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Abstract. In the paper, we examine the atmospheric
part of the global electric circuit. When studying large-
scale currents in the atmosphere flowing from the iono-
sphere to the ground, the ionosphere and Earth’s surface
can be considered as ideal conductors with high accura-
cy. These currents are determined by the ground-
ionosphere voltage and the spatial distribution of con-
ductivity in the atmosphere. We employ a one-
dimensional model of atmospheric electric fields and
currents in which currents are assumed to be nearly ver-
tical. Then it is possible to reduce the spatial distribution
of conductivity to longitude and latitude distribution of
conductivity of atmospheric columns. By integrating the
conductivity over the entire Earth surface, we obtain the
total conductance of the atmosphere. Inside clouds, air
conductivity decreases due to the ion attachment to wa-
ter drops. Using available data on decrease in local con-
ductivity within individual clouds, we analyze the effect

of cloud density in latitude, longitude, and height on
geographical distribution of conductivity and total con-
ductance of the atmosphere. By the example of 2009, it
is shown that cloudiness reduces the total conductance
of the atmosphere by 20 %. Its variations during the day
and year are so small that the model fair-weather elec-
tric field varies only by 2 % due to cloudiness. Judging
by the results obtained, the influence of clouds on at-
mospheric conductivity does not explain the diurnal and
seasonal cycles of the fair-weather electric field strength
(Carnegie diagram).

Keywords: atmospheric currents, electric field, UT
variation, global electric circuit.

INTRODUCTION

According to modern concepts, the global electric
circuit (GEC) includes electric fields and currents driv-
en by generators located in the magnetosphere, iono-
sphere, and atmosphere [Mareev, 2010]. We deal only
with the last part. An overview of the current status of
such research can be found in [Ilin et al., 2020; Rycroft
et al., 2024]. Generation in the atmosphere occurs main-
ly due to currents produced when charged drops or
snowflakes sediment inside thunderstorm and electrified
clouds. Some of these external currents are closed by
conduction currents inside and near clouds, but partially
the conduction currents carry charges above the clouds
into the ionosphere. The charges spread throughout the
ionosphere and globally return to the ground through the
atmosphere. By the ground, including seas and oceans,
they return to areas located below the generating clouds,
and finally rise from the ground to these clouds. Models
of such currents for individual clouds have been con-
structed, for example, in [Denisenko, 2014a; b, Den-
isenko, Nesterov, 2023]. When studying atmospheric
currents flowing from the ionosphere to the ground, the
ionosphere and Earth's surface can be considered as
ideal conductors with high accuracy. Rycroft et al.
[2024] called them return currents since they return
charges, accumulated in the ionosphere from thunder-
storms and electrified clouds, to the ground. Sometimes

they are referred to as fair-weather currents because
these currents and the electric fields that create them are
conveniently measured in cloudless places. However,
when considering clouds in this paper, such a name
would give rise to misunderstandings. We therefore call
them return currents, and the term “fair-weather cur-
rents” is used only for really cloudless areas.

As in any electric circuit, the electric field strength
in GEC is determined by both the generator and the
resistor. UT variations of the fair-weather electric field
are approximately described with the Carnegie curve.
This was initially explained by variations in the total
amount of lightnings on Earth. Much more data on
lightnings is currently available, but the results are con-
tradictory. The absence of a correlation between the
number of lightnings and the Carnegie curve has been
reported in [Mezuman et al., 2014; Denisenko, Lyakhov,
2021], whereas a correlation coefficient up to 0.99 has
been obtained in [Ccopa et al., 2021] by a specific
method of analysis. It is therefore necessary to study
resistance in GEC (i.e. atmospheric resistance) [Zhou,
Tinsley, 2010], and here we develop a model of total
atmospheric resistance, taking into account spatial dis-
tribution of cloudiness. When considering the role of
cloudiness, we also account for other important parame-
ters such as the conductivity of a cloudless atmosphere
and the total current of GEC generators.
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Section 1 presents the methods and data in hand. Along
with the original methods, we briefly describe the well-
known ones. When examining return currents, one of the
main parameters is the air conductivity, which is the sub-
ject of this study. In addition to the new results, we outline
known approaches. So, Subsection 1.1 contains formulas
for a one-dimensional model of atmospheric conductor,
which are employed to describe large-scale electric fields
and currents. In Subsection 1.2, the vertical air conductivity
distribution model is modified to account for the differ-
ences between land and sea. In Subsection 1.3, it is pro-
posed to adopt an air conductivity version corresponding to
the land above ice-covered areas of the sea. Subsection 1.4
provides details of modeling the decrease in conductivity
inside a cloud. The scheme for calculating cloudiness by
the Earth system model SOCOLv4 [Sukhodolov et al.,
2021] is briefly described in Subsection 1.5. Section 2 dis-
cusses the simulation results, which are compared with the
results of other authors in Section 3. In Conclusion, we
present the main results of the work.

