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        Abstract



        
          Background:


          In this work the disturbances of the near surface electric field are investigated, which are attributed to different types of atmospheric discharges: intracloud or cloud-to-ground.

        


        
          Method:


          The patterns of the lightning occurrences are discussed as measured by the network of the electric field mills located at the stations of Cosmic Ray Division of Yerevan Physics Institute. Discharges make changes in the near surface electric field, which can be separated into two groups. The differences of those two groups and shapes of the recovery curves are discussed using the data from electric field mills network for a stormy day on May 23, 2015.

        


        
          Conclusion:


          The results presented in this work show that magnitudes of field changes from one of the groups are larger and have shorter duration compared to another one. Recovery curves of the near surface electric field produced by lightning flashes also have a power-law or a linear dependence besides exponential shape.
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      1. INTRODUCTION


      The thunderclouds electrification processes have been investigated since the beginning of the last century. However, there are still unanswered questions related to the recovery phase behavior. Measurements of the electric field from the ground surface during thunderstorms have been used for a long time to understand the charge distribution in clouds. It is well known, that lightning causes abrupt changes in the electric field measured on the ground and alters the charge distribution above it. For instance, how can we distinguish between close or distant, Intracloud (IC) or Cloud-Ground (CG) lightning based on electric field recovery curve? In 1920, Wilson was the first who considered that recovery curves have approximately exponential shape [1], reflecting a strong connection between the dissipation current and the charge at any moment. Observing the changes in the potential gradient during storms, he asserted that, when the discharge was distant one, the earth's surface potential gradient was positive, and when it was nearby one – negative. After each distant discharge, the positive potential gradient was regenerated with a characteristic recovery curve: The decreasing rate changed from a rapid to a gradual one. It was shown by Wilson [1, 2] and Tamura [3] that nearby and distant discharges generate positive and negative sudden field changes and after that the field recovers, showing an exponential shape with a time constant equal to that charge accumulation. On the other hand [4], observations showed that distance to the discharge have a strong influence on the shape and the speed of the recovery curve. According to these investigations, the increasingly rapid recoveries at large distances from the storm can be explained by the field of the freely decaying space charge [4, 5].


      [image: ]
Fig. (1)

      Near surface electric field disturbances (bottom, black curve) and distances to lightning discharges (top, blue curve) registered by Boltek EFM-100.

      Although the early observations [1, 3, 6 and 7] found an exponential shape of the recovery curve ref [8]. assumed that possible existence of a corona could bring a deviation from exponential recovering.


      Mackerras in [9] showed that the intracloud flashes were mostly not impulsive discharges with low current and long duration, while CG discharges have high current and short duration. He claimed that 'normal' cloud to ground lightning will cause positive field changes at all distances, if it lowers negative charge to the ground. On the other hand, vertical cloud discharges will induce field changes of opposite signs outside of the reversal distance. In ref [10]. it was claimed that the near surface electric fields were the superposition of the fields produced by charges inside the thundercloud and of the space charges generated by the corona discharge near the ground. Registering different atmospheric discharges Pawar and Kamra [10-12] tried to explain the recovery curve by breaking it in four phases, emphasizing the role of the space charges generated by the corona discharge near the ground. They claimed that after discharge the electric field variation takes place exponentially, but not in all parts of the recovery curve.


      Thunderstorms are very usual in our region, especially on Aragats mountain (Fig. 1). Lightning occurrences (blue curve) and electric field disturbances (black curve) are registered mainly during May-July, declining during the winter months. Classification of thunderstorms is presented in [13], where 4 types were discussed and almost all are accompanied with lightning discharges. The measurements of near surface electric field mill, which is installed at Aragats research station, are presented in Figs. (2a and 2b). These two cases are observed at the ground level and correspond to atmospheric discharges. They have been separated to A and B groups (Figs. 2a and 2b). For discharges from A group, the near surface electric field jumps abruptly to a higher value followed by a decrease of the measured electric field. The situation with the discharges from B group is opposite: the field decreases suddenly and then recovers within a few minutes or less.


      The term “electric field change” applies to an alteration of the near surface electric field associated with a lightning discharge.


      The observed differences between atmospheric discharges from A and B groups motivated:


      
        	To study the duration and the magnitude of electric field changes produced by the lightning discharges,


        	To show the diversity of discharge recovery curves for discharges from A and B groups (power-law, linear, exponential),


        	To answer the question “Could we distinguish between IC and CG lightning based on our ground-based electric field measurements with a sampling interval of 50 ms?”

