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Abstract
It is well known that environmental conditions like convective instability, aerosol loading, and availability of moisture content affect the polarity of charge structures of thunderstorms. The electrical characteristics of thunderstorms observed during the pre-monsoon season of year 2009, over Eastern India were studied to identify the effects of different environmental conditions on charge structures of thunderstorms occurring over this region. Electric field and Maxwell current data suggest that at least one of these thunderstorms had an inverted charge structure. Doppler RADAR, radiosonde, and Moderate Resolution Imaging Spectroradiometer (MODIS) Aerosol Optical Depth (AOD) data have been used to compare the microphysical and dynamical characteristics of these thunderstorms. The thermo dynamical structure observed by radiosonde during the day on which an inverted polarity thunderstorm was observed showed very high CAPE in the mixed-phase region compared to other thunderstorm days. Furthermore, the AOD peaked 1 day before this thunderstorm. The back trajectories of winds also suggest that the aerosols might have been transported from a desert region on that day. It has been proposed that the large ice nuclei concentration can produce dominant positive charge in the lower portion of the mixed-phase region by maintaining ice saturation.
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Background
It has long since been known that some of the more severe thunderstorms can have different charge structures than generally observed in ordinary thunderstorms. From the observations of electric field changes produced by lightning during a severe thunderstorm, Vonnegut and Moore (1958) suggested that severe thunderstorms could have an inverted charge structure. In three storms that occurred during the Severe Thunderstorm Electrification and Precipitation Study (STEPS), Rust et al. (2005) have observed the positive and negative charge regions at altitudes where negative and positive charge would normally be found in ordinary thunderstorms. Lang et al. (2004) and Wiens et al. (2005) reported storms with consistent dominant upper level inverted dipole charge structure near the updraft (i.e., the upper negative charge region and the main positive charge region below it). There are many other reports of inverted polarity charge structure in severe thunderstorms which produce positive Cloud-to-Ground (CG) flashes comparable to negative CG flashes (e.g., MacGorman and Burgess 1994; Stolzenburg 1994; Carey and Rutledge 1998; Lang and Rutledge 2002; Carey et al. 2003). Over a region from the Kansas/Colorado border to Minnesota, Carey and Rutledge (2003) found that the properties of CG lightning flashes produced from severe storms during warm seasons (i.e., large hail or tornado producing) were different from those produced by non-severe storms. They found that the percentage of CG lightning flashes lowering positive charge to ground was up to three times higher in severe storms. The median positive peak current in severe storms was larger by about 25%. Furthermore, the median negative peak current in severe storms was very low (i.e., as low as 12 to 16 kA) and was noticeably less than in non-severe storms (i.e., by at least 10%).
Although earlier reports suggest most thunderstorms with inverted polarity charge structures were characterized by a high degree of severity, Qie et al. (2005) and Pawar and Kamra (2004 and 2009) have also reported some non-severe thunderstorms over the Tibetan Plateau and India, with a wide spread and strong positive charge in the lower portion of cloud. Majority of lightning activity arises from lower negative dipole of these thunderclouds. These thunderstorms can also be termed inverted polarity thunderstorms because for most of their lifetimes, lower negative dipole dominated the lightning activity of these storms.
Williams et al. (2005) hypothesized that the inverted polarity charge structure in thunderstorms is the result of superlative liquid water content in the mixed-phase region. Many observational studies support this idea (Krehbiel et al. 2000; Rust and MacGorman 2002; Lang et al. 2004). However, as emphasized by Williams et al. (2005), a strong updraft, an extraordinarily dry environment, or a high concentration of aerosols are necessary but not sufficient conditions for formation of inverted polarity thunderstorms. Many observations clearly show that thunderstorms fulfilling all the conditions above do not always form inverted polarity thunderstorms (MacGorman and Burgess 1994). Furthermore, the observations by Pawar and Kamra (2004, 2009) and Qie et al. (2005) show that some ordinary thunderstorms without strong updrafts can also have inverted polarity charge structures. All these observations clearly suggest that formation of inverted polarity is not fully understood.