1. METHODS AND DATA

Here we present methods and data employed in this
paper. Along with the original methods, we briefly de-
scribe the well-known methods. Different software was
used to make plots. Figure 3 has been drawn with
PANOPLY; color fragments of all figures, with SURF-
ER; vector figures, with author FORTRAN routines and
LATEX.

1.1. One-dimensional model of atmospheric
conductor

In our general model [Denisenko, Rycroft, 2024], we
treat the atmosphere, ionosphere, and magnetosphere as
a single conductor. When describing electrical processes
in the atmosphere, the characteristic time of which ex-
ceeds 15 min, a quasi-stationary model can be applied
[Molchanov, Hayakawa, 2008]. The basic equations for
the steady state electric field E and the current density j
are Faraday's law, the charge conservation law, and
Ohm's law with conductivity tensor _ . For the electric
potential V' (E =—grad}"), the system of equations re-

duces to the current continuity equation
—div(C g, =0. @)

The given function Q differs from zero if there is an
external electric current. Then the total current density
1S jtjex and O =—divj,,, since the charge conservation

law is valid for the total current. Here we study only the
conduction currents in the atmosphere. Hence, 0=0, and
the conductivity tensor _ is scalar .

We will use the geographic coordinates ¢, A and
the height 4, calculated from mean sea level, which is
defined in the World Geodetic System [https://en.
wikipedia.org/wiki/World Geodetic System] as an
ellipsoid of rotation. The database [Hastings et al.,
1999] is adopted which determines the height of
Earth's surface above mean sea level.

Ampferer et al. [2010] showcased that for horizontal
scales ~100 km or larger a one-dimensional model cor-
responding to vertical atmospheric currents can be used.
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Then the conductivity ¢ and the potential /" depend only
on / and thus the boundary value problem of conductiv-
ity is reduced to solving a one-dimensional problem in
h. It is easy to show that considering the sphericity of
Earth in this equation introduces a correction less than
0.1 % to the current density and resistance of the atmos-
pheric column we are interested in. We therefore ne-
glect the sphericity and the one-dimensional problem
for Equation (1) takes the form

i[c(h)dV_(h)] =0,

dh dh

I @)
V|h:h0 =0,

where, strictly speaking, the functions V(%) and o(%) should
have indices ¢, A since they are specific at each point with
coordinates @, A, but for brevity we omit these indices. The
dependence of the model conductivity on all three coordi-
nates will be discussed in detail in the next section. Here,
hqy denotes the height /,(¢p, A) of Earth's surface at the point
under study; 4y is the height at which the ionospheric con-
ductor, we consider ideal, begins. The rise in the upper
boundary 4; of the atmospheric conductor above 30 km in
the common empirical models of air conductivity dis-
cussed in [Denisenko et al., 2019] increases the resistance
of the atmospheric column only by 0.5 %. This may be
ignored, so we assume /;=30 km.

Solution (2) yields the vertical electric field strength

E(h)=-av (h)/dh
j=—o(h)dV (h)/dh, which, by virtue of (2), is vertical

and does not vary with height, and hence is a function of
only @ and A. The latter circumstance makes it possible to
reduce the solution of (2) to height integration:

hy
Vy=—j(o x)jh0 dn/o(h).

The integral of a given function is easy to calculate
from this equation by obtaining j(¢, A) and the electric
field strength including the E, field near Earth's surface.
We introduce a similar notation for ¢,. The relation

R(o.2) =,/ j(9.2)= [ dn/o(h) 3)

is the resistance of the atmospheric column having a
cross-section of 1 m’. In our model, if cloudiness is ig-
nored, it is determined only by the surface height 4, but
has a different, uniform value for marine areas. The elec-
tric field strength near Earth's surface is

E,=-V,/(Roy),

and current density

4)

hence, in terms of the relationship between the electric
field strength and the current density near Earth's sur-
face, a vertical air column is equivalent to a homogene-
ous column with constant conductivity o, and thickness

H = Ro,. (5)

The parameter H is called the thickness of a homo-
geneous atmospheric conductor above the surface point
considered [Denisenko, 2024]. It is similar to the height
of the homogeneous atmosphere used in meteorology,
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but describes conductivity instead of mass. The parame-
ter H depends on latitude and longitude due to the de-
pendences R(¢, A) and cy(p, A), whereas it has a com-
mon value for seas and oceans under fair-weather condi-
tions in our simplified conductivity model, presented in
the next section. With an exponential increase in con-

ductivity with height o(h)=o,exp(h/a) H=a. In

general, H is a characteristic height scale of conductivi-
ty increase.