      


      This work will be focused on the analysis of near surface electric field measurements on 23 May 2015, when hundreds of lightning discharges were occurred during storm at Mount Aragats, Nor Amberd and Yerevan.
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Fig. (2)

      Examples of positive (group A) and negative (group B) changes of electric field produced by lightning flashes and measured by Boltek EFM-100 electric field meter.
    


    
      

      2. MATERIALS


      
        

        2.1. Research Stations Locations


        Mt. Aragats is a large stratovolcano in the North-West Armenia about 50 km from the Armenia’s capital Yerevan. It is the highest peak in modern Armenia and in the Lesser Caucasus range, located in Aragatsotn province. Aragats is a circular, shield like mountain composed of both lavas and tuff. It consists of four summits, Northern (the highest, 4090m), Western (4080m), Southern (3879m) and Eastern (3916m) forming the rim of a volcanic crater. Aragats research station of the Cosmic Ray Division (CRD) of the Yerevan Physics Institute (YerPhI) is located near large ice Lake Kari at 3200 m altitude (latitude: 40°28'N; longitude: 44°10'E). The station site is built up on solid rock foundation of volcanic origin.


        CRD has also two more stations with different locations: Yerevan CRD headquarters (latitude: 40.205N; longitude: 44.486E, 1090 m a.s.l.) and Nor Amberd Research station (latitude: 40.37N; longitude: 44.26E, 2000m a.s.l.)

      


      
        

        2.2. Facilities At Research Stations


        The Aragats research station of the Cosmic Ray division (CRD) of the Yerevan Physics Institute [14, 15] has been functioning for more than 70 years, since 1944. The main station facilities include various particle detectors, which measure neutral and charged fluxes of secondary cosmic rays originating in the interactions of primary protons and nuclei, which incident on the Earth's atmosphere, as well as electrons, gamma rays and neutrons originating in the thunderclouds [16, 17]. Every minute (or second) the number of particles (count rate) is stored to form time series of changing particle intensities. Additionally, we have installed weather stations, sensors of electric and magnetic fields, detectors of broadband radio emission and lightning detectors. Stable operation of all facilities is maintained 24 hours a day and 12 months a year; online visualization programs ADAS [18] and ADEI [19] provide online access to more than 300 time series of the uninterruptable measurements of particle fluxes and to the key geophysical parameters (follow the link http://crd.yerphi.am/ADEI). CRD staff has the remote control of the key parameters of detectors via wireless Internet.


        In this work Boltek EFM-100 electric field mill (for details, http://www.boltek.com/), is used for measuring electric fields near the surface and the distance to discharge. It registers electric fields by repeated exposure and shielding of sense electrodes. Through sense resistor, an electric charge flows from the ground to the sensor plates where they are exposed to the electric field. Charge seeps back to the ground when the sensor plates are screened, the moving charge generating an electric current. This is measured as an AC voltage, which size is proportional to the size of the electric field applied to the plates. The electric field sampling rate is 20 Hz and the measurement range is in V/m. As it was mentioned in [13] measurement accuracy of Boltek EFM-100 is 5%.


        Lightning can be detected as a sudden change in the electric field. Closer or distant lightning can produce different field changes. The Boltek firm devices are adapted to atmospheric electricity sign convention: according to which the downward directed electric field or field change vector is considered to be positive.


        In Aragats Space Environmental Center (ASEC) we have installed four Boltek EFM-100 mills (see three of them on the Fig. (3). And we have installed another two at Nor Amberd station and at the Yerevan station. First Boltek EFM-100 location is 12.8 km far from Mt. Aragats, and second one 39.1 km (see Fig. 3) [20].


        [image: ]
Fig. (3)

        a) Locations of Boltek EFM-100 electric field mills, b) Distance of Nor Amberd and Yerevan Boltek EFM-100 electric field mills from Aragats station.

        Recently, 3 cameras were installed at the station Aragats and 2 cameras in Byurakan (monitoring Ararat valley) near to Nor Amberd station as well. Images have been taken by 30 frames per second. Cameras start to operate with a specific trigger obtained from Boltek EFM, when the field becomes higher enough.

