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Abstract

:

Currently, many researchers have an interest in the investigation of the electric field in the fair-weather electric environment along with its diurnal and seasonal variations across all regions of the world. However, a similar study in the southern part of Western Siberia has not yet been carried out. In this regard, the paper aims to estimate the mean values of the electric field and their variations in this area using the example of Tomsk. The time series of one-minute average potential gradient values as well as other quantities obtained from the geophysical observatory of the Institute of Monitoring of Climatic and Ecological Systems of the Siberian Branch of the Russian Academy of Sciences (IMCES SB RAS, Tomsk, Russia) from 2006 to 2020 is used in this study. The mean annual value of the potential gradient in Tomsk is 282 V/m and usually varies from 161 to 372 V/m. The diurnal variations in potential gradient per year on average are characterized by oscillations of the continental type with a double maximum and minimum. The main minimum of diurnal variations is 7 h and the main maximum is 21 h of local time (00 and 14 UTC, respectively). According to the annual mode, the maximum potential gradient is observed in February, and the minimum is recorded in June.
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1. Introduction


Measurements of the characteristics of atmospheric electricity in the surface layer, usually the electric field, provide information on both the local electrical state and the functioning of the entire Global Electric Circuit (GEC). The first measurements of a predominantly experimental nature began more than 150 years ago. Improvements to existing instrumentation contributed to the organization of global systematic observations of electrical quantities such as the potential gradient (∇φ), electrical conductivity of air, ion concentration, current density, and others [1,2,3,4,5,6,7,8]. Today, numerous ground-based measurements provide information about the electrical state of the atmosphere, and different approaches [1,6,9] to data selection and processing have allowed us to draw fundamental conclusions about the influence of fair-weather [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21] and disturbed weather conditions [6,11,12,13,14,15,16,17,18,19,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38] on the surface atmospheric electricity.



For instance, the studies carried out on the Carnegie geophysical survey vessel in the early twentieth century made it possible to discover one of the global mechanisms affecting the atmospheric electric field. This is the average daily variation in the potential gradient, widely known as the Carnegie curve or unitary variation. It represents the global daily contribution of electrical activity in areas of disturbed weather [1,39] and follows universal time, globally independent of the measurement position [1].



However, the contribution of regional and local factors can significantly affect the diurnal variations in the surface electric field in different regions of the globe. A strong relationship exists between atmospheric aerosols and the electrical characteristics of the atmosphere: aerosols remove light ions from the air, which leads to a decrease in conductivity, and, consequently, the gradient of the electric field potential should increase. Thus, in the polluted urban environment, the surface values of the potential gradient are higher than those in the countryside and are subject to additional fluctuations due to changes in concentration. This effect has been found in many cities around the world [2,6,9,40,41]. The lofting of smoke plumes from wildland fires [42], intense dust storms [43,44], and eruptive clouds from volcanoes [45] spreading in middle and upper atmosphere are all factors contributing to a decrease in the potential gradient.



Meteorological factors have a special place in the study of atmospheric electricity, as they are characterized by greater temporal and spatial variability. Fogs, mist, or haze contributes to an increase in the surface value of the potential gradient [9,10,46]. Short-lived (up to several hours) convective clouds, particularly Cumulonimbus, cause short deviations in the potential gradient with both positive and negative signs [11,36,37]. Mesoscale convective systems and cloud systems associated with atmospheric fronts of temperate and tropical cyclones, which are accompanied by severe thunderstorm activity, cause a severe perturbation of the normal atmospheric electric field over long periods of time and space [30,47,48,49,50].



The diurnal variations in the potential gradient on fair-weather days recorded in different regions of the globe are classified broadly into three types. The potential gradient diurnal variations having a minimum near 04 UTC and a maximum near 19 UTC (as is the case of the Carnegie curve) are considered to be of Type1. The variations having two minima, one at ~02 UTC and the other one at ~10 UTC, and two maxima, one at ~06 UTC and the other at ~19 UTC, are of Type2. The diurnal variations having a broad depression, centered at ~11 UTC, are of Type3 [6,13,51].



As the electrical state of the atmosphere greatly varies due to various regional and local effects, monitoring and analysis of the variability in atmospheric-electrical quantities in different regions of the Earth are necessary for a full understanding of the functioning of the GEC and the relationship of changes in its characteristics with modern climatic changes.