The value 2(¢,1)=1/R(¢, L), inverse of R(¢, L),

is the conductivity of the atmospheric column with 1 m’
cross-section. The integral of X(¢p, A) over Earth's sur-
face gives the conductance of the atmosphere as a whole
Y. 1.6. as a conducting atmosphere enclosed between
two ideal conductors: Earth's surface and ionosphere.
The inverse value is the resistance of the global atmos-
pheric conductor

R (6)

tot

1

=5 - 1/ (¢, 1) R cos(1)dd.deo,
tot

where Rg is the Earth radius, and integration is made over

its entire surface. Given (3), (4), the total return current of
GEC

I= VO /Rtot' )
In view of (4), (5), (7),
E,=R,I/H. ®)

In a steady-state case, this value not only corre-
sponds to the current that discharges the Earth—
ionosphere capacitor, but is also equal to the charging
current. The latter parameter describes the total genera-
tor of GEC and hence it is the main parameter, whereas
Vy is the result of ionospheric charge accumulation to a
value that makes the discharging current equal to the
charging one. Therefore, when we discuss GEC as a
whole, it is appropriate to use Formula (8), in which
precisely 7 is given. We are often interested in the fair-
weather electric field strength in the air near the sea
surface

E* = Ry d | H™. ©)

The last two parameters in Formula (9) do not vary
when we study only the role of cloudiness, hence E;* is

proportional to Ry It simplifies the comparison of the
obtained Ry, values with Carnegie curves plotted by meas-
uring E;7.

It is necessary to mention the limitation of the 1D
model. If a cloud is broken so that the horizontal size of
its fragments is not much larger than the vertical size,
the effective conductivity of such a mixture of cloud
fragments with clean air can increase significantly. It
depends on the actual geometry of the fragments. We do
not see a possibility for taking this into account because
we do not know quantitative models or measurements of
such a small-scale structure with a global description.
We calculate the cloud density, using the global general
circulation model [Sukhodolov et al., 2021] with a hori-
zontal resolution ~200 km. Because of this, the obtained
cloudiness effect may be overestimated. This is dis-
cussed in Section 3.
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1.2. Air conductivity model

Air conductivity, especially near Earth's surface, can
vary by an order of magnitude under normal conditions
[Handbook of Geophysics, 1960]. With increased radon
emanation due to its radioactivity, the ion concentration
in the air and hence the conductivity increase several
times [Harrison et al., 2010; Pulinets et al., 2022]. As the
dust content in the air rises, the conductivity can signifi-
cantly decrease [Harrison et al., 2010]. Makino and Og-
awa [1985] plotted conductivity height distribution, ex-
amining ionization by cosmic rays and radon emanation
as well as ion attachment to cloud particles. We use this
distribution at heights more than 5 km with some modi-
fications listed below, accounting for new data on the
relation of the fair-weather electric field over the sea
and land, as described later in this section.

Thus, there are many empirical models of height dis-
tribution of atmospheric conductivity. We employ the
model proposed in the monograph [Molchanov,
Hayakawa, 2008] and modify it for lower 4 km from the
surface. In the absence of clouds, the conductivity is
calculated from formulas in which it is expressed in
S/m; and height, in kilometers:

log,, (G(h)) h
h

127+ —-—
18.4
0.77(——1
4

1.3(}’_}’0

Recall that %y denotes the height hg(@, 1) of Earth's
surface at the point under study. When setting the coef-
ficients in these formulas, the following considerations
are used. Part of the conductivity common to land and
sea in (10) is due to air ionization by cosmic rays [Na-
tional Research Council, 1986]; we took this part from
the model [Molchanov, Hayakawa, 2008].

The remaining terms describe boundary layers that
occur near the surface mainly due to aerosols and radon.
Denisenko [2024] has compared UT-seasonal diagrams
of the fair-weather electric field strength for sea and
land. The first of them was built in [Denisenko et al.,
2023] from measurements made by Harrison [2013]
during Carnegie cruise VII. Such a Carnegie diagram
(Figure 1) better visualizes several Carnegie curves
plotted in [Harrison, 2013] for different seasons. Note
that this diagram is based on a small amount of data,
especially during summer, as described in [Harrison,
2013] and in the original publication of Carnegie data
[Torreson et al., 1946] since fair weather was rare.

For the right diagram (see Figure 1), we used field
measurements from Tomsk Observatory located on a
low-lying plain [Pustovalov et al., 2022]. The average
field (130 V/m) and its variations over the sea are turned
out to be half as much as over the land (260 V/m). This
means that the thickness of the homogeneous atmos-
pheric conductor H under fair-weather conditions over
the sea is twice as large as over the land. Formulas (10)
yield 2.0 and 1.0 km respectively. This corresponds to

2
) , h <4 over the sea, (10)

2
—1] , h < hy,+4 over the land.
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Figure 1. Carnegie diagram in UT—month coordinates (top left). The fair-weather electric field strength in the air near the
sea surface E," in V/m with a contour interval of 10 V/m. Solid lines indicate E;* =130 V/m; dashed lines, E;" <120 V/m.

