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Abstract: The electrical state of the surface atmosphere changes significantly under the influence of
cloudiness and atmospheric phenomena, including atmospheric precipitation. These features can
be used for possible diagnostics of precipitation and improvement of their characteristics based on
variations of atmospheric-electrical quantities in the surface layer. Studies of variations of meteorological
and atmospheric-electrical quantities in the surface layer were carried out during the heavy rainfall
associated with the cumulonimbus (Cb) clouds passage. Meteorological and atmospheric-electrical
observations in the Geophysical Observatory of the Institute of Monitoring of Climatic and Ecological
Systems are presented in this paper. Precipitation data are used to identify periods of heavy rainfall
≥ 5 mm/h. Information of weather stations and satellites is used to separate the heavy rainfall events by
synoptic conditions like thunderstorms and showers of frontal or internal air masses. We find that rains
associated with the frontal Cb clouds produce more abrupt changes in negative electrical conductivity
in comparison with the Cb clouds in internal air masses. The significant increase in negative electrical
conductivity (more than two times vs. normal values) occurs typically during the passage of frontal Cb
and heavy rain with droplet size greater than 4 mm.

Keywords: atmospheric electricity; atmospheric electric field; air electric conductivity; electrode
layer; weather fronts; cumulonimbus clouds; thunderstorm; heavy rain; shower

1. Introduction

The hazardous weather phenomena pose a threat to human beings and their economic activity,
and they also have a major environmental impact. Intense and prolonged precipitation is one of the
severe events, which is becoming an increasingly detrimental factor for natural systems and society.
The spatial and temporal distribution of precipitation may have substantial variability, even within
relatively homogeneous physical and geographical areas.

Currently, monitoring of storm rainfall on the meso-β scale in Western Siberia is carried out
primarily by observations at the Roshydromet weather stations network. Such collected data cannot
provide detailed spatial and temporal distribution as well as identify the most likely areas for severe
storm rainfall or evaluate the relationship with changes in atmospheric electrical parameters and
meteorological values, particularly in small-scale convective processes.
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Electrical quantities in the surface atmosphere are very sensitive to meteorological conditions [1–7].
Taking this feature into account, it seems possible to diagnose changes in precipitation and specify its
characteristics based on variations of electrical quantities in the surface layer (potential gradient of the
electric field ∇ϕ = −E and polar electric conductivity λ±).

The electrical structure of the surface atmosphere under fair-weather conditions has been
investigated in sufficient detail [8–18]; while the processes at disturbed weather (clouds, precipitation,
blizzards, fogs, thunderstorms, etc.) are less studied. Based on previous research of fluctuations in
electrical quantities during disturbed weather conditions, the variability and representative values of
∇ϕ have been identified [3–7,9–33]. The passage of rain-bearing cumulonimbus (Cb) clouds has been
shown to cause both higher-frequency ∇ϕ variation and smoother changes in ∇ϕ, associated with the
space charges in such clouds. The work presents the analysis of ∇ϕ values for the summer period of
2018–2019 during the Cb passage of different genesis and examines the impact of storm rain on the
electric state of the surface atmosphere.

It is known that the air electrical conductivity in the surface layer is more than 90% determined by
the concentration of small ions. In turn, the variability of small ion concentration, and hence the air
electrical conductivity, depends on meteorological phenomena and air pollution [34–36].

The processes of ion production during rainfall cause an increase in the concentration of small
ions in the surface layer. In addition, at that time the concentration of negative ions always prevails
over the concentration of positive ions [37–40]. However, at present, the mechanisms of increasing
ions during rain and near waterfalls have not yet been fully understood.

2. Experiments

The study area is located in the south-east of Western Siberia. Geophysical, meteorological and
environmental studies, testing and comparison of new equipment and technologies are carried out
at the Geophysical Observatory of the Institute of Monitoring of Climatic and Ecological Systems
(GO IMCES) based in Tomsk and its suburbs (Figure 1a). The coordinates of the base station of
GO IMCES are 56◦28′32” (56.48◦) N, 85◦03′17” (85.05◦) E, and its altitude is 167 m above see level).
Description of GO IMCES are available on its website [41] (in Russian). Figure 1b displays the overall
equipment layout plan at the GO IMCES as a base station. Furthermore, remote stations placed at a
distance of 6 to 60 km from the base operate in monitoring mode. Since 2006, high temporal resolution
observations of atmospheric-electrical, actinometric and meteorological values including turbulence
have been conducted.

