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Abstract Both simulations and measurements indicate the existence of stable annual behavior of the global
electric circuit (GEC) intensity, but the exact pattern of variation is very difficult to reliably determine. Here we
present further analysis of this problem using the results of ionospheric potential (IP) simulations with two
different models of atmospheric dynamics. From a theoretical perspective, the annual variation of the GEC is
eventually determined by seasonal changes in the distribution of convection, associated with the annual cycle of
insolation. Simulations clearly demonstrate that the contribution to the IP from the vicinity of the equator has
two maxima following the equinoxes, whereas the contribution of nonequatorial latitudes in each hemisphere
has one maximum during the local summer. The resulting seasonal variation of the GEC, being the sum of three
clear patterns offsetting each other, is rather subtle, and its prediction in simulations may vary depending on the
model and IP parameterization. It is likely that the actual seasonal variation of the diurnal mean GEC intensity
has one pronounced maximum during the Northern Hemisphere summer and one pronounced minimum during
the Northern Hemisphere winter, in agreement with potential gradient measurements in Antarctica and in
agreement with the larger portion of the Northern Hemisphere occupied by land. Physical parameters
characterizing convection do not provide a very good measure of contributions to the IP, notably overestimating
the role of equatorial latitudes; by including surface air temperature in the IP parameterization, one can achieve a
better agreement between simulations and observations.

Plain Language Summary The global electric circuit (GEC) is an overarching concept in
atmospheric electricity, according to which electrified clouds generate a distribution of electromagnetic fields
all over the Earth. Notwithstanding that the annual cycle of summer and winter is the largest cause of
atmospheric variations on Earth, the seasonal variation of the GEC is still not reliably known, since
measurements of atmospheric electrical parameters do not yield a comprehensive answer. In Part 1 of this study
we investigated this problem using the results of electric field measurements in Antarctica, and here we further
analyze the question using the results of ionospheric potential simulations with models of atmospheric
dynamics. The annual behavior of the GEC is eventually determined by seasonal changes in global convection
patterns, associated with the annual cycle of insolation and influenced by the distribution of land over the Earth's
surface. We explain why the resulting pattern of variation is rather subtle and difficult to reliably determine from
simulations and measurements. In Part 1 of this study we concluded that the actual GEC intensity is likely to be
at a maximum during the Northern Hemisphere summer, and now simulations give us a more detailed physical
explanation for such behavior.

1. Introduction
The idea of the direct current (DC) global electric circuit (GEC) was originally proposed by Wilson (1921). It
suggests that electrified clouds in the atmosphere (including thunderstorms) serve as current generators main-
taining a distribution of quasi‐stationary electromagnetic fields and currents all over the Earth's surface (see, e.g.,
Rycroft et al., 2008; Williams, 2009; Williams & Mareev, 2014). More precisely, in the regions occupied by
electrified clouds charge separation inside them produces an upward flow of the electric current, which is
compensated by a downward flow in fair‐weather regions, the Earth's surface and ionosphere completing the
circuit. By analogy with the DC GEC, global electromagnetic resonances excited in the Earth—ionosphere cavity

RESEARCH ARTICLE
10.1029/2024JD042634

Key Points:
• Equatorial contribution to the global

electric circuit (GEC) has two maxima
following the equinoxes, nonequatorial
contributions have one maximum in
local summer

• The resulting annual variation of the
GEC, being the sum of three clear
patterns offsetting each other, is subtle
and hard to simulate

• Simulations approach observations if
contributions to the GEC are
parameterized using surface air
temperature besides convection
parameters

Supporting Information:
Supporting Information may be found in
the online version of this article.

Correspondence to:
N. N. Slyunyaev,
slyunyaev.n@ipfran.ru

Citation:
Slyunyaev, N. N., Sarafanov, F. G., Ilin, N.
V., Mareev, E. A., Volodin, E. M.,
Frank‐Kamenetsky, A. V., & Williams, E.
R. (2025). The seasonal variation of the
direct current global electric circuit:
2. Further analysis based on simulations.
Journal of Geophysical Research:
Atmospheres, 130, e2024JD042634.
https://doi.org/10.1029/2024JD042634

Received 3 OCT 2024
Accepted 31 MAR 2025

© 2025. American Geophysical Union. All
Rights Reserved.

SLYUNYAEV ET AL. 1 of 25

https://orcid.org/0000-0002-7384-2116
https://orcid.org/0000-0002-4082-7403
https://orcid.org/0000-0002-6639-5864
https://orcid.org/0000-0001-8092-4606
https://orcid.org/0000-0003-1073-7287
https://orcid.org/0000-0003-1488-3361
mailto:slyunyaev.n@ipfran.ru
https://doi.org/10.1029/2024JD042634


by lightning are often called the alternating current (AC) GEC; the AC GEC will not be considered in this study,
and from now on by GEC we shall always mean the DC GEC.

Thus, the GEC links the regions occupied by electrified clouds to fair‐weather regions. This implies that
measuring the potential gradient (PG) in fair‐weather regions should allow one to infer some information about
the dynamics of the global distribution of electrified clouds. In practice, however, surface PG values are usually
substantially influenced by local conductivity perturbations due to radon and aerosols. In this connection PG
measurements in clean locations (where the influence of these factors is absent or very small) are of special
significance. Among such measurements, we can mention here atmospheric electrical observations on board the
Carnegie ship in the Pacific, Atlantic, and Indian Oceans during 1915–1921 and 1928–1929 (Ault &
Mauchly, 1926; Torreson et al., 1946) and on board the Maud ship in the Arctic Ocean during 1922–1925
(Sverdrup, 1926), as well as PG measurements at the Antarctic Plateau (e.g., Burns et al., 2012, 2017).

In addition to the fair‐weather PG, it is also possible (albeit rather difficult) to measure the fair‐weather air—Earth
current density, which characterizes the GEC as well and is less affected by local perturbations. From a theoretical
viewpoint, however, the most natural and fundamental characteristic of the GEC intensity is the so‐called
ionospheric potential (IP). It is defined as the potential of the lower ionosphere relative to the Earth's surface,
which, according to the concept of the GEC, should always be more or less the same at different locations over the
globe (as both atmospheric boundaries are supposed to be highly conductive and, by inference, nearly
equipotential).

To actually measure the IP, one needs to integrate the vertical profile of the PG up to at least several kilometers
above sea level (Markson, 2007), which requires aircraft or balloon soundings to determine this profile. Such
measurements, when performed simultaneously at remote locations, indeed yield relatively close IP values
(Markson et al., 1999; Mühleisen, 1971) and thus support the validity of the concept of the GEC. However, in
general the existing IP data are scarce compared to the available results of surface PG and air—Earth current
measurements, which is understandable in view of the fact that aircraft and balloon soundings are difficult and
rather expensive. At the same time in theoretical discussions of atmospheric electricity the IP is the most natural
and convenient measure of the GEC intensity: Using the superposition principle, one can naturally regard it as a
sum of contributions from specific regions of the Earth's surface, which, in their turn, can be analyzed in
connection with local weather and climate.

Measurements on board the Carnegie and Maud research vessels in 1915–1929 revealed the existence of a
universal dependence of the mean fair‐weather PG on the UTC hour, which looks almost the same even at remote
locations (Mauchly, 1921, 1923; Sverdrup, 1926). This dependence is now known as the classical Carnegie curve;
a somewhat similar diurnal curve was obtained before the Carnegie and Maud campaigns by Simpson (1906) on
the basis of PG measurements in Karasjok, Lapland, but its significance was not understood at the time. Later the
observed correlation between the Carnegie curve and the diurnal cycle of global thunderstorm activity (Whip-
ple, 1929; Whipple & Scrase, 1936) has become an important piece of experimental evidence supporting the idea
of the GEC; note, however, that besides thunderstorms, electrified shower clouds (i.e., electrified clouds without
lightning) are equally important for maintaining the GEC, as noted already by Wilson (1921). Numerous later
studies based on PG measurements in other locations (e.g., Burns et al., 2012; Harrison, 2003) and IP soundings
(Markson, 1986; Mühleisen, 1977) yielded diurnal variations of the GEC similar to the classical Carnegie curve,
although, strictly speaking, the latter does not represent the real average diurnal cycle owing to the nonuniform
seasonal sampling of the Carnegie data (see Burns et al., 2017).

In the following years the Carnegie curve has been replicated using satellite data on precipitation (Liu et al., 2010)
and the results of aircraft measurements of the so‐called Wilson current, which flows over electrified clouds,
together with global lightning statistics derived from satellite observations (Mach et al., 2011) or ground‐based
lightning location networks (Hutchins et al., 2014; Mezuman et al., 2014). What is more important, over the past
decade the shape of the Carnegie curve has been successfully reproduced in simulations with several different
climate and weather forecasting models (Ilin et al., 2020; Jánský et al., 2017; Lucas et al., 2015; Mareev &
Volodin, 2014). In such studies charge separating currents inside electrified clouds are parameterized in terms of
convection (whose parameters are determined in simulations), and then these currents are used to compute
contributions to the IP. Even though large‐scale simulations tend to underestimate the peak‐to‐peak amplitude of
the diurnal variation of the GEC intensity, their ability to correctly predict the shape of this variation illustrates an
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important property of the GEC, which to a large extent determines the interest in its investigation: The variation of
the GEC intensity reflects changes in global weather and climate through changes in global convection.

In addition to the diurnal cycle in the variation of GEC parameters, recent studies have revealed clear patterns
related to tropical modes of atmospheric variability, namely to the El Niño—Southern Oscillation (Harrison
et al., 2022; Lavigne et al., 2017; Slyunyaev, Frank‐Kamenetsky, et al., 2021; Slyunyaev, Ilin, et al., 2021) and the
Madden–Julian oscillation (Kozlov et al., 2023; Tacza et al., 2022). It is remarkable that these patterns have been
identified not only in the results of fair‐weather PGmeasurements but also in IP time series simulated with models
of atmospheric dynamics, which has provided important insights into physical mechanisms behind the observed
relationships and dependencies (Kozlov et al., 2023; Slyunyaev, Frank‐Kamenetsky, et al., 2021).