Detailed studies of the atmospheric electrical quantities in Western Siberia covering a significant territory of more than 2 million sq. km have not yet been conducted. The work in this regard aims to estimate the average values of the potential gradient under fair-weather conditions, as well as its daily and seasonal variations in the south of Western Siberia, using Tomsk as an example.




2. Materials and Methods


The study focused on the southern region of Western Siberia, which is located in the central part of Eurasia, far from the oceanic coasts (Figure 1a). The Vasyugan, Ket-Tymkaya, Ishim, and Kulundinskaya plains, as well as the Barabinskaya lowland, make up the majority of the research area. The southeastern part of the territory belongs to the mountainous Salair Ridge and Kuznetsk Alatau, the northern part of the Altai Mountains, and the western part of the Western Sayan. The Vasyugan Swamp, the largest swamp system in the northern hemisphere, is located in the northern part of the study area. This region is characterized by unique physical and geographical conditions and a significant distance from the oceans.



Our research is based on the data of atmospheric-electrical measurements at the geophysical observatory (GO) of the Institute of Monitoring of Climate and Ecological Systems of the Siberian Branch of the Russian Academy of Sciences (hereinafter the IMCES GO). This site is representative of more parts of the study region. The IMCES GO is located 167 m a.s.l. in the eastern part of Tomsk (Russia) at 56.48° N and 85.05° E (Figure 1b). The IMCES GO conducts geophysical, meteorological, and environmental observations, as well as testing and comparing new equipment and technologies. Observations of atmospheric-electrical, actinometric, and meteorological variables, including turbulence, have been made with high temporal resolution (1 min or less) since 2006. A description of the IMCES GO is available on its website [52] (in Russian).
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Figure 1. The region of studies (a) and the location of the IMCES GO (b). The map are shown based on the global digital elevation model ETOPO2 [53]. 
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Measurements of the potential gradient were conducted by the Field-2 and CS110 field mills with a time averaging of 30 and 1 s, respectively. The Field-2 measures ∇φ in the range of ±5000 V/m with an accuracy of ±5%. The Field-2 was produced and calibrated by the calibrator of electric field strength KNEP-1M (a range of ±5000 V/m, an accuracy of 1.5%) in the Voeikov Main Geophysical Observatory (St. Petersburg, Russia) [54]. More information about this sensor can be seen in [55]. The CS110 was produced and calibrated by the Campbell Scientific, Inc. (Logan, UT, USA) [56]. It measures ∇φ in the range of ±22,300 V/m with an accuracy of ±5%. The CS110 has two ranges of measurement, ±2200 V/m with a resolution 0.32 V/m or ±22,300 V/m with a resolution 3.2 V/m, with automatic switching between them [57].



Both sensors are located next to each other on the ground observation site in accordance with the requirements for installation and measurement. The Field-2 mounts at a height of 1 m on the grounded metal grid (3 by 3 m) and measures ∇φ corrected to ground level [58]. The CS110 is positioned 2 m above ground level on the grounded metal tripod mast and has an additive correction of +8 V/m for reducing to ground level [57]. Taking into account the grounding of the sensors, i.e., correcting their readings to values corresponding to the ground level, and their instrument accuracies, the potential gradient measurements are representative and can be comparable with other ground-based potential gradient measurements.



The Field-2 worked from 2006 to 2017, and the CS110 has worked since 2015. Both sensors operated simultaneously for about 1.5 years. Based on these measurements, we determined the conversion factor (as 2.37) of data to merge the measured data of sensors.



Data from visual observations of cloudiness and atmospheric phenomena (a time resolution of 3 h) reported at the Tomsk weather station (WMO ID 29430; located 6 km away from the IMCES GO) [59] were used when selecting cases. A feature of observations at a weather station is that local phenomena (such as cloudiness, fog, thunderstorms, precipitation) are recorded by the observer not only at the meteorological station itself, but also in its vicinity (within the visibility of the human eye up to 15–20 km). Fair-weather conditions take away the presence of convective clouds, which, at a distance of 6 km between the IMCES GO and the meteorological station Tomsk, could affect the PG. Accordingly, in this study, we can neglect this distance. Only cases in which the following conditions are satisfied were considered in the study:




	
Total cloud cover did not exceed 5/10 (4 oktas) during the three hours preceding the time of observation and at the current synoptic hour (00, 03, 06, 09, 12, 15, 18, and 21 UTC);



	
No low stratus clouds and clouds of vertical development during the preceding and current synoptic hours;



	
No thunderstorms, precipitation, fog, haze, snowstorms, sand and dust storms, and smoke condition during the preceding and current synoptic hours;



	
Mean wind speed (measured at 10 m) less than 6 m/s during the preceding and current synoptic hours at the Tomsk weather station.