In this paper, we report our observations of surface electric field and Maxwell current density made at Kharagpur (22.31°N, 87.31°E) in Eastern India, beneath three thunderstorms that occurred during the pre-monsoon season of 2009. Electric field and Maxwell current data suggest that at least one of these thunderstorms had an inverted polarity charge structure. Doppler RADAR, radiosonde, and Moderate Resolution Imaging Spectroradiometer (MODIS) Aerosol Optical Depth (AOD) data have been used to compare the microphysical and dynamical characteristics of these three thunderstorms. Possible causes that may be responsible for formation of an inverted dipole charge structure in one of these thunderstorms are also discussed.

Methods
As described in detail by Pawar and Kamra (2007), an electric field mill flushed with the ground level and a plate antenna are used for electric field and Maxwell current measurements, respectively. Measurements of both these parameters are made throughout the day at a sampling rate of 10 Hz. In our measurements, we consider the fair-weather electric field and the associated conduction current that brings positive charge to the ground, as negative polarity. In addition, we take the positive displacement current to be affected by a positive field change, lowering positive charge to the ground and vice-versa. For our analysis, AOD data is taken from MODIS, which acquires data in 36 high-resolution spectral bands between 0.415 and 14.235 μm. These data are obtained from a level-3 MODIS gridded atmosphere daily global joint product (MOD08_D3). We took the daily averaged AOD at 550 nm from MODIS-Terra Version 5. Those data for which cloud cover was greater than 20% were excluded from analysis while averaging.

Results
Observations of surface electric field and Maxwell current were made at Kharagpur, India, during the pre-monsoon season of 2009. This region is known for the occurrence of severe thunderstorms during April to May, known as Nor’westers. Figure 1 shows the location of observation and climatological surface winds during the observational period. As shown in Figure 1, surface winds are predominantly southeasterly, which bring moisture from the Bay of Bengal to this region. High moisture content of the surface layer and high temperatures during the pre-monsoon months make conditions favorable for the formation of severe thunderstorms. The large-scale flows and synoptic systems also play important roles in the frequency and intensity of these severe thunderstorms. Nor’westersis commonly associated with troughs and wind convergence lines in the lower troposphere, occurring together with a westerly trough and jet stream in the upper troposphere. Superposition of favorable upper and lower tropospheric conditions generally results in widespread outbreaks of Nor’westers. Figure 2 shows the vertical profiles of air and dew point temperatures obtained from upper air radiosonde measurements made over Kolkata at 0530 hours Indian Standard Time (IST) on 11 May 2009 and 6 May 2009, about 100 km from the study site. As shown in Figure 2, CAPE values were conducive to the formation of thunderstorms on 11 May 2009 and 6 May 2009, i.e., 3,124 J/Kg and 3299 J/Kg, respectively. All times of observation in this study are reported in IST (UTC + 05:30).[image: A40623_2013_Article_46_Fig1_HTML.jpg]
Figure 1Map of India showing position of study site and NCEP reanalysis of climatological winds. At atmospheric pressure of 1,000 mb.
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Figure 2Skew-T diagram of 11 May 2009 (a) and 6 May 2009 (b). Obtained at 0000 hours (UTC) at Kolkata.