Meteorological values were registered by the automatic weather stations AMK-03 (IMCES,
Russia) [42] and weather transmitter WXT520 (Vaisala, Finland) with a time resolution of 1 min.
The precipitation characteristics were measured with the WXT520 and the optical rain gauge OPTIOS.
The WXT520 is equipped with a Vaisala RAINCAP sensor, which detects the impact of individual rain
drops or hail stones. The sensor has a collecting area of 60 cm2. Incoming signals are proportional to
the volume of droplets/hail stones. The RAINCAP sensor is able to measure the total precipitation
amount with output resolution 0.01 mm and field accuracy for daily accumulation 5%; rain intensity
(running one minute on average in 10-s steps and measuring range 0–2000 mm/h); rain duration
with output resolution 10 s. The optical rain gauge OPTIOS, was designed in the IMCES [43,44] as a
precipitation measurement unit for the automatic weather station AMK-03, and its modifications [42].
The functional scheme of this device is shown in Figure 2.

The device is based on the principle of obtaining and analyzing shaded drop images. For its
implementation, the scheme is applied, where a collimated light beam from a source enters to a linear
sensor, forming a horizontal measuring sampling plane (Figure 2). Linear sensor scan frequency
(~20 kHz) defines the scale of the cross-sections for each precipitation particle moving through a
measuring plane. On the basis of the measurement data analysis, the microstructural (diameter (D)
and raindrop fall velocity (v)) and integral precipitation characteristics (precipitation intensity (Ip) and
total precipitation amount) are determined. The size of the measuring area is 48 cm2.
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Figure 1. Location of the GO IMCES and remote stations (a). Layout equipment plan at base station, 
the GO IMCES (b) 1 is the weather transmitter WXT520; 2 is the anemorumbometer M-63; 3 is the 
polar electrical conductivity meter “Electroconductivity-2”; 4 depicts sensors of temperature, 
humidity and pressure; 5 depicts the pyranometer CM11, and the radiometers NILU-UV-6T and 
M-124; 6 depicts the electric field mill meters “Field-2” and CS110; 7 is the optical rain gauge 
OPTIOS; 8 is the Tretyakov rain gauge; 9 depicts the automatic weather stations AMK-03; 10 are the 
integrating nephelometer, the aerodynamic particle sizer and the scanning mobility particle sizer. 

 
Figure 2. Functional scheme of the optical rain gauge OPTIOS: 1 is an optical radiation source; 2 is an 
optical lens system; 3 is linear optical sensor; 4 is forming unit of measured data; 5 is output interface. 

Measurements of atmospheric electrical values were conducted using the electric field mill 
meters “Field-2” and CS110 with a time averaging of 30 and 1 s, respectively, the polar electric 
conductivity is measured by the “Electroconductivity-2” with a time averaging of 30 s. 

“Electroconductivity-2” is a double aspiration measuring capacitor. The device implements a 
method based on measuring the current of ions deposited from the air flow onto one of the capacitor 
plates, between which an electric field is created. The instrument measures the polar (positive and 
negative) electrical conductivity of air in the range of ±25 × 10−15 s/m with an accuracy of ±10%. The 

Figure 1. Location of the GO IMCES and remote stations (a). Layout equipment plan at base station,
the GO IMCES (b) 1 is the weather transmitter WXT520; 2 is the anemorumbometer M-63; 3 is the polar
electrical conductivity meter “Electroconductivity-2”; 4 depicts sensors of temperature, humidity and
pressure; 5 depicts the pyranometer CM11, and the radiometers NILU-UV-6T and M-124; 6 depicts the
electric field mill meters “Field-2” and CS110; 7 is the optical rain gauge OPTIOS; 8 is the Tretyakov
rain gauge; 9 depicts the automatic weather stations AMK-03; 10 are the integrating nephelometer,
the aerodynamic particle sizer and the scanning mobility particle sizer.
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Figure 2. Functional scheme of the optical rain gauge OPTIOS: 1 is an optical radiation source; 2 is an
optical lens system; 3 is linear optical sensor; 4 is forming unit of measured data; 5 is output interface.