It is natural to expect that the GEC variation also reflects the seasonal cycle of summers and winters, which can be
thought of as the most pronounced mode of atmospheric variability. Just as the classical Carnegie curve (or its
modern more accurate counterparts based on more recent data) represents the average diurnal behavior of the
main GEC parameters, there should exist an analogous curve on the annual timescale. However, the numerous
existing data sets of atmospheric electrical parameters demonstrate very different annual variations (often con-
tradicting one another), and the real seasonal variation of the GEC is still not known and hard to determine.

First of all, fair‐weather PG measurements over continents are known to yield seasonal variation curves domi-
nated by annual cycles of local factors. Early atmospheric electricity observations had demonstrated that in the
Northern Hemisphere the fair‐weather PG is highest during the local winter (this was first noted by Lord Kelvin;
see Thomson, 1860, later reprinted in Thomson (1884)), but it later turned out that in the Southern Hemisphere the
PG behaves oppositely, reaching maximum values during the Northern Hemisphere summer (e.g., Halli-
day, 1933). A comprehensive analysis of this reversal in the pattern of variation between the two hemispheres was
carried out by Adlerman and Williams (1996), who linked this phenomenon to much higher aerosol concen-
trations over continents during local winters, leading to smaller conductivity values and, by inference, to greater
PG values.

This observation already implies that only PG variations obtained in clean locations can be representative of the
actual global seasonal pattern; therefore, the aforementioned PG measurements over the ocean and in the Ant-
arctic are of particular interest in the seasonal context too. Apart from that, there have been several attempts to
infer the seasonal behavior of the GEC from the air—Earth current density data or IP data, which, in theory,
should not be affected by local conductivity perturbations at the site where the observations were performed. In
Part 1 of this study (published as a separate article, see Slyunyaev et al., 2025b), devoted to the discussion of the
seasonal variation of the GEC from the perspective of observations, we tried to systematize and analyze the results
known from the literature and further investigate the problem using the results of PG measurements at the Vostok
station in Antarctica during 2006–2020.

First, we have pointed out that diurnal mean values of atmospheric electrical parameters and their values at
specific UTC hours may manifest different seasonal behavior in view of the prominent seasonal change in the
shape of the diurnal variation of the GEC (e.g., Burns et al., 2017). This means that we should not consider the
results based on air—Earth current density measurements at specific hours (e.g., Harrison & Ingram, 2005;
Harrison & Nicoll, 2008) if we want to discuss seasonal changes in the diurnal mean GEC intensity. The same can
be said about IP measurements (summarized by Markson (2007)), as the available data do not form a consistent
time series, being obtained at irregular intervals and at different UTC hours, often by means of different
instrumentation and at different locations, not to speak of nonuniform seasonal sampling.

Moreover, this argument also applies to the results of oceanic measurements during the Carnegie cruises. Despite
their high quality, the Carnegie data do not form a consistent time series (complete 24‐hr PG records are available
only for a small number of fine days), which means that seasonal patterns inferred from these results may crucially
depend on data selection criteria and averaging procedures. This expectation is supported by modern attempts to
analyze the Carnegie data set: according to Adlerman andWilliams (1996), the Carnegie PG values, together with
the values recorded on board the Maud ship, reveal a summertime PG maximum, whereas Harrison and Nic-
oll (2008) found wintertime PG values in the Carnegie data to be generally higher.

Second, we have shown that the highest and lowest fair‐weather PG values at Vostok occur during the Northern
Hemisphere summer and winter, respectively. Such results follow from our analysis on the basis of the 2006–
2020 Vostok time series, and they also generally agree with the results obtained at the same location earlier
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(in 1998–2001; see Burns et al., 2012). Adjusting Vostok PG values for local meteorological and solar wind
influences reduces the peak‐to‐peak amplitude of the variation but does not change its overall appearance.
Available results of continuous air—Earth current measurements (with complete 24‐hr records) generally agree
with the behavior of the PG at Vostok, indicating larger fair‐weather current density values during the Northern
Hemisphere summer and smaller values during the winter (see Adlerman & Williams, 1996; Retalis, 1991;
Scrase, 1933). At the same time the peak‐to‐peak amplitudes of these current‐based variation curves differ
substantially, and each of them has its own local peculiarities.

Finally, we have shown that the PG variation observed at Vostok admits a clear physical interpretation. According
to the remarks made above, the variation of the GEC on any timescale can be decomposed as the sum of variations
of regional contributions to the IP, which, in their turn, reflect changes in the geographical distribution of con-
vection. Following the earlier analysis by Williams (1994), we associated these changes with local insolation
cycles, which are followed (with a lag of about 1 month) by the variability of air temperatures near the Earth's
surface. Simulations indicate that average surface air temperature values for 40°S–40°N or 50°S–50°N are
characterized by highest and lowest values during the Northern Hemisphere summer and winter, respectively (the
asymmetry arising from the latitudinally imbalanced distribution of land over the two hemispheres), which agrees
with the PG variation at Vostok. Moreover, the surface air temperature averaged over 40°S–40°N demonstrates a
small local minimum in July amid the flat summer maximum, and a somewhat similar pattern is observed for the
Vostok fair‐weather PG, which further corroborates the idea that the Vostok PG variation reflects the seasonal
dynamics of global insolation at low and middle latitudes.

Thus, in Part 1 of this study we have concluded that it is highly likely for the Vostok PG variation (with the highest
values during the Northern Hemisphere summer) to be representative of the actual seasonal behavior of the GEC.
In this article (Part 2) we shall further investigate the seasonal variation of the GEC using IP simulations in a
weather forecasting model and in a climate model (the models and simulation procedures will be described in
detail in Section 2). In Section 3 we shall analyze the seasonal variation in terms of regional contributions to the IP
on the basis of simulations; in particular, we will further elaborate the discussion of surface air temperature
patterns outlined above. In Section 4 we will discuss how one can improve the IP parameterization in order to
make the agreement between simulations and observations better.

2. Methods and Data
In this section we describe the data which we shall use below for further analysis of the seasonal behavior of the
GEC. We shall employ two different approaches:

1. Simulation of the IP using the weather forecasting model WRF (Weather Research and Forecasting model) on
the basis of meteorological reanalysis data;

2. Simulation of the IP using the climate model INMCM (Institute of Numerical Mathematics Climate Model)
without explicitly using the results of meteorological observations.

The details of both models will be described below, but first we shall discuss the general approach to simulating
the IP in models of atmospheric dynamics.

2.1. Parameterization of the IP

Let z be the altitude above sea level. Suppose that the atmosphere is somehow divided into a number of one‐
dimensional vertical columns such that the nth column is characterized by the conductivity profile σn(z) and
the vertical source current density profile jsn(z) (this quantity represents charge separation inside electrified clouds
and is equal to zero outside them). Then the IP V can be approximated by the following formula:

V =∑
n
Sn∫

hmax

0

jsn(z) dz
σn(z)

(∫

hmax

0

dz
σn(z)

)

− 1

/
∑
n
Sn(∫

hmax

0

dz
σn(z)

)

− 1

, (1)

where hmax is the height of the outer boundary of our model of the atmosphere (in practical computations one can
take hmax ∼ 70 km) and Sn is the area covered by the nth column (for more details, see Part 1 of this study).
Equation 1 is a general equation valid for any partition of the atmosphere into columns as long as we assume the
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problem in each column essentially one‐dimensional (cf. Slyunyaev et al., 2014); the formula actually follows
from the balance of currents driven upward by charge separation inside electrified clouds and currents flowing
downward in fair‐weather regions.

To estimate IP values in simulations of atmospheric dynamics (both with the WRF and with the INMCM), we use
a parameterization based on Equation 1. For any model of atmospheric dynamics, we consider grid columns over
cells of the latitude‐longitude grid of the model; let S̃i be the total surface area of the ith such grid column. We
suppose that each grid column is divided into two subcolumns, one of which is completely covered by electrified
clouds and the other is not covered by such clouds at all (we can regard it as “fair‐weather”). If αi denotes the
portion of the ith grid column covered by electrified clouds, then the two subcolumns have surface areas αiS̃i and
(1 − αi) S̃i, respectively (αi = 1 indicates that the ith grid column is entirely covered by electrified clouds,
whereas αi = 0 means that the grid column is purely fair‐weather).

Now we apply general Equation 1 to the partition of the atmosphere into subcolumns of grid columns described
above. First of all, we assume a uniform exponential conductivity profile in the entire atmosphere:
σ(z) = σ0 exp(z/H), where σ0 is the conductivity value at the Earth's surface and H is a scale height; based on
more elaborate conductivity parameterizations (e.g., Tinsley & Zhou, 2006), in calculations one can take
σ0 ∼ 50 fSm/m and H ∼ 5–6 km. Of course, such an assumption simplifies the real situation, not taking into
account possible effects of radon and aerosols near the Earth's surface, as well as conductivity reduction inside
nonelectrified and electrified clouds (note, however, that in electrified clouds the attachment of ions to hydro-
meteors, causing this reduction, may be counterbalanced by additional ionization owing to corona discharges
from ice hydrometeors). However, as shown by Ilin et al. (2020), taking these effects into consideration should not
substantially affect simulated trends and patterns in IP variation, and a universal exponential conductivity profile
appears to be a decent approximation. Substituting the exponential conductivity profile into Equation 1 gives the
following:

V =∑
n

Sn
SE
∫

hmax

0

jsn(z) dz
σ(z)

, (2)

where SE is the total area of the Earth's surface and the summation takes place over all our subcolumns of grid
columns.

Next, we assume the vertical source current density jsn(z) to be equal to some constant j0 inside electrified clouds
(in the subcolumns occupied by electrified clouds) and equal to zero otherwise. In other words, we assume the
same value of the source current density for all electrified clouds; this appears to be reasonable as the simplest
approximation, seeing that in simulations we cannot directly distinguish between different types of such clouds.
Then Equation 2 yields the following:

V =∑
i

αiS̃i
SE

∫

zui

zli

j0 dz
σ(z)

=∑
i

j0HαiS̃i
σ0SE

(exp(−
zli
H
) − exp(−

zui
H
)), (3)

where the sum is taken over all model grid columns, and for the ith such column zli and zui indicate the lower and
upper boundaries of the mixed phase region inside electrified clouds (for this is precisely the region where charge
separation occurs). Note once again that S̃i in Equation 3 is not exactly the same as Sn in Equation 2: S̃i in
Equation 3 is the surface area covered by the ith column of the model grid, whereas Sn in Equation 2 is the surface
area covered by the nth column in our partition of the atmosphere into smaller subcolumns (with two subcolumns
making up each grid column; thus for each n there is such i that Sn = αiS̃i or Sn = (1 − αi) S̃i).

