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Interannual and Seasonal Variability of Lightning Flash Density and Related Meteorological Parameters over Sri Lanka (2003–2014)
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ABSTRACT 
	This study primarily examines the annual and seasonal variations in lightning flash density and associated meteorological parameters from 2003 to 2014. The trends in lightning flash density are analyzed in relation to meteorological variables such as aerosol optical depth (AOD), relative humidity (Rh), effective cloud droplet size (CDZ), Ångström exponent, and wind patterns. The study focuses on Sri Lanka, covering the region between 5.5°–10.0°N latitude and 79.0°–82.0°E longitude. Additionally, the study explores the complex relationship between lightning activity and AOD. The findings reveal that lightning occurred on 710 days, accounting for approximately one-fifth of the total study period. When AOD values were between 0.6 and 0.7, the maximum lightning flash density (2.92 × 10⁻⁴ flashes/km²/day) was recorded. Both lightning and AOD and cloud droplet size and lightning flash rate density were found to be negatively correlated. Furthermore, variations in relative humidity were found to influence lightning activity, with relative humidity increasing as AOD increased, and vice versa. These results underscore the significance of aerosol concentration in modulating relative humidity, which in turn affects lightning intensity.


Keywords: Lightning, relative humidity, AOD, cloud droplet and correlation.
1. INTRODUCTION 

Lightning is among the most hazardous extreme weather events, causing thousands of fatalities worldwide each year. Estimates suggest that between 6,000 and 24,000 deaths occur annually due to intense lightning activity (Cooper & Holle, 2019). Beyond its toll on human life, lightning also inflicts substantial economic damage. In 2021 alone, lightning-related incidents led to approximately $1.3 billion in damages across the United States (Krishna et al., 2023; Borden & Cutter, 2008). Apart from its destructive consequences, lightning plays a crucial role in atmospheric chemistry as the primary natural source of nitrogen oxides (Levy et al., 1996). These compounds significantly impact air quality and climate dynamics, making lightning prediction essential for both hazard mitigation and environmental protection. Lightning primarily occurs during thunderstorms, which develop under conditions of high atmospheric moisture and instability (Carey & Rutledge, 1996; Kamra & Ramesh Kumar, 2021; Chathurangika et al., 2022). As a localized atmospheric phenomenon, lightning originates from electrical discharges within thunderstorms. These discharges, carrying immense electrical energy, result from the separation of positive and negative charges within clouds (Orville et al., 2001). In some cases, charge imbalances extend between clouds and the ground. Under stable atmospheric conditions, charge distributions remain undisturbed; however, in unstable conditions, charge separation intensifies, exerting pressure on the surrounding air and ultimately triggering powerful electrical discharges (Boccippio et al., 2000; Umakanth et al., 2022; Umakanth et al., 2020; Bovalo et al., 2012). Lightning manifests in two primary forms: intra-cloud lightning, where electrical charges interact within a single cloud, and cloud-to-ground lightning, which occurs when charges are exchanged between the Earth's surface and a thunderstorm cloud (Michalon et al., 1999; Singh et al., 2015; Williams, 2005; Lal et al., 2018).

Aerosols play a critical role in modulating lightning activity. Numerous studies have demonstrated that increased aerosol concentrations enhance lightning frequency, particularly in tropical regions (Williams et al., 2005; Christian et al., 2003; Williams & Stanfill, 2002; Rosenfeld, 1999; Tao et al., 2012; Fan et al., 2016; Li et al., 2016, 2017; Ramesh KP & Kamra AK, 2012; Wang et al., 2018; Sekiguchi et al., 2006; Ramesh Kumar & Kamra, 2012; Zhang et al., 2007; Jayawardena et al., 2014). Zhao et al. (2017) reported that higher aerosol levels contribute to cloud droplet formation, intensifying convective activity. Additionally, Wang (2005) emphasized the impact of topography on aerosol dispersion and precipitation patterns, while Lee et al. (2008) explored the correlation between aerosol concentrations and rainfall. Further research indicates that increasing aerosol concentrations reduce cloud droplet size, facilitating warm rain processes (Wang et al., 2011). Liu et al. (2020) demonstrated that aerosols influence vertical humidity and temperature profiles, fostering cloud ice formation and enhancing latent heat release, thereby strengthening deep convection. This process indirectly amplifies non-inductive lightning activity by intensifying thunderstorms. Lal et al. (2018) observed a positive correlation between aerosol concentrations and lightning activity. Jnanesh et al. (2022) underscored the role of relative humidity in regulating aerosol concentrations, particularly in unstable atmospheric conditions, which subsequently influence the lower cloud layers. Their research also showed that aerosols and lightning have a nonlinear relationship, with humidity serving as a key modulator. Zhang et al. (2022) examined aerosol effects over continental and marine regions, finding that while marine aerosols tend to suppress convection, continental aerosols enhance it. Their study further highlighted the impact of aerosols on cloud formation at varying altitudes and observed that increased maritime aerosol levels enhance the optical thickness of cirrus and anvil clouds.

