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Abstract. Thunderstorms and their associated hazards pose a significant threat
to society and the economy. In Europe, between 1980 and 2022, thunderstorms caused
an estimated EUR 190 billion in economic losses. In Romania, the rate of cloud-to-
ground (CG) lightning fatality is one of the highest in Europe. This study aims to
reevaluate the risk of lightning in Romania by updating the CG lightning climatol-
ogy for the period 2010–2022 and analysing long-term changes (1941-2022) in the
frequency of thunderstorm environments. Data were obtained from the Arrival Time
Difference Lightning Network (ATDnet) and the ERA5 reanalysis. On average, ap-
proximately 760,000 flashes occurred each year in Romania during the study period,
with a maximum mean annual flash density of approximately 6.5 flashes km−2 yr−1

over the Southern Carpathians. Approximately 75% of all flashes were detected in
June–August, with a peak in the afternoon hours. There is a general decrease in flash
density in Romania, but this trend is statistically significant only in western Romania.
The highest number of hours with thunderstorm environments (270–390 hours yr−1)
was predominantly observed in the mountainous regions of central and western Ro-
mania. There is a significant increase in the number of hours with thunderstorms per
decade, especially in eastern and southern Romania (>4 hours per decade). The re-
sults of this study allow for a better understanding of the risk posed by CG lightning in
Romania, improved forecasting of thunderstorms, and serve as a basis for developing
mitigation strategies to reduce the impact of CG lightning.

Key words: thunderstorms, climatology, Romania, trends in thunderstorms envi-
ronments.
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1. INTRODUCTION

Storms and their associated hazards (e.g., large hail, severe wind, flash floods,
cloud-to-ground lightning, tornadoes) pose a significant societal and economic threat.
For example, floods are the leading cause of thunderstorm-related fatalities in the

(c) 2024 RRP 76(0) 710 - v.2.0*2024.10.11 —ATG



Article no. 710 Andreea Cristian et al. 2

United States, followed by tornadoes and cloud-to-ground lightning [1–5]. From an
economic perspective, storms can cause power outages, disrupt transportation sys-
tems, and damage infrastructure. The economic impact of storms can also be seen in
the costs of repairs and restoration, as well as in the loss of revenue for businesses
affected by the disruption. In Europe between 1980 and 2022, storms (including
lightning and hail) and mass movements caused economic losses estimated at EUR
190 billion (representing approximately 30% of all weather and climate-related ex-
tremes) [6]. According to a recent report by Munich RE, in 2023, losses in Europe
due to storms were estimated at EUR 9.1 billion (of which EUR 7.2 billion were
insured) [7].

Among the various hazards associated with storms, one of the most impactful is
cloud-to-ground (CG) lightning, as it can cause fires, damage the infrastructure, and
even fatalities. In fact, the largest forest fires that start in the Mediterranean basin are
mainly caused by lightning [8]. Lightning-related fatalities have been analysed for
different European countries. Thus, Tilev-Tanriover et al. [9] constructed a database
of lightning-related fatalities for Turkey covering the period from January 1930 to
June 2014, using data from multiple sources, including the Turkish State Meteoro-
logical Service, newspaper archives, European Severe Weather Database (ESWD,
[10, 11]) and online resources. Their results showed that the lightning fatality rate in
Turkey between 2012 and 2014 was 0.37 fatalities per million inhabitants per year.
For Romania, Antonescu and Cărbunaru [12] used medical death certificates and data
from the ESWD to analyse changes in lightning–related fatalities between 1999 and
2015. The results indicated that the lightning fatality rate in Romania (1.8 fatalities
per million inhabitants per year) was one of the highest in Europe. This result was
recently confirmed by Kühne et al. [13], who showed based on data extracted from
the ESWD between 2001–2020, that the highest lightning fatality rates in Europe
are in Bulgaria (8.6 fatalities per million inhabitants per year) followed by Moldova
(7.7), and Romania (5.8).