      

    


    
      

      3. RESULTS AND DISCUSSION


      The lightning activity is very high at Mt. Aragats, which is usually called “the master” of Armenia’s weather. In the average around 65 thunderstorms are happening during May-October months. Thunderstorm activity (lightning occurrences and electric field disturbances) on the mountain is very high during May-July and tends to decline during the winter (Fig. 1). In the period from May to July 2015, at the Aragats station we had registered ~26 thunderstorms, which were accompanied with strong lightning activity. As we can easily note from Fig. (4), the storm has been registered in 3 stations simultaneously. These spikes correspond to the lightning discharges, which abruptly change the measured field.


      [image: ]
Fig. (4)

      Near surface electric field disturbance during May 23, 2015 at Aragats (black curve), Nor Amberd (blue curve) and at Yerevan (red curve) stations.

      Distributions of lightning discharges in 3 stations are depicted in the Table (1). First column in the table is corresponded to station names, second one reveals the total number of discharges and last two are their fractions by groups indicated in the Nor Amberd station more than 800 discharges have been registered, whereas in the Aragats station there are much less. As we see from the Tables (1) B group discharges have large fractions in all stations: More than 50% of registered discharges by field mill are from B group.


      
        Table 1 Discharge distribution by groups on May 23, 2015.


        
          
            
              	Station

              	Total

              	A Group

              	B group
            

          

          
            
              	Aragats

              	486

              	165 (34%)

              	321 (66%)
            


            
              	Nor-Amberd

              	868

              	255(29,4%)

              	613(70.6%)
            


            
              	Yerean

              	210

              	92(44%)

              	118(56%)
            

          
        


      


      Thus, for discharges from Group B, the field variation is larger than for the other ones. In discharges from Group B, it varies from 1.2 to 51.2 kV m-1 and for Group A from 0.55 to 33.15 kV m-1. The histograms of Fig. (5) show that during discharges from Group B the mean of the field changes is 12.74 and around three times higher than the mean of Group A, which is 4.164.


      Distributions of field changes and durations for discharges registered in Aragats station are depicted in Fig. (5). Comparing (1 and 3) from Fig. (5), it is easy to notice that for strikes from Group A, when the field abruptly increases from the initial value to its maximum (positive changes), the duration is in the range from 0.1 to 0.99 seconds. Strikes from Group B show the electric field changes(making negative changes in field values), within 0.05 to 0.55 seconds. This is significantly shorter when comparing with Group A. These durations and field values are within a broader range compared to the few events discussed in [21].


      
        	A group Fig. 5 (2), the initial electric field ranged from -25.95 to 26.5 kV m-1 and the field peaked up to 37.3 kVm-1.


        	B group Fig. 5 (4), the initial field ranged from -25.2 to 29 kV m-1 and it has decreased down to -49.4 kV m-1.

      


      [image: ]
Fig. (5)

      Histograms of the period from the start of the electric field sharp decrease (increase) to its minimum (maximum) (1) an (3) and histograms of electric field changes (absolute value): A group (2) and B group (4).

      On the Fig. (6) A1, A2, A3 illustrate three different types of recoveries for discharges from A group registered at Mt. Aragats. The similar picture we have also for B type of discharges (Fig. 6) B1, B2, B3). In refs [22] and [23] a positive correlation was found between the electric field changes and the decay time constant. The last parameter they have taken from exponential curve fit. However, the results were presented only for 9 and 6 discharges. According to our results not all discharges have exponential recovery shape. From the Fig. (6) A1 and B1, one can see that the near surface electric field recovers less than half of its value in 3 seconds from discharge, keeping almost linear shape. In the second case, the field recovery at the beginning is exponential then it becomes linear, and in 3 seconds reaches to the half of its maximum (Fig. 6 A2 and B2). In ref [10] were presented 14 flashes, where the field at first recovered very fast, then linearly and exponentially. They attributed this to the corona discharge near the ground. Form the last figures one can observe, that in 3 seconds field reaches to its initial value having power function recovery shape. Values of electric field changes, which are depicted on the Fig. (6) A1 and A3 are almost the same and equal to 4 kV m-1. Although, as one can notice, the recovery shapes are different. Therefore, we cannot claim that distant discharges generate small near surface electric field changes and they should recover faster than close ones as it was discussed in [4]. Fig. (6) A1 and A3 both can be results of close and distant lightning and they indicate to the different type of discharges.