For the analysis, values of the potential gradient (a time averaging of 1 min) at the measurement point under fair-weather conditions of 2006–2020 were selected and analyzed. The selected data omitted all values that were more than 1000 V/m and less than −500 V/m.



To interpret the ∇φ variability, the synchronous data of meteorological and geophysical quantities (a time averaging of 1 min) obtained in the IMCES GO since 2006 (air temperature and relative humidity, atmospheric pressure, wind speed and direction, solar radiation, radiation background) were used. The sensor Vaisala HMP-45D (Vantaa, Finland) recorded air temperature and relative humidity and the sensor Motorola MPX4115AP (Chicago, IL, USA) recorded an atmospheric pressure. A M-63 anemorumbometer (Hydrometpribors, Russia) was used for measuring wind speed and direction. A solar irradiance (SI) was acquired using a Kipp & Zonen CM11pyranometer (Delft, The Netherland). Gamma rays were measured using the IRF-3T background radiation meter. The operation of the IRF-3T is based on Geiger–Muller counters (Ecotechnology, Moscow, Russia) converting ionizing radiation energy into electrical impulses.



A quantitative assessment of the relationship between the ∇φ variations from selected fair-weather cases and the spectral transparency of the atmosphere due to cloudiness and aerosols was carried out on the basis of data from the NILU-UV-6T multichannel filter radiometer (Geminali, Oslo, Norway) operating in the IMCES GO since 2006. The radiometer measures the amount of electromagnetic energy in the ultraviolet (UV) and visible spectral range at wavelengths of 305, 312, 320, 340, and 380 nm and in the range of 400–700 nm. The attached software allows calculations of the average and maximum values of solar irradiance in the ranges of UV-A (315–400 nm), UV-B (280–315 nm), photosynthetically active radiation (400–700 nm), erythema and biologically active UV radiation, and also total ozone column, and transparency of the atmosphere at a wavelength of 340 or 380 nm (CLT) due to the cloud cover and aerosols.



In our case, CLT was calculated for the 380 nm wavelength as:


  C L  T  380   =    E  e ( m e a s . )      E  e ( c l e a r )     ⋅ 100 % ,  








where Ee(meas.) and Ee(clear) are the measured and modeled (for a clear sky) amounts of electromagnetic energy for the 380 nm wavelength, respectively.



As a result of the data selection, more than 600 thousand values of the potential gradient and additional quantities for fair-weather cases obtained over a period of 15 years were identified and analyzed.



The number of potential gradient values (mean per minute) and the total data period under fair-weather conditions and under different weather conditions are presented in Table A1 and Table A2.




3. Results


3.1. Annual Variations in the Potential Gradient


According to Figure 2 and Table A3, the variability in the potential gradient values in Tomsk under fair-weather conditions is defined by a lognormal distribution. For the entire study period, the arithmetic mean value ∇φ is 282 V/m, while the median value is 252 V/m. This period also corresponds to the interquartile range (IQR) of 211 V/m and the standard deviation of 182 V/m.



At a 95% confidence level, the minimum and maximum values of ∇φ are 37 and 638 V/m, respectively. The total range of value variability under fair-weather conditions is estimated as a range from Q1 − 1.5 IQR to Q3 + 1.5 IQR, where Q1 and Q3 are the 25th and 75th percentiles, respectively, and IQR has a range of around −155 to 688 V/m. Values of ∇φ, limited to the interval Q1 ÷ Q3, are typical for Tomsk and range from 161 to 372 V/m.



Statistical parameters of the variability in the potential gradient under different weather conditions in Tomsk are presented in Figure A1 and Table A5.