The diagram has been drawn in [Denisenko, 2024]. To the right is a similar diagram for Tomsk Observatory, located on a low-
lying plain in Siberia [Pustovalov et al., 2022]. At the bottom is a similar diagram for the Antarctic Observatory Vostok [Lavigne

etal., 2017]

the 260 kV ground—ionosphere voltage, which is in the
240-300 kV range typical of GEC [Markson, 2007].
Jeni Victor et al. [2017] have shown that for the Antarc-
tic station Vostok, located at ~3.5 km above sea level,
H=1 km.

The bottom diagram is similar to the diagram ob-
tained at the Antarctic Observatory Vostok [Lavigne et
al., 2017]. It differs fundamentally from the previous two
diagrams in that the fair-weather electric field is shifted in
time by about six months. This contradicts the general
concept of GEC: the fair-weather electric field varies
synchronously across the globe. We have no idea how to
explain this contradiction. If this is not a misprint, the
data should be examined more closely. Might summer in
the Southern Hemisphere have been confused with sum-
mer in the Northern Hemisphere in the numbering of
months? Anyway, we do not use this diagram yet.

Such a boundary layer was extended to flat land
areas located at other altitudes. Assuming that the
boundary layer above the sea has the same thickness
of 4 km, we obtained a coefficient of 0.77 in the first
formula of (10) at H=2 km for the sea. We offer these
formulas only as a very rough description of reality,
and we have no information to determine the spatial
distribution of conductivity in the vicinity of individ-
ual mountains, valleys, and other terrain features. The
altitude conductivity distributions derived from (10)
are illustrated in Figure 2 for the sea and land (low-lying
and located at an altitude of 3.5 km). These distribu-
tions can be employed to calculate the atmospheric column
resistance from Formula (3). The resistances obtained
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Figure 2. Model altitude distributions of air conductivity over
the sea (dashed line) and over the land: low-lying (bold line) and
located at an altitude of 3.5 km (thin solid line)

above the low-lying land and above the sea are
9.5-10" and 5.9-10"® ohm'm? respectively.

1.3. Taking sea ice into account

Surface air conductivity generally varies with radon
and dust. Radon could be accounted for by increasing
conductivity depending on geographic coordinates, as in
models [Anisimov et al., 2020; Golubenko et al., 2020;
Baumgaertner et al., 2014]. Our simplified model of air
conductivity (10) does not distinguish between types of
ground (sand, forest, snow, etc.). According to the mod-
el [Molchanov, Hayakawa, 2008], it yields a three-fold
smaller value for ground compared to the sea. This
means that in our approach it is the decrease in conduc-
tivity due to dust that is more important. It is therefore
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natural in (10) to simulate ice on the sea surface as
ground, the same as snow or ice on the land. In any
case, we do not examine radon effects. The effects can
be analyzed separately to understand their role, whereas
they should be taken into account in a general model
with their interference studied.

The daily global sea ice concentration distribution is
presented in the Copernicus Marine database
[https://data.marine.copernicus.eu/products]. Figure 3
exemplifies the global ice concentration distribution
taken from [https://data.marine.copernicus.eu/products]
for October 1, 2009 when the ice area in the Northern
Hemisphere is close to the annual minimum. Since the
large-scale ice situation changes rather slowly, we took
data only for 13 days of 2009: the first days of each
month and December 31. The spatial grid for this data is
also too detailed for our purposes: the steps in latitude
and longitude are =0.08°. We therefore average the
data over the cells of our grid, which provides cloud
data, with steps =3°. The resulting 13 arrays of numbers
are used to find the ice concentration on each day of the
year by linear time interpolation during each month.
With ice concentration exceeding 50 %, we consider
this area as land, using formulas (10).

1.4. Cloud effect on air conductivity

Air conductivity is largely determined by ions,
which are formed by cosmic rays. Equilibrium ion
concentrations are conditioned by the balance of ioni-
zation and recombination processes. With water drop-
lets that absorb ions falling on them, the number of
ions in the air decreases. If ions of the same sign most-
ly stick to the droplets, the droplets become charged
and contribute to the conduction current, as well as to
the external current produced, for example, by droplet
settling in the terrestrial gravitational field. We do not
explicitly examine the external current generated by
gravitational settling of charged droplets, although it is
just this process in thunderstorms and electrified
clouds that is the GEC generator since we consider it

as given. The mobility of droplets is many orders of
magnitude less than that of ions, hence their contribu-
tion to the conduction current can be neglected, and
the conductivity due to ions decreases in proportion to
the decrease in their concentration.

Harrison et al. [2020] have shown that a fivefold de-
crease in air conductivity is characteristic inside a cloud;
Rycroft and Odzimek [2010] considered a tenfold de-
crease to be typical. Golubenko et al. [2020] treat the
same decrease as one of the possible options. In [Kara-
godin et al., 2019], reductions of one and two orders of
magnitude were through to be possible. We use the as-
sumption about a fivefold decrease in conductivity in a
typical cloud as the most reasonable one.

