
Toward a Realistic Representation of Global Electric
Circuit Generators in Models of Atmospheric
Dynamics

Nikolay V. Ilin1 , Nikolay N. Slyunyaev1 , and Evgeny A. Mareev1

1Institute of Applied Physics, Russian Academy of Sciences, Nizhny Novgorod, Russia

Abstract The diurnal variation of the global electric circuit (GEC) is simulated using the Weather
Research and Forecasting model by estimating contributions of grid columns to the ionospheric potential
(IP). A parameterization based on cutting off the grid columns with shallow convection and estimating the
area covered by GEC generators (electrified clouds) in each column from the amount of precipitation
yields the IP variation of the same shape as the classical Carnegie curve with a correlation coefficient of
0.97, although with a smaller peak-to-peak amplitude (18% against 34% of the mean) and maxima and
minima shifted by 1–2 hr. It is shown that omission in the IP parameterization of either convective activity
or the area covered by electrified clouds (estimated using the calculated precipitation) would result in poor
similarity between the modeled IP variation and the classical Carnegie curve. The results of simulation
show the best agreement with the Carnegie data during Northern Hemisphere winters; the shape of the
simulated diurnal variation of the IP substantially changes throughout the year owing to the decrease
of South America's contribution and the increase of Southern Asia's contribution in summer. The
discrepancies between the results of modeling and the results of observations are probably caused by the
limited ability of large-scale models to differentiate between electrified and nonelectrified clouds. Further
improvement of the parameterization of the IP in models of atmospheric dynamics requires using finer
grids, which should allow computing microphysical characteristics of clouds and estimating source
currents more accurately.

1. Introduction
Within the concept of the global electric circuit (GEC), the entire atmosphere is regarded as a distributed
electric network, in which the current is maintained by charge separation in thunderstorms and electri-
fied shower clouds (ESCs; e.g., Mareev, 2010; Rycroft et al., 2008; Tinsley, 2008; Williams, 2009). In the
regions where such clouds occur the current flows upward, in fair-weather regions it flows downward, and
the Earth's surface and lower ionosphere complete the network. Over the past few decades, this global
approach has become dominant in the discussion of many problems related to atmospheric electricity
(e.g., Williams & Mareev, 2014).

GEC parameters which are obtained in field measurements include the electric field and electric current
density at the Earth's surface in fair-weather regions. Another important parameter is the ionospheric poten-
tial (IP), the potential of the ionosphere relative to the Earth's surface, which is nearly the same at remote
locations (Markson et al., 1999); the IP can be determined experimentally by integrating vertical profiles of
the electric field obtained in balloon and aircraft measurements (Markson, 2007). Measurements of GEC
parameters (including the fair-weather electric field and IP) are motivated not only by the fundamental
scientific interest in atmospheric electricity but also by the fact that the variation of these parameters on dif-
ferent time scales reflects the evolution of the state of the Earth system and space environment (e.g., Mareev
& Volodin, 2014; Markson, 2007; Rycroft et al., 2000).

Given that systematic measurements of the fair-weather electric field have started more than 100 years ago, it
is hardly surprising that GEC variability has been being widely studied and analyzed for the past few decades.
Of all the time scales discussed in the literature in this regard (diurnal, monthly, annual, year-to-year, etc.),
the diurnal scale is probably the most investigated and definitely one of the most important for under-
standing the dynamics of the GEC. Note that measurements of the electric field at the Earth's surface are
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influenced by many local factors, hence to analyze its diurnal variation, one usually takes the mean over a
large number of days.

An important milestone in the investigation of the diurnal variation of GEC parameters is related to the elec-
tric field measurements on board the Carnegie ship in 1915–1929 (Ault & Mauchly, 1926; Torreson et al.,
1946); a review of those measurements and their analysis from a modern viewpoint are given by Harri-
son (2013). The most important result obtained during the Carnegie campaigns is that the dependence of
the mean electric field on (universal) time of day looks nearly the same at different locations (Mauchly,
1921, 1923); the corresponding plot is now usually referred to as the Carnegie curve. In the following years
measurements performed by different researchers have produced further evidence that the mean diur-
nal variation of the GEC is quite satisfactorily described by the classical Carnegie curve, not only for the
fair-weather electric field but also for other GEC parameters such as the IP (e.g., Harrison, 2003; Markson,
1986; Mühleisen, 1977). At the same time it should be noted that strictly speaking, this curve does not show
an annual mean owing to the nonuniform seasonal sampling in the Carnegie data and substantial seasonal
variability of the GEC (Burns et al., 2017).

