figure S1b). The temporal sampling, corresponding to the integration time of each
182 acquisition frame, is 1 ms.

183 LI primarily detects luminosity escaping from clouds after scattering and absorption by cloud particles.
184 Therefore, LI observations should be interpreted as cloud-top optical measurements of the lightning process rather
185 than as direct measurements of the lightning current. In this study, the LI product used for the statistical analysis
186 is the LI Group (LGR). An LI group is formed from spatially connected lightning events detected within the same
187 1 ms acquisition frame. Each LGR contains a timestamp, geographic coordinates, and a radiance value. These
188 quantities are used to evaluate the timing, distance, and optical intensity of LI detections relative to the directly
189 measured current waveform at the wind turbine.

190 Although LI groups can be temporally and spatially clustered into LI flashes, the LI Flash product is not used
191 as the primary product in this paper. The group-level product was selected because it preserves the millisecond-
192 scale timing needed to compare satellite optical detections with the onset and evolution of directly measured
193 current waveforms. The relationship between LI events, groups, and flashes is described in the Supporting
194 Information, Figure S2 and Figure S3.

195 2.3 LI-Flash identification

196 For each lightning-current waveform measured at the instrumented wind turbine, LI groups were extracted
197  using criteria referenced to the directly measured current. The onset of the current waveform was used as the
198 reference time, (t = 0), and all LI group times were expressed relative to this onset.

199 LI groups were selected if they occurred within 50 km of the wind turbine and within the interval from 500 ms
200 before current onset to the end of the measured current waveform. This interval was divided into two windows: a
201 preceding window, from t=-500 ms to t = 0, and a during-current window, from t = 0 to the end of the measured
202 current. The preceding window was used to examine optical activity before current flow at the turbine, while the
203 during-current window was used to evaluate LI detections during the measured electrical current flow.

204 The 50 km radius was selected to include optical activity near the turbine as well as nearby or parent-flash
205 activity that may be physically related to the current-measured event. The 500 ms preceding window was selected
206  to capture optical activity shortly before current onset while limiting unrelated storm activity. Therefore, preceding
207 LI activity is interpreted as temporally and spatially associated with the current-measured event, but not by itself
208  as definitive evidence of triggering.

209 LI detection was evaluated separately in the preceding and during-current windows. A detection was defined
210 as the presence of at least one LI group in the corresponding window. The overall LI detection efficiency was
211 defined as the fraction of current-measured flashes with at least one LI group in either window.

212 2.4 Derived LI Metrics and Flash-Level Visualizations

213 For each current-measured flash, LI-based metrics were derived separately for the preceding and during-current
214 windows. The primary metric was the LI detection status, defined by the presence or absence of at least one LI
215 group in the corresponding window. In addition, the number of LI groups was counted in each window to quantify
216 the amount of detected optical activity associated with each current-measured event.

217 Radiance statistics were calculated from the LI group radiance values. For each flash and each analysis window,
218 the median radiance of all detected LI groups was computed. Class-level radiance statistics were then calculated
219 from these per-flash median values, rather than from all LI groups pooled together. This approach prevents flashes
220 with many detected groups from dominating the statistics. Median radiance was used as the primary radiance
221 metric because LI radiance distributions are skewed and may include isolated high-radiance groups.

222 For flashes with LI detections in the preceding window, two additional quantities were extracted. The earliest
223 preceding LI group was defined as the first LI group detected within that window. The closest preceding LI group
224 was defined as the LI group with the smallest horizontal distance to the wind turbine within the same window.
225 For both quantities, the time relative to current onset, horizontal distance from the turbine, and radiance were
226  recorded.

227 For selected flash-level analyses, LI groups were visualized using longitude-latitude maps centered on the wind
228 turbine and time-distance plots referenced to the current onset. An integrated LI radiance time series was also
229 calculated by summing the radiance of all LI groups detected within each 1 ms acquisition frame and within the
230 50 km spatial window. This integrated radiance was compared with the directly measured current waveform, and
231 with LLS detections and high-speed video observations when available.
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232 3. LI Detection Performance

233 The results are organized to evaluate Meteosat-12 LI observations with respect to the directly measured
234 lightning-current waveforms at the instrumented wind turbine. First, the current-measured dataset is summarized
235 in terms of flash occurrence, polarity, waveform components, and duration. The LI detection performance is then
236 quantified using the two analysis windows defined in Section 2.3: the preceding window, from 500 ms before
237 current onset to the beginning of the measured current, and the during-current window, from current onset to the
238 end of the measured current. Finally, the LI response is examined in terms of detection efficiency, number of
239 detected LI groups, group radiance, preceding optical activity, and day/night observing conditions.

240 3.1 Current-measured dataset and flash classification

241 Figure 3 summarizes the lightning-current waveform dataset collected between July 2024 and February 2026.
242 During this period, 76 lightning current waveforms were recorded at the instrumented wind turbine using the
243 Rogowski-coil measurement system. The monthly distribution is consistent with the longer-term behaviour
244 observed at the site since the installation of the measurement system in July 2022: most flashes occurred during
245 winter and transitional months, whereas summer activity was limited. When interpreting the seasonal distribution,
246 it should be noted that the dataset includes two winters, two summers, and two autumns, but only one spring. The
247 day/night occurrence was approximately balanced, with 39 flashes recorded during daytime and 37 at night.

248
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251 Figure 3. Dataset overview: monthly and seasonal flash occurrence, polarity, and day/night distribution
252 Figure 4 presents the current-based classification of the dataset. The flashes were classified according to

253 polarity and waveform components, including the presence or absence of ICCs, RSs, and pulses superimposed on
254 continuing current (SIs). The dataset is dominated by upward flashes, which account for 93 % of the events during
255 the study period; only five downward flashes were recorded. Considering all flashes, 65.8 % were negative, 31.6
256 % were positive, and 2.6 % were bipolar. ICC-only upward flashes represented 57.9 % of the full dataset. Within
257  this ICC-only subset, the polarity distribution was approximately balanced, with 47.7 % positive and 52.3 %
258 negative events.