3.2. Diurnal Variations in the Potential Gradient


According to the classification established in [6,13,51], the daily fluctuations in the potential gradient recorded in Tomsk can be attributed to the second type—oscillations of the continental type with a double maximum and double minimum (see Figure 3 and Figure 4, Table A4).



As shown in Figure 3, the main minimum of diurnal ∇φ occurs around 00 UTC and the main maximum of diurnal ∇φ occurs at about 14 UTC on average throughout the year. A detailed examination of the main maximum of diurnal ∇φ in different months (see Figure 3) reveals a bimodularity (“double-headed”). This phenomenon is presumably explained by the superposition of local (the maximum of convective instability observing 8–10 UTC at the observation site [60,61,62,63]) and global (the maximum of unitary variation observing 11–13 UTC [1,10]) processes.



Figure 4 demonstrates that, in addition to the prominent main maximum and minimum of diurnal ∇φ, the secondary maximum and minimum of diurnal ∇φ caused by the convective generator [6,7,18] may also be seen in different months. Their manifestation is timed to coincide with the sunrise and varies greatly from summer to winter. Thus, the secondary maximum in July is noted at ~2 UTC, and in February, it occurs at ~8 UTC.



The diurnal ∇φ variation averages approximately 56% of the mean annual value, which is consistent with similar results from other continental observation sites [13,21,51]. The amplitude of diurnal ∇φ changes significantly, exceeds the annual average during the winter months, and can reach 100%.




3.3. Seasonal Variations of the Potential Gradient


On fair-weather days in Tomsk, the intra-annual dynamics of mean monthly values of the potential gradient may be roughly described by a simple wave with a minimum in summer and a maximum in winter (see Figure 5), which generally agrees with comparable estimates [10,13,21]. The variance of ∇φ values also increases significantly from summer to winter.



The annual variability in the monthly mean values of ∇φ in Tomsk is 41% of the long-term mean, which agrees with the estimates for the northern hemisphere, equal to 48% [13,21,51].



The seasonal variability in November and January deviates greatly from the general pattern. There is a significant decrease in the monthly mean and diurnal mean values of ∇φ (see Figure 6).





4. Discussion


Although the potential gradient under fair-weather conditions is well known, the study of long-term datasets for new regions can complement the current understanding of atmospheric electricity, as well as help in predicting future changes.



Variations in background radiation and aerosol air pollution, which are strongly related to changes in air temperature, wind speed, and snow depth (SD), can partially explain the patterns of changes in the potential gradient recorded in Tomsk. For the entire study period, the correlation coefficient at a significance of 95% of monthly averages of the potential gradient with snow depth is 0.58, that with atmospheric transparency at 380 nm is 0.58, that with air temperature is −0.61, that with gamma radiation is −0.61, and that with wind speed is 0.74. The above correlation coefficients indicate significant relationships between the variability in the potential gradient and other quantities. These local factors, in turn, are superimposed on the response of the planetary-scale processes in the electric field associated with the GEC [1,10].



Let us proceed to the interpretation of the seasonal variability registered in Tomsk. The low intensity of air ionization under the influence of radon and its derivatives (minimal gamma radiation) and relatively high atmospheric transparency are likely to be the causes of the winter maximum. The ionizing power of galactic cosmic rays is also minimal due to the high pressure and low temperatures in winter [64]. The reduction in the background radiation during winter is due to soil freezing and a substantial snow cover that prevents radon emission from the soil (see Figure A2). Snow depth also limits soil-derived aerosols in the air. The reduced aerosol concentration at the observation site in winter is also linked to mean wind speeds ~2.6 m/s (see Figure A2e), which causes aerosol export. In winter, high wind speeds <6 m/s caused by advection on the periphery of the Siberian high lead to aerosol export away from the observation site, lowering the concentration value.



In spring-summertime, the opposite picture is observed: as the snow melts, radon emanation rises and gamma radiation increases [64]. The strong surface heating and an upwards by convective mixing promote aerosol air pollution. As a result of these processes, the potential gradient during this period reaches its minimum.



For summer (July as an example), the correlation coefficient at a significance of 95% between hourly average values of the potential gradient and wind speed, gamma radiation, atmospheric transparency at 380 nm, and solar irradiance was −0.25, −0.28, −0.28, and −0.53, respectively.