We associate electrified clouds with deep convection (not taking into account the so‐called Austausch mecha-
nism, describing a vertical transport of space charge by convection in the boundary layer) and single out such grid
columns by demanding that the value εi characterizing convective available potential energy (CAPE) in the
column exceed some threshold value ε0. Thus, for the grid columns with εi < ε0 we assume that αi = 0; for other
grid columns, following the idea first suggested by Mareev and Volodin (2014), we assume that αi is proportional
to the ratio of the amount of convective precipitation totaled over the preceding hour Pi to the total amount of
precipitable water Wi, that is, αi = kPi/Wi with some constant coefficient k (this assumption is motivated by
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considering the ascent of precipitating air parcels driven upward by convection; for more details, see Ilin
et al., 2020). In other words, we assume that

αi = {
kPi/Wi, εi ≥ ε0,

0, otherwise;

substituting this in Equation 3, we finally arrive at the following parameterization of the IP:

V =∑
i

j0kHS̃i
σ0SE

Pi
Wi

(exp(−
zli
H
) − exp(−

zui
H
)) × {

1, εi ≥ ε0,

0, otherwise,

or, considering that constant coefficients do not matter as long as we focus on relative changes in V or relative
contributions to V,

V ∝∑
i

S̃iPi
Wi

(exp(−
zli
H
) − exp(−

zui
H
)) × {

1, εi ≥ ε0,

0, otherwise.
(4)

In calculations we approximate zli and zui by the heights of the 0°C and − 38°C isotherms, respectively; we also
assume H = 6 km, and we set ε0 equal to 0.6, 0.8, 1, or 1.2 kJ/kg (each of these four possibilities will be
considered below, since the results of our simulations will turn out to be sensitive to the choice of ε0). To study
regional contributions to the IP, we just restrict the summation in Equation 4 to the grid columns corresponding to
specific regions of the Earth's surface. Further discussion of this parameterization can be found in Ilin
et al. (2020); the only slight difference here is that now we total convective precipitation over the preceding 1‐hr
interval rather than over a symmetric 2‐hr interval around the moment in question (our analysis has shown that
this modification gives a slightly better agreement of simulations with measurements).

2.2. Simulating the IP With the WRF Model

One possible approach to simulating the variation of the GEC is to reproduce the atmospheric dynamics for some
period of time on the basis of actual meteorological data and then estimate the IP by means of a parameterization
similar to Equation 4. Following this approach, we used the weather forecasting model WRF (see, e.g., Powers
et al., 2017; Skamarock et al., 2019) to simulate the atmospheric dynamics during 1980–2020, using ERA5 (fifth
generation European Centre for Medium‐Range Weather Forecasts reanalysis) meteorological reanalysis data
(Hersbach et al., 2023) as initial conditions in model runs. The simulations were performed on a 1° × 1° latitude‐
longitude grid for every third day; during each model run we estimated hourly values of Pi, Wi, zli, zui , and εi in
each column (the last quantity calculated using the cape_2d function from the wrf‐python package; see Lad-
wig, 2017) and then inferred grid cell contributions to the IP by repeatedly applying Equation 4. The computations
were performed four times for four different values of ε0 that we consider; for convenience of presentation, in
each case we normalized the resulting values by demanding that the global mean value of the IP over 1980–2020
be equal to 240 kV (Markson, 2007). Other technical details and exact procedures used to process the simulation
results are described in Supporting Information S1.

2.3. Simulating the IP With the INMCM Model

An alternative approach to simulating the variation of the GEC is to employ a long‐term free run of a climate
model without any nudging based on the results of meteorological observations. For this study, we attempted
simulating the atmospheric dynamics with the help of the climate model INMCM (Volodin, 2023). The atmo-
spheric part of the INMCM uses a 1.5° × 2° latitude‐longitude grid; for the purpose of this study, the model was
run to continuously simulate 42 years of modern climate, starting with the year 1979 (as before with the WRF,
here we restrict our attention to 1980–2020, although this time simulations are not based on real meteorological
data and, by inference, model years do not precisely correspond to actual years). Thus, we obtained hourly values
of Pi, Wi, zli, zui , and εi in each atmospheric column (this time we took for εi the value of CAPE at the Earth's
surface) and then estimated grid cell contributions to the IP via Equation 4. As before, we generated four IP data
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sets for four different values of ε0 and in each case normalized the resulting IP values by setting the global mean
over 1980–2020 equal to 240 kV. Other technical details are given in Supporting Information S1.

2.4. Other Data

Apart from the results of simulations described above, in some discussions below we shall consider the data used
in Part 1 of this study. These data include the results of surface PG measurements at Vostok station in Antarctica
during 2006–2020 and surface air temperature values simulated with the WRF during the model runs described in
Section 2.2 (we identify surface air temperature with air temperature at 2 m above the ground).

3. Results and Their Analysis
Now we will analyze the seasonal variation of the GEC using the two data sets described in the previous section
(the IP simulated with the WRF model for 1980–2020 and the IP simulated with the INMCM model for 41 years
that roughly correspond to the same period of 1980–2020).

3.1. On the Choice of CAPE Thresholds to Cut Off Shallow Convection

When simulating the IP, we use four different values of the CAPE threshold ε0 in Equation 4, namely 0.6, 0.8, 1,
or 1.2 kJ/kg. The choice of ε0 close to 1 kJ/kg in our parameterization was originally motivated by requiring the
simulated diurnal variation of the IP to resemble the classical Carnegie curve, but the exact value was not very
important since all ε0s in some neighborhood of 1 kJ/kg yielded diurnal cycles with more or less the same shape
(see Ilin et al., 2020, Figure 4d). To illustrate this, in Figures 1a and 1b we show the average diurnal variation
curves derived fromWRF and INMCM simulations for 1980–2020 with the four different values of ε0. To assess
the quality of simulations, in Figure 1c we demonstrate a diurnal variation of the fair‐weather surface PG at the

Figure 1. (a) The average diurnal variation of the IP simulated for 1980–2020 using the WRF model. (b) The average diurnal
variation of the IP simulated for 41 years approximately corresponding to 1980–2020 using the INMCM model. Different
curves in panels (a) and (b) correspond to four different values of the CAPE threshold in the parameterization given by
Equation 4, namely 0.6 kJ/kg (blue), 0.8 kJ/kg (green), 1 kJ/kg (red), and 1.2 kJ/kg (brown). (c) The average diurnal variation
of the fair‐weather PG according to measurements at the Vostok station in 2006–2020. (d) The same as (c) for the fair‐
weather PG adjusted for local meteorological and solar wind influences.
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Vostok station and in Figure 1d we demonstrate a similar variation based on the same PG data adjusted for local
meteorological and solar wind influences (for more details, see Supporting Information S1); here the adjustments
only slightly change the magnitude of the variation.

Comparing the IP variation curves obtained with the WRF with the Vostok PG variations, we observe the well‐
known fact that large‐scale simulations are able to correctly reproduce the shape of the diurnal variation of the
GEC but generally underestimate its peak‐to‐peak amplitude (e.g., Ilin et al., 2020). In Figure 1a, we clearly see
that ε0 = 1 kJ/kg gives the most realistic diurnal variation curve: With lower CAPE thresholds the main
maximum shifts to earlier hours, and with higher CAPE thresholds the peak‐to‐peak amplitude becomes even
smaller; however, the general shape of the curve still remains more or less the same. The diurnal variation curves
simulated with the INMCM (Figure 1b) are less similar to the results of observations (which perhaps should not be
surprising in view of the coarser grid); here the amplitude of the variation gradually increases with increasing ε0,
whereas its shape remains the same, and it is difficult to say which value of ε0 gives the best agreement with
observations.

Thus simulations with each model predict generally similar IP diurnal variation curves for different values of ε0 in
the range of 0.6–1.2 kJ/kg. For the seasonal variation of the GEC, however, it turns out that even slight changes in
this parameter may affect the results; this should not be surprising in view of the fact that the seasonal behavior of
the GEC is subtler than its diurnal behavior, as we will demonstrate below. Therefore in this study we will
consider seasonal variation patterns corresponding to several different values of ε0.

One should be very careful when comparing CAPE values computed in different models of atmospheric dynamics
and using different methods. Similar to earlier papers employing the same IP parameterization (e.g., Ilin
et al., 2020), in the case of the WRF we use the standard cape_2d function from the wrf‐python package
(Ladwig, 2017); this function computes CAPE for the air parcel with the highest equivalent potential temperature
θe within the lowest 3 km. The INMCM, however, computes CAPE values for air parcels at the Earth's surface and
also uses a coarser grid compared to the WRF. It is not surprising, therefore, that the distributions of our CAPE
values for the two models are somewhat different. Such distributions based on hourly CAPE values in the grid
columns lying within 30°S–30°N in our simulations for 1980–2020 are demonstrated in Figure S1a of the
Supporting Information S1; when plotting these distributions, we did not take into account the variation of 1° × 1°
grid cell areas within this region, for it becomes important only near the poles. One clearly sees that the two
distributions are generally similar, showing high percentage of small CAPE values (beyond the limits of the
figure), then a minimum around 0.3–0.5 kJ/kg, and finally a maximum around 0.8–1 kJ/kg. However, the po-
sitions and shapes of these extrema for the two models are somewhat different.