Electric field changes induced by lightning discharges
Vonnegut and Moore (1958) proposed inverted charge structure from electric field measurements made about 90 km away from a severe thunderstorm, i.e., a charge structure with negative charge in the upper part of a thunderstorm rather than the normally observed positive charge in the upper part of a thunderstorm. Subsequent observations by Rust et al. (1981) and MacGorman and Burgess (1994), showing all or most of the CG lightning flashes during extensive periods of some storms, lowering positive charge to ground, instead of the usual negative charge, supported the idea that some thunderclouds can have inverted polarity charge structures. In recent years, observations made by the lightning mapping array of the New Mexico Institute of Mining and Technology (NMT) have confirmed that some severe thunderstorms can have inverted dipole charge structures. Figure 3 shows the electric field measured at the surface during three thunderstorms which occurred on 11 May 2009, 6 May 2009, and 12 May 2009, respectively. Due to heavy rainfall, the field mill stopped working for some time for all 3 days. On May 11, the electric field started to build up from about 1530 hours and at about 1545 hours, the first electric field change induced by lightning was observed. As shown in Figure 3, this thunderstorm lasted for more than 4 h. The maximum of lightning frequency occurred at about 1650 hours, when the thunderstorm was fully developed and closer to the study site. On May 6, a thunderstorm formed at about 1430 hours and lasted about 2 h. Similarly, on May 12, a thunderstorm formed at about 1200 hours and lasted about 2.5 h. It has also been observed that on May 11, most of the electric field changes induced by lightning were positive, suggesting removal of positive charge from overhead. Whereas most of the electric field changes induced by lightning were negative on May 6 and May 12, indicating removal of negative charge from overhead. It should be noted here that all three thunderstorms remained above the observatory during their most active period. Therefore, the sign of electric field changes induced by lightning clearly suggest that the dominating lowermost charge region was positive for the thunderstorm on May 11 and negative for the thunderstorms on May 6 and May 12.In Figure 4, the electric field is plotted on an extended time scale during the active stages of these three thunderstorms. As shown in Figure 4, on 11 May 2009, electric field changes induced by lightning clearly show removal of positive charge from overhead, and recovery curves of the electric field show a buildup of positive charge. The two lightning discharges shown in Figure 4 were visually observed as CG discharges on May 11. As shown in Figure 4, these discharges transferred positive charge to the ground. Even though this region does not have a lightning detection network, we visually observed and noted whether lightning was CG or Intra Cloud (IC). Although most electric field and Maxwell current records suggest lowering of positive charge to the ground after the CG discharges on May 11, it is lowering negative charge from overhead, while building up negative charge overhead on 6 May 2009 and 12 May 2009. Figure 5 shows the electric field changes induced by lightning discharges during whole period of this thunderstorm. On May 11, the rate of electric field changes induced by lightning reached up to 170 changes per 5 min during the active phase of the thunderstorm, whereas on May 6 and May 12, the rate reached up to 44 and 74 changes per 5 min, respectively. That the peak lightning flash rate of the May 11 thunderstorm was more than double that of both the May 6 and May 12 thunderstorms also confirms that the May 11 thunderstorm was most severe. As shown in Figure 5, most of the electric field changes produced by lightning on May 11 were of positive polarity, while those recorded on May 6 and May 12 were of negative polarity. Furthermore, according to Figure 5, about 20 and 35 min of data were lost on May 6 and May 12, respectively, due to power failure.[image: A40623_2013_Article_46_Fig3_HTML.jpg]
Figure 3Variations of electric field measured beneath the thunderstorms. 11 May 2009, 6 May 2009, and 12 May 2009.



[image: A40623_2013_Article_46_Fig4_HTML.jpg]
Figure 4
                          Same as Figure
                          3
                          but on extended scale during active stage of the thunderstorm.
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Figure 5Cumulative number of positive and negative field changes per 5 min induced by lightning discharges. These are observed during thunderstorms on 11 May 2009, 6 May 2009, and 12 May 2009.





Maxwell current density measurements
The studies performed by Krider and Musser (1982), Deaver and Krider (1991), Blakeslee (1984), Nisbet (1985), Browning et al. (1987), and Pawar and Kamra (2009) have shown that the surface value of Maxwell current density is dominated by the displacement current density, and that it can therefore be effectively used to study charging processes inside a thundercloud. Measurements by Krider and Musser (1982), Deaver and Krider (1991), and Pawar and Kamra (2009) have shown that for thunderstorms of non-inverted polarity, the Maxwell current density remains positive, increasing during the active stage and decreasing during the dissipation stage. Pawar and Kamra (2009) have reported negative Maxwell current densities for inverted polarity thunderstorms and that its magnitude is strongly positively correlated with the lightning flash rate. Figure 6 shows the Maxwell current density measured below the May 11, and the May 6 and May 12 thunderstorms in 2009. As shown in Figure 6, the average Maxwell current density was positive for the May 6 and May 12 thunderstorms, whereas it was negative for the May 11 thunderstorm. To make this point clear, we have plotted 5-min averages of the Maxwell current densities for all three thunderstorms in Figure 7. The lightning-induced spikes have been removed manually while averaging the Maxwell current density. As shown by Krider and Musser (1982) and Pawar and Kamra (2009), the Maxwell current density is dominated by the displacement current during thunderstorms. Polarity of the Maxwell current is determined by accumulations of electric charges overhead. Positive (negative) displacement current at ground means accumulation of negative (positive) charge overhead. The negative Maxwell current density clearly suggests the generation of positive dipole in the lower portion of cloud, while positive Maxwell current density suggests either negative dipole or dipole indicative of non-inverted polarity in the lowermost portion of cloud. This confirms that the average Maxwell current density is positive for the May 6 and May 12 thunderstorms, indicating generation of negative charge in the lowermost portion of cloud as observed by Deaver and Krider (1991) in thunderstorms of non-inverted polarity. The Maxwell current density is negative for the May 11 thunderstorm, indicating inverted polarity charge structure as observed by Pawar and Kamra (2009).[image: A40623_2013_Article_46_Fig6_HTML.jpg]
Figure 6Variations of Maxwell-current density measured beneath thunderstorms. 11 May 2009, 6 May 2009, and 12 May 2009.