The societal and economic impact of lightning needs to be considered also from
a climate change perspective. For example, using the convective available potential
energy (CAPE) and convective precipitation (CP) from a series of CMIP5 (Coupled
Model Intercomparison Project) Global Climate Models (GCMs) based on RCP8.5
scenario, Romps et al. [14] constructed a proxy for the frequency of lightning strikes
over the United States. Their results indicated that the number of lightning strikes
increase by approximately 12% for one degree rise of the mean global temperature.
Also based the RCP8.5 scenario and using eight parametrization in the Community
Atmospheric Model (CAM5), Clark et al. [15] showed that the lightning flash density
is projected to increase by 3.7% per degree of warming. More recently, Kahraman
et al. [16] used a km-scale model that explicitly resolved convection across Europe
to study future changes in lightning patterns. They projected a northward shift in
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favourable weather regime, leading to increased lightning frequency at higher lat-
itudes and more thunderstorms over the Alps. However, lightning is projected to
decrease over lower terrain elsewhere in Europe and over the sea. Unfortunately,
this study does not provide of full picture of the projected changes in lightning fre-
quency of Romania. Furthermore, their results emphasise the necessity to reassess
the lightning risks to wildfires, properties, and human safety across Europe.

In Romania, in the last decades, studies on atmospheric phenomena have been
focused on various other topics, e.g., the occurrence of clear air turbulence occur-
rence [17], finer model developing for data series analysis of climate variables at the
regional scale [18], changes in weather variables with an impact on local climate [19],
climatology of characteristics of low-level clouds [20], weather impact on air pollu-
tion [21] or dust intrusions [22]. Previous research on lightning and thunderstorms
in Romania has been limited (e.g., [23]). This paucity of studies exists despite the
significant impact these atmospheric phenomena can have on daily life, public safety,
and economic stability. This study aims to address this research gap.

Given the impact of CG lightning in Romania (i.e., one of the highest fatality
rates in Europe) and the projected increase in lightning density, this study aims to
re-evaluate the lightning risk in Romania. First, the CG lightning climatology for
Romania will be updated using data collected between 2010 and 2022. The previ-
ous CG lightning climatology for Romania covered the period 2003–2007 (except
for 2006) [23]. Second, the long-term changes (1941–2022) in frequency of thun-
derstorms environments in Romanian will be analysed. This, will allow a (1) better
understanding of the risk pose by CG lightning in Romania, (2) a better forecasting of
thunderstorms, and (3) server a as base for the development of mitigation strategies
to reduce the impact of CG lightning.

2. DATA AND METHODS

2.1. LIGHTNING DATA

The lightning data used in this study were acquired from the Arrival Time Dif-
ference Lightning Network (ATDnet) managed by the Met Office. The ATDnet sys-
tem is a ground-based long-range lightning locating system operating at very low
frequencies (VLF), specifically within the frequency range of 3–30 kHz. The net-
work consists of a total of ten sensors that operate continuously at a frequency of
13.733 kHz [24]. The sensors of ATDnet have the capability to detect sferics that are
produced by cloud-to-ground (CG) lightning return strokes and high-current intra-
cloud (IC) lightning [2]. The sferics are propagating across long distances within the
Earth-ionosphere waveguide. Thus, the detection efficiency is lower at night [25, 26].
The network is capable of detecting approximately 90% of the CG return strokes
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and up to 25% of the IC flashes [24]. In western Europe, the location accuracy is
approximately 1–2 km and 5–10 km for the other regions [24, 27]. Following the
methodology proposed by [24, 28], all ADTnet detections (i.e., CG lightning strokes
or powerful IC lightning) that occurred less than 20 km and 1 s from each other were
grouped into flashes. The resulting flash database was used in this study.

2.2. ERA5 REANALYSIS

ERA5 reanalysis was used to characterise thunderstorm environments. ERA5
is a global atmospheric reanalysis data set produced by the European Centre for
Medium-Range Weather Forecasts (ECMWF) [29]. Data between 1941–2022 with
hourly resolution were used in this study. The horizontal grid spacing is 0.25◦ and the
data are available on 137 terrain-following hybrid-sigma model levels. Thus, ERA5
offers comprehensive atmospheric data with high spatial and temporal resolution,
making this dataset suitable for climatological analyses.

Based on the vertical profiles derived from ERA5, a series of thermodynamic
and dynamic parameters can be extracted. Thermodynamic parameters used in this
study, such as the convective available potential energy (CAPE), were calculated
based on a mixed layer (ML) parcel. A ML parcel is calculated by averaging the po-
tential temperature and mixing ratio over 0–500 m AGL layer and initialising from
surface. This method presents both benefits and drawbacks in comparison with a
surface-based (SB) parcel. The characteristics of the ML parcel exhibit less temporal
and spatial variability and typically yield lower CAPE values compared to the SB
approach. Previous studies exploring thunderstorm environments often favoured the
use of ML CAPE [30]. Furthermore, Craven et al. [31] demonstrated that ML parcels
provided more precise estimations of the height of the cloud base. The parameters
used in this study based on ERA5 were processed with the R language package thun-
deR [32].