The diurnal variability can be roughly interpreted as follows: in the night and morning hours, increased ionization of the air (relatively high gamma-radiation) leads to lower potential values. After sunrise, as warming and intensification of convection and turbulent mixing (along with an increase in wind speed), aerosol rises and mixes in the air, resulting in higher levels of aerosol contamination in the surface layer. At this time, mainly in spring and summer, a secondary maximum of the potential gradient is observed (see Figure A3). The intensity of convective motions peaks in the near-afternoon (12–15 LT), while gamma-radiation and aerosol air pollution rapidly decline and reach their lowest levels around 13–15 LT, likely due to the removal of radon and its derivatives from the surface layer. At the same time, air pollution from aerosols is low. In spring and summer, a secondary minimum is noted (see Figure A3). An increase in the potential gradient begins in autumn with lower air temperatures, soil freezing, and snow cover formation.



Solar irradiance changes and, as a consequence, air temperature variations account for much of the diurnal variability of the potential gradient (see Figure A3 and Figure A4). Convective disturbances and turbulent mixing increase with air temperature, contributing to the redistribution of radon and its decay products (radionuclides) as well as aerosol particles in the atmosphere.



As shown in the previous section (see Figure 5 and Figure 6), November is outside of the general trend and shows a strong decrease (~15%) in the potential gradient. A likely explanation is the sharp increase in gamma radiation intensity this month (see Figure A2), but additional research is required to elucidate the reasons.



Aerosol contamination in the ground layer increases and atmospheric transparency decreases after 15 LT due to a gradual weakening of the convective motions and sinking of the aerosols they lift into the ground layer, reaching a maximum around 18–19 LT in the summer (see Figure A3) and 15–16 LT in winter (see Figure A4). There is a gradual increase in the radiation background. The potential gradient grows rapidly as a result of these actions. The combined effect of the local variables outlined above and the global process (unitary variation) forms the major maximum of the potential gradient.



Aerosol [64] and radionuclides [65] deposition occurs after sunset, as well as subsidence of convective and turbulent motions, resulting in a clear transparent atmosphere and increasing background radiation. The latter factor contributes to the decrease in the potential gradient in the surface layer.



Then, we compared our results to the unitary variation (Carnegie curve) and the findings of other researchers for different parts of the globe. The absolute values of the potential gradient, both for specific months and for the entire year, strongly exceed the planetary average (see Figure 7a and Table A4). It is evident that the annual average in ∇φ in Tomsk is twice the Carnegie value. This disparity is explained by placement in a populated area. Furthermore, the presence of snow cover and soil freezing for an average of 7 months a year, which prevents radon emission from the soil, plays a significant part in the increase in the annual average ∇φ values in Tomsk.



A comparison of the multiyear mean in Tomsk to similar values obtained at urban observation sites and sites in the interior of the continent revealed their approximate agreement. Thus, the long-term average values in Islamabad (Pakistan) [66], Mitzpe Ramon (Israel) [6], London (UK) [6,41], Muzaffarabad (Pakistan) [67], and Srinagar (India) [68] are about 170, 190, 370, 390, and 470 V/m, respectively.



The diurnal variations in the normalized versus average ∇φ values in Tomsk are generally consistent with the unitary variation. Hourly means of the potential gradient with month of the year in the south of Western Siberia are generally characterized by a minimum in the morning (00 UTC) during summer and a maximum in the evening (14 UTC) during late winter (see Figure 8). However, their primary minimum and maximum are 03 and 05 UTC earlier than a similar one on the Carnegie curve, respectively (see Figure 7b).



It should be noted that the diurnal variations observed in Tomsk match the pattern observed in Srinagar, India [68] and the Complejo AStronomico el LEOncito (CASLEO), Argentina [69]. Seasonal variability in Tomsk is comparable to Islamabad, Pakistan [67] and Reading, the United Kingdom [11].