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Figure 7Five-minute averages of Maxwell current density measured during thunderstorms. 11 May 2009, 6 May 2009, and 12 May 2009.





AOD measurements
Many studies have shown that the enhancements in cloud condensation nuclei in the boundary layer, due to fire or other sources of natural pollution, will lead to a reduction in droplet size and suppression of coalescence. This may enhance the liquid water content in the mixed-phase region and thereby also account for the enhanced percentages of positive ground flashes (Lyons et al. 1998; Murray et al. 2000; Williams et al. 2005). The study site is situated in the Indo-Gangetic Basin (IGB) region, known for its very high aerosol concentrations owing to its unique topography, and for its high population and industrial density. Previous studies conducted in this region indicate high emissions of various anthropogenic aerosols from different sources (Rengarajan et al. 2007; Tiwari et al. 2010). It has been observed that during the pre-monsoon or summer seasons, this region receives large amounts of natural dust aerosols, transported from neighboring desert regions (i.e., from the Thar Desert) in West India (Dey et al. 2004; Pandithurai et al. 2008). We have plotted the AOD for this region in Figure 8, measured by MODIS during May 2009. The AOD data was obtained from a level-3 MODIS gridded atmosphere daily global joint product (MOD08_D3). It contains a 1 × 1 degree grid of averaged daily values of parameters related to atmospheric aerosol particle properties, total ozone burden, atmospheric water vapor, optical and physical cloud properties, and atmospheric stability indices. We took the daily averaged AOD at 550 nm from MODIS-Terra Version 5. Those data for which cloud cover was greater than 20% were excluded from analysis while averaging. Hence, the data gaps in Figure 8. A maximum of AOD concentration is observed on 10 May 2009, and there are large day-to-day variations. AOD data could not be included for 11 May 2009, as it was a cloudy day.[image: A40623_2013_Article_46_Fig8_HTML.jpg]
Figure 8Daily values of AOD as measured by MODIS during May 2011 and 2009. AODs on cloudy dates are not plotted.






Discussion
Electrical structure of the thunderstorm
Previous studies have revealed that in thunderstorms with non-inverted polarity charge structures (with midlevel negative and upper level positive charge regions), most of the electric field changes produced by lightning are of negative polarity, indicating removal of negative charge from overhead (Jacobson and Krider 1976; Livingston and Krider 1978; Mohanty and Pradeep Kumar 2004; Pawar and Kamra 2004). Our observations of electric field changes produced by lightning, of Maxwell current densities, and of recovery curves of the electric field during the thunderstorms of 6 May 2009 and 12 May 2009, indicate the removal of negative charge from overhead by lightning and buildup of negative charge after lightning. Therefore, it is clear from the electric field and Maxwell current density data for those 2 days that these thunderstorms had non-inverted polarity charge structures.