When selecting the CAPE threshold ε0 in Equation 4, we cut off grid cells with CAPE lower than ε0. It is clear that
the same value of ε0 may cut off somewhat different parts of the entire range of grid cells depending on the model
and CAPE calculation method. However, if we compare specifically the distributions of maximum θe CAPE for
the WRF and surface CAPE for the INMCM, we observe that their maxima are not very far from each other,
which means that the values of ε0 within about 0.5–1.3 kJ/kg have more or less similar meanings. This becomes
even more clear if we restrict our attention only to grid columns and hours with nonzero precipitation, for such
grid columns alone contribute to the IP, according to our parameterization given by Equation 4. The corre-
sponding distributions of CAPE values are shown in Figure S1b of the Supporting Information S1; here maximum
θe CAPE for the WRF and surface CAPE for the INMCM indeed behave in more or less the same way within the
range of 0.5–1.3 kJ/kg.

In view of these observations, in this study we use the same values of ε0 (0.6, 0.8, 1, and 1.2 kJ/kg) for both the
WRF (with maximum θe CAPE) and the INMCM (with surface CAPE). This is sufficient for investigating the
dependence of simulated IP variations on ε0 for each model, and in both cases the range between 0.6 and 1.2 kJ/kg
corresponds to more or less the same part of the entire CAPE distribution.

3.2. Seasonal Variation According to Simulations

Figures 2a–2d show the seasonal variation of the IP according to our simulations for 1980–2020 with the WRF;
each panel corresponds to a specific value of the CAPE threshold ε0. We observe that for ε0 = 1 kJ/kg and
ε0 = 1.2 kJ/kg simulations with the WRF generally predict a variation with the main maximum in April, a
secondary maximum in November, and two minima in February and August. For ε0 = 0.8 kJ/kg the pattern is
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Figure 2. (a)–(d) Monthly mean values of the IP simulated for 1980–2020 using the WRF model. (e)–(h) Monthly mean
values of the IP simulated for 41 years approximately corresponding to 1980–2020 using the INMCM model. Different
panels correspond to four different values of the CAPE threshold in the parameterization given by Equation 4, namely 0.6 kJ/
kg (a, e), 0.8 kJ/kg (b, f), 1 kJ/kg (c, g), and 1.2 kJ/kg (d, h). The shape of the simulated seasonal variation appears to strongly
depend on the chosen CAPE threshold and on the model itself. (i) Monthly mean values of the fair‐weather PG according to
measurements at the Vostok station in 2006–2020 (adapted from Part 1 of this study). (j) The same as (i) for the fair‐weather
PG adjusted for local meteorological and solar wind influences (adapted from Part 1 of this study). Annotations inside the
bars in panels (i) and (j) indicate the number of fair‐weather days used to calculate the average values. Error bars in all panels
demonstrate the values plus and minus one standard error. The double arrow to the right of each panel represents the peak‐to‐
peak amplitude, and the number next to it gives this amplitude as a fraction of the annual mean.
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slightly less clear: We still have the lowest IP value in February and the highest IP value in April, but the sec-
ondary maximum shifts to October and there is an inconspicuous local maximum in July. Finally, for ε0 = 0.6 kJ/
kg this July maximum becomes the main one, whereas the April maximum becomes less pronounced; the
February value still remains the lowest. In other words, for relatively high values of ε0 simulations with the WRF
generally predict a semiannual periodicity in the GEC intensity with two maxima in April–May and in October–
November, whereas for lower ε0s this semiannual pattern gradually transforms into a variation with an annual
periodicity reaching a maximum in July. The peak‐to‐peak amplitude of the variation substantially increases with
increasing ε0, from 8% of the mean for ε0 = 0.6 kJ/kg to 19% of the mean for ε0 = 1.2 kJ/kg.

The seasonal variation of the IP inferred from 41‐year simulations with the INMCM is demonstrated in
Figures 2e–2h; as before with the WRF, different panels correspond to different ε0s. For ε0 = 0.6 kJ/kg and
ε0 = 0.8 kJ/kg simulations with the INMCM predict a variation with a single pronounced maximum in July and a
single minimum in March. When we turn to ε0 = 1 kJ/kg and ε0 = 1.2 kJ/kg, the July maximum becomes
smaller, a secondary maximum in January–February gradually emerges, and the two minima between them
eventually move to May and October. Thus simulations with the INMCM predict a distinct annual signal in the
seasonal cycle of the GEC with a pronounced maximum during the Northern Hemisphere summer (around July);
however, as ε0 increases, a second maximum appears in January–February, and the semiannual component of the
variation becomes more pronounced. The peak‐to‐peak amplitude varies from 10% of the mean in the case where
ε0 = 1.2 kJ/kg to 20% of the mean in the case where ε0 = 0.6 kJ/kg.

Comparing Figures 2a–2d with Figures 2e–2h, we conclude that the two models which we consider predict rather
different seasonal behavior of the GEC despite the same IP parameterization being used. In both cases the var-
iations tend to have one maximum during the Northern Hemisphere summer for small values of the CAPE
threshold ε0 and two distinct maxima for larger values of ε0; however, although in the case of simulations with the
INMCM these two maxima roughly correspond to the Northern Hemisphere summer and winter, for simulations
with the WRF they can be associated with spring and autumn (while summer and winter correspond to minima).
We will discuss the origin of this phase difference in more detail below; as for now, we just note that from the
perspective of simulations, seasonal variability of the GEC is very sensitive to the details of the IP parameteri-
zation (and even to the choice of the model)—much more sensitive than the diurnal variation.

What is more, most of the seasonal patterns described above are different from the variation following from PG
measurements at the Vostok station. Figure 2i reproduces the seasonal cycle obtained in Part 1 of this study on the
basis of the Vostok fair‐weather PG data for 2006–2020. Here the lowest values are reached in January–February
and the highest values are reached in June–August, with a small local minimum in July; the peak‐to‐peak
amplitude is about 30% of the annual mean. Note that this amplitude becomes much smaller (reducing to just
16%) if we correct Vostok PG values for the influence of local meteorological variability and solar wind imposed
potential differences, which appears to be reasonable; the resulting variation is shown in Figure 2j. We will
discuss the cause of a discrepancy between measurements and simulations below.

3.3. Decomposition of Seasonal Variation for the Simulated IP

We have just inferred from Figures 2a–2h that the simulated seasonal variation of the GEC may substantially
depend on the details of the IP parameterization and even on the underlying model of atmospheric dynamics. In
order to better understand what actually happens here, we recall that simulations (unlike measurements) allow us
to look at the behavior of regional contributions to the GEC.

3.3.1. Seasonal Behavior of Surface Air Temperature

Adlerman and Williams (1996) noted that seasonal changes in deep convection (and, by inference, in the
occurrence of electrified clouds) are largely governed by the variability of insolation, which has two equinoctial
maxima in the tropics and a pronounced local summer maximum outside the tropical belt. Williams (1994)
pointed out that surface air temperature often behaves in more or less the same fashion as insolation with a lag of
about 1 month. In Part 1 of this study we employed surface air temperatures simulated with the WRF to interpret
the seasonal variation patterns following from the Vostok PG data (shown in Figures 2i and 2j). It will be
convenient for us to begin our discussion of regional contributions by analyzing the behavior of surface air
temperature in more detail—once again on the basis of our simulations of atmospheric dynamics for 1980–2020
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with the WRF. In the context of the WRF data, by surface air temperatures we always mean simulated tem-
peratures at 2 m above the ground.

Figure 3a shows monthly mean values of the surface air temperature averaged over each 1° wide circle of latitude
between 30°S and 30°N (i.e. 29°S–30°S, 28°S–29°S, and so on up to 29°N–30°N); in other words, this figure
shows surface air temperature as a function of month and latitude. Horizontal cross‐sections of Figure 3a represent
annual cycles of temperature at specific latitudes; for example, around 30°S and 30°N we observe a temperature
variation with a prominent maximum during the local summer and a prominent minimum during the local winter,
whereas near the equator (0°) the variation appears to have two maxima in spring and autumn (although it is
difficult to see them clearly in this panel, as the amplitude of the variation is rather small).

Figure 3b demonstrates the seasonal variation of the surface air temperature values averaged over several rela-
tively small latitude ranges. We subdivide the 30°S–30°N belt into six smaller regions, separated by circles of
latitude at 18°S, 9°S, 0°, 9°N, and 18°N. These boundaries are deliberately chosen to be multiples of 3° in order
for the regions to consist of entire grid cells for both 1° × 1°WRF and 1.5° × 2° INMCM simulations, considering
that later we shall compare temperature variability with that of contributions to the IP according to these two
models. The six regions are shown in Figure 3g with the same colors that have been used for different bar charts of
Figure 3b.

Let us first discuss the temperature variation in the Northern Hemisphere. For the latitude range of 0°–9°N (light
orange bars in Figure 3b) we see a variation with two maxima in April–May and in October–November, of which
the former is larger than the latter. These two maxima evidently mirror the two equinoctial maxima in tropical
insolation, albeit with a lag of about 1 month. As we pass to higher latitudes within the tropics, namely to 9°N–
18°N (light olive bars), the two maxima in air temperature become closer to each other, and in the region between
18°N and 30°N (olive bars) they merge into a single pronounced maximum in July–August, which apparently
reflects the solstitial maximum of the insolation cycle in the Northern Hemisphere outside the tropics, once again
with a 1 month lag.

For the Southern Hemisphere, the situation is somewhat different. In the 0°–9°S latitude range (orange bars in
Figure 3b) the surface air temperature variation is quite similar to that for 0°–9°N, but the main maximum shifts to
March–April and the second maximum is no longer present, turning into a sort of plateau from November to
January. In the more southern tropical region of 9°S–18°S (light cyan bars) we already see a single prominent
maximum in February–March, and in the region between 18°S and 30°S (cyan bars) this maximum shifts to
January–February, that is, about 1 month behind the solstitial maximum of insolation in the mid‐latitude Southern
Hemisphere.

Looking at different bar plots of Figure 3b, we immediately observe that the variation of surface air temperature
does not simply follow the local annual cycle of insolation. There is an asymmetry between the two hemispheres
both in the temperature variation patterns and in their magnitude: For example, two distinct maxima are seen only
to the north of the equator, and the peak‐to‐peak amplitude outside the tropics is greater in the Northern
Hemisphere. This asymmetry apparently arises from the latitudinally imbalanced distribution of land and ocean
across the two hemispheres, for it is known that the ocean is less responsive to changes in insolation than land
areas.