Measurements of atmospheric electrical values were conducted using the electric field mill meters
“Field-2” and CS110 with a time averaging of 30 and 1 s, respectively, the polar electric conductivity is
measured by the “Electroconductivity-2” with a time averaging of 30 s.

“Electroconductivity-2” is a double aspiration measuring capacitor. The device implements a method
based on measuring the current of ions deposited from the air flow onto one of the capacitor plates,
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between which an electric field is created. The instrument measures the polar (positive and negative)
electrical conductivity of air in the range of ±25 × 10−15 s/m with an accuracy of ±10%. The air ion
critical mobility for “Electroconductivity-2” is ≥0.4 cm2/(V × s). “Electroconductivity-2” was installed on
a horizontal bracket attached to the wall of the building at a height of 25 m above the ground. “Field-2”
is located on height 1 m on the metal grid (3 × 3 m). “Field-2” measures the values of the potential
gradient of the electric field in the range of ±5000 V/m with an accuracy of ±5%. The metal grid reduces
the influence of the surface corona space charge on the electric field potential gradient values measured
by “Field-2”. “Field-2” and “Electroconductivity-2” were produced and calibrated by the calibrator of
electric field strength, KNEP-1M (a range is 0 ± 5 000 V/m, an accuracy is 1.5%), the reference meter of
air electrical conductivity, “Electroconductivity-2E” (a range is ±(5–40) × 10−15 s/m, a basic error is 5%),
respectively, in the Voeikov Main Geophysical Observatory (St. Petersburg, Russia).

The field mill meter CS110 is located on a height of 2 m on the tripod mast. It measures electric
field potential gradient values in the range of ±22,300 V/m with an accuracy of ±5% + 8 V/m. Until 2017,
the measuring data of “Field-2” were used, and in the subsequent period, the data from the field mill
meter CS110. The conversion factor was calculated, allowing us to combine the measuring series of
these meters. Variations of electric field potential gradient during the selected events were analyzed.

3. Results

For study, only cases with rain showers for 2018–2019 were chosen from meteorological
observations and the results from the precipitation measurements obtained at the GO IMCES. Data from
visual observations of cloudiness and atmospheric phenomena reported in the GO IMCES with an
interval of 1 h in daylight time and the Tomsk weather station (6 km away from the GO IMCES) were
used when selecting cases. In addition, the study included synoptic maps with frontal study [45]
and the MODIS spectroradiometer data mounted on the Aqua and Terra satellites [46].

In the next step, the selected data omitted all cases where the maximum intensity of precipitation
did not exceed 5 mm/h [33,43]. As a result, 45 cases of heavy rainfall were identified and analyzed.
In 22 cases (49%) there was a significant, short-term increase in negative electrical conductivity; in 15
cases (33%) no increase was recorded; in eight cases (18%) there were uncertain situations when the
negative electrical conductivity variations could not be unequivocally differentiated. The “significant,
short-term increase” is identified as the increase in negative air electrical conductivity more than two
times (200% or more) vs. undisturbed values (see Appendix A Table A1). To estimate the undisturbed
values for each case, the 10 min interval preceding the passage of Cb and precipitation was used.

The list of analyzed cases is given in Table A1. The same table presents data on the synoptic
condition, cloudiness and atmospheric phenomena obtained from the visual observations, the Tomsk
weather station, synoptic maps and the MODIS spectroradiometer.

The data analysis provided in Table A1 revealed that the cases with the growth effect λ− and its
absence for the frontal heavy rains are 95% and 5%, respectively, and for the intra-mass showers they
are 13% and 87%, respectively.