The electric field changes produced by lightning discharges observed during the thunderstorm on 11 May 2009 indicate removal of positive charge from overhead (Figures 4 and 5). Although it is difficult to distinguish the CG from the IC discharges based only on single-point observations of the electric field and Maxwell current data, most of the visually confirmed CG discharges were found to be transporting positive charge to the ground on May 11. The recovery curves of the electric field following those lightning discharges show buildup of positive charge inside the thundercloud. Furthermore, the Maxwell current record measured during this thunderstorm is negatively valued for most of its duration. The electric field and Maxwell current patterns observed during this storm clearly suggest that the lowermost dipole of this thunderstorm was negative. Unfortunately, it is not possible to make inferences about other charge regions inside the thundercloud based solely on surface measurements of the electric field and the Maxwell current density. However, the recovery curves of the electric field following positive CG discharges and negative Maxwell current densities during those discharges clearly suggest the presence of strong negative dipole (i.e., positive charge below and negative charge above it) in the lower portion of this thundercloud. Many studies have shown that prevalence of positive CG discharges, IC discharges of inverted polarity, and negative Maxwell current density are indicators of inverted polarity thunderstorms. Therefore, our electric field and Maxwell current data clearly indicate that this thunderstorm had an inverted polarity charge structure. Although not often observed, formation of such thunderstorms over this region is also not unusual (Gopalakrishnan et al. 2010).Limitations of using single-point surface measurements of the electric field and the Maxwell current to infer the charge structure of a thundercloud are well known. The distance between the thundercloud and the point of observation, and its vertical structure are important to make inferences about charge structures when observations from only one station are available. To confirm that the May 11 thunderstorm was very close or almost above the observatory, we used the Doppler RADAR located at Kolkata located about 120 km from the study site. The Doppler RADAR records show the initiation of a thunderstorm northward of the observatory, about 15 km from the study site at about 1524 hours. It moved toward the observatory and quickly developed into a severe thunderstorm within half an hour. Figure 9 shows the RADAR picture of the thunderstorm observed by the Kolkata Doppler RADAR at 1609 hours. As shown in Figure 9, the thunderstorm had already developed into a squall line of more than 100 km in length by 1600 hours. The width of this thunderstorm was about 20 km and its center about 5 km from the study site. The top of the thundercloud and 45-dBZ echoes reached altitudes of up to 18 and 16 km above mean sea level, respectively, indicating a very severe thunderstorm. The thunderstorm further moved over the observatory and dissipation started about 1734 hours.[image: A40623_2013_Article_46_Fig9_HTML.jpg]
Figure 9RADAR picture taken by Kolkata Doppler radar at 1039 hours (UTC). The black dot indicates the observation site.





Possible causes of inverted polarity charge structure
Many laboratory and field experiments have clearly shown that inverted polarity in thunderstorms is the result of superlative liquid water content in the mixed-phase region (Williams et al. 2005). One or more of the following factors can account for superlative liquid water content in the mixed-phase region, i.e., strong instability, strong updraft, greater cloud base height, and high aerosol concentration. In our observation, as shown in Figure 2, CAPE was very high 3,124 J/kg on 11 May 2009. In addition, it should be noted here that the vertical distribution of CAPE was very peculiar on that day. As can be seen in Figure 2, most of the CAPE is concentrated in the 5- to 10-km altitude range. Even though the CAPE was very high (3,054 J/kg) on May 6, it was distributed over a larger region compared to May 11. The high CAPE and its vertical distribution clearly suggest that the updraft could be high in the mixed-phase region on May 11. As shown in Figure 8, the aerosol concentration was also very high on May 11 compared to the other days.