259
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Figure 4. Dataset overview: flash-type classification based on current components, overall polarity distribution, ICC-only versus non-ICC,
and the polarity split within the ICC-only subset

Table 1 lists the mean flash duration for the considered splits: positive vs. negative, ICC-only positive vs. ICC-
only negative, and ICC-only vs. non-ICC-only (rest) flashes. The average durations of negative flashes are
substantially longer than those of positive flashes, both when considering the full polarity-based subset and when
the analysis is restricted to ICC-only flashes.

Table 1 Average flash duration by polarity and type classification

Flash type Average duration
Positive 0.064 s
Negative 0.256 s
ICC-only positive 0.061 s
ICC-only negative 0.152s
ICC-only 0.108 s
Non-ICC-only 0.318s

3.2 Overall LI detection performance

For each current-measured flash, LI groups were searched within 50 km of the instrumented wind turbine and
within the temporal interval extending from 500 ms before current onset to the end of the measured current. A
flash was considered detected by LI if at least one LI group was found either in the preceding window, in the
during-current window, or in both windows.

Figure 5 shows the LI detection efficiency stratified by current-based flash type. Figure 5a presents the overall
detection efficiency, defined as the percentage of flashes with at least one LI group in the preceding window
and/or during-current window. Figure 5b separates the detections into four categories: preceding window only,
during-current window only, both windows, and no LI detection.

The total dataset contains N =76 flash events based on the measured currents on the instrumented wind turbine.
The overall LI detection efficiency is 76.3 % when considering at least one LGR detection in either the preceding
or during window. When the two windows are considered separately, the detection efficiency is 61.8% for the
preceding window and 65.8 % for the during window. In the preceding window, this means that in roughly 62%
of cases, the LI detected activity prior to the flash, which may indicate an association with the triggering process.
Confirming this will require further analysis in future work, incorporating additional observations and
measurement techniques to corroborate the finding and strengthen its reliability. For the remaining flashes, the

EGUsphere
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285 events may have been self-initiated, or the optical activity associated with in-cloud leaders that potentially
286 contributed to triggering may have been too weak, too obscured and as such outside the LI detection capability.
287 In general, according to Figure 5, the results demonstrate that flashes are usually always detected when they
288 contain pulse-type currents, such as RSs. This is expected, as these events produce the most intense optical
289 emissions, allowing them to emerge above the cloud top, either from the channel below the cloud or from related
290 IC activity. In cases involving only ICC, or ICC accompanied by low-intensity Sls, the detection efficiency
291 decreases. Based on Figure 5, it is clear that negative ICC-only flashes and negative ICC + SI flashes are the
292 categories most frequently missed by the LI. The ICC + SI category exhibits a bit lower detection rate than the
293 ICC-only negative flashes. This can be explained by the fact that ICC + SI flashes are often more similar to ICC-
294 only flashes, owing to the relatively low-amplitude pulses they may contain, in contrast to ICC + RS flashes,
295 which include intensive RSs.

296 Optical emissions from the channel segment below the cloud during ICC flow are not expected to be intense
297 enough to penetrate optically thick clouds and reach the LI. Therefore, detections in these cases are more likely
298 associated with lightning activity occurring within the cloud before or during the flash.

(a) Overal Detection Efficiency (LGRs Preceding and/or During)
[ [ B Prooading andor Duing

=

®

g

=

%

c

s

b

£

T

o

(b) Detection breakdown: LGRS preceding and/or during or both

=

s

2

a

g

&

‘5

©

2

&

e el A 0l A A% AN A 0
NP S I N s N C
S o B & e MW e
oo i« s} & = &0 &© &

300
301 Figure 5. LI detection efficiency by flash type: a) Overall detection efficiency (preceding and/or during window); b) Detailed breakdown
302 by LI detection window preceding-only, during-only, and both windows

303 3.3 Detection efficiency as a function of current waveform class

304 Figure 6 shows the detection efficiency for preceding activity only, during-flash LI activity only, and combined
305 efficiency (preceding or during), for three comparison scenarios: (a) positive vs. negative flashes, (b) ICC-only
306  positive vs. ICC-only negative flashes (to eliminate, or at least partially mitigate the potential impact of pulse-
307  type currents on detection efficiency when comparing polarities), and (c) ICC-only vs. non-ICC-only flashes (to
308 analyze the potential impact of pulse-type currents on detection efficiency).

309 ‘When comparing positive and negative flashes, as shown on Figure 6a, it can be seen that, for LGRs detected
310 during lightning current flow through the WT, the detection efficiency is approximately the same for positive (63
311 %) and negative (66 %) flashes. However, the most notable difference appears in the preceding activity, 87.5 %
312 for positives vs 52 % for negatives, which may provide insight into triggering mechanisms and related IC activity.
313 To reduce the influence of pulse-type currents on the polarity comparison, Figure 6b restricts the analysis to
314 ICC-only positive and ICC-only negative flashes. The same tendency remains evident. ICC-only positive flashes
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315 show substantially higher preceding-window detection efficiency than ICC-only negative flashes, 85.7 %
316 compared with 56.5 %, whereas the during-current detection efficiency is more similar between the two classes.
317 This indicates that the polarity dependence observed in the preceding window is not caused only by the presence
318 of return strokes or other strong impulsive current components. When comparing ICC-only positives and ICC-
319 only negativ, triggered positive ICCs are expected to be more strongly influenced by the negative charge region
320 involved in the upward/triggering process than by the lower positive charge pocket. This suggests that the higher
321 detection efficiency for triggered positive ICCs arises because their optical emissions originate nearer the cloud
322 top, at the negative charge region, where photons encounter less optical thickness from the overlying cloud layers
323 and can therefore reach the LI more easily.