      Three electric fields, which have been installed on different locations, allow analyzing field change after the same discharge is registered in all stations at the same time. This brings them closer to their classification. IC flashes neutralize charge in each pole of the dipole, and with increasing distance from the location of the discharge occurrence; the polarity of the field change also varies. Ground flashes neutralize only one polarity of charge, so at all distances from the storm at the ground the polarity of the field change remains the same [25]. Therefore, if polarity reversal of the field change produced by the lightning flash is observed it can be classified as an intracloud flash [24, 26, 27].


      During above described storm we have registered only 124 discharges at three stations simultaneously (example can be found on the Fig. (7), from which 46 were with field reversal at least at one of the stations. The remaining 78 discharges have the same polarity in all registered stations. If polarity reversal is not observed, the question of classification remains open, and we need to analyze additional data. Therefore, only here for 46 discharges we can claim that they were intracloud. As additional data for classification can be fast wideband electric field waveforms and optical images of lightning flash [20]. Fast wideband (50 Hz to 12 MHz) electric field waveforms during lightning flashes are obtained from a 52 cm diameter, circular flat-plate antenna, which is connected to a Picoscope 5244B digitizing oscilloscope [20]. Additionally, all lightning discharges have been checked by EFM-100 distance data, Boltek LD-250 (http://www.boltek.com/product/ld250-lightning-detector/) local and World Wide Lightning Location Network (WWLLN, http://wwlln.net/) international networks. Local networks have detected all analyzed strikes. However, only three out of 46 were detected by WWLLN for strikes with polarity reversal. According to its description, it has different detection efficiencies for Cloud-To-Ground (CG) and Intracloud (IC) discharges. For CG discharges, WWLLN is more sensitive than for IC discharges [28]. So, in the future, comparison of local and global networks with optical observation also can serve as one of the key parameters for distinguishing discharges.


      [image: ]
Fig. (6)

      Electric field recovery curves during 3 seconds for A and B groups. For A1 and B1 field recovers less than half of its value, for A2 and B2 recovery is 50%, and for A3 and B3 field recovery is 100%. Every dash line on horizontal axis corresponds to 50ms measurements and the vertical axis shows measured near surface electric field.

      [image: ]
Fig. (7)

      The zoomed picture of near surface electric field disturbances for May 23, 2015 event at Aragats (black curve), Nor Amberd (blue curve) and at Yerevan station (red curve).

      The short separate analyze for these 46 events is presented on the Table (2). Three different time periods are depicted in the Table (1). 13:11 -14:36 (I row), 2) 14:54-17:46 (II row), 3) 14:51-15:25 (III row). During first period at Aragats and at Nor Amberd stations there are 28 discharges. Simultaneously in three stations, we have 8 discharges registrations (see Table 2) second row). Observation shows that during the third period we have 10 registered discharges at Yerevan and at Nor Amberd stations.


      
        Table 2 Short description for the analysis of 46 events registered at 3 stations simultaneously.


        
          
            
              	Stations

              	Number of Discharges

              	Aragats

              	Nor Amberd

              	Yerevan
            


            
              	I

              	II

              	III

              	IV

              	V

              	VI

              	VII

              	VIII

              	IX

              	X

              	XI

              	XII
            


            
              	Δt

              	ΔE

              	ΔE40/ Δt40

              	Fit type

              	Δt

              	ΔE

              	ΔE40/Δt40

              	Fit type

              	Δt

              	ΔE

              	ΔE40/Δt40

              	Fit type
            


            
              	Linear

              	Power

              	Exp

              	not def.

              	Linear

              	Power

              	Exp

              	not def.

              	Linear

              	Power

              	Exp

              	not def.
            

          

          
            
              	I

              	Min

              	28

              	0.10

              	-51.20

              	-2.45

              	6

              	9

              	6

              	7

              	0.10

              	-44.00

              	-9.05

              	14

              	0

              	6

              	8

              	-
            


            
              	Max

              	0.95

              	12.30

              	6.38

              	0.93

              	5.45

              	3.33
            


            
              	II

              	Min

              	8

              	0.14

              	-17.65

              	-0.68

              	2

              	2

              	3

              	1

              	0.10

              	-54.05

              	-2.68

              	4

              	2

              	2

              	0

              	0.15

              	-17.90

              	-6.68

              	5

              	1

              	0

              	2
            


            
              	Max

              	0.92

              	9.05

              	3.90

              	0.94

              	20.10

              	5.05

              	0.72

              	53.00

              	0.25
            


            
              	III

              	Min

              	10

              	-

              	0.20

              	-3.40

              	-5.50

              	1

              	3

              	4

              	2

              	0.19

              	-24.25

              	-0.78

              	4

              	1

              	1

              	4
            


            
              	Max

              	0.87

              	53.70

              	-0.05

              	0.89

              	1.95

              	2.68
            

          
        