The usual interpretation of the Carnegie curve is based on the observed similarity between the diurnal vari-
ation of the mean electric field at the Earth's surface in fair-weather conditions, which the Carnegie curve
represents, and the diurnal variation of global thunderstorm activity (Whipple, 1929; Whipple & Scrase,
1936). This allows one to regard the shape of the Carnegie curve as the superposition of diurnal cycles of
thunderstorm activity over different continents, each of which has a notable maximum around 15:00–17:00
local time (e.g., Bailey et al., 2007). This observation constitutes important evidence in favor of the concept
of the GEC, according to which the distribution of fields and currents in the entire atmosphere is maintained
primarily by thunderstorm generators. The data recently derived from satellite and aircraft cloud observa-
tions (Liu et al., 2010; Mach et al., 2011) and from global lightning locating systems (Hutchins et al., 2014;
Mezuman et al., 2014) support this finding as well, also reproducing the shape of the classical Carnegie
curve.

From the perspective of the mathematical model of the GEC, the distribution of fields and currents in
the atmosphere is determined by (i) the distribution of conductivity and (ii) the distribution of the charge
separation current density inside electrified clouds; the latter constitutes the source term in the equations
describing the GEC (e.g., Kalinin et al., 2014) and is therefore also called “source current density.” Now that
these equations are linear, the main parameters of the GEC (including the fair-weather electric field or con-
duction current density at any point and the IP) are proportional to this source term and respond linearly
to its perturbations; at the same time it can be argued that atmospheric conductivity changes do not signifi-
cantly affect the diurnal variation of GEC parameters (see section 3.2 below). In other words, in theoretical
investigations of the GEC one can assume that the diurnal variation of its parameters is determined by the
variation of its sources and not by the variation of the conductivity; as a consequence, the diurnal variation
of different GEC parameters (the IP, the fair-weather electric field at the Earth's surface, etc.) looks more or
less the same, which justifies speaking about “the diurnal variation of the GEC.”

Thus, modeling the diurnal variation of GEC parameters reduces to simulating the distribution of source
currents at different hours of the day, which, in turn, requires modeling the dynamics of electrified clouds on
the planetary scale. The latter problem cannot be solved without recourse to numerical models of the gen-
eral atmospheric circulation. However, such models usually have relatively large grid cells (with horizontal
dimensions of about 100 km) and, by inference, cannot resolve individual clouds. In addition, general atmo-
spheric circulation models existing today do not take electrical processes into consideration, which further
complicates the simulation of GEC variation, inasmuch as only electrified clouds serve as GEC generators.
Therefore, such problems pose considerable difficulties and have not been discussed in the literature until
recent years.

Mareev and Volodin (2014) have been the first to simulate the diurnal variation of the GEC in a general circu-
lation model. Using the climate model INMCM (Institute of Numerical Mathematics Coupled Model), they
developed a parameterization for the contribution to the IP of each grid cell occupied by deep convection,
assuming that the conductivity grows exponentially with increasing height. The idea behind this approach
was to identify electrified clouds (which cannot be explicitly distinguished from nonelectrified ones in cli-
mate models) with deep convective clouds. The developed parameterization takes into account the effective
area covered by such clouds in each grid cell, estimated on the basis of calculated precipitation, and the
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altitudes of their lower and upper boundaries, calculated within the model. The resulting diurnal variation
of the IP obtained by Mareev and Volodin (2014) with this parameterization turned out to be more or less
similar to that of the classical Carnegie curve, but with a smaller peak-to-peak variation.

Lucas et al. (2015) and Kalb et al. (2016) employed the model CESM (Community Earth System Model) to
discuss the related problem of parameterizing contributions to the GEC from electrified clouds on the basis
of their dynamical and microphysical parameters calculated in climate models (note that such calculations
are based on special schemes and parameterizations, since large-scale models are unable to resolve individ-
ual clouds and small-scale processes). The parameters considered by Kalb et al. (2016) include convective
mass flux, ice water path, and convective precipitation in the mixed phase region (where both ice particles
and supercooled liquid water droplets are present, which is required for noninductive charging), assumed
to be bounded by the 0 ◦C and −50 ◦C isotherms. Of these three parameters convective mass flux was found
to provide the best characterization of the current distribution estimated from the TRMM (Tropical Rainfall
Measuring Mission) satellite data.