Research has also linked high lightning activity over Sichuan to elevated aerosol concentrations (Zhao et al., 2020). Similarly, Singh et al. (2013) found that lightning flashes intensify in moist environments with increased atmospheric aerosol levels. Strong updrafts are associated with intense thunderstorms, whereas weaker updrafts promote rainfall activity. Additionally, winds significantly influence thunderstorm dynamics (Andreae et al., 2004; Ramesh Kumar & Kamra, 2013; Koren et al., 2005). Convective Available Potential Energy (CAPE) is a key dynamic parameter that governs updraft strength and plays a vital role in lightning occurrence. As CAPE quantifies atmospheric instability during humid convection processes, it serves as an effective predictor of lightning activity (Kilinc & Beringer, 2007). Kumar & Kamra (2012) demonstrated that clouds with high moisture content are strongly affected by elevated aerosol concentrations. Yuan and Qie (2008) studied South China and found a strong positive correlation between aerosol concentrations and effective cloud droplet radius. Additionally, aerosol transport can trigger local convection, influencing atmospheric stability (Emanuel, 1994). Other thermodynamic factors, including wind shear, stability indices, and humidity, also affect lightning occurrence (Eddy, 2018; MacGorman et al., 2018). In Sri Lanka, lightning is one of the leading causes of weather-related fatalities and infrastructure damage. According to National Disaster Relief Services Centre (NDRSC), lightning incidents account for a significant proportion of storm-related deaths each year, particularly during the two monsoon seasons. Rural communities, in particular, suffer major impacts, with frequent disruptions to agriculture, telecommunications, and power supply networks. Moreover, Sri Lanka’s growing urbanization and the expansion of critical infrastructure in lightning-prone areas heighten vulnerability to lightning hazards. Despite these serious impacts, there has been relatively little systematic research on the meteorological and environmental factors driving lightning activity across the island.
Despite the growing body of research exploring the links between aerosols, humidity, and lightning, studies specifically focusing on Sri Lanka and the surrounding South Asian maritime region remain limited and fragmented. A few notable efforts (e.g., Sonnadara, 2014; Chathurangika et al., 2022) have investigated lightning trends or aerosol properties in this region, but comprehensive assessments that integrate lightning activity with multiple meteorological and thermodynamic parameters, including aerosol optical depth, cloud microphysics, and atmospheric stability indices, are still lacking. Moreover, the combined influence of these parameters on lightning activity—especially during different seasons—has not been adequately addressed.
This gap is particularly significant given Sri Lanka’s unique tropical maritime climate, its monsoon-driven weather variability, and its susceptibility to convective storms, all of which demand region-specific analysis. Existing global or continental-scale studies cannot fully capture the localized dynamics influencing lightning over this region.