324 Figure 6¢ compares ICC-only flashes with non-ICC-only flashes. During the measured current flow, the
325 detection efficiency is higher for non-ICC-only flashes, consistent with the presence of pulse-type current
326 components that can produce stronger optical emissions. In contrast, for the preceding window alone, the detection
327 efficiency is higher for ICC-only flashes than for non-ICC-only flashes. This result suggests that the preceding-
328  window and during-current-window detections contain different information: the preceding window is more
329 sensitive to optical activity associated with the parent or nearby in-cloud discharge before current onset at the
330 turbine, whereas the during-current window is more strongly influenced by the current waveform structure and
33] the presence of impulsive components.
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335 Figure 6. Detection efficiency comparison for positive vs. negative flashes, ICC-only positive vs. ICC-only negative flashes, and ICC-only
336 vs. non-ICC-only flashes

337 3.4 Number of detected LI groups

338 Figure 7 shows boxplots of the number of LI LGRs for flashes with detections in the preceding (top row) and
339 during-flash (bottom row) windows. The red line denotes the median and x denotes the mean. The box spans from
340 the 25th percentile to the 75th percentile, and whiskers extend to the most extreme values within 1.5xIQR (only
341 to the most extreme non-outlier values).

342 ‘When analysing polarity, the median number of LI LGRs is higher for negative than for positive flashes in both
343 the preceding and during-flash windows. The mean number of LGRs is also higher for negative flashes during the
344 flash, whereas in the preceding window the mean values for positive and negative flashes are very similar, with a
345 slightly higher value for positive flashes. The same trend is more clearly observed when considering only ICC-
346 only flashes: ICC-only negative flashes show higher median and mean LGR counts than ICC-only positive flashes
347 in both windows. Overall, the median is more stable than the mean; across windows and regardless of whether
348 pulse-type currents are present, negative flashes typically exhibit a median LGR count about two to three times



https://doi.org/10.5194/egusphere-2026-4653
Preprint. Discussion started: 6 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

349  that of positive flashes. The higher number of LGRs detected during the flash in negative cases is consistent with
350 the generally longer duration of negative flashes. For positive flashes, the preceding window shows a wider range
351 of LGR counts, including the highest observed value.

352 When comparing ICC-only flashes with non-ICC-only flashes, it is noteworthy that in the preceding window
353 the LI detects more LGRs for ICC-only flashes, both in terms of the mean and the median LGR count. In contrast,
354 during the flash, the medians are broadly similar for ICC-only and non-ICC-only flashes, whereas the mean LGR
355 count is higher for non-ICC-only flashes (i.e., flashes that include pulse-type currents) than for ICC-only flashes.
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358 Figure 7. Detected flash events: boxplots of LI LGR counts in the preceding and during-flash windows (positive vs. negative, ICC-only
359 positive vs. ICC-only negative, and ICC-only vs. non-ICC-only).

360

361 In the Supporting Information, for each lightning flash case, the flash duration and the number of LGRs
362 detected in the preceding window and in the during-the-flash window are presented (Figure S4). Each column
363 corresponds to one split: positive vs. negative, ICC-only positive vs. ICC-only negative, and ICC-only vs. non—
364 ICC-only flashes. The figure also enables inspection of flash-duration tendencies for the different categories. In
365 particular, negative flashes generally last longer than positive flashes which may be important aspect when
366 considering the number of LGRs detected.

367 3.5 LI group radiance statistics

368 Figure 8 shows boxplots of median LGR radiance in the preceding and during-flash windows for positive vs.
369 negative flashes, ICC-only positive vs. ICC-only negative flashes, and ICC-only vs. non-ICC-only flashes. For
370 each Ll-detected event, the median radiance across all detected LGRs was computed separately for the preceding
371 and during windows and shown against flash duration (Supporting Information, Figure S5), similar to Figure S4.
372 These per-event median radiances were then summarized across events within each class. Thus, the reported
373 radiance statistics are based on the median LGR radiance of each individual event, rather than on all LGRs pooled
374  together. This approach prevents events with large numbers of detected LGRs from disproportionately influencing
375 the class-level statistics. Furthermore, median radiances are used throughout the analysis because the LI radiance
376 distributions are highly skewed and occasionally contain very high-radiance cases. Therefore, the median provides
377 a more robust and representative measure of the typical radiance than the mean.

378 When considering all positive and negative cases, the preceding-window median radiance is slightly higher for
379  positive than for negative flashes. However, negative flashes exhibit higher during-window median radiance
380 values, which is consistent with the presence of intense pulse-type components, including RSs, in many negative
381 flashes.

382 When the analysis is restricted to ICC-only flashes, the separation in preceding-window median radiance
383 becomes more pronounced in favour of ICC-only positive flashes. Moreover, in the during-flash window the trend
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384 reverses compared with the full positive/negative comparison: ICC-only positive flashes (associated with negative
385 upward leaders) exhibit higher median radiance than ICC-only negative flashes (associated with positive upward
386 leaders). This indicates that the higher radiance observed for negative flashes in the full dataset is largely driven
387 by pulse-type components (e.g., RSs and ICC pulses). Once these components are excluded, the optical signature
388 appears to be dominated by the upward leader development and/or associated IC activity, suggesting that negative
389  upward leaders may be optically brighter and/or less attenuated than positive upward leaders.

390 Furthermore, a plausible interpretation is related to cloud attenuation and charge-layer distribution inside the
391 cloud. Negative upward leaders from the WT are typically triggered by in-cloud activity involving the upper
392 charge region, so the optical emission from the leader near the turbine tip may experience less attenuation. In
393 contrast, upward positive leaders can be linked to activity involving lower charge regions, where a larger fraction
394 of the luminous channel may be embedded deeper in cloud, increasing attenuation by cloud particles.

395 Figure 8 also compares ICC-only versus non-ICC-only flashes. In the preceding window, non-ICC-only
396 flashes tend to exhibit higher median radiance than ICC-only flashes. During the flash window, the difference
397 becomes more pronounced, with non-ICC-only flashes showing substantially higher median radiance. This is
398 consistent with the strong optical emissions associated with pulse-type currents, particularly RSs.
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402 Figure 8. Radiance statistics (median and mean) of LI LGRs in preceding and during-flash windows: positive vs. negative, ICC-only positive
403 vs. ICC-only negative, and ICC-only vs. non-ICC-only flashes
404 3.6 LI activity preceding current onset
405 Figure 9 shows, for each flash detected in the preceding window, the earliest LI-detected LGRs plotted as

406 detection time (At before onset) versus distance from the wind turbine. In Figure 9, cases are colored using
407 categorical coloring for positive vs. negative (Figure 9a), and ICC-only positive vs. ICC-only negative flashes
408 (Figure 9b). Table 2 provides detailed statistics on the detection timing, distance from the instrumented WT, and
409 radiance of the earliest detected groups for all flashes and for the same classifications.