Jánský et al. (2017) simulated the diurnal variation of GEC parameters (the IP, total current, fair-weather
electric field at the Earth's surface) both by directly inferring GEC parameters from the CESM data (utilizing
the parameterization developed by Kalb et al., 2016) or TRMM data and by calculating them in GEC models
with the sources parameterized on the basis of these data. It is interesting that the graphs of the diurnal
variation based on the TRMM data showed much better agreement with the classical Carnegie curve than
those based on modeling with the CESM: The latter have smaller peak-to-peak amplitudes and reach their
maxima about 5 hr earlier than the classical Carnegie curve.

Recently, Slyunyaev et al. (2019) have employed the Weather Research and Forecasting model (WRF) run-
ning globally to simulate the diurnal variations of regional contributions to the GEC using a modernized
version of the parameterization suggested by Mareev and Volodin (2014) for contributions from grid cells to
the IP. Two very important aspects of this modernized parameterization are (i) estimating the effective area
covered by electrified clouds from calculated precipitation and (ii) isolating the regions occupied by deep
convection on the basis of calculated convective available potential energy (CAPE). The use of a weather
forecasting model was motivated by the fact that, as opposed to climate models, such models are able to
reproduce the state and dynamics of the Earth system in more detail (in particular, they are able to simu-
late the diurnal variation of the atmospheric parameters using the most complete available meteorological
data for the initialization). Using this approach, Slyunyaev et al. (2019) obtained the variation of the total
IP of the shape nearly identical to that of the classical Carnegie curve, albeit with a smaller peak-to-peak
amplitude and slightly shifted maxima and minima.

To summarize, it appears that all past attempts to simulate the diurnal variation of the GEC using large-scale
models of atmospheric dynamics resulted in the underestimation of its peak-to-peak amplitude. The main
reason for this is probably the inability of large-scale models to faithfully distinguish electrified clouds
from nonelectrified ones. At the same time semiempirical approaches to the parameterization of source
currents based on using satellite data make it possible to obtain a more realistic value of the peak-to-peak
amplitude (e.g., Jánský et al., 2017; Peterson et al., 2017); this suggests that parameterizations of source cur-
rents in climate models and weather forecasting models can be further improved in order to achieve a full
understanding of the coupling between the GEC and atmospheric dynamics.

In this paper we investigate how different factors influence the diurnal variation of the GEC and whether
parameterizations of source currents (or, which is equivalent, of contributions to the GEC) based on
atmospheric dynamics can be further improved without recourse to smaller-scale modeling. For specific
calculations we use the WRF and the IP parameterization of Slyunyaev et al. (2019); the model and pecu-
liarities of modeling technique are described in section 2, while section 3 contains a detailed discussion of
the IP parameterization. In section 4 we analyze and discuss the diurnal variation of the IP calculated using
this parameterization and its various modifications so as to investigate the effect of various factors on the
Carnegie curve and analyze the seasonal dynamics of contributions to this curve from different regions.
Section 5 contains concluding remarks.

2. Modeling the Atmospheric Dynamics
The WRF (more precisely, Advanced Research version of WRF, or WRF-ARW) is a numerical model of
atmospheric dynamics, designed for both weather prediction and research (https://www.mmm.ucar.edu/
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weather-research-and-forecasting-model; see also Skamarock et al., 2008; Powers et al., 2017). For the pur-
pose of simulating the atmospheric dynamics within this study, the WRF (version 3.9.1) has been run
globally. Since the ARW solver for the WRF works in Cartesian coordinates, the entire atmosphere within
this model is mapped into a rectangular parallelepiped, whose three dimensions correspond to latitude,
longitude, and height above ground level. Periodic boundary conditions are set at the two boundaries
corresponding to the prime meridian, and polar filtering is used to avoid computational problems in a
neighborhood of each of the two poles (Skamarock et al., 2008).

We used a 1◦ × 1◦ latitude-longitude grid with 51 altitude levels from the Earth's surface to the 10-mbar
level and time steps of 150 s. We chose the following set of physics schemes for the WRF model: mp_physics
= 2, ra_lw_physics = 4, ra_sw_physics = 4, radt = 30, sf_sfclay_physics = 1, sf_surface_physics = 2,
bl_pbl_physics = 1, and cu_physics = 2. The most important options in this list are the widely used Pur-
due Lin microphysics scheme (Lin et al., 1983) and Betts-Miller-Janjić scheme of convection (Janjić, 1994,
2000); in our numerical experiments these schemes have proved most stable for global modeling. Given that
we used a large-scale grid, precipitation was calculated on the basis of the parameterization of convection
(so-called convective rain).