It is necessary to mention the opposite point of view.
Slyunyaev et al. [2014] suggested that conductivity de-
creases inside thunderclouds. They introduced multipli-
cation options by a number from 1 to 0 (with special
attention to the 0.1 multiplier, as in the papers cited
above). They, however, also examined the increase in-
side thunderstorm clouds with multiplication options by
a number from 1 to 11. Unfortunately, there are no ar-
guments in favor of such an increase, as well as no con-
siderations for choosing the values of these parameters.
That is why we do not adopt this approach.

Conductivity also decreases in the presence of aero-
sols and increases due to ionization of air molecules by
radon radiation [Harrison et al., 2010], but in this paper
we discuss only the role of clouds. To account for dif-
ferent cloud densities c(¢, A, /), which can vary from 0
to 1 (often expressed in %), we employ the following
formula to convert the conductivity 6 to ~

=o(o, 1, h)/ (1+4c(, 1, 1)), (11)

i.e. in the absence of clouds the conductivity does not
change, but with full clouds it decreases fivefold ac-
cording to [Harrison et al., 2020]. In this paper, we use
the spatial cloudiness distributions specified in grid cells.
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Figure 3. Sea ice concentration on October 1, 2009 [https://data.marine.copernicus.eu/products]
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Formula (11) with cloudiness c<1 is obtained if the part of
the cell with a horizontal cross-section area (1—)S is occu-
pied by air whose conductivity is described by (10), and
the rest of the area ¢S is covered by a cloud whose conduc-
tivity is five times lower. Here, S is the area of the grid cell
itself. When calculating integral (3), we neglect horizontal
currents. This is approximately true when the parts of the
grid cells occupied by clouds are located one below the
other, and it becomes accurate if these parts are the same
throughout the vertical column of cells and this column is
independent of neighboring ones, i.e. isolated from them. It
is easy to show that such a 1D approach is accurate for the
structure of vertical atmospheric columns, which have
height-independent cloud densities c¢(p, A) and common
initial (cloud-free) height distributions of conductivity,

=o(h)/ (1 +4c(o, k)) In this case, the

electric field is vertical and depends only on height, the
current density is also strictly vertical.

If the parts occupied by the cloud in such a column
are significantly shifted from each other in the horizon-
tal direction, we get an overestimated conductivity of
the air column. To refine this approach, we need to
know the cloud distribution in the cell, which actually
requires data on a finer grid. We do not have them, and
therefore we assume a smooth variation in cloudiness
with altitude, which leads to Formula (3). It is also sig-
nificant that this assumption, combined with the large
size of horizontal grid cells, allows us to remain within
the 1D model of atmospheric conductor (2).

1.5. Cloudiness

The average characteristics of the cloud field for two-
hour intervals for the whole 2009 were calculated by the
SOCOLv4 Earth system model [Sukhodolov et al., 2021]
as part of a project comparing chemical and climatic mod-
els. The boundary conditions necessary for calculating the
state of the atmosphere were borrowed from the recom-
mendations for the D1 scenario [URL: https:/cpb-eu-
w2.wpmucdn.com/blogs.reading.ac.uk/dist/7/201/files/202
0/09/CCMI-2022 REF-D1_proposal 20200921.pdf], pro-
posed to the participants of the CCMI-2022 project. Cloud
calculations are performed in the physical process module
ECHAMG.3 being an integral part of the SOCOLv4 model,
detailed in [Stevens et al., 2013; Mauritsen et al., 2019].
The simulated properties of cloud fields agree satisfactorily
with observations (see, e.g., [Neubauer et al., 2019]).

From calculated values of temperature, humidity,
and other physical parameters of the atmosphere, the
module computes characteristics of clouds of various
types, including the proportion of the cloud layer in all
cells of the model. Thus, this work uses calculated 3D
(longitude, latitude, altitude above sea level) cloud den-
sity fields with a time step of 2 hrs. In addition, the
model provides 2D (longitude, latitude) cloudiness C(o,
\), which is calculated from the vertical cloud profile
c(o, A, h), taking into account cloudiness in each model
cell as seen from space. To this calculation, the SO-
COLv4 Earth system model applies a rather complex
rule, but in fact it is close to maximum c(o, A, 4) on the
analyzed vertical line. We use the parameter C(¢@, A) not
for simulating, but only for visualizing cloudiness in
Section 3.

hence ~
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2. SIMULATION RESULTS