410 The earliest groups shown in Figure 9 are interpreted as signatures of other lightning processes occurring prior
411 to the measured current onset, which may have contributed to initiating the wind-turbine lightning flashes.
412 Considering all earliest detected preceding groups, regardless of flash type (N = 47), the At (earliest LGR time)
413 has a median/mean of 0.2446/0.2498 s. The corresponding distance has a median/mean of 19.65/21.47 km, and
414 the radiance has a median/mean of 8/12.15 mW m™2 sr!, respectively.

415 Regarding the average time (mean time) of earliest LGRs before flash onset, there appears to be no difference
416 between positive and negative flashes, between ICC-only positive and ICC-only negative flashes, or between
417 ICC-only and non-ICC-only flashes (Table 2). However, the earliest detected groups associated with negative
418 flashes usually occur at larger distances, with a median/mean of 24.950/26.537 km, whereas the earliest groups
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419 associated with positive flashes are primarily found at shorter distances, with a median/mean of 13.852/15.188
420 km (including cases within ~10 km). In this dataset, no earliest groups associated with positive flashes are
421 observed beyond ~35 km, and no earliest groups associated with negative flashes are observed within ~10 km
422 (Figure 9a-b). The same pattern is observed when comparing ICC-only positive and ICC-only negative flashes
423 (Table 2). In contrast, when comparing ICC-only and non-ICC-only flashes, there appear to be virtually no
424 differences: the ICC-only subset has a median/mean distance of 19.52/21.25 km, while the non-ICC-only subset
425 has a median/mean distance of 21.67/21.89 km, according to Table 2. Additional details are provided in the
426 Supporting Information on Figure 6Sd, where the data for ICC-only and non-ICC-only flashes are shown in a
427  format similar to Figure 9a—b, together with an additional distance—time visualization in which all events are
428 colored by radiance Supporting Information on Figure S6a.
429 The earliest LI LGRs associated with positive flashes exhibit slightly higher radiances, both in terms of mean
430 and median values, than those associated with negative flashes, as shown in Table 2. This trend remains evident
431 when pulse-type currents are excluded and only ICC-only positive and ICC-only negative flashes are compared
432 (Table 2). In the comparison between ICC-only and non-ICC-only flashes, the earliest pre-triggering LGRs
433 associated with non-ICC-only flashes also appear to exhibit slightly higher radiances (Supporting Information,
434 Figure S6d). This tendency is generally consistent when all pre-trigger LGRs, rather than only the earliest ones,
435 are considered on a flash-by-flash basis over the entire preceding window (see previous Figure 8a—c). The median
436 of the flash-level median radiances over the entire preceding window remains higher for positive flashes than for
437 negative flashes (7.00 vs. 5.25 mW m™ sr'), and the same tendency is observed for ICC-only positive and ICC-
438 only negative flashes (7.00 vs. 3.00 mW m™2 sr'). However, the corresponding mean values of the flash-level
439 median radiances are higher for negative flashes than for positive flashes (17.56 vs. 15.26 mW m™2 sr') and for
440 ICC-only negative flashes than for ICC-only positive flashes (20.06 vs. 16.15 mW m™ sr'), indicating the
441 influence of a limited number of high-radiance negative cases. Therefore, the median-based statistics are
442 considered more representative for this dataset.
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444 Figure 9. Earliest LI-detected LGRs in the preceding window: detection time versus distance from the wind turbine for positive vs. negative,
445 ICC-only positive vs. ICC-only negative, and ICC-only vs. non-ICC-only flashes.
446 Table 2 Earliest detected LI LGRs statistics in the preceding-activity window for the entire dataset and per flash type (ICC-only positive vs.
447 ICC-only negative, and ICC-only vs. non-ICC-only flashes)

e
Radiance (mW m 2 sr")

Group

N

At before flash (s)

Distance (km)

(median/mean) (median/mean) (median/mean)

All 47 0.245/0.250 19.650 /21.466 8.000/12.149
Pos 21 0.196/0.228 13.852/15.188 9.000/12.714
Neg 26 0.295/0.268 24.950/26.537 7.000/11.692
ICC-only pos 18 0.246/0.254 14.578 / 15.936 7.500/13.694
ICC-only neg 13 0.195/0.243 27.569 /28.604 3.500/9.269

ICC-only 31 0.245/0.249 19.524/21.248 6.000/11.839
Non-ICC-only 16 0.254/0.251 21.671/21.887 8.750/12.750

12



https://doi.org/10.5194/egusphere-2026-4653
Preprint. Discussion started: 6 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

448

449 In addition to the earliest groups, it is also useful to analyze the LI groups occurring closest to the measured
450 current within the preceding window. Table 3 provides detailed statistics on the detection timing, distance from
451 the instrumented WT, and radiance of the closest detected groups for all flashes and for the same classifications
452 used previously: positive vs. negative, ICC-only positive vs. ICC-only negative, and ICC-only vs. non-ICC-only.
453 Additional visualizations, analogous to those previously presented for the earliest detected group, are provided in
454 the Supporting Information on Figure S7, where the closest LI-detected LGRs for each flash detected within the
455 preceding time window are plotted as detection time, At before onset, versus distance from the wind turbine. When
456  the closest preceding LI LGRs are considered, their distances are generally smaller than those of the earliest
457 preceding LGRs, as expected. The results indicate that the closest groups are most commonly detected at distances
458 on the order of ~5—10 km from the instrumented WT (median distance), with lower values associated with positive
459 flashes (~5 km) and higher values associated with negative flashes (~10 km). The same trend is observed when
460 comparing ICC-only positive and ICC-only negative flashes (Table 3). For all flashes combined, the occurrence
461 time of the closest groups has a median/mean of 0.038/0.080 s, and it is broadly similar when comparing the
462 positive and negative subsets (Table 3). However, when comparing ICC-only positive and ICC-only negative
463 flashes, the closest groups for ICC-only negative flashes occur temporally closer to flash onset, with a median
464 lead time of ~22 ms, in contrast to ICC-only positive flashes (~50 ms) (Table 3). In conclusion, a considerable
465 number of flashes exhibit closest groups detected within only a few kilometers of the turbine and tens of
466 milliseconds prior to onset, suggesting very late-stage activity immediately preceding initiation.