To provide a physical interpretation for the PG variation at Vostok, in Part 1 of this study we looked at the average
temperature over different symmetric latitude ranges around the equator. Figure 4 reproduces the variation cycles
obtained there, and it will be instructive to discuss them more thoroughly in the present context. Figure 4a shows
the monthly mean values of the surface air temperature averaged over the region lying between 20°S and 20°N.
We observe two maxima in April–May and in October–November (the former being larger than the latter), which
means that the equatorial temperature pattern (see the bar plots for 0°–9°N and 0°–9°S in Figure 3b) dominates the
average variation, whereas patterns corresponding to higher tropical latitudes (see the bar plots for 9°N–18°N and
9°S–18°S in Figure 3b) compensate for each other.

Figure 4b is the counterpart of Figure 4a for the region lying between 30°S and 30°N.We observe more or less the
same behavior with two maxima following the equinoxes, except that now the second maximum shifts to
September–October, and the valley between the two maxima becomes shallower. As we turn to a broader region
of 40°S–40°N, the two maxima become even more close to each other; they occur in May–June and in August,
with a small local minimum in July separating them (see Figure 4c; in Part 1 we noted that a similar minimum is
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Figure 3. (a) Monthly mean values of air temperature at 2 m above the ground simulated for 1980–2020 using theWRFmodel
and averaged over each 1° wide circle of latitude between 30°S and 30°N. (b) Monthly mean values of the same temperature
averaged over six separate regions (18°N–30°N, 9°N–18°N, 0°–9°N, 0°–9°S, 9°S–18°S, and 18°S–30°S). (c) Monthly mean
values of 1°× 1° grid cell contributions to the IP simulated for 1980–2020 with the WRF model and averaged over each 1°
wide circle of latitude between 30°S and 30°N. (d) Monthly mean values of the same contributions totaled over six separate
regions (18°N–90°N, 9°N–18°N, 0°–9°N, 0°–9°S, 9°S–18°S, and 18°S–90°S). (e) Monthly mean values of 1.5° × 2° grid cell
contributions to the IP simulated for 41 years approximately corresponding to 1980–2020 with the INMCMmodel and averaged
over each 1.5° wide circle of latitude between 30°S and 30°N. (f) Monthly mean values of the same contributions totaled over
six separate regions (18°N–90°N, 9°N–18°N, 0°–9°N, 0°–9°S, 9°S–18°S, and 18°S–90°S). The same CAPE threshold of 1 kJ/
kg was used for all simulations presented in panels (c)–(f). (g) The corresponding partition of the Earth's surface; the colors in
the map correspond to those in panels (b), (d), and (f) (note that in the case of panels (d) and (f) the outer regions extend beyond
30°S and 30°N to the poles).
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observed in the Vostok PG variation, shown in Figures 2i and 2j). If we average surface air temperature over
50°S–50°N, the two maxima finally merge, and we have a pronounced variation with highest values during the
boreal summer, as shown in Figure 4d. Thus for sufficiently wide symmetric latitude ranges around the equator
the mean annual variation of surface air temperature is dominated by the Northern Hemisphere. One might have
expected this from Figure 3b, which clearly shows that the peak‐to‐peak amplitude of the mean temperature
variation in 18°N–30°N is substantially larger than its counterpart for 18°S–30°S (owing to the greater amount of
land in the Northern Hemisphere).

Finally, let us note that the results presented in Figures 4a–4d qualitatively agree with the mean temperature
variations for 25°S–25°N and 60°S–60°N plotted by Williams (1994), of which the former had two maxima in
April–May and September–October, whereas the latter showed a single pronounced maximum in July–August
(see Williams, 1994, Figures 4a and 4c). For our analysis of the GEC variation we will need a more complete
picture of seasonal changes in surface air temperature, and that is why we have discussed them in detail with
Figures 3a, 3b, and 4 before turning our attention to contributions to the IP.

3.3.2. Seasonal Behavior of Regional Contributions to the Simulated IP

We will now discuss the annual variation of contributions to the IP according to our simulations. In accordance
with the discussion of surface air temperatures given above and following earlier analyses byWilliams (1994) and
Adlerman and Williams (1996), we will primarily focus on how seasonal variation patterns change with latitude.
For the time being, we shall consider the results of our simulations for 1980–2020 with the WRF and of our 41‐
year simulations with the INMCMunder the assumption that ε0 = 1 kJ/kg (see Figures 2c and 2g); other values of
the CAPE threshold will be discussed in Section 3.3.3 below.

Similarly to Figure 3a for surface air temperature, Figure 3c demonstrates monthly mean values of 1° × 1° grid
cell contributions to the IP at different latitudes, according to our WRF simulations. More precisely, the figure
shows the simulated IP values averaged over each 1° wide circle of latitude between 30°S and 30°N (i.e. 29°S–
30°S, 28°S–29°S, and so on up to 29°N–30°N). The patterns of variation of contributions to the IP with month and
latitude shown in Figure 3c are generally similar to those of temperature shown in Figure 3a, except that sig-
nificant contributions to the IP are localized in a rather small range of latitudes.

Figure 4. (a)–(d) Monthly mean values of air temperature at 2 m above the ground simulated for 1980–2020 using the WRF
model, averaged over different latitude ranges, namely 20°S–20°N (a), 30°S–30°N (b), 40°S–40°N (c), and 50°S–50°N (d).
Adapted from Part 1 of this study.
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Figure 3e is the counterpart of Figure 3c for our simulations with the INMCM. It shows monthly mean values of
1.5° × 2° grid cell contributions to the IP averaged over 1.5° wide circles of latitude within 30°S–30°N (i.e., 30°S–
28.5°S, 28.5°S–27°S, and so on up to 28.5°N–30°N). The patterns of variation are generally similar to those
obtained in WRF simulations. Note that owing to different grid cell sizes, typical values of contributions to the IP
presented in Figure 3e are greater than those inferred from Figure 3c.

As before with surface air temperature, horizontal cross‐sections of Figures 3c and 3e represent the annual
behavior of contributions to the GEC at specific latitudes. We immediately see that according to both models, the
contribution of latitudes slightly to the north of the equator (say, 0°–5°N) has two maxima after the equinoxes
(although their predicted positions depend on the model), whereas for the latitudes around 10°S and 10°N there
appears to be a single maximum during the local summer and a single minimum during the local winter. The
regions lying beyond the 20°S–20°N range give only a small contribution to the total IP, according to the
parameterization which we employ.

Figures 3d and 3f show the seasonal variation of contributions to the IP from several specific latitude ranges
according to our simulations with the WRF and with the INMCM, respectively. We use the same partition into six
regions that has been employed in Figure 3b, separating them with circles of latitude at 18°S, 9°S, 0°, 9°N, and
18°N (see Figure 3g). The only difference is that now we do not bound the two outer regions by 30°S and 30°N,
extending them up to the poles instead; this actually does not matter much, since calculations show that on
average, the regions outside the 30°S–30°N range contribute only about 1% of the total IP according to the WRF
and about 5% of the total IP according to the INMCM.

By looking at the bar plots shown in Figures 3d and 3f and comparing them with surface air temperature variation
presented in Figure 3b, we infer that local temperature cycles at different latitudes are generally reflected by the
corresponding contributions to the IP. The most notable difference is that for air temperature the magnitude of the
variation (in °C) increases as we move away from the equator, whereas for the simulated contributions to the IP
this magnitude (in kV) rapidly decreases.

For the contribution to the GEC from the 0°–9°N latitude range (light orange bars in Figures 3d and 3f) we see two
distinct maxima. According to the WRF, these maxima are reached after the equinoxes, in May and November,
whereas the INMCM predicts them to be rather flat and occur somewhat later, in May–September (with the
highest value reached in August) and November–December. For the southern equatorial region of 0°–9°S (orange
bars) the situation is slightly different, as we see only one clear maximum. The WRF predicts it to occur in April,
and instead of the second maximum it yields a plateau in December–February; the INMCM predicts a single flat
maximum in February–April.

For the regions outside the 9°S–9°N range we obtain a variation of contributions to the GEC with one maximum
during the local summer. The only manifestation of the tropical insolation cycle can be seen in the INMCM
simulations for 9°N–18°N (light olive bars), where there is a plateau in July–August within a flat June–October
maximum with the highest value attained in September; the WRF predicts for this region a more pronounced
maximum in August–September. For higher latitudes in the Northern Hemisphere, 18°N–90°N (olive bars), we
obtain a single maximum in August (according to theWRF) or in July (according to the INMCM). In the Southern
Hemisphere for 9°S–18°S (light cyan bars) and 18°S–90°S (cyan bars) both models predict a single maximum in
February.

3.3.3. Interpretation of the Seasonal Variation of the Total Simulated IP

Having discussed seasonal patterns in regional contributions to the GEC depending on the latitude, we now turn to
the question as to how these contributions combine to form the variation of the total IP. We will no longer confine
ourselves to the case where the CAPE threshold ε0 in our IP parameterization equals 1 kJ/kg, and will consider
other options discussed in Section 3.2 as well, namely the cases of ε0 = 0.6 kJ/kg, ε0 = 0.8 kJ/kg, and
ε0 = 1.2 kJ/kg. We have seen before that the simulated variation of the total IP strongly depends on the value of
ε0 and even on our choice of the model (see Figures 2a–2h); now we shall try to explain this fact in terms of
regional contributions and find some patterns which would be common for all models and parameterizations.

Figures 5a–5h present the decomposition of the IP variations according to the WRF and INMCM with different
values of ε0 into regional contributions. The eight panels of Figure 5 precisely correspond to the first eight panels
of Figure 2, and we consider the same six latitude ranges that were earlier used in Figures 3d and 3f, namely 18°S–
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90°S, 9°S–18°S, 0°–9°S, 0°–9°N, 9°N–18°N, and 18°N–90°N (see Figure 3g). In particular, Figures 5c and 5g,
corresponding to the parameterization with ε0 = 1 kJ/kg, are precisely cumulative representations of Figures 3d
and 3f, respectively.