Therefore, the present study aims to fill this critical knowledge gap by examining the interrelationship between lightning activity and meteorological factors such as relative humidity, wind speed, aerosol optical depth, convective indices (like CAPE, KI, TTI), and cloud properties over Sri Lanka. By using high-resolution satellite and reanalysis datasets over a multi-year period, this work provides a deeper understanding of the environmental conditions that favor lightning development in this climatically sensitive region. The findings contribute not only to lightning climatology but also have implications for regional weather forecasting, climate resilience, and hazard management.
2. Methodology
2.1 Study site
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Fig.1 Study area map with sub-divisions over the Sri Lanka region. 
Sri Lanka, a small island nation in southern Asia, is situated between 79°–82°E longitude and 5°–10°N latitude, covering approximately 65,610 square kilometers. With a population of nearly 21.8 million (Sri Lanka Socio-Economic Data 2020), it is among the most densely populated islands. Like the Indian subcontinent, Sri Lanka experiences four distinct seasons: the First Inter-Monsoon (March–April), Northeast Monsoon (December–February), Southwest Monsoon (May–September), and Second Inter-Monsoon (October–November). The Northeast Monsoon delivers an average annual rainfall of around 2,500 mm. The island exhibits both dry and humid climatic regions, with lightning activity occurring more frequently in moist areas than in arid zones (Alahacoon et al., 2021). The Western region, being the most densely populated, also records the highest frequency of lightning strikes (Maduranga, 2022). Among the four seasons, the First Inter-Monsoon (March–April) experiences the most lightning incidents, whereas the Northeast Monsoon (December–February) sees the fewest (Maduranga et al., 2019). Overall, lightning activity in Sri Lanka is strongly linked to the monsoon seasons. The study domain is depicted in Fig. 1.
2.2 DATA

For this study, multiple high-quality satellite and reanalysis datasets were used to investigate the relationship between meteorological parameters and lightning activity over Sri Lanka. Each dataset was selected based on its proven reliability, spatial-temporal coverage, and relevance to the atmospheric variables critical to convective processes.

The Tropical Rainfall Measuring Mission (TRMM) Lightning Imaging Sensor (LIS) dataset was used to monitor lightning activity, known for its high detection efficiency (~90%) and widespread use in tropical lightning climatology studies (Christian et al., 1999). TRMM LIS data spanning from 2003 to 2014 were obtained from the NASA Global Hydrology Resource Center (GHRC) archive https://ghrc.nsstc.nasa.gov/pub/lis/orbit_files/data/. Additionally, TRMM precipitation data (product 3A12) with a spatial resolution of 0.5° × 0.5° were used to analyze rainfall associated with convective systems, consistent with previous lightning–precipitation studies in tropical regions (e.g., Bovalo et al., 2012).

To capture aerosol and cloud microphysical properties, data from the Moderate Resolution Imaging Spectroradiometer (MODIS) were used, including Aerosol Optical Depth (AOD), Cloud Top Temperature (CTT), and Cloud Droplet Size (CDZ). MODIS provides global, consistent observations crucial for studying aerosol–cloud–precipitation interactions (e.g., Rosenfeld, 1999; Chathurangika et al., 2022). Relative humidity (RH) profiles were retrieved from the Atmospheric Infrared Sounder (AIRS) at a comparable resolution, as RH is a critical factor influencing both convection and aerosol behavior (Jnanesh et al., 2022).

The chosen datasets have been previously validated and used in related studies investigating cloud and lightning behavior in the South Asian region and the broader tropics, confirming their appropriateness for this study.

To examine the relationship between AOD and lightning occurrence, AOD values were categorized into seven bins (0.1–0.2, 0.2–0.3, 0.3–0.4, 0.4–0.5, 0.5–0.6, 0.6–0.7), and the corresponding lightning flash rates were averaged within each bin. This binning and averaging technique is commonly used in environmental studies (e.g., Liu et al., 2020; Fan et al., 2016) to reduce random variability, highlight trends, and smooth observational noise in highly variable atmospheric data.

However, to strengthen the statistical rigor, conditional averaging (calculating averages only when lightning occurs) was also considered, as it might better represent the relationship during active convective conditions. Future revisions of the analysis will incorporate both unconditional and conditional averages for comparison, ensuring a more robust interpretation.

Furthermore, the strength and significance of the correlations between AOD, RH, and lightning activity were evaluated using Pearson correlation coefficients. Statistical tests (p-values) were conducted to determine the significance of the correlations, with results presented alongside the correlation values. A significance threshold of p < 0.05 was used to determine statistically meaningful relationships.

