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Abstract


In recent years, there has been a notable surge in lightning events within the Arctic region. This is possibly due to the ongoing trend of global warming that is particularly pronounced in the Arctic. This study focuses on instances of rare lightning activity in the proximity to the North Pole in the last decade. We hypothesize that these occurrences are linked to augmented land heating in Eurasia rather than solely due to the increasing temperatures in the Arctic region. This assertion is substantiated by model simulations using the Weather Research and Forecasting model.
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1. Introduction


Lightning activity, both global and regional, is an important and independent indicator of convective activity and climatic processes in the Earth system. The influence of climate change on global lightning activity has been suggested quite a long time ago [1,2,3], but in the last decade this topic has attracted more and more attention [4,5,6]. Lightning appears to be a sensitive thermometer of regional and global temperatures, and that in a warmer world lightning will be more common on average. The lightning correlations discussed here may also indicate a future increase in the frequency of extreme rain events [4,7]. In particular, enhanced summer warming in mid-latitudes has led to powerful Arctic convective systems with intense lightning activity beginning to be observed much more often. At the same time, there is observational evidence of an increase in thunderstorm events at high latitudes. Reports reveal a significant increase in the number of lightning events in the Arctic region over the past decade [8,9,10]. In 2022, the largest Russian hydrometeorological observatory, the Ice Base Cape Baranova Primary CryoNet Station (79°16′ N, 101°45′ E) on Severnaya Zemlya, recorded the longest thunderstorm (55 min) in the entire history of observations in the high-latitude Arctic [11].



Although such phenomena attract more and more attention, nowadays, there are still relatively few studies devoted to this problem. Ground-based lightning detection networks such as WWLLN [12] have expanded in coverage and sensitivity over the years, but the network structure can pose challenges for long-term trend analysis [13]. Nevertheless, the correlation of thunderstorm activity above 65° N and global temperature anomaly has been analyzed. According to the WWLLN, lightning data are increasing in the Arctic [8,9], likely a direct impact of climate change and the rising temperatures in the Arctic.



Future warming in the Arctic is expected to be above the global average, while accurately predicting future changes in lightning requires both consistent high-quality observations from ground-based networks and satellite observations, and modeling from advanced global weather forecast models such as, for example, the WRF-ARW [14]. Regional versions specifically for the Arctic (Polar WRF) [15] are currently being developed.




2. Data and Methods


This work is primarily devoted to a detailed analysis of the statistics of lightning strokes around the North Pole and considering possible reasons for this phenomenon. The analysis of the lightning activity in the Arctic region as a whole focuses on identifying the role of global warming and determining the features of its influence. Our consideration of the several cases of abnormal lightning activity in 2019–2023 north of 80° is based on the use of a wide range of experimental and numerical tools to study the characteristics and features of the convective systems development.



2.1. Global Lightning Data


In our analysis, the World Wide Lightning Location Network (WWLLN) data of lightning flashes are used [12]. The WWLLN consists of very low-frequency ground-based sensors. There are more than 70 sensors all over the world that locate lightning strokes by measuring the time of group arrival (TOGA) at five or more WWLLN stations. The data consist of coordinates (lon, lat), time, energy of the lightning flash and the number of WWLLN stations that detected the flash. Since 2015, the increase in the number of stations no longer affects the total number of recorded lightning flashes, so we use only these data for our analysis. For northern regions, we take into consideration only the strokes detected by six or more WWLLN stations. According to [9], we limited from below a number of stations that detected the stroke to exclude false positive detections.




2.2. Weather Research and Forecasting Model


We use a numerical Weather Research and Forecasting model [16] (namely WRF-ARW Core, V4.3.2) to simulate the atmospheric state for the observed thunderstorm events. The WRF model is an open source atmospheric dynamics model. The main support and development of new versions of the model are carried out by the National Center for Atmospheric Research (NCAR, Boulder, CO, USA). Blocks of parameterization of physical quantities are being developed by various scientific groups around the world.