The NCEP (National Centers for Environmental Prediction) Global Data Assimilation System
(GDAS)/FNL 0.25 data set (https://rda.ucar.edu/datasets/ds083.3) was used to initialize the WRF model.
This data set contains the results of operational global analysis and forecast on a 0.25◦ × 0.25◦ grid
(FNL 0.25, where FNL stands for “final”) prepared every 6 hr (at 0:00, 6:00, 12:00, and 18:00 UTC) with the
GFS (Global Forecast System) model on the basis of the data collected by the GDAS.

The atmospheric dynamics simulated by the WRF is most reliable during a time period between about 12
and 48 hr from the model initiation. The first 12 hr are usually unrealistic, since the model needs some
time to achieve the correct reproduction of the data absent in initial conditions (e.g., precipitation, clouds,
and vertical wind speed). The results of modeling after 48 hr are less reliable owing to systematic errors in
precipitation parameterizations used in weather forecasting models; a more accurate simulation is obtained
by simply restarting the model for the next day with new initial conditions. For further discussion of these
issues, see Appendix A.

For this study we have performed 732 48-hr free runs of the WRF starting at 0:00 UTC and 12:00 UTC on
every day from 31 December 2015 to 30 December 2016; this has given us a complete picture of the state
of the atmosphere for the year 2016. The choice of a 1-year period for the investigation of the GEC diurnal
variation is motivated by the fact that 1 year is clearly sufficient for obtaining realistic mean values, whereas
the variation of the global conductivity distribution (significantly affected by 11-year solar cycles) on this
time scale can be neglected. Another reason to choose the year 2016 is that the NCEP GDAS/FNL 0.25 data
set is available since the middle of 2015, while the data available for earlier periods are less accurate.

3. Parameterization of the Ionospheric Potential
In this section we describe the IP parameterization suggested by Slyunyaev et al. (2019) for the WRF model.
This parameterization generally follows the ideas which underlie the parameterization by Mareev and
Volodin (2014), although the practical implementation of these ideas in the case of the WRF is somewhat
different in view of essential distinctions between climate models and weather forecasting models. Consid-
ering that we want to address the problem of how different factors entering into this parameterization affect
the GEC, here we discuss it in greater detail, compared to the brief description given in Slyunyaev et al.
(2019).

3.1. Calculation of the IP
From a mathematical viewpoint, the GEC is described by the distribution of the electric potential𝜙 inside the
model atmosphere, which is bounded by the Earth's surfaceΓ1 and the outer boundaryΓ2. If GEC generators
of magnetospheric and ionospheric origin are not taken into account, the steady state of the GEC is described
by the following equations:

div
(
𝜎 grad 𝜙

)
= divjs (1)

∮Γ1

𝜎 grad 𝜙 · n dS = ∮Γ1

js · n dS (2)
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𝜙|Γ1
= 0, 𝜙|Γ2

= V ; (3)

here 𝜎 is the conductivity, js is the source current density (describing charge separation inside electrified
clouds), n stands for the unit normal, and V is the unknown value of the IP. These equations uniquely
determine the spatial distribution of the potential 𝜙, including the value V of the IP, once the distributions
of 𝜎 and js are specified (e.g., Kalinin et al., 2014).

If the Earth's orography is not taken into account, Γ1 is a sphere; letting Γ2 be another sphere concentric with
Γ1, it is convenient to describe points in the model atmosphere by the altitude z above sea level (identified
with the Earth's surface), the latitude in radians 𝜆, and the longitude in radians 𝜓 . It turns out that if the
conductivity is a function of z alone, one can express the IP analytically in terms of 𝜎 and js by integrating
equations (1)–(3). Indeed, it follows from (1) and (2) by the divergence theorem that

∮z=const
𝜎 grad 𝜙 · n dS = ∮z=const

js · n dS (4)

for any sphere z = const, lying between Γ1 and Γ2. If the conductivity does not depend on 𝜆 and 𝜓 ,
equation (4) can be rewritten as

𝜎(z)∫
2𝜋

0 ∫
𝜋∕2

−𝜋∕2

𝜕𝜙

𝜕z
(z, 𝜆, 𝜓) cos 𝜆 d𝜆 d𝜓 = ∫

2𝜋

0 ∫
𝜋∕2

−𝜋∕2
𝑗s

z(z, 𝜆, 𝜓) cos 𝜆 d𝜆 d𝜓,

or

d
dz ∫

2𝜋

0 ∫
𝜋∕2

−𝜋∕2
𝜙(z, 𝜆, 𝜓) cos 𝜆 d𝜆 d𝜓 = 1

𝜎(z) ∫
2𝜋

0 ∫
𝜋∕2

−𝜋∕2
𝑗s

z(z, 𝜆, 𝜓) cos 𝜆 d𝜆 d𝜓. (5)