      


      It has been discussed above that recovery curve of electric field after every discharge has different shapes (Fig. 6). As it was mentioned in the past [1, 3, 6 and 7] it should have an exponential shape. However, according to results we have found that electric field after discharge can recover not only exponentially but also recovery curve can be power and linear, sometimes undefined. As fit functions the followings have been used:


      
        
          	[image: ]

          	
        

      


      Eq. 1. Fit functions for the recovery curves of electric field after discharges.


      Range of fitting results by Eq. 1 functions and count of types of recovery curves are depicted in the Table (2). Example of fit functions of recovery curves are illustrated in Fig. (8). Discharge, which is registered at 17:46:09 in 3 stations simultaneously, has power function recovery shape at Aragats and Yerevan stations, while it has linear one at Nor Amberd station. The recovery curves have the same shape as B1, B2 and A1 recoveries Fig. 6). Fit equations for mentioned discharge are presented below. They were very well fitted with curves.


      [image: ]
Fig. (8)

      Fit parameters and recovery curves of electric field changes of discharge occurred at 17:46:09 UT at Aragats, Nor Amberd and Yerevan stations. Same discharge at Aragats and Yerevan has power function recovery shape, while at Nor Amberd it has linear one.

      
        
          	[image: ]

          	
        

      


      Eq. 2. Fit functions for recovery curves of electric field after discharge registered at 17:46.
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Fig. (9)

      Correlation between magnitude of field change and speed of field regeneration.

      From the fit type columns (Table 2) you can see that during the beginning of the storm, which corresponds to the part (I), we mostly have linear function for the recovery curves at Nor Amberd station, and mixed functions for Mt. Aragats. In the second part, when the storm moved a little bit towards Yerevan same is happening for Yerevan station results: recoveries become mostly linear. Comparing the results of Table (2) with Fig. (5) histograms, it is easy to notice that discharges at Nor Amberd station make bigger field changes (column VI) than at Mt. Aragats (column II). At the Nor Amberd for the 46 discharges field changes varies from -54kV m-1 to 53.7kV m-1. However, for time period, values of Δt (columns I and V) are in the same range as it was shown above. ΔE40 Δ t40-1 (columns III and VII) is showing speed of electric field regeneration. ΔE40 and Δt40 are differences between start of recovery and 2sec after it (every dot in Fig. (6) corresponds to 50ms measurements). In this work, speed of field regeneration is defined as relation of electric field changes to time period. As we see from the table, the fastest field regeneration (by absolute value) has observed at Nor Amberd station. Looking for connection between field changes and speed of electric field regeneration in 2 sec, we have found positive correlation for A group. For discharges from B group there was not any correlation between mentioned two parameters. The results are illustrated on the Fig. (9).

    


    
      

      CONCLUSION


      The results of investigations of atmospheric discharges have been presented in this work. Discharges can generate two different types of field changes. As it has been illustrated above, described two discharge groups have 3 different field recovery shapes. Every recovery curve corresponds to different type of lightning flashes. Far and close lightning can have the same recovery shape but different magnitudes of field changes, or vice versa, i.e. different shapes but the same recovery magnitude of field changes, which can link to the type of lightning: IC or CG. As it was mentioned in the past [1, 3, 6 and 7] after lightning the electric field should have exponentially recovering shape. However, according to presented observations after some discharges, the electric field recovery curve obtains a power-law or a linear function shape; sometimes it looks like a superposition of several functions, which could be due to the electrification processes inside the thundercloud or below it.


      The comparison of two lightning groups shows that discharges from B group can have large field changes in shorter period than from A group. Besides these, observations show large positive correlation between field change magnitude and speed of field regeneration for discharges from A group. Although, B group discharges have large fractions in all stations: more than 50% of registered discharges by field mill are from B group.


      Paper lacks the answer to the question mentioned in the Introduction section: “Can we use ground-based electric field measurements for identifying IC and CG lightning and their characteristics?”. So we leave it as an open idea for the future research.
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