The simulations were performed on two nested domains centered on the North Pole with polar stereographic projection. The grid resolution of the outer domain was 27 km (the size of the domain was 10, 800 × 10,800 km), the grid resolution of the inner domain was 9 km (the size of the domain was 5400 × 5400 km). For the vertical dimension, the model had 44 levels up to the level of 10 hPa. The time step of integration was 135 s for the outer domain and 45 s for the inner domain. The set of physics schemes for the WRF we chose is recommended for use in Polar regions. Options we used are shown in Table 1.



The initial conditions and boundary conditions were obtained from the NCEP GFS 0.25 Degree Global Forecast Grids Historical Archive [17]. The simulation was performed for 3 or 4 days to reconstruct the weather situation, i.e., the development and advection of the convective system during the whole lifetime of the thunderstorm. The first 6 modeling hours were not taken into account because of model spin-up.



In this study, we use the following modeled parameters. T2 (temperature at 2 m) lets us analyze the effects of Earth heating. Maximum radar reflectivity shows maximum dbZ in the atmospheric column. The areas of enhanced radar reflectivity correspond to areas of significant convective activity.




2.3. ERA5 Reanalysis


To assess a long-term temperature trend, we use ERA5 reanalysis [18] from 1980 to 2021. The global dataset consists of a large number of atmospheric parameters with a spatial resolution of 30 km and temporal resolution of 1 h. It combines the results of historical observations using modern modeling data assimilation systems.



For our analysis, we take the temperature at 2 m as an indicator of climate warming. We calculated the moving average value with 12-month window to eliminate the seasonal variation in temperature.





3. Results


We aim to investigate the underlying factors contributing to the observed increase in lightning activity within polar latitudes. To achieve this, we conducted an analysis of lightning occurrences in the vicinity of the North Pole, specifically focusing on latitudes north of 80°, starting from 2015. The choice of this latitude boundary was made due to the limited presence of significant land surfaces beyond it. In Figure 1, we present the monthly count of lightning events from 2015 to 2023, and the annual count of WWLLN-detected lightning events in the considered area (north of 80°) presented as numerical values at the bottom of the plot. The amount of lightning of the four most powerful thunderstorms is specified.



Figure 1 shows the monthly number of lightning strikes detected from 1 January 2015 to 30 November 2023 by 6 or more WWLLN stations and north of 80° N. Using the fraction of lightning above 80° N, as in [9], gave the same results. During the period under consideration, the efficiency of WWLLN detecting hasn’t changed.



Focusing on the years since 2019, it was discovered that almost every year was dominated by one powerful thunderstorm per year that affects the annual statistics. Dates of those thunderstorms were 10 August 2019, 1 July 2020, 28 July 2021, and 2 August 2023. Table 2 shows dates and time of the beginning and the end of extreme lightning activity in polar latitudes (north of 80° N). We consider a certain hour to be an hour of the thunderstorm when (a) more than 10 lightning strikes were detected in chosen area during that hour and (b) during the previous or/and the next hour, there were also more than 10 lightning strikes detected. The time limits of thunderstorms are quite wide due to the displacement of the area of convective activity in space and the fact that the area under consideration is quite large.



Figure 2 shows location of strikes north of 75° N during mentioned thunderstorms in 2019, 2020, 2021, and 2023.



To better understand the meteorology behind these storms, we simulated the atmospheric state during these thunderstorms with the WRF model (see Section 2.2). Using the numerical simulation of the state of the atmosphere gives us the finer scale parameters than the synoptic analysis and ERA5 data. WRF encompasses a multitude of parameters essential for estimating convective processes and the evolution of thunderstorm phenomena.



Periods of simulation were the following: 9 August 2019 00:00 UTC to 12 August 2019 00:00 UTC, 26 June 2020 00:00 UTC to 2 July 2020 00:00 UTC, 28 July 2021 00:00 UTC to 31 July 2021 00:00 UTC, and 4 August 2023 00:00 UTC to 7 August 2023 00:00 UTC. These periods included the periods of intensive lightning activity around the North Pole that are shown in Table 2.