ERA5 data has several limitations. First, the spatial resolution (that is, approx-
imately 31 km) may not capture localised variations in atmospheric conditions that
can influence the development and intensity of thunderstorms. Secondly, the hourly
temporal resolution might not be sufficient to capture rapid changes in atmospheric
conditions that often occur during the formation and evolution of thunderstorms.
Lastly, as a reanalysis product that combines observations and model simulations,
ERA5 data can introduce uncertainties and biases in the derived thermodynamic and
dynamic parameters, potentially affecting the accuracy of thunderstorm proxies. De-
spite these limitations, ERA5 data can still be used successfully to study thunder-
storm environments, provided that these limitations are considered in the interpreta-
tion of the results.
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2.3. ENVIRONMENTAL PROXIES FOR THUNDERSTORMS

Previous studies on thunderstorms proxy used different definitions and thresh-
olds (e.g. [33, 34]). For example, van den Broeke et al. [34], indicated that CAPE
values between 18–25 J/kg are needed to obtain vertical velocities of 6–7 m/s neces-
sary for the non-inductive charging mechanism to produce electrical charges inside
the cloud [35]. The CAPE thresholds used by van den Broeke et al. [34] were 100 J
kg−1. More recently, Taszarek et al. [33] used CAPE exceeding 150 J kg−1 as a nec-
essary condition for the development of thunderstorms. In this article, the threshold
value for CAPE proposed by Taszarek et al. [33] was used.

Using a single environmental parameter to discriminate between thunderstorm
and non-thunderstorm environments can lead to erroneous estimations. To overcome
this issue, additional parameters can be used, such as Convective Precipitation (CP).
As shown in previous studies, CP can be used as a proxy for thunderstorm initiation
(e.g., [33, 36]). CP is the accumulated liquid and frozen water, comprising rain and
snow, that falls to the Earth’s surface, generated by the convection scheme in the
ECMWF Integrated Forecasting System (IFS). This parameter is the total amount of
water equivalent accumulated over a particular time period, which depends on the
data extracted. Values greater than 0.25 mm h−1 were previously used to discrimi-
nate thunderstorms and non-thunderstorm environments. Thus, Taszarek et al. [33]
defined a thunderstorm environment as an environment with CAPE greater than 150
J kg−1 and CP greater than 0.25 mm h−1. Sensitivity analysis showed that CAPE
greater than 150 J kg−1 and CP greater than 0.075 mm h−1 are the best proxy thun-
derstorm environments in Romania.

2.4. STATISTICAL ANALYSIS

To identify and assess monotonic trends in flash density and the number of
hours with environmental conditions conducive to thunderstorms, the nonparametric
Mann-Kendall trend test coupled with Theil-Sen slope estimator [37, 38] was used.
The M-K test evaluates whether there is a monotonic upward or downward trend
in the data over time. A trend was considered statistically significant if the p-value
was below 0.05, indicating thus strong evidence against the null hypothesis of no
trend. The T-S method estimates the slope of a trend by calculating the median of all
possible slopes between data points. Leaving out assumptions about the underlying
distribution of the data and not being sensitive to outliers, this robust method is a
reliable measure of the magnitude of the trend.
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3. RESULTS

3.1. LIGHTNING FLASH CLIMATOLOGY FOR ROMANIA

Data from the ATDnet lightning detection network were analysed for the period
2010–2022 to create a lightning flash climatology for Romania. Thus, approximately
760,000 flashes occurred on average each year in Romania during the study period,
with a peak in 2010 (i.e., approximately 1,1 million flashes, Fig. 1). The year-to-year
variability in the number of flashes in Romania is due to different mesoscale and
synoptic conditions conducive to deep moist convection. According to Antonescu
and Burcea [23], 440,000 CG flashes were observed in Romania on average per year
between 2003 and 2007 (except for 2006). The increase in the mean annual number
of flashes observed in this study can be attributed to the fact that ATDnet data include
both CG and IC flashes, resulting in a higher number of events.