Calculations from Formulas (3), (6), (10), (11) gave
values of the total atmospheric resistance Ry, for 365
days in 2009 with a two-hour interval. For each UT
moment, averaging was performed with an interval £0.5
of each integer value m, where m is the time since the
beginning of the year in months. If thunderstorm gener-
ators convey a constant current / to the ionosphere dur-
ing the year, the total (total around the globe) return
current would be equal to the same constant value due
to stationarity of the process. Hence, the ground—
ionosphere potential difference V=R (5) would vary
proportionally to Ry As derived from the determination
of the thickness of the homogeneous atmospheric con-
ductor H, the electric field strength on Earth's surface
Ey=-V,/H. For the fair-weather field over the sea, as

follows from (9), E; is proportional to R,y. For con-

ductivity (10), we obtain H***=2 km.
The calculated average for 2009 is <R, >=136.2

ohm. Assuming that the average fair-weather field
strength over the sea < E;™ >=130 V/m and using (4),
(5), we get the average value
<V, >=<Ey™ > H** =260 kV; and, in view of (7), the
constant current of GEC [ =<V, ><R, >"'=1.9 KA.
These values are typical of GEC [Mareev, 2010]. With
(I/H) (8) and constancy of the

fraction in parentheses, from the obtained variations in
Ry during the year we pass on to a proportional varia-
tion in the fair-weather field over the sea:

relation Ej =—R,,

8E, = Ey—<Ey>=—(Ry— <Ry >)(I/H).

tot
They are exhibited in the left panel of Figure 4. In
view of the last formula and //H~1 A/m, Figure 4 also
approximately demonstrates a variation of R, in ohms.
Note that without averaging during each month the
values obtained for the same UT reveal variations ap-
proximately twice as large. We do not plot them be-
cause of lack of detailed data on E,. Moreover, the
Carnegie diagram in Figure 1 represents E, averaged
over three months.

The time points 00 UT and 24 UT differ for each in-
dividual day, but, after averaging the daily variation
over a month, we have almost equal values at 00 UT
and 24 UT because the end of each day, except for the
last one, is the beginning of the next day. Thus, the aver-
aged function in Figure 4 is almost exactly periodic in UT.

The field at the end of December differs from the
field at the beginning of January by about 0.5 V/m (see
Figure 4). The function 6E, (UT, m) will become approx-
imately periodic in m with a period of 1 year if, for ex-
ample, the linear function (m/6—1) 0.15 V/m is subtracted
from it. It has a zero average and can be considered a
trend for several years. Such a transformed function is
presented in the right panel of Figure 4.

The main visible property of the variable part of
the resulting fair-weather field disturbance due to
clouds is its decrease by ~1 V/m from June to Octo-
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Figure 4. Disturbance of the fair-weather electric field over the sea 8E, (V/m); m is the time since the beginning of the year
(month). The right fragment is derived from the left one by excluding the trend for several years. The plots also approximately

represent variations in R, [ohm].

When comparing with the variations described by the
Carnegie diagram, we see, first, variations that are by
an order of magnitude lower; second, the absence of a
significant increase in the afternoon (UT); and third,
the main seasonal harmonic that is semi-annual rather
than annual. Thus, judging by the results, cloudiness
does not allow us to explain the Carnegie diagram.
However, the average cloudiness significantly increases
the average fair-weather field. As mentioned above, the
average total atmospheric resistance for 2009 is
<R, >=136 ohm. If there were a cloudless sky eve-

rywhere on Earth, it would be <R >=114 ohm. Ac-
cordingly, E, =—R,, (I/H)(8) would be 109 instead

of 130 V/m, i.e. the cloud cover increases the average
fair-weather field by ~20 %. This significant increase in
the average field strength with small variations is caused
by small seasonal variations in the average cloudiness
on Earth.

Note that if we had not reclassified the sea surface
occupied by ice as land (in terms of using (10) to deter-
mine air conductivity), in the complete absence of
clouds it would have been < R, >=112 ohm instead of

<R, >=114 ohm. Hence, ice increases the average

fair-weather field strength by ~2 %. This additive varies
little during the year because the ice area in both hemi-
spheres increases and decreases in opposite phases.
Cloudiness also causes a latitudinal redistribution of
atmospheric conductivity. This mainly occurs in low
latitudes, as shown in Figure 5 by the example of two
months most different in this regard — February and
August. We calculate atmospheric column conductivity
dZ,, over each strip between two parallels from A to

At+d) and construct a function equal to dX  /dA. If

Earth's surface were homogeneous, this function would
be proportional to cosA according to the length of the
parallel. At high latitudes, changes take place mainly
due to displacement of floating ice boundaries since, in
view of (10), the atmospheric column conductivity over
open water is 1.6 times greater than that over ice. In the
Northern Hemisphere, this effect is weaker because the
sea ice melting zone there has a smaller area due to the
larger land area.

tot
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Figure5. Latitude distribution of conductivity dZ,, / dA

at 02 UT on February 1 (bold curve) and August 1 (thin
curve), 2009

Note that the seasonal movement of thunderstorm
zones along the latitude is much more significant. As
shown in [Denisenko, Lyakhov, 2021] based on
WWLLN (World Wide Lightning Location Network)
data [Rodger et al., 2004], with the average annual
lightning detection latitude ~5° it shifts by 10° to the
north in July and by 10° to the south in January.