Let us first look at the total contribution to the simulated IP from the equatorial belt between 9°S and 9°N. Here we
combine together the contributions from 0°–9°S to 0°–9°N, notwithstanding the asymmetry in contributions to
the IP near the equator, which we have seen in Figures 3c–3f. The contributions of 0°–9°S and 0°–9°N are
indicated in each panel of Figure 5 by shades of orange, and the total contribution of the 9°S–9°N range is their
combination. We observe that both the WRF and the INMCM predict for this combined equatorial contribution a

Figure 5. (a)–(h) The simulated IP variations of Figures 2a–2h decomposed into contributions from six separate regions: 0°–
9°N, 0°–9°S, 9°S–18°S, 18°S–90°S, 9°N–18°N, and 18°N–90°N (bottom to top). The colors are the same as those in
Figure 3g. The contributions presented in panels (c) and (g) are shown separately in Figures 3d and 3f, respectively.
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variation with two main maxima following the equinoxes regardless of the value of ε0. The only difference is that
the WRF predicts maxima in April and November–December and minima in February and August, whereas
according to the INMCM, the main maxima occur in April and December–January and the minima occur in
February–March and July–October (with a small local maximum in August inside the latter of them); in other
words, the equatorial seasonal cycle predicted by the INMCM follows its WRF counterpart with a lag of about
1 month.

The contributions of the 9°S–18°S and 18°S–90°S ranges are shown in Figure 5 by shades of cyan; their com-
bination represents the total contribution to the IP from the nonequatorial Southern Hemisphere (more precisely,
the part of the Southern Hemisphere lying beyond our tropical belt and occupying the latitude range of 9°S–90°S).
It is easy to see that this combined contribution reaches highest values in January–March with the maximum in
February (i.e., during the austral summer) and is lowest during July–September or August–October with the
minimum in August or September. Likewise, the contribution to the IP from the nonequatorial Northern
Hemisphere (9°N–90°N) is a combination of contributions from 9°N–18°N to 18°N–90°N, which are indicated in
Figure 5 by shades of olive. This contribution behaves oppositely to that of the nonequatorial Southern Hemi-
sphere, being highest in July–September with the maximum in July or August (i.e., during the boreal summer) and
lowest in January–March with the minimum in February or March. Note that the general behavior of non-
equatorial contributions depends on neither the model nor the value of ε0.

In view of these observations we can decompose the variation of the total IP as the sum of three rather simple
variations of contributions from the equatorial belt (9°S–9°N in our analysis), southern nonequatorial region
(9°S–90°S), and northern nonequatorial region (9°N–90°N). The equatorial variation has two maxima following
the equinoxes and two minima between them, whereas nonequatorial contributions are highest at the end of the
local summer (austral for the Southern Hemisphere and boreal for the Northern Hemisphere) and lowest at the end
of the local winter. These variations apparently reflect the local weather and climate dynamics in the respective
regions, for we already observed when discussing Figure 3 that the variation of simulated contributions to the
GEC reflects the variation of surface air temperature and thus is eventually determined by seasonal changes in
insolation. In this connection it is worthy of note that the equatorial type of variation with two maxima takes place
only for a small range of latitudes near the equator—much smaller than the entire tropics (which are bounded by
23.4°S and 23.4°N). However, in our simulations this small latitude range may produce a considerable portion of
the total IP.

Thus we have represented the seasonal variation of the total IP as the sum of three essentially different individual
patterns for 9°S–9°N, 9°S–90°S and 9°N–90°N. When we add up these three patterns, they to a large extent offset
each other. The maxima of the equatorial contribution occur after the equinoxes, whereas its minima occur after
the solstices and thus coincide with the maxima of nonequatorial contributions. Roughly speaking, the two
nonequatorial contributions completely of partially “fill” the two valleys between the equatorial maxima (see
Figure 5). The resulting effect is rather subtle and difficult to predict; as we pointed out when discussing
Figures 2a–2h, the outcome of simulations depends on the details of the IP parameterization and even on the
chosen weather or climate model.

Comparing the simulated variations obtained with different values of the CAPE threshold ε0 in the IP parame-
terization, shown in Figure 5, we observe that both the mean value of the equatorial contribution to the IP and the
amplitude of its variation increase with increasing ε0. This is probably not surprising, as higher CAPE thresholds
imply greater role of the equatorial tropics, where typical values of CAPE are higher than anywhere else.

In our simulations with the WRF (Figures 5a–5d) the annual mean contribution from 9°S to 9°N gradually in-
creases from 57% of the total IP in the case of ε0 = 0.6 kJ/kg through 60% in the case of ε0 = 0.8 kJ/kg and 62%
in the case of ε0 = 1 kJ/kg to 63% in the case of ε0 = 1.2 kJ/kg. The corresponding change in the peak‐to‐peak
amplitude of the equatorial contribution is much more conspicuous: For 0.6, 0.8, 1, and 1.2 kJ/kg this amplitude
amounts to 44%, 52%, 63%, and 73% of the mean, respectively. Thus, according to the WRF, about 60% of the
total IP is supplied by the equatorial region, and the annual variation of this contribution is characterized by
pronounced maxima. It is therefore clear that the behavior of the total IP shown in Figures 2a–2d (and decom-
posed in Figures 5a–5d) is to a large extent determined by the equatorial contribution, which explains both the
semiannual periodicity with maxima following the equinoxes (except for ε0 = 0.6 kJ/kg) and the growth of the
amplitude of the resulting variation with increasing ε0.
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For simulations with the INMCM (Figures 5e–5h) the situation is somewhat different. The annual mean
contribution of the 9°S–9°N range still slightly increases with increasing ε0, changing from 51% of the total IP at
ε0 = 0.6 kJ/kg through 53% at ε0 = 0.8 kJ/kg and 55% at ε0 = 1 kJ/kg to 56% at ε0 = 1.2 kJ/kg. The peak‐to‐
peak amplitude still shows a more substantial increase: 18%, 20%, 24%, and 30% of the mean for 0.6, 0.8, 1, and
1.2 kJ/kg, respectively. However, considering that the INMCM predicts the equatorial contribution to constitute a
lower portion of the total IP and to have less pronounced maxima (compared to the equatorial contribution ac-
cording to the WRF), the resulting behavior of the total IP shown in Figures 2e–2h (and decomposed in
Figures 5e–5h) turns out to be dominated by the two nonequatorial contributions with maxima after the solstices
(rather than after the equinoxes). As ε0 increases, the equatorial contribution counterbalances the nonequatorial
ones, and the amplitude of the resulting variation decreases.

Summarizing the above discussion, we conclude that there are clear and pronounced seasonal variation patterns in
contributions to the GEC from the equatorial region, the southern nonequatorial region, and the northern non-
equatorial region (in our analysis these three regions are separated by the circles of latitude at 9°S and 9°N, but our
choice of these boundaries was somewhat arbitrary). The equatorial variation has two maxima occurring after the
equinoxes, whereas each of the nonequatorial cycles has a single maximum during the local summer after the
solstice. When the three pronounced regional patterns are added up together, they offset each other (the minima of
the equatorial cycle are counterbalanced by the maxima of the nonequatorial ones), and the resulting variation of
the total IP appears to be much less pronounced than its constituent parts. In simulations the shape of this total
variation strongly depends on the model and details of the IP parameterization (even though for each of the three
contributions described above the shape of the variation is more or less the same). This explains why it is so
difficult to rely on simulations when investigating the seasonal variation of the GEC: Even slight changes in the IP
parameterization or the modeling technique may lead to a completely different annual variation of the total IP.

Finally, let us note that equatorial and nonequatorial seasonal patterns, shown in Figures 3d, 3f, and 5a–5h, further
support our interpretation of the seasonal behavior of the Vostok PG (Figures 2i and 2j) in terms of insolation,
outlined in Part 1 of this study. Indeed, we have just ascertained that contributions to the IP from different latitude
ranges are clearly correlated with surface air temperatures and generally reflect local insolation cycles; we have
also observed that simulations do not give a definite answer regarding the behavior of the sum of these contri-
butions to the IP. It is thus not unlikely that in reality the nonequatorial patterns prevail over the equatorial one
(which, in view of the asymmetry of land distribution, would explain the annual maximum in the GEC intensity
during the Northern Hemisphere summer), but some remnants of the equatorial pattern and tropical insolation
cycle still survive in the total variation (which would account for the July minimum inside the summer maximum,
clearly seen in Figures 2i and 2j).

3.4. The Existence of Stable Seasonal Behavior

In view of the apparent subtlety of the effect of the seasonal cycle of summer and winter on the GEC, it is
interesting to investigate whether the simulated patterns of variation discussed above (see Figures 2a–2h) are
stable and reproducible. We will confine ourselves to the case where ε0 = 1 kJ/kg.

We begin with the analysis of the pattern of variation predicted by the WRF (with ε0 = 1 kJ/kg; see Figure 2c).
Figures S2a–S2d in Supporting Information S1 show the monthly mean PG values calculated on the basis of the
same data set separately for four individual decades within the whole 1980–2020 period, which yielded the
variation of Figure 2c (namely, 1981–1990, 1991–2000, 2001–2010, and 2011–2020; the year 1980 is not taken
into account here). We observe that in all of the four cases the IP reaches its main maximum in April or May and
has a secondary maximum in October or November; the minima take place in January–February and in August.
The peak‐to‐peak amplitude of the variation does not vary much across the four decades either, and we can
conclude that the WRF with our IP parameterization predicts more or less the same annual behavior of the
GEC regardless of the time span that we consider (even though the annual mean IP value is slightly different
for different decades).

For the seasonal variation pattern predicted by the INMCM (again in the case of ε0 = 1 kJ/kg; see Figure 2g) the
situation is similar. Figure 2g is based on 41 years of climate simulations with the INMCM which roughly
correspond to 1980–2020; separate annual cycles of the IP on the basis of years 2–11, 12–21, 22–31, and 32–41 of
this model run are demonstrated in Figures S2e–S2h of the Supporting Information S1. We see that the IP
variations for different decades are very similar to each other: All of them are characterized by the main maximum
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in July, a small secondary maximum in December or January, and minima in March or April and in November or
December; the amplitude of the variation is also more or less the same.