467 A plausible interpretation, based on the combination of the information related on the earliest groups (Figure
468 9, Table 2 and Supporting Information Figure S6a), where the earliest groups are dispersed over relatively large
469 distances of up to approximately 50 km, and information related to the closest groups (see Table 3 and Supporting
470 Information Figure S7a) where they are concentrated near the instrumented WT and may correspond to the latest
471 LGR groups in the preceding activity, is that these signatures may reflect in-cloud leader activity that initially
472 develops at larger distances and then propagates toward the turbine. Such a progression could create favorable
473 conditions for the initiation of either negative or upward positive leaders from the WT by redistributing charge
474 within the cloud and establishing a charge configuration favorable for upward leader development.

475 Finally, the median and mean radiances of the closest groups are higher than those of the earliest groups when
476 considering all flash types together (Table 2 vs. Table 3, first row). The difference is marginal for the median
477 radiance, whereas it is more pronounced for the mean radiance.

478 Table 3 Closest detected LI LGRs statistics in the preceding-activity window for the entire dataset and per flash type (ICC-only positive vs.
479 ICC-only negative, and ICC-only vs. non-ICC-only flashes)

Group N (A;:(;::;/erngi)znn) (Dnils:;il;:r(r:(el:z) Radiance (median/mean)
All 47 0.038/0.080 8.162/9.033 8.500/58.223

Pos 21 0.038/0.076 5.091/7.516 9.000/25.667

Neg 26 0.040/0.083 9.454/10.258 3.750/84.519

ICC-only pos 18 0.051/0.084 5.810/7.990 9.500/26.528

ICC-only neg 13 0.022/0.053 10.464 / 8.300 2.000/158.423

ICC-only 31 0.038/0.071 7.970/8.120 8.500/ 81.839
Non-ICC-only 16 0.040/0.096 8.961/10.801 8.000/12.469

480 3.7 Day/night dependence of LI observations

481 The dataset was also separated into daytime and nighttime events to evaluate whether background illumination
482 affects LI detection performance and radiance statistics. Figure 10a shows the day/night distribution by flash type.
483 The full dataset is approximately balanced between daytime and nighttime events, with 39 flashes occurring
484 during the day and 37 at night. However, the flash-type composition is not identical in the two subsets. During
485 the day, negative flashes account for 24 out of 39 events, positive flashes for 13 events, and bipolar flashes for 2
486 events. At night, negative flashes account for 26 out of 37 events, positive flashes for 11 events, and no bipolar
487 flashes are present. In addition, ICC-only negative flashes occur more frequently at night than during the day.
488  This uneven composition must be considered when interpreting the day/night comparison.
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489 Figure 10b shows the LI detection efficiency separated into daytime and nighttime cases, including the
490 preceding, during-flash, and overall (preceding and/or during-flash) efficiencies. Considering the overall LI
491 detection efficiency (i.e., a flash is counted as detected if it is detected in the preceding and/or during-flash
492 interval), the nighttime efficiency is about 4% higher than the daytime efficiency (78.4% vs. 74.4%). However,
493 when considering during-flash detections only, the nighttime efficiency is higher by about 10%. In contrast, for
494  preceding activity, the detection efficiency is essentially the same for daytime and nighttime.

495 When considering the analysis outcome, it is also important to keep in mind the following. During the day,
496 negative flashes account for 24 out of 39 events (61.5%), while positive flashes account for 13 events (33.3%)
497 and bipolar flashes for 2 events (5.1%). At night, the dominance of negative polarity is even more pronounced,
498 with 26 out of 37 events (70.3%) classified as negative, compared with 11 positive flashes (29.7%) and no bipolar

499 flashes.
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501 Figure 10 a) Dataset day—night split by flash type: balanced with respect to number of flashes occurring during day and night; b) LI detection
502 efficiency based on the day/night: preceding, during and overall efficiency (preceding and/or during);

503

504 Figure 11 shows flash duration versus the number of LGRs in the preceding and during-flash intervals, split
505 by day and night, together with the corresponding day/night median and mean values for the number of LGRs.
506 For LI LGR detections in the preceding interval, nighttime cases tend to include more detected groups (mean:

507  75.0 at night vs. 32.0 during the day). Among the five flashes with the highest number of groups in the preceding
508 interval, all are ICC-only flashes: three are positive and two are negative, with the three most intense cases being
509  positive. Four of the top five flashes with the highest number occurred during night.

510 In contrast, for detections during the flash, the trend is reversed: more LGRs are detected during the day than
511 at night (mean: 44.5 for daytime cases vs. 22.0 for nighttime cases). The three flashes with the highest numbers
512 of during-flash LGRs are associated with RSs, exhibit extreme group counts, and all occurred during the day.
513 Within the top five in terms of number of LI LGRs detected during the flash, all flashes are negative and all
514 occurred during the day. Moreover, the top ten flashes by the number of during-flash LGRs are all negative except
515  for one bipolar case. This is consistent with the dataset, in which negative flashes generally have longer durations
516  than positive flashes, which may help explain why more LGRs are detected for negative flashes than for positive
517 flashes: LI simply has more time to detect groups during longer-lasting negative events. Of the top ten flashes
518 with the highest during-flash LGR counts, only two occurred at night; the remaining eight occurred during the
519  day.

520 It would generally be expected that LI groups are easier to detect during nighttime because of the lower optical
521 background. Therefore, assuming comparable flash intensity and duration, a larger number of detected groups per
522 flash might be expected at night. However, in this dataset, the opposite tendency is observed for the during-flash
523 interval: both the mean and median number of LGRs are higher for daytime flashes than for nighttime flashes.
524 Inspection of the scatter plot for LI activity during the flash (Figure 11b) indicates that several daytime cases with
525 high numbers of LGRs include RSs or other pulse-type current components. This suggests that the larger number
526 of daytime groups may not be controlled only by the day—night detection conditions, but also by the current
527 structure and optical activity of individual flashes.
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528 A similar visualization of the day—night dependence of the number of LGRs in the preceding window, restricted
529 to ICC-only flashes and comparing positive and negative ICC-only flashes, is provided in Figure S8 of the
530 Supporting Information.