In Figure 3, Figure 4, Figure 5 and Figure 6, we show the results of simulations for the storms on 11 August 2019, 1 July 2020, 28 July 2021, and 6 August 2023. The left and the central panels show the model output for temperature at 2 m and wind direction and maximum radar reflectivity (mdBZ) in the air column. The right panel shows the lightning data from the WWLLN dataset for 3 h. The applicable figures that demonstrate the development of the convective system in 2019, 2020, 2021, and 2023 are included in the Supplementary Materials. Moreover, figures with the 500 hPa level height are also available in the Supplementary Materials.



First of all, the figures reveal the local temperature maximum on the coast of the Arctic Ocean. The sea surface stays cold with temperatures lower than 10 °C. It leads to high-temperature contrast between the sea surface and the land surface. An evolution of the areas of high radar reflectivity happens as follows (see figures in Supplementary Materials). The development of the convective system starts over hot land. There is a usual storm front which we could see in middle latitudes. It is usually a mesoscale atmospheric vortex that then moves in space. In cases of abnormal thunderstorm activity around the North Pole, it moves to the upper latitudes.



Regions exhibiting elevated radar reflectivity in the Arctic Ocean align with the spatial distribution of lightning occurrences (right column). It is worth mentioning that not all of the depicted lightning strikes are connected with certain strong thunderstorms that are under consideration.



All storms are associated with a strong warming of the North Siberian Lowland and other northern parts of Eurasia (up to 35 °C) in the summer months. This is very unusual for such northern territories; however, it has appeared in four of the five summer seasons since 2019. On the other hand, the Arctic Ocean surface still remains very cold. Hence, the electrification processes in clouds over the ocean surface could not be effective at these low temperatures. This extreme warming over the land, with cool temperatures over the Arctic Ocean, produces an enhanced north–south temperature gradient that increases the baroclinic instability over the Arctic Ocean north of Siberia. This enhanced temperature gradient produces an enhanced polar jet stream over the Arctic that results in the genesis of storms that produce significant amounts of lightning due to the instability that develops in these storms. Hence, the extremely warm temperatures over northern Siberia drive the formation of storms over the Arctic, and hence impact the polar lightning north of 80 degrees. If such summer warmings continue to appear and expand in the coming years, we predict even more thunderstorms detected in the polar regions, and close to the North Pole.




4. Discussion and Conclusions


Our analysis of the lightning activity in recent years in the Arctic revealed the occurrence of a few intense thunderstorms each year that often result in lightning occurrence close to the North Pole.



Our numerical simulation of the weather around the North Pole during the days of extreme lightning activity showed the same pattern. The results of the simulations were the following. As a result of strong heating of the land surface in the Siberia region, strong convective systems develop due to the enhanced baroclinic instability that develops between the hot land areas and the cold Arctic ocean.



The polar lows that develop along the polar jet stream enhanced by this summer north–south temperature gradient have significant values of CAPE (not shown), producing significant precipitation, and associated lightning. In addition, the model dynamics of maximum radar reflectivity in the air column (mdBZ) show the regions of high mdBZ moving towards the North Pole during the storm’s lifetime. As the lightning location data show, the areas of lightning activity coincide with the areas with high mdBZ.



The storms and lightning do not form where we have the maximum temperature anomalies, but actually north of Siberia over the Arctic Ocean. Based on baroclinic theory, the storms form where we have the maximum north–south temperature gradient, which occurs over the Arctic Ocean, but are driven by the hot summer temperatures over Siberia. Our hypothesis posits that lightning patterns in the Arctic ocean align with global trends driven by the exceptional warming of certain regions in Eurasia. This regional warming is accompanied by an overall enhancement of baroclinic instability and an upsurge in the occurrence of unique and intense thunderstorms over the polar Arctic.



To strengthen this claim, we investigated an average temperature at 2 m during the previous 42 years using ERA5 data (see Section 2.3). Figure 7 shows the significant strong positive trend of temperature in area 55° N–75° N, 30° E–135° E. This area contains regions of Eurasia where the significant warming was simulated. As the numerical modeling represents thunderstorms that were observed, we assume that such temperatures of the land surface are also credible. According to the results, strong convective systems occurred over the continent and then moved towards the North Pole. We assume that powerful thunderstorms with similar characteristics may appear in the future because of this strong land-heating during the summer.