By integrating (5) over z using (3), we arrive at the following equation (cf. equation 11 in Slyunyaev et al.,
2014):

V = ∫
hatm

0

1
4𝜋𝜎(z) ∫

2𝜋

0 ∫
𝜋∕2

−𝜋∕2
𝑗s

z(z, 𝜆, 𝜓) cos 𝜆 d𝜆 d𝜓 dz,

where hatm is the distance between Γ1 and Γ2 (i.e., the height of the model atmosphere). In other words, the
total IP can be represented as

V = 1
SE ∮ ∫

hatm

0

𝑗s
z(z, 𝜆, 𝜓) dz

𝜎(z)
dS, (6)

where the outer integral is taken over the Earth's surface, whose total area is SE. To rewrite this equation for
the WRF, we simply replace the surface integration with a summation over grid columns, consisting of grid
cells with the same latitude and longitude; thus, (6) turns into

V = 1
SE

∑
i

Si ∫
hatm

0

(𝑗s
i )z(z) dz
𝜎(z)

, (7)

where js
i (z) is the source current density profile in the ith grid column and Si is the area covered by this

column.

3.2. Conductivity Distribution
Here we shall not take into account possible evolution of the conductivity distribution in time; there are
several reasons for it. First, the observed pronounced correlation between the diurnal variation of the GEC
and the diurnal cycle of global thunderstorm activity implies that the former is primarily determined by
the variation of sources rather than by the variation of conductivity. Second, this hypothesis is further sup-
ported by the theory of the GEC: In view of the fact that equations (1)–(3) are linear, the IP (as well as other
parameters of the GEC) is proportional to js and responds linearly to its perturbations; at the same time ele-
mentary estimates show that the sensitivity of the IP to the perturbations of 𝜎 is usually lower (Slyunyaev
et al., 2015). Third, significant global conductivity perturbations in the atmosphere (see, e.g., Rycroft et al.,
2008) usually have either a very large time scale (e.g., in the case of 11-year solar cycles) or a rather small
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time scale (e.g., in the case of solar energetic particle events) and, by inference, have little effect on the diur-
nal variation of GEC parameters averaged over several months. Thus, the diurnal variation of the GEC is
definitely determined by the diurnal cycle of its sources and not by the variation of the conductivity. Let us
also note that conductivity changes on a diurnal time scale (e.g., due to diurnal cycles of radon and aerosols)
are not likely to be global in their nature (at least their dynamics is not taken into account in large-scale
conductivity parameterizations; see, e.g., Tinsley & Zhou, 2006), and there is no reason to expect that they
would affect the resulting relative IP variation substantially.

We have already seen that the assumption of a uniform conductivity profile all over the Earth's surface
considerably simplifies the problem, allowing one to express the IP analytically by means of equation (6)
or (7). In case of using more elaborate conductivity parameterizations with 𝜎 also depending on 𝜆 and𝜓 , the
IP can also be estimated in terms of 𝜎 and js, although the equations expressing such estimates are usually
approximate and rather cumbersome. Once again dividing the atmosphere into large-scale grid columns, let
us denote the conductivity and source current density in the ith such column as 𝜎i(z) and js

i (z), respectively;
in this case, assuming that in each column the problem is nearly one dimensional, one can show that (see
equation (23) in Slyunyaev et al., 2014)

V ≈
∑

i

(
Si ∫

hatm

0

(𝑗s
i )z(z) dz
𝜎i(z)

/
∫

hatm

0

dz
𝜎i(z)

)/∑
i

(
Si

/
∫

hatm

0

dz
𝜎i(z)

)
. (8)

Actually (8) is nothing but a reformulation of Ohm's law for the entire GEC; note that it reduces to (7) if
𝜎i(z) ≡ 𝜎(z) for all i.

However, for the purpose of studying the diurnal variation of the IP it is sufficient to use equation (7) with
a simple exponential conductivity profile

𝜎(z) = 𝜎0 exp
( z

H

)
, (9)

which adequately describes the main aspects of the real conductivity distribution. This assumption involves
three major simplifications, each of which, however, turns out to be not critical for our study.