4. Discussion

Let us analyze variations of Ip, λ± and ∇ϕ for frontal and intra-mass Cb illustrated in Figures 3
and 4, respectively. The chosen cases present a typical example of Cb passage with heavy rainfall
recorded in 2018–2019. A cold front cloud system (Cb, Ac, Ci clouds and heavy rain) occurred on
17 June 2019; 23 June 2019 characterized by an intra-mass cloudiness (Cb, Sc, Ac, thunderstorm and
shower). In the first case, maximum of Ip is roughly equal to 45 mm/h and almost doubled compared
to the second (~25 mm/h).
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consequence, a negative volume charge is produced in the surface atmosphere. The second 
maximum of λ–/λ+, labelled arrow 5, is triggered after the end of the rainfall by dropping the amount 
of light positive ions (Figure 3c, arrow 3). 

The passing cold front cloud system is considered below. No significant increase in positive 
electrical conductivity was registered during heavy rain (Figure 3c). Despite high negative ∇φ values 
(Figure 3e), no decrease in λ+ was recorded to near zero values (Figure 3c, arrow 1). In Ref. [30], 
experimental and model studies of this process were considered during the passage of Cb and in the 
absence of precipitation. Instead, λ+ increased to values above the undisturbed level (Figure 3c, 
arrow 2). The highlighted effect coincided in time with the maximum intensity of rainfall. 

Figure 3. Pattern of atmospheric electric values and frontal precipitation characteristics on 17 June 2019.
The plots (from up to down) show the variation of precipitation intensity Ip (a), droplet density written
in time–droplet diameter coordinates D (b), electroconductivity λ−, λ+ (c), electroconductivity ratio
λ−/λ+ (d) and potential gradient (∇ϕ), recalculated based on the conversion factor (e). Here is shown a
local time.

The change of electric conductivity ratio of different polarities (λ−/λ+) under the influence of
heavy rainfall is presented in Figure 3d. The first maximum is to be correlated with an increase in
light negative-ion amount under the influence of heavy rainfall (see an arrow 4, Figure 3d). As a
consequence, a negative volume charge is produced in the surface atmosphere. The second maximum
of λ−/λ+, labelled arrow 5, is triggered after the end of the rainfall by dropping the amount of light
positive ions (Figure 3c, arrow 3).

The passing cold front cloud system is considered below. No significant increase in positive
electrical conductivity was registered during heavy rain (Figure 3c). Despite high negative ∇ϕ values
(Figure 3e), no decrease in λ+ was recorded to near zero values (Figure 3c, arrow 1). In Ref. [30],
experimental and model studies of this process were considered during the passage of Cb and in
the absence of precipitation. Instead, λ+ increased to values above the undisturbed level (Figure 3c,
arrow 2). The highlighted effect coincided in time with the maximum intensity of rainfall.
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Figure 4. Pattern of atmospheric electric values and intra-mass precipitation characteristics for 23 June
2019. The plots (from up to down) show the variation of precipitation intensity Ip (a), droplet density
written in time–droplet diameter coordinates D (b), electroconductivity λ−, λ+ (c), electroconductivity
ratio λ−/λ+ (d) and potential gradient (∇ϕ), recalculated based on the conversion factor (e). Here is
shown a local time.

Next, the data obtained during the passage of Cb intra-mass origin are analyzed. For this case,
there is no rapid growth in the number λ− as well as in other related situations. Only a smooth rise λ−
was registered (Figure 4c) that started before precipitation. At the same time, no reaction λ−(t) to a
sharp increase in rainfall intensity up to 15–25 mm/h was indicated (Figure 4a). The drop of negative
electrical conductivity almost to zero (Figure 4c) is connected with the ∇ϕ increase to +1000 V and
more (Figure 4d) and the formation of volume charge in the electrode layer, consisting mainly of
positive light ions. In Ref. [30], more circumstantial consideration is given to the processes of space
charge formation in the surface layer under the influence of potential gradient produced by an isolated
thunder cell.

The atmospheric electric ∇ϕ variation (Figure 4d), according to the classification stated in [31],
indicates that the precipitating storm cell was characterized first by a negative and then positive ∇ϕ
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excursions at a late mature stage. Moreover, the first perturbation has been seen to exceed the second
both in duration and absolute ∇ϕ values.

In order to evaluate the distribution of rain droplets by diameter and deposition time (D, t),
the sampling plane was divided into cells of size ∆D = 0.1 mm and ∆t = 5 s. Such segmentation
allowed for denoting the temporal variation of the total number of drops and registered drop size
distributions (DSDs) for frontal heavy rain and intra-mass showers (Figures 3b and 4b).