Flash duration (s) vs No. of LGRs in preceding and during activity (Day vs. Night)
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532 Figure 11 Flash duration versus number of LGRs in the preceding and during-flash intervals, split by day and night.
533 Furthermore, Figure 12 shows flash duration versus median radiance of LGRs detected in the preceding and

534 during-flash intervals, split by day and night, together with the corresponding mean and median radiance values
535 for daytime and nighttime cases. It must be noted that in the figure the calculated unweighted (by the number of
536 groups) mean and median are determined for unweighted median radiances of particular cases. It should be noted
537  that the mean and median values shown in the figure were calculated as unweighted statistics of the per-event
538 median radiance values, without accounting for the number of detected groups in each event. Nevertheless, when
539 the statistics are weighted by the number of groups per event, the relative relationship between daytime and
540  nighttime radiance remains unchanged. In both the preceding interval and during the flash, the mean and median
541 radiances are approximately 4-5 times higher during the day than those observed at night.

542 The ten cases with the highest number of LGRs in the preceding interval include positive and negative flashes
543 in roughly equal proportions; however, within the top five preceding-activity cases, four are ICC-only flashes and
544 three of ICC-only flashes are positive and the first with highest radiance value is ICC-only negative. For the cases
545 with the highest radiance during the flash, the top ten comprise five ICC-only flashes and five flashes that also
546 include pulse-type currents (e.g., RSs). Among the top two cases, one includes RSs and one is an SI case, both
547 cases negative; the next three cases are ICC-only. In the top five, four of the cases are negative. Since LI detection
548 is performed after background removal using a threshold that depends on the radiometric noise and background
549 conditions, this daytime enhancement likely reflects the preferential detection of stronger optical signals under
550 higher daytime background illumination.

551 A similar visualization of the day—night dependence of the median radiance during the current-flow window,
552 restricted to ICC-only flashes and comparing positive and negative ICC-only flashes, is provided in Figure S9 of
553 the Supporting Information.
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Flash duration (s) vs Median LGR radiance in preceding and during activity (Day vs. Night)
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555 Figure 12 Flash duration versus median radiance in the preceding and during-flash intervals, split by day and night.

556 4. Flash-level evaluation of LI observations

557 Here, two representative flashes are analysed to illustrate how LI group timing, location, and radiance relate to
558 the directly measured current waveform and to the LLS context.

559 4.1 Case 1: Upward Positive Flash with RS

560 Case 1 occurred on 26 November 2025 at 16:45:19.614 UTC and is classified as a positive flash (ICC + RS)
561 with a total duration of approximately 151 ms. The current measured at the instrumented WT indicated the
562 development of a negative upward leader, and reaches a peak of 15.2 kA. The temporal evolution of the LI
563 detections and the current waveform is summarized in Figure 13, while the spatial distribution of LI groups and
564 LLS detections is shown in Figure 14. A total of 55 LI groups were detected in the 500 ms preceding window and
565 48 during the flash, with no detections in the post window. The earliest LI detections occur about 0.19 s before
566 the current onset at distances of ~20-25 km, while the closest preceding groups are observed at ~7 km only ~56
567 ms before the initiation of current at the turbine.

568

569
570
571
572
573
574
575
576
577
578
579
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581 Figure 13. Temporal evolution of Case 1. The upper panel shows the current measured at the wind turbine together with the LI integrated
582 radiance (saturated at 40 mWm~1sr~1), while the lower panel shows the distance of LI groups (circles) and LLS detections (triangles) from
583 the turbine as a function of time relative to the current onset. LLS detections are classified as clod-tro-ground strokes (CG) and intra-cloud
584 discharges (IC).
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587 Figure 14. Spatial distribution of LI groups and LLS detections for Case 1. LI groups are color-coded according to their time relative to the
588 current onset, and dashed circles indicate distance from the instrumented wind turbine. Triangles correspond to LLS detections of clod-tro-
589 ground strokes (CG) and intra-cloud discharges (IC).
590 The spatiotemporal evolution of the LI groups (Figures 14 and 15) reveals a structured development of the