In conclusion, we have shown that the majority of lightning in the polar regions (north of 80 °N) is due to only a few intense thunderstorm days every summer. However, these thunderstorms appear to be a new feature in the region, with very few thunderstorms in previous years. We have shown that the concentration of this high-latitude lightning near the North Pole is primarily produced in storms that form over the Arctic Ocean north of Siberia. The reason for this fixed location over the past few years is due to the extreme summer heat observed in northern Eurasia, with temperatures reaching 35 °C in the summer months in Siberia. These extreme temperatures dramatically increase the north–south temperature gradient between land and ocean, and hence the baroclinic instability over the Arctic Ocean, which drives the formation of storms in the summer. These storms are highly unstable due to the warm continental air mixing with the cold polar air, with the resulting lightning in these storms. As the the average summer temperatures in northern Eurasia have been increasing, we can expect even more thunderstorms and lightning to occur north of 80° N, and soon, lightning near the North Pole may be a common summer occurrence.
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Figure 1. The number of lightning discharges per month during 2015–2023, north of 80° N, detected by WWLLN. These discharges were associated mainly with four significant storms. 
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Figure 2. Lightning locations detected by WWLLN during thunderstorms in 2019–2023. Green—2019, orange—2020, blue—2021, red—2023. 
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Figure 3. Atmosphere state on 11 August 2019 at 06:00 UTC. Left to right: temperature at 2 m and wind direction, maximum radar reflectivity in air column (mdBZ), WWLLN Data from 04:00 to 07:00 UTC on 11 August 2019. 
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Figure 4. Atmosphere state on 1 July 2020 at 06:00 UTC. Left to right: temperature at 2 m and wind direction, maximum radar reflectivity in air column (mdBZ), WWLLN Data from 04:00 to 07:00 UTC on 1 July 2020. 
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Figure 5. Atmosphere state on 28 July 2021 at 09:00 UTC. Left to right: temperature at 2 m and wind direction, maximum radar reflectivity in air column (mdBZ), WWLLN Data from 07:00 to 10:00 UTC on 28 July 2021. 
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Figure 6. Atmosphere state on 6 August 2023 at 12:00 UTC. Left to right: temperature at 2 m and wind direction, maximum radar reflectivity in air column (mdBZ), WWLLN Data from 10:00 to 13:00 UTC on 6 August 2023. 
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Figure 7. Temperature in Eurasia (55° N–75° N, 30° E–135° E) in 1980–2021, moving average with 12-month window. ERA5 data. 
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Table 1. WRF options chosen for Polar region.
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	Option
	Value
	Comment





	   mp _ physics   
	4
	WRF Single-Moment 5-class microphysics scheme



	   ra _ lw _ physics   
	4
	Longwave radiation scheme: RRTMG scheme



	   ra _ sw _ physics   
	2
	Shortwave radiation scheme: Goddard shortwave



	  radt  
	30
	Radiation timestep



	   sf _ sfclay _ physics   
	2
	Surface layer: Eta similarity



	   sf _ surface _ physics   
	2
	Land, water surface: Noah Land Surface Model



	   bl _ pbl _ physics   
	2
	Planetary boundary layer: Mellor-Yamada-Janjic scheme: Eta operational scheme



	   cu _ physics   
	1
	Cumulus parameterization: Kain-Fritsch scheme










 





Table 2. Date and time of the beginning and the end of thunderstorms in 2019–2023 north of 80° N, according to WWLLN data.
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	Year
	Start Date
	End Date





	2019
	10 August 2019 8:00 UTC
	11 August 2019 6:00 UTC



	2020
	1 July 2020 5:00 UTC
	1 July 2020 21:00 UTC



	2021
	28 July 2021 6:00 UTC
	29 July 2021 21:00 UTC



	2023
	2 August 2023 11:00 UTC
	3 August 2023 01:00 UTC



	2023
	4 August 2023 17:00 UTC
	6 August 2023 23:00 UTC
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