First, we ignore the effect of radon and aerosols on the conductivity. Although these two factors affect the
integrals in (8) and their effect is nonuniform, being more pronounced over land than over oceans (e.g.,
Tinsley & Zhou, 2006), it is not hard to justify their neglect. To begin with, the denominator of (8), which
actually constitutes the global resistance of the atmosphere, does not have any diurnal variation at all (since
we have neglected the variation of conductivity with time), hence the relative IP variation (in which we are
interested in this study) is completely determined by the numerator. In the numerator only the summands
corresponding to source regions are nonzero, which allows us to rewrite it as

∑
i

(
Si ∫

hatm

0

(𝑗s
i )z(z) dz
𝜎i(z)

/
∫

hatm

0

dz
𝜎i(z)

)

=
∑

i∶source
columns

(
Si ∫

hatm

0

(𝑗s
i )z(z) dz
𝜎i(z)

/
∫

hatm

0

dz
𝜎i(z)

)

=
∑

i∶source
columns

(
Si∫ inside

the cloud

(𝑗s
i )z(z) dz
𝜎i(z)

/(
∫ below

the cloud

dz
𝜎i(z)

+ ∫the
rest

dz
𝜎i(z)

))
.

Since the effects of radon and aerosols are most significant near the Earth's surface, the corresponding con-
ductivity perturbations may affect only the integrals of 1∕𝜎i(z) taken over the regions below electified clouds.
However, considering that the effects of additional ionization due to radon (increasing conductivity) and
ion attachment to aerosol particles (decreasing conductivity) partially compensate for each other, we can
assume that such integrals do not change much when we take both of these factors into account. Moreover,
strictly speaking, beneath electrified clouds we also need to consider additional ionization due to corona dis-
charges (e.g., Standler & Winn, 1979), which is difficult to reliably estimate. Therefore, neglecting all these
effects when considering the relative diurnal variation of the IP is probably the best option for the initial
analysis of the problem.
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Second, we neglect the effect of conductivity reduction owing to the attachment of ions to hydrometeors
inside both electrified and nonelectrified clouds (e.g., Rust & Moore, 1974). Conductivity reduction inside
nonelectrified clouds affects only the denominator of (8) and thus has no effect on the relative IP variation.
As for electrified clouds, some studies indicate that conductivity reduction inside them may be counterbal-
anced by additional ionization owing to corona discharges from ice hydrometeors (Griffiths et al., 1974),
and it is therefore unclear which amount of conductivity reduction is globally representative. Moreover, it
is easy to see from equation (8) that if we introduce into (9) identical conductivity change by a factor of r
inside all electrified clouds, this will not change the relative IP variation substantially. Indeed, in this case
we will be able to transform the numerator of (8) as follows:

∑
i

(
Si ∫

hatm

0

(𝑗s
i )z(z) dz
𝜎i(z)

/
∫

hatm

0

dz
𝜎i(z)

)

=
∑

i∶source
columns

(
Si ∫

hatm

0

(𝑗s
i )z(z) dz
𝜎i(z)

/
∫

hatm

0

dz
𝜎i(z)

)

=
∑

i∶source
columns

(
Si∫ inside

the cloud

(𝑗s
i )z(z) dz
r𝜎(z)

/(
∫ inside

the cloud

dz
r𝜎(z)

+ ∫ outside
the cloud

dz
𝜎(z)

))

=
∑

i∶source
columns

(
Si∫ inside

the cloud

(𝑗s
i )z(z) dz
𝜎(z)

)/(
∫ inside

the cloud

dz
𝜎(z)

+ r∫ outside
the cloud

dz
𝜎(z)

)
;

this clearly has the same relative variation as the IP given by equation (7), provided that the geometry of
different electrified clouds is more or less the same.

Finally, a uniform exponential profile (9) does not take into account the effect of enhanced conductivity
at high latitudes. However, this enhancement does not substantially affect the variation of the IP. Indeed,
in view of the fact that electrified clouds are mainly located at low latitudes, one can neglect high-latitude
summands in the numerator of equation (8), while at low latitudes the conductivity profile does not change
much and can be described by a single function (say, 𝜎(z)); thus, the numerator of (8) may be transformed as

∑
i

(
Si ∫

hatm

0

(𝑗s
i )z(z) dz
𝜎i(z)

/
∫

hatm

0

dz
𝜎i(z)

)

≈
∑

i∶low-lat
columns

(
Si ∫

hatm

0

(𝑗s
i )z(z) dz
𝜎i(z)

/
∫

hatm

0

dz
𝜎i(z)

)

≈
∑

i∶low-lat
columns

(
Si ∫

hatm

0

(𝑗s
i )z(z) dz
𝜎(z)

/
∫

hatm

0

dz
𝜎(z)

)

≈
∑

i

(
Si ∫

hatm

0

(𝑗s
i )z(z) dz
𝜎(z)

)/
∫

hatm

0

dz
𝜎(z)

,

from which it follows that the diurnal variation of the IP predicted by (8) with enhanced high-latitude con-
ductivity would be nearly identical (up to a constant coefficient) to that given by equation (7) with the
uniform low-latitude conductivity profile extrapolated to the entire atmosphere.