Figure 6 exemplifies the global distribution of atmos-
pheric conductivity X(¢p, A) at 18 UT on February 1, 2009,
obtained from (3), (10), (11) with allowance for topogra-
phy, clouds, and floating ice. This atmospheric column
conductivity is maximum above high mountains (up to
4.6:10"7 S/m?) and minimum at high cloudiness (up to
0.2:10"7 S/m?. Its integral over longitude with the
weight cosA for another time point is shown in Figure 5.
The integral over the entire area of Earth is equal to
Y = 7.4 mS, which means that R,=135 ohm.

Figure 7 illustrates the global distribution of atmos-
pheric conductivity Z(¢, 1) at the same time as in Figure
6, but without taking clouds into account. The most ob-
vious differences are observed over the sea: uniform
color because without clouds (¢, A)= 1.71-107"7 S/m?%;
another uniform color over the low-lying land, including
ice, corresponding to Z((p, X)E 1.05:10"7 S/m*. Without
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Figure 7. Global distribution of atmospheric conductivity X(¢, A) on February 1, 2009 at 18 UT, obtained in the absence of

clouds

clouds, the boundary between floating ice and open wa-
ter is clearly visible. The integral (¢, A) over the entire
area of Earth is equal to X, =8.8 mS, hence R,~=114

ohm. Thus, at this point of time cloudiness increased the
total atmospheric resistance by 18 %.

3.  DISCUSSION

Rycroft et al. [2024] have analyzed various models
of air conductivity with allowance for clouds occupying
a certain altitude layer. Cloudiness was represented as a
homogeneous layer over a certain part of Earth's surface
without its detailed spatial distribution. At the same
time, the constant value R,,~=250 was used to normalize
the ratio between atmospheric conductivities with and
without clouds. This was done to save the characteristic
GEC parameters: the total current of 1 kA and the
ground—ionosphere voltage of 250 kV. We rely on the
fact that inside a cloud characterized by 100 % cloudi-
ness the conductivity decreases fivefold, as evidenced
by the data from [Harrison et al., 2020]. A total GEC
current of 1.9 kA was recorded which provides an aver-
age fair-weather electric field strength of 130 V/m over
the sea. The difference between the results lies within
the uncertainty of atmospheric conductivity data.
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At the beginning of this study, we expected that
cloudiness would have a much more significant effect
on GEC. It was found to increase the total atmospheric
resistance by 20 %, as was expected. The surprise is that
this increase has such small variations throughout the
year, only £2.5 % if compared every two hours during
the year, or even only = 1 % after monthly averaging of
these values obtained for the same UT. In view of (9),

the fair-weather electric field strength over the sea E;*

is proportional to R,,; when GEC generators do not vary.
The resulting 2 % is insignificant compared to £25 %
variations in E;*, shown by the Carnegie diagram in
Figure 1.

To demonstrate unexpectedly small variations in R,
due to cloudiness, Figure 8 shows the global distribution
of total cloud cover C(¢, A). In the top panel is the same
date and UT as in Figure 6 (February 1, 2009, 18 UT);
in the bottom panel, 18 UT on August 1, 2009. We can
see a big difference between these distributions and can
therefore expect significant differences between corre-
sponding R, Nevertheless, the values <C(@,A)>

averaged over the globe are almost equal — 57.9 % and
57.5 %, with a relative difference of —0.7 %. The corre-
sponding R, values also differ only by ~+1 % (134.7



V.V. Denisenko, E.V. Rozanov

Figure 8. Global distribution of the total number of clouds C(9, A) [%]. The top and bottom panels correspond to 18 UT on

February 1 and August 1, 2009 respectively.

and 136.1 ohm). There is no contradiction in opposite
signs, although this would be impossible if the local
cloudiness decreased at every point in 3D space.

Odzimek et al. [2010] studied cloudiness with a gen-
eral model of GEC. They obtained about twice as large
Ry as ours, which are closer to the results 160—180 ohm
from [Tinsley, Zhou, 2006]. The UT variations from
[Odzimek et al., 2010] were close to our 1 %. This
model has revealed a significant decrease in Ry in July
compared to December by 6 %, in contrast to our —1 %.
Firstly, the observed global cloud distributions were
applied in [Odzimek et al., 2010], whereas for our simu-
lation we employ the SOCOLv4 Earth system model
[Sukhodolov et al., 2021]. In other words, they dealt
with cloud-covered areas in contrast to our 3D cloudi-
ness distribution. Secondly, a complex model was used
to calculate the conductivity decrease inside clouds, and
its results are not described separately from the results
of the general model. We cannot therefore compare
them with our simple decrease in conductivity, which
depends on local cloud density (11). Our diagram in
Figure 4 shows R, for the entire year, whereas
Odzimek et al. [2010] analyzed only a few days, which
may also partially explain the differences.