5. Conclusions


New estimates of diurnal and seasonal variability of the potential gradient under fair-weather conditions in the southern part of Western Siberia using Tomsk as an example were obtained:




	
The annual average in the potential gradient in Tomsk is 282 V/m, within a range of between 161 and 372 V/m;



	
A lognormal distribution describes the variations in potential gradient values in Tomsk under fair weather conditions;



	
On average, the diurnal variations in potential gradient per year are characterized by oscillations of the continental type with a double maximum and minimum;



	
Variations have a main minimum of 00 UTC and a main maximum of 14 UTC;



	
The diurnal variability in potential gradient accounts for around 56% of the annual average value;



	
The changes over the course of a day, normalized by the average potential gradient values, are generally consistent with the daily pattern known as the Carnegie curve; however, their minimum and maximum are shifted relative to the curve by an earlier time (by 3 and 5 h, respectively);



	
Most of the diurnal variability of the potential gradient in Tomsk is related to variations in global horizontal irradiance and, as a consequence, air temperature variations; convective disturbances and turbulent mixing change as air temperature varies, causing radon and its decay products (radionuclides) as well as aerosol particles to redistribute in the atmosphere;



	
The observed diurnal variations in the potential gradient are driven by diurnal changes in radionuclides and aerosol particles;



	
The annual variability in monthly average potential gradient values is 41% of the long-term mean;



	
According to the annual mode, the maximum potential gradient is observed in February, and the minimum in June;



	
The seasonal variations in background radiation and aerosol air pollution, which are strongly related to changes in air temperature, wind speed, and snow cover, can partially explain the patterns of season changes in the potential gradient observed in Tomsk.








Though the absolute values of the potential gradient recorded in Tomsk are only representative of the city (overestimated when compared to those in natural landscapes and rural areas), the observed seasonal and diurnal patterns of the potential gradient are generally correct for the study area.
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Table A1. Number of potential gradient values (mean per minute) and the total data period under fair-weather conditions and under different weather conditions in Tomsk according to data from the IMCES GO for 2006–2020. Data of potential gradient for 2010 are missing due to the repair and calibration of the field mill in the Voeikov Main Geophysical Observatory (St. Petersburg, Russia).






Table A1. Number of potential gradient values (mean per minute) and the total data period under fair-weather conditions and under different weather conditions in Tomsk according to data from the IMCES GO for 2006–2020. Data of potential gradient for 2010 are missing due to the repair and calibration of the field mill in the Voeikov Main Geophysical Observatory (St. Petersburg, Russia).





	
Conditions

	
2006

	
2007

	
2008

	
2009

	
2010

	
2011

	
2012

	
2013

	
2014

	
2015

	
2016

	
2017

	
2018

	
2019

	
2020

	
Sum






	
Number of the potential gradient values, 103

	
Fair-

weather

	
38

	
35

	
17

	
30

	
-

	
29

	
73

	
45

	
18

	
53

	
85

	
20

	
86

	
64

	
52

	
645




	
Different-

weather

	
214

	
312

	
255

	
201

	
-

	
133

	
448

	
455

	
161

	
302

	
458

	
265

	
495

	
436

	
514

	
4649




	
Total data

period, days

	
Fair-

weather

	
26.4

	
24.3

	
11.8

	
20.8

	
-

	
20.1

	
50.7

	
31.3

	
12.5

	
36.8

	
59.0

	
13.9

	
59.7

	
44.4

	
36.1

	
447.9




	
Different-

weather

	
148.6

	
216.7

	
177.1

	
139.6

	
-

	
92.7

	
311.1

	
316.0

	
111.8

	
209.7

	
318.1

	
184.0

	
343.8

	
302.8

	
356.9

	
3228.5
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Table A2. Relationship (in%) of the potential gradient values numbers under fair-weather conditions and under different weather conditions in Tomsk according to data from the IMCES GO for 2006–2020. Data of potential gradient for 2010 are missing due to the repair and calibration of the field mill in the Voeikov Main Geophysical Observatory (St. Petersburg, Russia).






Table A2. Relationship (in%) of the potential gradient values numbers under fair-weather conditions and under different weather conditions in Tomsk according to data from the IMCES GO for 2006–2020. Data of potential gradient for 2010 are missing due to the repair and calibration of the field mill in the Voeikov Main Geophysical Observatory (St. Petersburg, Russia).