For this study we shall use the uniform conductivity profile (9) with 𝜎0 = 60 fS/m and H = 6 km; this H
is a characteristic scale height inferred from the analysis of more elaborate conductivity parameterizations
of Tinsley and Zhou (2006) and Slyunyaev et al. (2015), and the choice of 𝜎0 actually has no effect on the
relative variation of the IP, as one can readily see from equation (11) below.

3.3. Parameterization of Source Currents
Let us once again consider WRF grid columns, consisting of grid cells with the same latitude and longitude.
We suppose that in the ith such column charge separation in electrified clouds occurs in the altitude range
between zl

i (the lower boundary) and zu
i (the upper boundary), and the source current density inside this
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region of charge separation is directed upward and equal to Ji (whereas outside this region it is equal to zero).
To make the representation of electrified clouds more faithful, we slightly generalize equation (7) by taking
into account the fact that clouds cover only part of each WRF grid column. To this purpose we introduce a
coefficient 𝛼i representing the portion of the total area of the ith column covered by electrified clouds. Then,
if the total area occupied by the column is Si, the area covered by such clouds is 𝛼iSi, and equation (6) yields

V = 1
SE

∑
i
𝛼iSi ∫

hatm

0

(𝑗s
i )z(z) dz
𝜎(z)

(10)

instead of (7).

Substituting the conductivity profile (9) for 𝜎(z) and the source current density profile

(𝑗s
i )z(z) =

{
Ji, zl

i ≤ z ≤ zu
i ,

0, z < zl
iorz > zu

i

for (𝑗s
i )z(z) in equation (10) and calculating the integral over z under these assumptions, we finally arrive at

the following formula for the IP:

V =
∑

i

Ji𝛼iSiH
𝜎0SE

(
exp

(
−

zl
i

H

)
− exp

(
−

zu
i

H

))
, (11)

where the summation takes place over all grid columns.

Now we will discuss the parameterization of various quantities entering into equation (11) in more detail.
In the following sections 3.4–3.6 we describe our basic parameterization of these quantities, while in section
4 other variants are also considered so as to elucidate which components of equation (11) matter most for
the resulting diurnal variation of the IP.

3.4. Lower and Upper Boundaries of the Charge Separation Region
In the simplest approximation the region where charge separation occurs can be equated with the mixed
phase region of the cloud, since noninductive charging, which is widely thought to be the dominant charge
separation mechanism in most thunderstorms, requires the presence of both ice particles and supercooled
liquid water droplets. Now that grid cells with a horizontal dimension of about 100 km do not allow resolving
individual thunderstorms, we estimate the heights zl

i and zu
i for each grid column based on the temperature

profile. It is known that the mixed phase region inside a cloud is bounded by the 0 ◦C and −38 ◦C isotherms
(e.g., Pruppacher & Klett, 2010, Ch. 2.2); therefore we use the heights of these isotherms according to the
model (more precisely, the heights of the nearest grid levels above them) as the values of zl

i and zu
i . In those

regions where the temperature at the Earth's surface is already less than 0 ◦C (e.g., at high latitudes in winter
or in high mountain areas) the lower boundary zl

i occurs at the Earth's surface, but such regions do not give
significant contribution to the IP owing to weak convective activity (see section 3.6 below).

Note that other studies may use different isotherms to approximate the upper boundary of the mixed phase
region (e.g., Kalb et al., 2016 identified the upper boundary with the −50 ◦C isotherm) owing to the variation
of the lowest temperature across different clouds. However, we will show below that the simulated diurnal
variation of the IP is not very sensitive to the entire factor involving zl

i and zu
i (see section 4.3), hence it should

not be very sensitive to the choice of the upper boundary either.