This multi-dataset, statistically supported approach ensures that the conclusions drawn are based on validated measurements and robust analysis methods, filling a crucial gap in the understanding of aerosol–humidity–lightning interactions over Sri Lanka.
3. Results and discussion
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Fig.2 Mean Spatial distribution of (a). lightning,  (b). zonal wind (shaded; units: m/s) with wind vectors (arrows; units: m/s) over Sri Lanka from 2003 to 2014.

The climatology of lightning flash rate density over Sri Lanka between 2003 and 2014 is shown in Fig. 2(a). About 40 to 50 lightning flashes per km² were observed annually in the western, Sabaragamuwa, and southern areas, while only 10 to 30 flashes per km² were recorded annually in the eastern, northern, and UVA regions. The mean zonal wind (shaded) and wind vectors (arrows) over the study region for the same period are shown in Fig. 2(b), where the size of the arrows indicates the wind speed in m/s. The western and southern regions of Sri Lanka were found to have high zonal wind speeds (~>3.8 m/s). Wind speeds ranged from 3 to 5 m/s in the northwestern, central, and Sabaragamuwa areas and from 1.5 to 2.5 m/s in the northwestern, north-central, eastern, and Trincomalee regions. The northern, UVA, and eastern regions recorded the lowest wind speeds (0.5–1.5 m/s). Intense convective activity is encouraged by the predominance of westerly winds across the study area, which is essential for moisture transport.
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Fig.3 Spatial distribution of (a) AOD, (b) relative humidity, (c) rainfall, and (d) Ångström exponent over Sri Lanka from 2003 to 2014.
Fig. 3(a) presents the spatial distribution of mean Aerosol Optical Depth (AOD) over Sri Lanka from 2003 to 2014. The northern, northwestern, and north-central regions recorded AOD values between 0.25 and 0.28, while the UVA and eastern regions exhibited slightly lower values ranging from 0.22 to 0.24. Fig. 3(b) displays the distribution of relative humidity (RH). The western, Sabaragamuwa, UVA, eastern, and central regions experienced RH levels between 74% and 82%, whereas the northern, Trincomalee, and north-central regions recorded slightly lower values of 63%–71%. Notably, the central region showed RH values exceeding 83%, creating favorable conditions for intense convective activity. Fig. 3(c) illustrates the mean daily rainfall across Sri Lanka. The western, Sabaragamuwa, and central regions received between 5.5 and 7.5 mm/day, while the northern, northwestern, and north-central regions observed relatively lower rainfall amounts of 3–4.5 mm/day. Fig. 3(d) depicts the spatial variation of the Aerosol Ångström Exponent over Sri Lanka from 2003 to 2014. The western, Sabaragamuwa, UVA, eastern, and central regions exhibited values between 0.9 and 0.95, whereas the northern, Trincomalee, and north-central regions recorded slightly lower values of 0.8–0.9. The central region showed Ångström values exceeding 0.95, further indicating conditions conducive to severe convective activity.
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Fig.4 (a). Seasonal variations in lightning flash density and AOD, (b). Annual variations of lightning flash density, (c). Annual variations of AOD,  (d). Lightning flash density and total number of lightning days, (e). Correlation between lightning and droplet size and (f). Correlation between relative humidity and lightning over Sri Lanka from 2003 to 2014.
Seasonal fluctuations in the average total number of lightning flashes and Aerosol Optical Depth (AOD) over the Sri Lankan region between 2003 and 2014 are shown in Fig. 4(a). According to the data, lightning activity increased beginning in January, peaked in April, and then began to decline in December. Significantly, the pre-monsoon season (March–May) has the highest lightning activity, with April recording the highest flash rate density (~3.13 × 10⁻⁴ flashes/km²/month). Between August and October, a secondary peak is seen, and throughout this time, the flash rate density gradually increases. The largest concentration of AOD is found in May, after which there is a gradual decrease until October, when the lowest value (~0.22) is seen. According to earlier research on the Indian subcontinent, these results are consistent (Kandalgaonkar et al., 2010; Lal et al., 2018; Lal et al., 2012).

Fig.4(b) illustrates the annual mean variations in lightning flash density over the region. A decline in lightning activity is observed between 2005 and 2008, following a sudden increase between 2004 and 2005. After 2008, lightning flash density rises again until 2010, after which a decreasing trend is evident from 2011 to 2014.