Let us also recall that in Part 1 of this study we have shown that the seasonal variation curve based on fair‐weather
PG measurements at Vostok (see Figures 2i and 2j) repeats itself over time. Here we further illustrate this by
reproducing “partial” seasonal cycles from Part 1 (based on the Vostok PG data for 2006–2012 and 2013–2020) in
Figures S3a and S3b of the Supporting Information S1 and also plotting the same variations adjusted for solar
wind and meteorological influences in Figures S3c and S3d of the Supporting Information S1. In each pair the two
bar plots are generally similar to each other and to the variations of Figures 2i and 2j; in particular, all of them
show a flat summer maximum with a small local minimum inside it (in Part 1 we used this circumstance to draw
an analogy between the Vostok PG behavior and the mean surface air temperature cycles of Figures 4c and 4d).
Summarizing our inferences from Figures S2 and S3 in Supporting Information S1, we can state that seasonal
variation patterns in the GEC intensity, whether simulated or based on measurements, are stable and can be
independently reproduced for different sufficiently long time periods (even if the mean values gradually change
between these periods). This indirectly supports the idea that there exists a universal average annual variation
curve of the GEC.

4. Further Discussion: Toward More Realistic IP Parameterizations for Simulations
Finally, we will discuss whether it is possible to reconcile the results of observations with the results of IP
simulations. We have seen that PG measurements at the Vostok station indicate the highest and lowest GEC
intensity during the Northern Hemisphere summer and winter, respectively. At the same time our simulations
predict very different variation patterns depending on the model and the threshold CAPE value ε0 in the
parameterization given by Equation 4, which expresses the IP in terms of atmospheric variables (see Figures 2a–
2h). However, the parameterization based on Equation 4 has its own shortcomings, the most important of which is
the apparent underestimation of nonequatorial contributions to the IP for the values of ε0 close to 1 kJ/kg (at least
in the case of the WRF): This underestimation has been pointed out earlier in the context of simulating the diurnal
variation of the GEC (Ilin et al., 2020) and studying the effect of the Madden–Julian oscillation on the GEC
(Kozlov et al., 2023). At the same time the most realistic diurnal variation curves among those shown in Figure 1a
are obtained exactly with ε0 about 0.8–1 kJ/kg, which makes this range of values preferable. In Section 3.3.3 of
this paper, we noted that for WRF simulations with ε0 of 0.8 kJ/kg or greater the equatorial region lying between
9°S and 9°N already produces more than 60% of the total IP, whereas in reality this relatively small region
probably does not account for such a large contribution to the GEC.

It is difficult to say where exactly lies the reason for this underestimation of nonequatorial contributions. In this
connection it is interesting to recall that the latitude range between 20° and 40° (in both hemispheres), whose
contribution to the IP is likely to be underestimated in our simulations, is characterized by severe convective
storms (e.g., Ludlam, 1963, Figure 5; Gertler et al., 2023, Figure 6) and especially high lightning densities
(Peterson, 2024, Figure 5); these severe storms are often associated with moist convection downwind of dry
terrain (e.g., Emanuel, 2024, Figure 11). Although these extreme events, being not very frequent, are unlikely to
determine the average annual dynamics of the IP, their interpretation in terms of moist and dry air suggests a more
general explanation for the shortcomings of our parameterization. Indeed, outside the equatorial region the air
near the Earth's surface is less moist, and moist convective events are often preceded by dry convection in the
relatively high planetary boundary layer. One can hypothesize that during the moist convection phase this may
result in more hail and graupel (owing to more intense air entrainment and higher condensation levels) and greater
updraft speeds, and the parameterization in terms of CAPE and convective precipitation given by Equation 4
cannot take the corresponding increase of the source current into account. Of course, this is presently only a
speculation, and further research in this direction is needed to understand the actual nature of the problem.

When analyzing Figure 5 in Section 3.3.3, we have already noted that the lower contribution of the equatorial
region in the case of the INMCM (compared to the WRF) leads to a dominant role of nonequatorial contributions
in the seasonal variation, which eventually results in the annual maximum being attained in July (see Figures 5e–
5h). We can also mention one earlier result in this direction: Using the same INMCM model and a parameter-
ization similar to that given by Equation 4 but involving a different method of determining deep convection,
Mareev and Volodin (2014) obtained an IP variation reaching maximum and minimum values during the
Northern Hemisphere summer and winter, respectively (see Mareev & Volodin, 2014, Figure 1b; note, however,
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that the corresponding diurnal variation showed only a vague similarity to the Carnegie curve, as in our
Figure 1b).

Similarly, from Figures 5a–5d we can deduce that the summer minimum in the IP variation according to theWRF
becomes less pronounced with decreasing ε0, when higher latitudes become more important and the equatorial
contribution becomes slightly smaller and less variable. For ε0 = 0.6 kJ/kg, when the equatorial region con-
tributes only 57% of the total IP, we even have a summer maximum (see Figure 5a). This also demonstrates that
enhancing the role of nonequatorial contributions would generally lead to the dominance of the northern non-
equatorial pattern and higher IP values during the Northern Hemisphere summer and make the shape of the
seasonal variation closer to observations. This is consistent with our discussion of surface air temperature plots in
Section 3.3.1, where we noted the dominance of the Northern Hemisphere in average variations due to the greater
area covered by land to the north of the equator (cf. Williams, 1994).

In order to obtain a better agreement of the simulated seasonal behavior with that known from measurements, we
can try to alter the parameterization expressed by Equation 4, taking into account other variables so as to increase
the contribution of nonequatorial regions. In doing so, one needs to look not only at the seasonal variation but also
at the diurnal cycle, inasmuch as the ability of a parameterization to reproduce the shape of the Carnegie curve (or
the shape of the Vostok variation, which is generally the same) is the most basic test of its validity. For example, in
the case of the WRF, looking at Figures 5a–5d, we could further reduce the value of ε0 trying to increase
summertime IP values, but it turns out that this would worsen the agreement of the diurnal variation with the
Carnegie curve (see Figure 1a). In the remainder of this section we will demonstrate a simple modification of
Equation 4 that makes the annual variation closer to observations without affecting the shape of the diurnal
variation. We shall focus on simulations with the WRF, as the INMCM is apparently less suitable for reproducing
such subtle effects.

Figures 6a and 6b demonstrate the average diurnal and seasonal behavior of the adjusted fair‐weather PG at the
Vostok station based on measurements made during 2006–2020 (the same plots were earlier shown in Figures 1d
and 2j). Figures 6c and 6d show the corresponding variation patterns for the simulated IP in the case of modeling
with the WRF and setting ε0 = 1 kJ/kg in Equation 4. Figure 6d in fact also shows contributions to the total IP
from the six latitude ranges earlier considered in Sections 3.3.2 and 3.3.3, thus reproducing Figure 5c (whereas
Figure 6c reproduces one of the curves from Figure 1a). Comparing Figures 6a and 6c (both of them present
hourly values as fractions of the diurnal mean), we emphasize once again that simulations based on Equation 4 are
able to qualitatively reproduce the shape of the diurnal variation of the GEC, although its peak‐to‐peak amplitude
is underestimated (17% of the mean compared to 32% for the PG at Vostok) and the main maximum occurs
somewhat earlier. As for the corresponding seasonal cycles, shown in Figures 6b and 6d, we have already noted
that simulations and measurements yield rather different variations.

It is noteworthy that, as regards the diurnal variation of the GEC, a certain disagreement of simulations and
measurements is very common. All the earlier attempts to estimate the IP in models of atmospheric dynamics in
terms of climate variables describing convection produced diurnal variation curves with smaller amplitudes and
earlier maxima compared to observations (see Mareev & Volodin, 2014, Figure 1a; Lucas et al., 2015, Figure 7;
Jánský et al., 2017, Figure 3a). It appears that when source currents are determined based on variables charac-
terizing convection (such as CAPE or the convective mass flux), the contribution of the tropics is always
overestimated; for example, Ilin et al. (2020, Figure 4) have shown that, without taking additional variables into
account, no simple modification of the parameterization given by Equation 4 is able to increase the peak‐to‐peak
amplitude of the variation and at the same time retain the correct shape.

We have already noted in Part 1 of this study that the average surface air temperature for 40°S–40°N exhibits a
seasonal variation (shown in Figure 4c) which has much in common with the PG variation at Vostok; in addition,
regional temperature variation patterns (Figure 3b) are visually similar to those of the corresponding contributions
to the IP simulated using our parameterization (Figures 3d and 3f). However, functions of surface air temperature
cannot give us a good proxy for the IP: Despite being able to produce the seasonal pattern similar to the one
inferred from the Vostok data, temperature does not manifest a diurnal variation similar to the Carnegie curve
even in the tropics. Taking this observation into account, we will try to modify the parameterization of Equation 4
by combining surface air temperature data with parameters of convection.