591 parent flash prior to the upward event. The earliest detections coincide with an LLS-classified intracloud discharge
592 (IC) located at ~20 km from the turbine, which is interpreted as the initiation of the parent in-cloud flash system.
593 Following this, LI activity is observed in multiple spatial clusters, initially at distances of 30-40 km and later
594 progressively closer to the turbine, reaching distances below 10 km during the last ~60 ms before current onset.
595 A second IC detection, located at 1.2 km from the turbine and occurring essentially at the onset of the flash, is
596  therefore identified as a likely nearby impulsive process temporally associated with current onset. This sequence
597 is consistent with a lightning-triggered upward flash, in which the first IC establishes the large-scale electrical
598 environment, while the later, nearby IC provides the final perturbation required to initiate the upward negative
599 leader from the structure.
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600 Once the current is initiated at the turbine, the LI observations show that the most intense optical emission
601 occurs approximately 30 ms after the current onset, simultaneously with the fastest current transition. This delay
602  between electrical and optical maxima is physically significant. It indicates that the initiation of current at the
603 turbine corresponds to the beginning of the upward connection process, whereas the strongest optical emission
604 observed by the satellite is associated with a later and more energetic stage of the flash, likely when the upward
605 negative leader becomes fully connected to the in-cloud discharge and a more luminous process develops in the
606 channel system aloft. The LI groups during this phase exhibit higher radiance, and are predominantly located at
607 distances of ~10-20 km from the turbine, confirming that the satellite primarily observes the luminous in-cloud
608 component of the flash rather than the local attachment process.
609 Following the main current peak, LI detections continue for several tens of milliseconds, including a secondary
610  radiance maximum around 0.10 s, while the LLS reports a cloud-to-ground (CG) discharge at a location different
611 from the instrumented turbine. This indicates that, after the upward leader from the turbine was triggered and the
612 main current pulse occurred, the parent flash system remained active and continued to evolve elsewhere within
613 the cloud and/or at another attachment point. Therefore, this case is best interpreted as a triggered upward flash
614 embedded within a larger and spatially extended flash system, rather than an isolated discharge confined to the
615 turbine.
616 4.2 Case 2: Upward Negative Flash with Return Stroke
617 Case 2 occurred on 25 January 2026 at 11:09:17.920 UTC and is classified as an ICC + SI + RS negative flash,
618 with a total duration of about 965 ms. In contrast to Case 1, no LI groups were detected in the 500 ms preceding
619  window, and no IC or CG discharges were reported by the LLS within 50 km before the onset of the current at
620  the instrumented WT. During the flash, however, 30 LI groups were detected. The temporal evolution shown in
621 Figure 15 indicates that the first LI detections occur only after the flash has already started. This behavior
622 immediately suggests that the optical activity becomes visible only once the flash is more fully developed aloft.
623
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624 Figure 15. Temporal evolution of Case 2. The upper panel shows the current measured at the wind turbine together with the LI integrated
625 radiance, while the lower panel shows the distance of LI groups and LLS detections from the turbine as a function of time relative to the
626 current onset. The red dashed line indicates the expected distance-time trend for a typical positive leader speed.
627
628 The absence of both LI and LLS detections prior to the measured current makes this event a candidate for self-
629 initiated upward lightning. At the same time, this interpretation should be stated carefully. The flash occurred
630 around local noon in Croatia, when the solar background is high, and this can reduce LI sensitivity to weaker
631 optical emissions. Therefore, the lack of preceding LI activity does not strictly prove that no in-cloud discharge
632 occurred before the flash. Nevertheless, the simultaneous absence of any preceding LLS-classified IC or CG
633 activity within 50 km is highly remarkable and is consistent with, but does not prove, self-initiation hypothesis.
634 Taken together, that would be consistent with a situation in which the ambient thunderstorm electric field above
635 the wind turbine became sufficiently strong to launch an upward leader directly from the structure, without any
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636 clearly detectable nearby triggering flash. In that sense, Case 2 appears fundamentally different from triggered
637 cases, where preceding in-cloud discharges can be identified and linked to the onset of the upward flash.
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641 Figure 16. Spatial distribution of LI groups for Case 2. LI groups are color-coded according to their time relative to the current onset, and
642 dashed circles indicate distance from the wind turbine.
643 Once the current starts, the LI detections form a compact and organized spatiotemporal pattern, as shown in

644 Figure 15 and 16. The groups are confined to distances of only a few kilometers from the turbine during the first
645 detected optical stage and then progressively extend outward with time, from roughly 1-8 km in the earlier part
646 of the LI sequence to about 10-16 km later in the flash. The time-distance plot suggests an apparent propagation
647 compatible, at least in order of magnitude, with the reference positive-leader-speed line shown in the figure (red
648 dashed line). Thus, the LI observations may be interpreted as the cloud-top luminous manifestation of the upward-
649 flash development after initiation, as the leader system extends away from the structure and the connected channel
650 system becomes increasingly luminous. This interpretation is also consistent with the spatial map, where the LI
651 groups remain concentrated around the turbine rather than being distributed over tens of kilometers.

652 The current waveform and LI radiance sequence further indicate that the flash becomes optically active only
653 after initiation and then evolves through several luminous bursts. In Figure 15, multiple LI radiance peaks occur
654 during the interval in which the current waveform exhibits repeated pulse-type activity superimposed on the longer
655 current flow. Four CG detections are reported by the LLS during this same interval, at times that coincide with
656 the LI activity. This suggests that, after the self-initiated upward leader was launched from the turbine, the flash
657 evolved into a more complex discharge containing stroke-type processes and repeated luminous activity in the
658 cloud. The late LI detections, including the strong pulses near the end of the current record and the post-window
659 group immediately after flash termination, indicate that the flash system remained optically active until the final
660 stage of the event.

661 5. Conclusions

662 This paper presents the first systematic evaluation of Meteosat-12 Lightning Imager observations using direct
663 current measurements of lightning flashes striking a tall structure at a site dominated by upward lightning activity.
664 Tall tower upward lightning differs fundamentally from natural downward cloud-to-ground lightning, particularly
665 during its initiation phase. Upward flashes begin with the development of an upward leader and are characterized
666 by a low-frequency, long-duration ICC, which may subsequently be followed by one or more RSs and CCs. In
667 contrast, in natural downward cloud-to-ground lightning, an RS occurs immediately after the downward leader
668 connects with a UCL initiated from the ground or a grounded object and may subsequently be followed by a CC.
669 In this context, the observatory provides a valuable dataset for validating LI observations of upward lightning and
670 assessing the instrument’s ability to detect the optical signatures associated with a wide range of current
671 components occurring within a flash, from low-frequency, long-duration currents such as ICC and CC to high-
672 frequency, pulse-type components such as RSs and ICC pulses.

673 Concretely, in this work we utilize an instrumented wind turbine in Croatia as the primary reference. The
674 analyzed dataset comprises 76 current waveforms recorded during an 18-month measurement campaign,
675 extending from July 2024, when Meteosat-12 began disseminating data, through February 2026. Specifically, the
676 LI Group (LGR) product was used in the analysis.
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677 The results demonstrated an overall LI flash detection efficiency of 76.3% when detections occurring either
678 during the preceding-activity window or during the measured current-flow window were considered. The
679 corresponding detection efficiencies were 61.8% for preceding activity and 65.8% during the measured current
680 flow. These findings demonstrate that the LI onboard Meteosat-12 detects a substantial fraction of wind-turbine
681 lightning cases, including flashes containing continuing-current processes such as ICCs and CCs. This capability
682 is particularly important because ground-based lightning location systems often have limited ability to detect ICCs
683 and CCs. Upward flashes may consist solely of an initial ICC phase, and at some instrumented sites, ICC-only
684 flashes account for approximately 40—50% of all upward flashes. Consequently, relying exclusively on LLS
685 observations may lead to a substantial underestimation of lightning occurrence and the associated risk at tall
686 structures.