Fig. 1 – Annual ATDnet lightning flash counts from 2010 to 2022.

Terrain variations that range from plain regions in southern Romania to moun-
tain regions in central Romania modulate flash activity [23]. Thus, the mean annual
flash density in Romania has a maximum of approximately 6.5 flashes km−2 yr−1

over Southern Carpathians (Fig. 2a) and shows high values over western Romania
and the foothills of the Southern Carpathians (i.e. more than 4.5 flashes km−2 yr−1).
The lowest flash density were observed over eastern and southeastern Romania (i.e.,
less than 3 flashes km−2 yr−1). The spatial distribution of flash density in Romania
is similar with that obtained by Antonescu and Burcea [23] (their Fig. 4) and more
recently by Enno et al. [24] (their Fig. 3). As indicated by Antonescu and Burcea
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[23], the topography and atmospheric conditions in western and southern Romania
contribute to the development and longevity of thunderstorms in these regions. In
western Romania, the westerly slopes interact with the moist air carried by the west-
erly winds, which prolongs the duration of thunderstorms. In the southern part of the
country, the combination of moist air originating from the Mediterranean Sea and the
increased solar radiation on the south-facing slopes creates favourable conditions for
thunderstorm formation.

There is a decrease in flash density in general in Romania, but this trend is
statistically significant in western Romania (Fig. 2b). This trend can be associated
with changes in the ATDnet detection efficiency or with a decrease in the number of
hours with favourable conditions for thunderstorms (this topic will be investigated in
detail in Section 3.2).

Figure 3 illustrates the monthly distribution of lightning flashes from the total
number of flashes. The lowest percentages occur during the winter months (i.e.,
approximately 0.027% for Dec–Feb). Starting in March, there is a noticeable upward
trend, reaching a peak in June (32.5% of all flashes). Following this peak, a gradual
decline in the percentage of lightning flashes is observed, continuing until December.
This pattern suggests a strong seasonal variation in lightning activity, with the highest
frequency occurring in the late spring to early summer period, and the lowest activity
during the winter season. Approximately 75% of all flashes were detected in June–
August. Similarly, Antonescu and Burcea [23] CG flash counts peak in Romania in
the summer months of June-August (that is, 80% of the total CG lightning activity).

The highest number of flashes was detected in June–July almost every year
during the study period (Fig. 4). The combination of high summer temperatures,
increased moisture availability, atmospheric instability, frequent weather fronts, and
geographical factors (e.g., Carpathian Mountains, the Black Sea) contribute to the
increased incidence of lightning flashes in Romania during June and July. Even if
lightning activity was observed in April (e.g., 2018–2020) and October (e.g., 2020),
we can define May–September as the thunderstorm season in Romania (Fig. 4).

The distribution of lightning flashes in Romania is strongly influenced by the
diurnal heating cycle (Fig. 5). The peak in lightning activity during the afternoon
hours (i.e., 12:00–13:00 UTC corresponds to 14:00–17:00 local time in Romania dur-
ing summer–UTC+3) is due to maximum solar heating, which enhances atmospheric
instability and convection. As the day progresses into the evening, the decrease in so-
lar heating reduces thunderstorm activity. Early morning hours (00:00–09:00 UTC)
see minimal activity as a result of the lack of solar heating and reduced convec-
tive processes. This pattern is typical for regions experiencing continental summer
climates, where daytime heating plays a crucial role in thunderstorm formation. An-
tonescu and Burcea [23] obtained similar results. Their results indicated that diurnal
variation of the CG lightning has a peak during 12:30–14:30 UTC, with a maximum
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Fig. 2 – (a) The mean annual flash density (flashes km−2 yr−1) for Romania between 2010–2022
based on ATDnet data. (b) The trend in the annual flash density (flashes km−2 yr−1) between

2010–2022. Trend was calculated using the Theil-Sen slope estimator. Statistical significance at
p<0.05 using the Mann-Kendall trend test is indicate by a black dot.
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Fig. 3 – Monthly percentage of flashes from the total number of detected flashed detected by ATDnet
between 2010–2022.

Fig. 4 – Heatmap showing the monthly percentage from the total annual number of flashes for each
year detected by ATDnet between 2010–2022. Only month with percentage greater than 1 are

represented.
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Fig. 5 – Hourly percentage percentage of flashes from the total number of detected flashed detected
between 1941–2022.

around 13:45 UTC in spring and 13:30 UTC in summer.