	2006
	2007
	2008
	2009
	2010
	2011
	2012
	2013
	2014
	2015
	2016
	2017
	2018
	2019
	2020
	Mean





	17.8
	11.2
	6.7
	14.9
	-
	21.8
	16.3
	9.9
	11.2
	17.6
	18.6
	7.6
	17.4
	14.7
	10.1
	14.0
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Table A3. Statistical parameters of the total variability in the potential gradient under fair-weather conditions in Tomsk according to data from the IMCES GO for 2006–2020.






Table A3. Statistical parameters of the total variability in the potential gradient under fair-weather conditions in Tomsk according to data from the IMCES GO for 2006–2020.





	Period
	Mean, V/m
	Standard Deviation, V/m
	Median, V/m
	Interquartile Range, V/m
	5th

Percentile, V/m
	25th

Percentile, V/m
	75th

Percentile, V/m
	95th

Percentile, V/m





	January
	249
	238
	197
	320
	−30
	60
	379
	740



	February
	338
	213
	299
	256
	53
	195
	451
	780



	March
	318
	192
	300
	231
	30
	193
	424
	664



	April
	312
	157
	281
	184
	123
	203
	387
	612



	May
	258
	133
	234
	151
	87
	176
	327
	498



	June
	223
	128
	212
	139
	59
	139
	278
	442



	July
	224
	139
	227
	150
	10
	146
	296
	450



	August
	228
	107
	214
	130
	85
	154
	284
	425



	September
	289
	166
	263
	207
	87
	169
	376
	627



	October
	315
	157
	284
	194
	123
	203
	397
	612



	November
	276
	206
	245
	269
	15
	120
	389
	682



	December
	331
	194
	300
	250
	72
	193
	444
	695



	Year
	282
	182
	252
	211
	37
	161
	372
	638










[image: Table] 





Table A4. Hourly average values of the potential gradient under fair-weather conditions in Tomsk according to data from the IMCES GO for 2006–2020.






Table A4. Hourly average values of the potential gradient under fair-weather conditions in Tomsk according to data from the IMCES GO for 2006–2020.





	Time (UTC/LT)
	Absolute Values ∇ϕ,V/m
	Relative Values ∇ϕ,% of the Mean
	Time(UTC/LT)
	Absolute Values ∇ϕ,V/m
	Relative Values ∇ϕ,% of the Mean





	00/07
	203
	72
	12/19
	332
	118



	01/08
	221
	78
	13/20
	349
	123



	02/09
	239
	84
	14/21
	362
	128



	03/10
	248
	88
	15/22
	348
	123



	04/10
	259
	92
	16/23
	334
	118



	05/11
	262
	93
	17/00
	322
	114



	06/12
	269
	95
	18/01
	310
	110



	07/13
	280
	99
	19/02
	287
	101



	08/14
	287
	102
	20/03
	266
	94



	09/15
	299
	106
	21/04
	247
	87



	10/17
	305
	108
	22/05
	224
	79



	11/18
	325
	115
	23/06
	205
	72
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Figure A1. Histogram of the potential gradient values under differentweather conditions for Tomsk (a) and the Box Plot quartile diagram (b). 
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Table A5. Statistical parameters of the variability in the potential gradient under different weather conditions in Tomsk according to data from the IMCES GO for 2006–2020.






Table A5. Statistical parameters of the variability in the potential gradient under different weather conditions in Tomsk according to data from the IMCES GO for 2006–2020.





	Period
	Mean, V/m
	Standard Deviation, V/m
	Median, V/m
	Interquartile Range, V/m
	5th