687 The main conclusions can be grouped into two categories: (a) conclusions related to the detection efficiency
688 of the LI and its preferential detection characteristics with respect to lightning polarity, flash type, and
689 daytime/nighttime conditions, providing a foundation for a better understanding of the underlying lightning
690 initiation and development processes within the cloud structure; and (b) potential applications of the LI in power
691 systems, implied by and supported by the evidence presented in this measurement campaign.

692 5.1 Detection Characteristics of the Lightning Imager with Respect to Polarity, Flash Type, and Day/Night
693 Conditions

694 A key result is that the preceding and during-current windows provide different observational information. LI
695 detections before the onset of current at the turbine indicate that a large fraction of the cases were associated with
696 optical activity occurring before the measured current began, consistent with nearby or parent in-cloud lightning
697 activity that may contribute to upward-flash initiation. However, the absence of preceding-window LI detections
698 should not be interpreted as definitive evidence of self-initiation, since weak, obscured, or optically attenuated in-
699 cloud activity may remain below the LI detection threshold. During the during-current window, LI detectability
700 is more strongly affected by the current waveform structure, especially the presence of pulse-type components
701 such as RSs or pulses superimposed on continuing current, which are associated with stronger optical emissions.
702 The statistical analysis shows that LI performance also depends on the polarity of the flash. In the during-
703 current window, positive and negative flashes are essentially the same, with more than half of each subset detected;
704 this also holds true when comparing ICC-only positive and ICC-only negative flashes, thereby eliminating the
705 potential impact of impulsive phases such as RSs and allowing us to isolate the pure polarity effect on detection.
706 In the preceding window, however, positive flashes, particularly ICC-only positive flashes, exhibited higher
707  detection efficiency than negative flashes in this dataset. This can be explained by the fact that the triggering
708 mechanism in positive cases occurs near the upper main charge region inside the cloud.

709 Furthermore, negative flashes generally showed larger median LGR counts, especially in the during-current
710 window, consistent with their longer average duration.
711 Radiance statistics of the detected LGRs indicate that the higher radiance of negative flashes in the during-

712 current window in the full dataset is strongly influenced by cases with pulse-type current components. Within the
713 ICC-only subset, positive flashes showed higher median radiance than negative flashes, suggesting that LI
714 response for continuing-current-dominated flashes depends not only on the measured current at the turbine, but
715 also on the broader optical development of the associated cloud discharge.

716 The day/night analysis indicates that nighttime conditions slightly improve overall and during-current-window
717 detection efficiency, as expected since background optical noise is lower. However, the number of detected LGRs
718 and the radiance statistics are not controlled by day/night conditions alone. Several daytime negative flashes with
719 long durations and pulse-type current components dominate the during-current-window LGR counts, while
720 daytime median radiances are higher because LI thresholding under stronger background illumination
721 preferentially retains stronger optical signals. Therefore, flash type, current structure, duration, and polarity can
722 dominate over the simple day/night background effect.

723 The flash-level analysis further illustrates how LI observations relate to the directly measured current
724 waveform and to the LLS context. The selected cases represent two contrasting situations: one upward flash with
725 clear preceding LI activity before current onset, and one upward flash with no preceding LI or LLS detections
726 within the analysis window. These examples show that LI generally observes the cloud-top optical manifestation
727 of the broader lightning process rather than the local attachment process alone. Consequently, combining LI group
728 timing, radiance, distance, LLS detections, and directly measured current waveforms provides a physically
729 grounded approach for interpreting what LI observes during wind-turbine lightning events.

730 Finally, the results should be interpreted considering the relatively limited number of cases in each flash class
731 and the fact that the dataset comes from a single instrumented wind turbine in a winter-lightning region. Therefore,
732 the observed polarity- and flash-type-dependent tendencies should be regarded as characteristics of this dataset
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733 rather than as general conclusions for all upward lightning. Future detailed meteorological analysis is needed to
734 confirm storm type and further interpret these results. This could include classifying the illuminated cloud regions
735 as convective, stratiform, mixed, or non-raining/boundary, as well as determining the cloud optical depth.
736 Applying this to cases where positive flashes were detected versus not detected, and similarly for negative flashes,
737 would help establish whether the observed polarity-dependent detection differences are driven by storm type and
738  cloud optical thickness rather than by charge-region depth alone.

739 Nevertheless, the study demonstrates the value of direct lightning-current measurements for evaluating satellite
740 optical lightning observations and provides a reference methodology for future assessments of Meteosat-12 LI
741 performance for upward lightning and continuing-current-dominated flashes.

742 5.2 Implications of the Lightning Imager for Power-System Applications

743 The combined satellite and ground-based observations presented in this study highlight two characteristics of
744 LI measurements that may be relevant both for lightning research and for operational applications involving
745 power-system infrastructure.

746 First, LI detected optical emissions associated with several intense return strokes and provided spatial
747 information on the corresponding lightning activity. Such observations may complement measurements from
748 ground-based lightning location systems when investigating the relationship between lightning and faults or
749 interruptions in overhead transmission networks. In particular, the combined use of satellite and ground-based
750 observations could support the attribution of power-system events to nearby lightning activity, although the
751 suitability of LI for operational fault attribution will also depend on its detection efficiency, spatial uncertainty,
752 temporal sampling, and the characteristics of the lightning event.

753 Second, LI provides sequences of optical observations that may extend beyond impulsive return-stroke
754 emissions and include portions of the initial and subsequent continuing-current phases. These processes often go
755 undetected by operational LLSs, demonstrating the significant added value of LI detections. The accumulated
756 radiance of the LI groups associated with a flash may therefore provide information on the relative duration and
757 optical output of the flash. Although satellite-observed radiance cannot be interpreted directly as the electrical
758 energy transferred by the lightning current, it may serve as an observational indicator of differences among flashes
759 when interpreted together with current measurements and other ground-based observations. Over longer
760 observation periods, such information could contribute to identifying areas where infrastructure is repeatedly
761 exposed to optically intense or long-duration lightning activity.

762 These potential applications require further validation using larger datasets and a broader range of lightning
763 conditions. Nevertheless, the results indicate that LI observations may provide complementary information on
764  both impulsive and continuing lightning processes that is not always available from conventional lightning

765 location measurements alone.
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