Analysis of the precipitation characteristics, depending on the droplet size and the total volume of
all precipitation drops Q(t) showed that the greatest contribution to the current precipitation intensity
is produced by droplets greater than 4 mm (Figure 5a) in the course of frontal heavy rain; the inverse
dependency is observed for intra-mass showers (Figure 5b).
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Figure 5. Rainfall volume regarding frontal heavy rain (a) and intra-mass shower (b). Here X axes
represent a local time and Y axes represent an intensity of falling precipitation drops.

The “explosive” increase λ− (Figure 3c) correlates with rainfall, where droplets have D > 4 mm.
Termination of droplets flow leads to relaxation of negative volume charge for a period of ~5 min.
The relaxation interval is shown in Figure 3d (marked bracket with number 10).

Hence, the data analysis reveals that variability in electrical conductivity in the surface layer is
fundamentally different for frontal heavy rains and intra-mass showers.

The droplet size ranges for the precipitation cases with the growth effect λ− and its absence being
0.5–7 mm and 0.5–4 mm, respectively.

The cases with “slow” variations [4,5,31,45,47] of electric field potential gradient during the Cb
passages due to the main charged regions in the clouds are noted. According to [31], these “slow”
variations of electric field potential gradient are associated with Cb clouds in the maturity stage.
In addition, the short-period variability of potential gradient [6] caused by the raindrop charges was
superimposed on the “slow” variations. These “speed” variations of potential gradient for the frontal
Cb cases coincide with the significant increase in negative conductivity.

5. Conclusions

This study of atmospheric-electrical variations in the surface atmosphere associated with the Cb
passage demonstrates crucial differences in electric quantities during frontal heavy rain and intra-mass
showers for the territory of the southeast of Western Siberia.
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The sharp rises in negative electrical conductivity and the formation of negative volumetric charge
in the atmospheric surface layer have been typically observed for frontal Cb and heavy rain with
droplet sizes greater than 4 mm.

The given results may have important significance because depicting the structure of cloud
systems and precipitation with much more detail, as well as studying the role of surface atmosphere
within the global electrical circuit (GEC) in disturbed weather regions, is useful for developing methods
and tools for operational forecasting and diagnosis of hazardous weather phenomena related to
thunderstorms and heavy rain or showers.
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Appendix A

Table A1. Feedback of the negative electrical conductivity (λ−) of the atmospheric surface layer during
rain showers.

No. Date
Start

Time, LT
(HH: MM)

The λ−
Significant

Increase Effect (%
of Previous

Undisturbed λ−
Values)

∇ϕ, ×103 V/m I, mm/h Synoptic Condition
Cloudiness and

Weather
Phenomena

1 20 June 2018 22:50 +(666%) −12.1–+11.0 5–48 Cold front (AF) Cb, Ac, Ci;
thunderstorm

2 20 July 2018 07:30 +(3900%) −8.2–0.0 10–90 Cold front (AF) Sc, Ac

3 28 July 2018 13:40 +(2500%) −1.4–2.7 5–20 Occluded front (AF) Cb, Sc, As

4 29 July 2018 16:50 +(300%) −12.6–+9.9 3–12 Cold front (AF) Sc, Ac, Ci

5 11 August 2018 14:40 +(900%) −6.0–+2.7 5–38 Cold front (AF) Cb, Ac

6 22 August 2018 17:50 +(500%) −2.2–+2.7 3–17 Cold front (PF) Cb, Sc

7 23 August 2018 20:00 +(4600%) −3.3–+3.3 10–100 Occluded front (PF) Cb, Sc, Ac

8 26 August 2018 13:30 +(250%) −12.6–+9.3 3–23 Occluded front (PF) Cb;
thunderstorm

9 22 September 2018 16:00 +(766%) −7.7–+13.2 5–50 Occluded front (PF) Cb, Sc, Ac;
thunderstorm