Percentile, V/m
	25th

Percentile, V/m
	75th

Percentile, V/m
	95th

Percentile, V/m





	January
	202
	355
	164
	277
	−184
	30
	307
	712



	February
	217
	327
	203
	285
	−197
	72
	357
	721



	March
	164
	478
	191
	263
	−307
	45
	307
	574



	April
	187
	899
	229
	218
	−316
	124
	342
	606



	May
	124
	1043
	205
	213
	−525
	101
	314
	555



	June
	180
	838
	211
	160
	−87
	131
	292
	484



	July
	177
	787
	207
	187
	−117
	121
	307
	515



	August
	196
	717
	214
	161
	−56
	139
	300
	493



	September
	163
	629
	188
	191
	−176
	102
	293
	511



	October
	168
	738
	180
	229
	−300
	63
	293
	580



	November
	214
	553
	169
	257
	−203
	53
	310
	735



	December
	174
	347
	161
	263
	−212
	30
	293
	614



	Year
	180
	680
	195
	221
	−218
	86
	307
	588
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Figure A2. Variations in monthly averages of the potential gradient (a), air temperature (b), relative humidity (c), gamma radiation (d), wind speed (e), and atmospheric transparency at 380 nm (f) under fair-weather conditions in Tomsk according to data from the IMCES GO for 2006–2020, and monthly average snow depth (g) according to Tomsk weather station. 
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Figure A3. Variations in hourly averages of the potential gradient (a), air temperature (b), relative humidity (c), gamma radiation (d), wind speed (e), atmospheric transparency at 380 nm (f), and solar irradiance (g) under fair-weather conditions during July in Tomsk according to data from the IMCES GO for 2006–2020. 






Figure A3. Variations in hourly averages of the potential gradient (a), air temperature (b), relative humidity (c), gamma radiation (d), wind speed (e), atmospheric transparency at 380 nm (f), and solar irradiance (g) under fair-weather conditions during July in Tomsk according to data from the IMCES GO for 2006–2020.
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Figure A4. Variations in hourly averages of the potential gradient (a), air temperature (b), relative humidity (c), gamma radiation (d), wind speed (e), atmospheric transparency at 380 nm (f), and solar irradiance (g) under fair-weather conditions during February in Tomsk according to data from the IMCES GO for 2006–2020. 
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Figure 2. Histogram of the potential gradient under fair-weather conditions for 2006–2020 in Tomsk (a) and the box-plot quartile diagram (b). 
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Figure 3. Hourly mean diurnal variation in the potential gradient under fair-weather conditions, calculated for 2006–2020. On the X-axis, UTC (Panel (a)) and local time (LT) (Panel (b)) are shown. In the figures, the width of the confidence interval ±t⋅δ is determined by the multiplication of the Student’s t-value (t) and the standard error of the mean (δ = σ/√N, where σ—standard deviation, N—sample length), and ±1σ—the range equal to one standard deviation. 






Figure 3. Hourly mean diurnal variation in the potential gradient under fair-weather conditions, calculated for 2006–2020. On the X-axis, UTC (Panel (a)) and local time (LT) (Panel (b)) are shown. In the figures, the width of the confidence interval ±t⋅δ is determined by the multiplication of the Student’s t-value (t) and the standard error of the mean (δ = σ/√N, where σ—standard deviation, N—sample length), and ±1σ—the range equal to one standard deviation.



[image: Atmosphere 13 00614 g003]







[image: Atmosphere 13 00614 g004 550] 





Figure 4. Hourly mean diurnal variation in the potential gradient under fair-weather conditions, calculated for the specific months: January (a), February (b), March (c), April (d), May (e), June (f), July (g), August (h), September (i), October (j), November (k), December (l). In this figure, the width of the confidence interval ±t⋅δ is determined by the multiplication of the Student’s t-value (t) and the standard error of the mean (δ = σ/√N, where σ—standard deviation, N—sample length), and ±1σ—the range equal to one standard deviation. 
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Figure 5. Seasonal variation in the potential gradient obtained under fair-weather conditions in Tomsk. In the figure, the width of the confidence interval ±t⋅δ is determined by the multiplication of the Student’s t-value (t) and the standard error of the mean (δ = σ/√N, where σ—standard deviation, N—sample length), and ±1σ—the range equal to one standard deviation. 
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Figure 6. Hourly mean diurnal variation in the potential gradient under fair-weather conditions in Tomsk, calculated over 2006–2020. In the figure, the width of the confidence interval ±t⋅δ is determined by the multiplication of the Student’s t-value (t) and the standard error of the mean (δ = σ/√N, where σ—standard deviation, N—sample length), and ±1σ—the range equal to one standard deviation. 
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Figure 7. Smoothed daily variations in absolute (a) and normalized (b) potential gradient under fair-weather conditions (February, April, July, and October and the annual average values calculated for 2006–2020) obtained at Tomsk in comparison with the unitary variation (Carnegie curve [1]). 
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Figure 8. Hourly means of potential gradient with month of yearunder fair-weather conditions for 2006–2020 in Tomsk. 
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