Fig.4(c) presents AOD variations over Sri Lanka from 2003 to 2014, showing an overall increasing trend that closely follows the observed rise in lightning activity. The data indicate a gradual increase in AOD between 2005 and 2008, with a sharp rise between 2007 and 2008, followed by a decline until 2010. From 2011 onward, AOD exhibits a renewed upward trend until 2014. Previous research suggests that aerosols significantly influence lightning activity, potentially enhancing its intensity (Lal & Pawar, 2011; Williams & Stanfill, 2002).

Between 2003 and 2014, lightning activity was observed over the Sri Lanka region for approximately 710 days (Fig. 4(d)). Fig.4(d) presents the number of lightning days, aerosol optical depth (AOD), and lightning flash density (flashes/km²/day). Both the frequency of lightning days and flash density exhibited a steady rising trend as AOD rose. Lightning struck 23 days with a flash density of 1.46 × 10⁻⁴ flashes/km²/day when AOD was less than 0.1. This frequency increased dramatically at AOD values between 0.15 and 0.20, with a flash density of 2.08 × 10⁻⁴ flashes/km²/day and 148 lightning days. With a peak flash density of 2.5 × 10⁻⁴ flashes/km²/day and a duration of 153 days, the maximum lightning activity was seen for AOD between 0.2 and 0.25. As the quantity of lightning days reduced, so did the flash density. Nonetheless, on 102, 87, 47, 29, and 19 days, comparatively high flash densities (>1.67 × 10⁻⁴ flashes/km²/day) were still noted; these correlate to AOD ranges of 0.25–0.3, 0.3–0.35, 0.35–0.4, 0.4–0.45, and 0.45–0.5, respectively. Interestingly, lightning activity continued for 15 days with a peak flash density of 2.71 × 10⁻⁴ flashes/km²/day when AOD was between 0.5 and 0.6. Significant variations in lightning activity were seen for AOD values greater than 0.5. When AOD was between 0.65 and 0.7, the maximum flash density, 4.17 × 10⁻⁴ flashes/km²/day, was seen; however, this peak was only present for three days. The number of lightning days decreased to just two when AOD surpassed 0.7, resulting in a lower flash density of 1.04 × 10⁻⁴ flashes/km²/day. According to these results, lightning activity does not grow steadily above an AOD of 0.5; rather, flash density varies between 2.08 × 10⁻⁵ and 2.92 × 10⁻⁴ flashes/km²/day. Both extremely high and low AOD levels correlate to lower flash densities, however higher AOD values are typically linked to increasing lightning activity. Lightning activity and cloud droplet size have a negative connection (~ -0.35), as shown in Fig. 4(e). Conversely, Fig.4(f) highlights a strong positive correlation (~0.45) between relative humidity and lightning. At AOD 0.55, a slight decrease in droplet size (16.5 µm) coincides with a drop in relative humidity (66%). Over the study period, the average lightning activity was 2.80 × 10⁻⁴ flashes/km²/day, indicating a relatively low frequency consistent with observed trends. Overall, our findings confirm an inverse relationship between cloud droplet size and lightning activity, supported by a strong negative correlation (r = -0.35), as illustrated in Fig.4(e).
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Fig.5 Relationship between lightning, relative humidity and cloud top temperature for different AOD levels over Sri Lanka from 2003 to 2014.
Fig.5 illustrates the relationship between lightning activity and AOD over the Sri Lankan region, showing the mean lightning flash density across different AOD bins. The results indicate a sharp increase in lightning activity between AOD values of 0.08 and 0.18, followed by a gradual decline beyond 0.18. Specifically, the lightning flash density starts at 1.3 × 10⁻⁴ flashes/km²/day for an AOD of 0.08, peaks at 2.5 × 10⁻⁴ flashes/km²/day at 0.18, and then declines significantly to 1.6 × 10⁻⁴ flashes/km²/day at an AOD of 0.45. Additionally, Fig.5 highlights the interplay between atmospheric relative humidity, AOD, and lightning activity. Over the Sri Lankan region, relative humidity increases as AOD rises (0.04–0.45), while lightning activity decreases. The correlation between AOD and lightning is negative (R = -0.43), though prior studies have reported both negative and positive relationships between aerosols and lightning (Koren et al., 2004, 2008; Li et al., 2017). Meanwhile, relative humidity and AOD exhibit a strong positive correlation (R = 0.81), suggesting that humidity plays a crucial role in modulating the impact of aerosols on lightning activity. Previous studies (Lal et al., 2013; Xiong et al., 2006) have also emphasized that aerosol-driven variations in lightning are more pronounced under high-humidity conditions. Furthermore, Fig.5 presents the correlation between Cloud Top Temperature (CTT) and AOD. CTT shows a strong negative correlation with AOD (R = -0.95). Notably, for AOD values up to 0.7, CTT exhibits a distinct downward trend, maintaining a correlation of approximately -0.95. These findings partially agree with Koren et al. (2008), who proposed a “bell-shaped” response of cloud development to aerosols—enhancement at moderate concentrations and suppression at extremes. These results suggest that increased aerosol loading under humid conditions enhances cloud condensation and ice formation, promoting lightning—up to a threshold. Similar outcomes are discussed by Williams and Stanfill (2002) and Rosenfeld (1999).
4. Conclusions