3.2. THUNDERSTORMS ENVIRONMENTS

Having established a detailed lightning climatology for Romania, it is essential
to explore the meteorological conditions that lead to the development of thunder-
storms. This section investigates the average number of hours and trends in the oc-
currence of thunderstorm environments based on the ERA5 reanalysis. By examining
these underlying environmental factors, we aim to provide a deeper understanding of
the dynamics driving thunderstorm activity and its temporal evolution, complement-
ing our lightning climatology findings.

The highest number of hours with thunderstorm environments, ranging from
270 to 390 hours per year, are predominantly observed in mountainous regions of
Central and Western Romania (Fig. 6a). This can be attributed to orographic lifting
and the presence of mountain-induced convection. However, lower values, below
150 hours per year, characterise regions such as Dobrogea and Moldavia, with mini-
mal occurrences noted along the Black Sea coast. This could be due to the stabilising
influence of the sea, which can suppress convective activity compared to inland ar-
eas. The Romanian Plain and extreme western Romania exhibit intermediate values,
ranging from 150 to 270 hours annually. As expected, the spatial distribution dis-
tribution in the number of hours with environments favourable to thunderstorms is
similar to the observed distribution of lightning flash density (Figs. 2a and 6a).

Figure 6b shows the trend in the number of hours per decade with environmen-
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Fig. 6 – (a) The mean annual number of thunderstorm hours for Romania between 1941–2022 based
on ERA5. (b) The trend in annual number of thunderstorm hours between 1941–2022. Trend was

calculated using the Theil-Sen slope estimator. Statistical significance at p<0.05 using the
Mann-Kendall trend test is indicate by a black dot.
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tal conditions for thunderstorms in Romania. There is a significant increase in the
number of thunderstorm hours per decade, particularly in the eastern and southern
parts of Romania (>4 hours per decade). The influence of the Black Sea probably
contributes to this trend through the sea breeze effect, which enhances convective
activity. The black dots indicating statistical significance suggest that the observed
increases in these regions are not due to random variability, highlighting a strong
change in thunderstorm activity over time in these areas.

The significant increases in thunderstorm hours observed over the eastern part
of Romania, particularly near the Black Sea, may be related to broader climatic trends
identified over eastern Europe. Research indicates that this region has experienced
notable temperature increases (>0.05◦C per decade), primarily due to subtle changes
in near-surface moisture levels [39]. As temperatures rise, the near-surface mixing
ratio adjusts, leading to reduced relative humidity and deeper boundary layer mixing.
These changes create more unstable atmospheric conditions that favour the develop-
ment of thunderstorms [39]. Consequently, the enhanced thermal and moisture dy-
namics probably contributed to the observed trends in the increase in thunderstorm
hours, particularly in areas showing statistical significance.

4. CONCLUSIONS

This study provides a comprehensive analysis of the climatology of thunder-
storms in Romania from 1941 to 2022, based on data from ATDnet lightning obser-
vations and the ERA5 reanalysis. The main conclusions are as follows:

• The regions with higher lightning density (i.e., greater than 4 flashes km−2 yr−1)
are the mountainous areas of the Carpathians and extending over southwestern
and western Romania.

• Lightning activity in Romania exhibits strong seasonal variation, with the high-
est frequency occurring in June–July. This is largely due to the optimal condi-
tions for convective storm development during these months.

• Diurnal patterns show a peak in lightning activity during the afternoon hours
(12:00–13:00 UTC), corresponding to the period of maximum solar heating and
atmospheric instability.

• The highest number hours with environmental conditions for thunderstorms
(i.e., 270 to 390 hours per year) were observed in the mountainous regions of
Central and Western Romania. In contrast, regions like Dobrogea and Moldavia,
especially along the Black Sea coast, show lower values (below 150 hours per
year) due to the stabilising influence of the sea, which suppresses convective
activity.
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• There is a significant increase in the number of hours with environmental con-
ditions for thunderstorms over almost entire Romania, especially in the eastern
and southern parts of Romania (greater than 4 hours per decade).

The updated climatology of thunderstorms and the identification of trends in
thunderstorm environments provide valuable information for risk assessment and the
development of mitigation strategies. This is particularly important in reducing the
impact of thunderstorms (e.g., lightning fatalities).
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