Journal of Geophysical Research: Atmospheres 10.1029/2024JD042634

SLYUNYAEV ET AL. 19 of 25



First of all, we will retain cutting off shallow convection by considering only those grid columns where the
characteristic value of CAPE εi exceeds the threshold value ε0. At the same time we shall use a smaller value of ε0
in order to increase the role of higher latitudes. In addition, we will make the source current density ji inside
electrified clouds in the ith grid column (which was assumed equal to a constant j0 when we derived Equation 4)
linearly depend on the surface air temperature Ti in that column. More precisely, we will make it proportional to
Ti − T0 provided that Ti ≥T0, where T0 is some threshold value for air temperature, and we will cut off the grid

Figure 6. (a), (b) The diurnal variation (a) and monthly mean values (b) of the fair‐weather PG according to measurements at
the Vostok station in 2006–2020; PG values have been adjusted for local meteorological and solar wind influences. (c),
(d) The diurnal variation (c) and monthly mean values (d) of the IP simulated for 1980–2020 using the WRF model and the
parameterization given by Equation 4 with the CAPE threshold of 1 kJ/kg. (e), (f) The diurnal variation (e) and monthly mean
values (f) of the IP simulated for 1980–2020 using the WRF model and the parameterization given by Equation 5 with the
CAPE threshold of 0.5 kJ/kg and the temperature threshold of 25°C. In panels (a), (c), and (e) hourly PG and IP values are
presented as fractions of their respective diurnal means. In panels (d) and (f) the seasonal variation of the simulated IP is
decomposed into contributions from six separate regions: 0°–9°N, 0°–9°S, 9°S–18°S, 18°S–90°S, 9°N–18°N, and 18°N–
90°N (bottom to top). The colors are the same as those in Figures 3g and 5a–5h. The double arrow to the right of each panel
represents the peak‐to‐peak amplitude, and the number next to it gives this amplitude as a fraction of the diurnal or annual
mean.
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columns with Ti < T0. This idea is motivated by the fact that we want to more explicitly take into account local
insolation cycles and produce an IP variation similar to the temperature variation of Figure 4c, but we also need to
exclude the regions with low surface air temperatures, which are unlikely to contribute anything to the GEC.
Thus, instead of Equation 3 we will now have the following:

V =∑
i

jiHαiS̃i
σ0SE

(exp(−
zli
H
) − exp(−

zui
H
))

with

αi = {
kPi/Wi, εi ≥ ε0 and Ti ≥ T0,

0, otherwise

and ji = c(Ti − T0) provided that αi > 0, k and c being some constant coefficients. Then instead of Equation 4 we
shall arrive at the following parameterization (as before, constant coefficients are omitted):

V ∝∑
i

S̃iPi
Wi
(Ti − T0) (exp(−

zli
H
) − exp(−

zui
H
)) × {

1, εi ≥ ε0 and Ti ≥ T0,

0, otherwise.
(5)

In the parameterization given by Equation 5 we set ε0 = 0.5 kJ/kg (which is even smaller than the lowest value
considered before). Comparing Figure 3b with Figures 3d and 3f, we see that T0 should be chosen somewhere
between 22 and 26°C in order to set mid‐latitude contributions to zero during the local winter; we set T0 = 25°C
since this value turns out to yield diurnal and seasonal variation cycles which are closest to their counterparts
based on observations. The new simulated variations, resulting from the application of Equation 5 to the results of
simulations with the WRF for 1980–2020, are shown in Figures 6e and 6f. Similarly to Figure 6d, Figure 6f also
demonstrates the decomposition of the seasonal variation into contributions of different latitude ranges. The
average contribution of the 9°S–9°N latitude range (indicated in the figure by shades of orange) is now about 58%
of the total IP instead of 62% in the case of Figure 6d, and the peak‐to‐peak amplitude of this contribution has also
become somewhat smaller (58% of the mean instead of 63%).

The diurnal variation of the IP obtained with Equation 5 still has generally the same shape as the diurnal PG cycle
at Vostok and the classical Carnegie curve. Moreover, our modification of the parameterization substantially
increased the peak‐to‐peak amplitude of the simulated diurnal variation (from 17% to 27%), thus making it more
realistic (compare Figures 6a, 6c, and 6e), which appears to be impossible if one tries to express the IP in terms of
convection alone (Ilin et al., 2020). At the same time the new seasonal behavior (Figure 6f) is much closer to the
variation at Vostok (Figure 6b) than the patterns of variation based on the original parameterization given by
Equation 4 (see Figure 6d and, more generally, Figures 5a–5h). In Figure 6d, based on Equation 4, the Northern
Hemisphere summer is characterized by a pronounced local minimum in the IP, which generally contradicts the
observations. On the other hand, the IP simulated with Equation 5, whose variation is shown in Figure 6f, attains
the maximum in May; the values for June–August are only slightly lower, and we can say that the IP given by
Equation 5 reaches highest values during the Northern Hemisphere summer, similarly to the Vostok variation and
the variations inferred from air—Earth current measurements (cf. Scrase, 1933, Figure 4; Retalis, 1991, Figure 6;
Adlerman & Williams, 1996, Figure 6).

Looking at Figures 6d and 6f, we note that our modification of the IP parameterization did not lead to significant
changes in the seasonal behavior of contributions of different latitude ranges. The equatorial region still manifests
a variation with two maxima which follow the equinoxes, whereas the contributions of higher latitudes are still
larger during the local summer and smaller during the local winter. At the same time the resulting variation is
completely different, having a maximum during the boreal summer instead of a minimum. This once again il-
lustrates the subtlety of the seasonal effect in the GEC and highlights the difficulty of reproducing this effect in
simulations.

It is also interesting to note that the peak‐to‐peak amplitude of the IP variation simulated using the new
parameterization (13% of the mean) is much closer to the amplitude of the variation based on adjusted Vostok PG
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data (16%) than to its counterpart for unadjusted PG values (30%; compare Figures 2i, 2j, and 6f). Considering
that the adjustment procedures which we employed are rather rough and empirical in their nature, we cannot be
entirely certain of their accuracy; in this connection, our present observation implicitly suggests that the seasonal
variation based on adjusted PG values is more representative of the real GEC. Also, if the actual seasonal variation
of the GEC had the amplitude of 30%, it would probably be much easier to obtain such pattern in simulations.

One should not think that the parameterization given by Equation 5 will allow us to explain all the discrepancies
between simulations and observations concerning the GEC variation on different timescales. Comparing
Figures 6a and 6e, we already see that the diurnal maximum of the IP simulated with Equation 5 still occurs earlier
than that of the Vostok PG (and the same is true for the diurnal minimum). A more detailed analysis shows that
such discrepancies can be even more prominent if we consider the diurnal variation of the GEC during specific
seasons of the year. Apart from that, our decision to make the source current density a function of the surface air
temperature under an electrified cloud lacks any clear physical substantiation. Therefore, here we do not make any
definitive conclusions and merely show the direction in which one can develop IP parameterizations for models of
atmospheric dynamics. Our simulations just demonstrate that certain modifications of the parameterization aimed
at enhancing the nonequatorial contribution to the GEC are actually able to produce a seasonal variation similar to
that found in observations without disturbing the shape of the diurnal variation.

5. Conclusions
Although the results of simulations are even more ambiguous than the results of various measurements, which
were considered in Part 1 of this study, we can still draw certain conclusions from our analysis. Let us summarize
the main findings of this study.

1. From a theoretical perspective, the annual behavior of the GEC is determined by the seasonal dynamics of
regional contributions to the IP, which, in its turn, reflects seasonal changes in the geographical distribution of
convection. Therefore, the variation of contributions to the GEC from different latitude ranges is ultimately
determined by local insolation cycles together with the distribution of land over the Earth's surface (since land
is more responsive to changes in insolation than the ocean).

2. There is plenty of evidence indicating the existence of a stable annual variation pattern in the GEC intensity;
however, this pattern is difficult to reliably determine from both observations and simulations. Taking the
available results of measurements of atmospheric electrical parameters into consideration, it is likely that the
actual GEC intensity is highest during the Northern Hemisphere summer and lowest during the Northern
Hemisphere winter.

3. The magnitude of the variation is less clear; for example, the peak‐to‐peak amplitude of the seasonal variation
based on the results of PG measurements at the Vostok station in Antarctica becomes more than two times
smaller if one empirically adjusts the data for local meteorological and solar wind influences. At the same time
a smaller amplitude appears to better agree with the results of simulations and is consistent with the difficulty
of reproducing the effect in modeling.

4. Simulations indicate that the contribution to the GEC from the vicinity of the equator (say, the 9°S–9°N
latitude range) has two maxima following the equinoxes, whereas the contribution of higher latitudes in each
hemisphere has one maximum during the local summer (following the solstice). These patterns are very
pronounced, and simulations reproduce them similarly regardless of the IP parameterization and the model of
atmospheric dynamics employed. The simulated patterns allow a clear interpretation in terms of local inso-
lation cycles at different latitudes.

5. When the three prominent regional patterns of variation are added up together, they offset each other, the two
minima of the equatorial contribution being counterbalanced by the maxima of the nonequatorial ones. As a
result, the variation of the total IP turns out to be much less pronounced than its constituent parts, and in
simulations its shape can be different depending on the details of the model and the IP parameterization.

6. A combination of equatorial and nonequatorial seasonal patterns, which mirror local insolation cycles, is able
to provide a qualitative physical explanation for the annual maximum in the GEC intensity during the Northern
Hemisphere summer, with the dominance of this hemisphere related to it having more land mass. Moreover,
one can also attribute a small local minimum in July amid the summer maximum, observed in the PG variation
at the Vostok station, to the shape of the variation of the equatorial contribution to the IP, determined by the
insolation cycle in the tropics.
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7. Physical parameters which characterize convection do not provide a perfect measure of contributions to the IP,
notably overestimating the role of equatorial latitudes; this often results in a poor representation in simulations
of the seasonal variation of the total GEC intensity. By altering the IP parameterization through taking into
account other variables (e.g., surface air temperature), one can increase nonequatorial contributions to the GEC
and achieve a better agreement between simulations and observations. This indicates a direction in which GEC
modeling can be further developed.

Data Availability Statement
PG data from Vostok for 2006–2020, source codes, and scripts used to analyze the results and plot images are
available at https://zenodo.org/records/13898860 (Slyunyaev et al., 2025a). Adjustment of the Vostok data for
meteorological and solar wind influences required weather data from Vostok (available, e.g., at https://rp5.ru/
Weather_archive_at_Vostok_Station), theWeimer 2005 model (available at https://zenodo.org/records/2530324;
see Weimer, 2005a, 2005b, 2019), and the hourly average OMNI data from the NASA (National Aeronautics and
Space Administration) GSFC (Goddard Space Flight Center) Space Physics Data Facility (available at https://
omniweb.gsfc.nasa.gov/ow.html; see King & Papitashvili, 2005; Papitashvili & King, 2020). The WRF‐ARW
model can be downloaded from https://www2.mmm.ucar.edu/wrf/users. Simulations with the WRF model
used the ERA5 data (Hersbach et al., 2023), downloaded from the Copernicus Climate Change Service (C3S)
Climate Data Store, so that their results contain modified C3S information 2021; neither the European Com-
mission nor the European Centre for Medium‐Range Weather Forecasts is responsible for any use that may be
made of the Copernicus information or data it contains. Some variables were calculated using the wrf‐python
package (Ladwig, 2017).
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