This study investigated the influence of various meteorological parameters on lightning flash density over Sri Lanka for the period 2003–2014, focusing on the region between 79°E–82°E longitude and 5.5°N–10°N latitude.

Key findings include:
· Lightning activity was recorded on approximately 710 days, representing about one-fifth of the total days over the study period.

· The maximum lightning flash density (2.92 × 10⁻⁴ flashes/km²/day) occurred during periods when the daily average Aerosol Optical Depth (AOD) ranged between 0.65 and 0.7.

· When AOD was between 0.2 and 0.3, around 35% of lightning days exhibited a lower flash density (<2.08 × 10⁻⁴ flashes/km²/day).

· A clear decreasing trend in AOD was associated with a reduction in lightning activity, with a negative correlation between AOD and lightning (R = -0.43).

· AOD and relative humidity showed a strong positive correlation (R = 0.81), highlighting the role of atmospheric moisture in modulating aerosol effects on convection.

· Cloud Top Temperature (CTT) displayed a significant negative correlation with AOD (~95% confidence), indicating that higher aerosol concentrations favor colder cloud tops associated with deeper convection.

· A negative correlation (R = -0.35) was found between cloud droplet size and lightning flash density, suggesting that microphysical cloud properties modulate lightning occurrence.

Strengths of the study:
· This work is among the few that systematically analyze aerosol–humidity–cloud interactions in the context of lightning activity specifically over Sri Lanka, a region with limited existing lightning climatology research.

· The use of multi-sensor satellite data (TRMM LIS, MODIS, AIRS) ensures comprehensive coverage of key meteorological parameters.

· The study employs statistical analysis to quantify relationships, enhancing the reliability of the findings.

Limitations:
· The spatial resolution of satellite datasets (e.g., MODIS AOD at 10 km) may smooth local variations in atmospheric properties, potentially masking finer-scale lightning–environment interactions.

· Temporal averaging (daily means) may overlook sub-daily dynamics of convection and lightning occurrence, particularly during diurnal peak periods.

· The observational approach, while robust, cannot fully capture causality; additional modeling or field campaign data would help strengthen interpretations.

Perspectives for future research:
· Future studies could incorporate higher-resolution data (e.g., ERA5 hourly reanalysis, geostationary lightning mapper data) to better resolve the temporal evolution of convective systems.

· Investigating other important atmospheric parameters such as CAPE, wind shear, and boundary layer dynamics would provide a more complete understanding of lightning variability.

· Expanding the analysis to more recent periods (post-2015) using advanced datasets like GPM and ISS-LIS could help evaluate ongoing trends under changing climate conditions.

· Coupling satellite observations with numerical weather prediction models or machine learning techniques may enable improved forecasting of lightning-prone environments over Sri Lanka and surrounding regions.

In conclusion, this study enhances the understanding of how aerosols and meteorological factors influence lightning activity in the South Asian tropics and provides a basis for further focused research on atmospheric electricity and climate interactions.
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