Strong instability and updraft can account for the high cloud water concentrations in the mixed-phase region and are thus necessary conditions for formation of inverted polarity thunderstorms to occur. The observations of Albrecht et al. (2011) and Carey and Buffalo (2007), which show a greater number of positive storms occurring in environments associated with stronger conditional instability and larger buoyancy in the mixed-phase region compared to negative storms, support this idea. However, these are not sufficient conditions for clustered positive lightning and inverted polarity storms (MacGorman and Burgess 1994; Williams et al. 2005). Lyons et al. (1998) indicate aerosols may play some role in the formation of inverted polarity charge structures. Aerosols can affect the charge generation process by two ways. First, as suggested by Williams et al. (2002), increased numbers of aerosols can lead to reduction in drop size and transportation of greater amounts of liquid water into the mixed-phase region. Second, as shown by Pawar and Kamra (2009), if air mass contains more ice nuclei, concentration of ice crystals can be sufficiently high at lower altitudes or higher temperatures for sign reversal to occur in the process of charge generation.The thunderstorm observed on 11 May 2009, showing signs indicative of inverted polarity charge structure, formed in an environment with strong updraft and high instability. As shown in Figure 9, the Doppler RADAR shows a squall line of more than 600 km in length and the top of the cloud reached altitudes of up to 18 km. Radiosonde data also indicated the possibility of strong updraft in the mixed-phase region. Furthermore, aerosol concentration was very high on May 11 compared to the other days. Moreover, as stated in section ‘AOD measurements,’ there are abundant natural aerosols transported from neighboring desert regions (i.e., from the Thar Desert) of India at high altitudes that may favor enhancement of ice nuclei inside thundercloud. The National Centers for Environmental Prediction (NCEP) 5-day back trajectory analysis confirms that the winds at high level originated from desert regions on 10 May 2009 (Figure 10). As seen from Figure 10, on other days during which we observed non-inverted polarity thunderstorms, the winds are of oceanic origin at all levels. Our observations hint at the influx of natural aerosols from neighboring desert regions on May 11, which might have caused larger ice nuclei concentrations in the mixed-phase region, creating favorable conditions for the formation of inverted polarity charge structures on May 11.[image: A40623_2013_Article_46_Fig10_HTML.jpg]
Figure 10Five-day trajectories of air masses at different altitudes. 5 May 2009, 10 May 2009, 11 May 2009, and 12 May 2009.




Our observations not only show high concentrations of aerosols but also that the degree of concentration of ice nuclei may be playing an important role in the formation of inverted polarity charge structures in thunderclouds. Our study site located in the IGB region is known for its very high aerosol concentrations owing to its unique topography. During the pre-monsoon or summer seasons, this region receives large amounts of natural dust aerosols, transported from neighboring desert regions (i.e., from the Thar Desert) (Dey et al. 2004; Pandithurai et al. 2008). These dust particles can act as ice nuclei. Our observations on 11 May 2009 are similar to the observations of Pawar and Kamra (2009), during which back trajectories were shown to be indicative of aerosol transport from desert regions on the day when an inverted polarity thunderstorm was observed. Small inverted polarity thunderstorms reported by Gopalakrishnan et al. (2010) in this region and by Pawar and Kamra (2002, 2004, and 2009) at Pune, India, support the idea that large ice nuclei concentrations can play an important role in the alteration of charge structures of thunderstorms with moderate or low instability. Many laboratory experiments (Baker et al. 1987; Williams et al. 1991; Caranti et al. 1991) suggest that dominant positive charge will appear on larger precipitation particles in the lower portion of the mixed-phase region if ice saturation is maintained.
The authors are aware that the aerosol and/or ice nuclei concentrations cannot influence the polarity of thunderstorms by themselves. More observations of such thunderstorms are required to confirm our proposal that increased optical depth leads to changes in ice nuclei, which in turn affect the charging mechanism. Although many severe thunderstorms occur over this area during pre- and post-monsoon seasons, occurrences of thunderstorms with inverted polarity are rare. We have made observations of thunderstorms over this region and over Pune, for three seasons and for about 2 decades, respectively. However, only three to four thunderstorms with inverted polarity have been observed over these regions. Gopalakrishnan et al. (2010) have already reported one such thunderstorm over this region. Occurrences of such inverted polarity thunderstorms over other parts of India are also few. Pawar and Kamra (2002, 2004, and 2009) have reported some of such thunderstorms over Pune. There are no other reports of such thunderstorms from any other part of India. This complicates the task of finding a robust statistical test to corroborate our claim. In the absence of such a test, our proposal is merely speculative. Nevertheless, observations of greater optical depth prior to the occurrence of a severe thunderstorm in the present case do lend support to our speculation.


Conclusions
Electric field and Maxwell current density measurements clearly illustrate that the 11 May 2009 thunderstorm had a strong and dominant positive charge region in the lower portion of cloud. Analysis of back trajectories (Figure 10) and satellite-derived AOD observations (Figure 8) lend support to our argument that the May 11 thundercloud formed in an environment with high ice nuclei concentration, i.e., high compared to other thunderstorms. Therefore, our studies suggest that a large ice nuclei concentration can produce dominant positive charge in the lower portion of the mixed-phase region by maintaining ice saturation.
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