Baumgaertner et al. [2014] have examined the effect
of size and shape of small clouds as a correction to 1D
model (2). They obtained data on effective column re-
sistance for various shapes and positions of small
clouds, as well as 3D distributions of the electric current
density and electric potential in the vicinity of clouds.
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Supposing a tenfold conductivity decrease inside
clouds, they found an increase in the total atmospheric
resistance R, due to cloudiness by 48 % in the 1D ap-
proximation and by 41 % in their full 3D model, which
solves Equation (1) without simplification (2). Ry, in-
creased by 84 % and 70 % in these approaches if con-
ductivity inside clouds was reduced by a factor of 25.
Significant differences were also obtained by differ-
ent meteorological models. This uncertainty in one of
the best models presents difficulties in simulating the
cloudiness effect, which is mainly due to lack of neces-
sary data. Since we assume only a fivefold conductivity
decrease inside clouds, our results (~20 %) do not con-
tradict the conclusions drawn by Baumgaertner et al.
[2014]. Our new result shows a low level of UT and
seasonal variations in the total resistance of the global
atmospheric conductor due to cloudiness (about £1 %).
The model [Zhou, Tinsley, 2010] has revealed a
much smaller effect of cloudiness on Ry (~10 %), alt-
hough the authors decreased the conductivity inside
clouds 20 or 50 times, as compared to our fivefold de-
crease. There was about the same small difference be-
tween December and July as in our model. Odzimek et
al. [2010] also applied observed global cloud distribu-
tions to simulation. Thus, cloud-covered areas were
used in contrast to our 3D cloudiness distribution. An-
other important result of [Odzimek et al., 2010] and
[Tinsley, Zhou, 2006] was the demonstration of the im-
portant role of aerosols, which increase R by ~50 %.
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Thus, our results are in the range of results received by
known models, which is quite wide due to the complexity
of the problem and the insufficient amount of data.

In addition, we should say about the extent of the ef-
fect of other parameters on atmospheric conductivity.
According to old measurements of atmospheric conduc-
tivity [Handbook of Geophysics, 1960], it is easy to esti-
mate the range of atmospheric column resistance as
(6+40)-10'° ohm'm”. Our conductivity model (3) yields
9.5-10" and 5.9-10' ohm'm’ respectively for low-lying
land and sea.

The obtained spatial distributions of atmospheric
conductivity allow us to find global distributions of re-
turn currents, which return charge from the ionosphere
to the ground. It is reasonable to employ our model in
more general models of GEC in order to supplement
GEC generation models with external currents in thun-
derstorm and electrified clouds. A pair of these models
will allow us to find the ionospheric electric field that
closes currents bringing charges from the atmosphere
and returning them back.

CONCLUSIONS

We have modified and used a large-scale model of
atmospheric conductivity to calculate the global distri-
butions of atmospheric column conductivity between
the ground and the ionosphere and the total atmospheric
resistance in 2009 with a two-hour interval. We took
into account the decrease in local conductivity inside
clouds and the difference between properties of the at-
mosphere over the sea and land, including ice-covered
sea areas.

The average cloudiness was shown to increase the
total atmospheric resistance in 2009 by 20 %; and the
floating ice, by 2 %. Compared to the fair-weather elec-
tric field variations described by the Carnegie diagram,
the obtained seasonal and UT variations driven by
cloudiness are an order of magnitude smaller. Moreo-
ver, there is no significant increase in UT variations in
the afternoon, and the main seasonal harmonic is semi-
annual instead of annual. Judging by the results, cloudi-
ness cannot even partially explain the Carnegie diagram.

The main result of this study is that the obtained daily
and annual variabilities in the total resistance of the
global atmospheric conductor due to cloudiness do not
exceed 2 %. Without detailed calculations we have made
here, it would have been difficult to predict such a low
variability compared to the average contribution of 20 %.

Note that other atmospheric models may give differ-
ent spatial distributions of clouds. This would change
our results obtained by the SOCOLv4 Earth system
model. This is especially important for detailed model-
ing of droplets in clouds and their ion absorption prop-
erties. The application of advanced models of fair-
weather atmospheric conductivity may also influence
the assessment of the role of clouds. The constructed
model of atmospheric conductivity makes it possible to
find global distributions of return currents that transfer
charge from the ionosphere to the ground.

The mathematical part of the work was supported by
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81

sian Federation as part of activities on establishment and
development of regional Centers for Mathematics Re-
search and Education (Agreement 075-02-2025-1606).
Rozanov E. acknowledges the support for the geophysical
part of the work from St. Petersburg State University
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