10 15 May 2019 16:30 −(90%) −13.7–+24.7 3–24 Intra−mass (AM) Cb, Ci

11 19 May 2019 14:15 −(100%) −17.6–+22.0 0.5–5 Intra-mass (PM) Sc, Ac, Cb

12 21 May 2019 18:45 −(71%) −20.3–+11.0 2.5–17 Intra-mass (PM) Cb, Sc, Ac

13 30 May 2019 17:00 +(675%) −11.0–+6.6 5–75 Cold front (AF) Cb, Sc, Ac;
thunderstorm

14 31 May 2019 15:00 +(533%) −19.2–+19.2 2.5–40 Cold front (AF) Cb;
thunderstorm

15 31 May 2019 18:30 +(833%) −5.5–+3.3 3–22
Secondary (surface)

cold front(s) at the rear
of the cyclone (AF)

Cb;
thunderstorm
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Table A1. Cont.

16 4 June 2019 01:20 +(314%) −8.2–+9.3 6–50

The low center (AF),
point of occlusion (the

warm and cold air
merger resulting in an

occluded front)

Cb, Ac

17 4 June 2019 02:50 +(300%) −7.7–+10.4 5–35

The low center (AF),
point of occlusion (the

warm and cold air
merger resulting in an

occluded front)

Cb, Sc

18 4 June 2019 11:15 +(1000%) −1.9–+1.6 5–60 Occluded front (AF) Cb

19 8 June 2019 15:15 +(300%) −5.5–+5.5 4–32

Secondary (surface)
cold front(s) at the rear

of the cyclone (AF),
where a squall line

forming along

Cb
thunderstorm

20 8 June 2019 17:00 +(625%) −8.2–+9.9 5–45

Secondary (surface)
cold front(s) at the rear

of the cyclone (AF),
where a squall line

forming along

Cb

21 13 June 2019 16:45 −(80%) −13.7–+11.0 1–7 Intra-mass (PF) Cb, Cs
thunderstorm

22 13 June 2019 18:50 −(100%) −7.7–+6.6 2–17 Occluded front (PF) Cb;
thunderstorm

23 17 June 2019 14:15 +(550%) −5.5–+0.55 3–25 Intra-mass (AM) Cu med, Cu cong

24 17 June 2019 18:00 +(450%) −10.4–+9.9 5–45 Cold front (AF) Cb, Ac, Ci

25 23 June 2019 01:55 −(125%) −10.4–+6.6 4–25 Intra-mass (PM) Cb, Sc, Ac

26 10 July 2019 00:00 +(633%) −13.7–+9.9 2–14 Intra-mass (PM) Cb, Sc;
thunderstorm

27 17 July 2019 11:20 −(100%) −10.4–+10.4 3–11 Intra-mass (PM) Cb, Ac

28 3 August 2019 07:40 +(580%) −15.4–+8.2 10–80 Cold front (PF) Cb, Ci;
thunderstorm

29 10 August 2019 19:00 −(115%) −0.55–+1.6 3–13 Intra-mass (AM) Sc, Cb

30 18 August 2019 20:05 −(100%) −8.8–0.0 3–9 Intra-mass (PM) Cb, Ac, Ci

31 20 August 2019 17:45 −(105%) −8.2–+7.1 1–7 Intra-mass (AM) Cb, Sc, Ac

32 27 August 2019 19:40 −(160%) −6.6–+11.0 3–18 Intra-mass (PM) Cb, Ac

33 30 August 2019 21:00 −(100%) −6.6–+2.7 2–15 Intra-mass (PM) Ci, Cb;
thunderstorm

34 3 September 2019 15:40 +(1100%) −13.7–+13.7 10–100 Occluded front (AF) Cb, Ac;
thunderstorm

35 4 September 2019 15:15 −(110%) −8.2–+27.5 1–8 Intra-mass (AM) Ci, Sc, Cb;
thunderstorm

36 17 September 2019 21:00 −(97%) −12.1–10.4 2–14 Intra-mass (PM) Ci, Ac, Cb;
thunderstorm

37 23 September 2019 13:40 +(200%) −2.7–+1.1 5–18 Cold front (AF) Cb, As

AF, PF—the arctic and polar semipermanent (principal) weather fronts separating air masses of arctic/polar and
polar/tropical origin, respectively; at each weather front, there is a mid-latitude cyclones those has a warm front,
a cold front or an occluded front during the process of development; polar (PM), and arctic (AM) air mass.
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