3.5. Area Covered by Clouds
By the introduction of the dimensionless parameter 𝛼i, specifying the portion of the area of the grid column
occupied by GEC generators, we try to take into consideration the fact that relatively large grid columns,
generally speaking, are not completely covered by clouds. To parameterize 𝛼i, we follow the approach sug-
gested by Mareev and Volodin (2014), who assumed this coefficient to be proportional to the ratio Pi∕Wi of
the precipitation Pi per model time step (1 hr) and the total amount of precipitable water Wi (defined as the
total mass of water vapor in the air column). In this study we also assume that

𝛼i = k ·
Pi

Wi
(12)
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with some proportionality coefficient k, although we will not strictly specify the length of the time interval
over which Pi is totaled and consider several different values. As further analysis will show, the resulting
diurnal variation is actually not very sensitive to this length (see section 4.4).

To explain the physical motivation behind the parameterization given by (12), let us consider air parcels
driven upward by convection. We assume that the amount of water that an air parcel precipitates during
its entire ascent is proportional to the total amount Wi of precipitable water stored in the corresponding
column (in particular, for a rough estimate we can assume that an air parcel eventually precipitates almost
all the water that it contains, but given that actual precipitation efficiency may be smaller than 100%, we
introduce a proportionality coefficient). This suggests that the ratio of the amount of water precipitated
in the ith grid column during the corresponding time interval to the total amount of precipitable water
stored in this column is proportional to the portion of the area within this column where convection occurs
and, by inference, where clouds develop. Although time intervals that we shall use below for calculating
precipitation are usually somewhat longer than typical air rise times, we can assume certain proportionality
between amounts of precipitation totaled over different time intervals. In addition, as we have already noted,
the analysis presented in section 4.4 below will prove that the simulated relative diurnal variation is indeed
not very sensitive to the length of such time interval.

For our basic parameterization we assume that Pi is computed over a symmetric 2-hr period around the
moment that Wi and other parameters are calculated (that is, a period starting 1 hr before that moment and
ending 1 hr after it); the geographical distribution of the mean annual ratio Pi∕Wi computed in this way is
shown in Figure 1a. Other choices are also considered in Ssection 4.4, as well as a parameterization involving
Pi without variable Wi.

3.6. Charge Separation Current Inside Thunderstorms
It follows from the discussion in the previous section that the coefficient 𝛼i given by (12) characterizes the
area covered by all clouds in each grid column; at the same time it is only electrified clouds that contribute
to the GEC. Considering that 𝛼i and the source current density Ji enter into equation (11) as the product
Ji · 𝛼i, we need to ensure that Ji ≡ 0 in grid columns without electrified clouds. When parameterizing Ji, we
take into account the fact that electrified clouds are mostly characterized by deep convection. Estimation
of contributions to the GEC based on convective activity is a common approach to modeling its diurnal
variation. For example, in the parameterization of Mareev and Volodin (2014) the sum is taken over only
those grid cells where, according to the INMCM, convection occurs; another example is the source current
parameterization employed by Jánský et al. (2017), which is based on convective mass flux calculated within
the CESM.

In this study we parameterize Ji using another quantity that characterizes convection, namely convective
available potential energy (CAPE). We calculate CAPE with the function cape_2d of the wrf-python pack-
age (https://wrf-python.readthedocs.io/en/latest/user_api/generated/wrf.cape_2d.html), which estimates
the maximum value of CAPE in each grid column by considering the air parcel with the highest equivalent
potential temperature within the lowest 3 km above the ground level. For future reference, we denote the
maximum value of CAPE in the ith grid column by 𝜀i; the geographical distribution of mean annual CAPE
(𝜀i) values is shown in Figure 1b.

Now we parameterize the charge separation current, setting the correspondence between 𝜀i and Ji by
introducing the characteristic value 𝑗0 and a function 𝑓 :

Ji = 𝑗0𝑓 (𝜀i) (13)

We must choose the function 𝑓 such that 𝑓 (𝜀) would approach zero as 𝜀→ 0 and the value of 𝑓 (𝜀) at about
3 kJ/kg would be of order unity: If this is the case, the contributions from the regions with weak convective
activity would be small, whereas the source current in intense convective systems (for which the assumed
CAPE value of 3 kJ/kg is typical) would be of the order of 𝑗0.

For our basic IP parameterization we choose 𝑓 to be the following step function:

𝑓 (𝜀) =
{

0, 𝜀 < 𝜀0,

1, 𝜀 ≥ 𝜀0,
(14)
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Figure 1. (a) Mean annual values of the ratio of precipitation (Pi) to the amount of precipitable water (Wi), where Pi is
totaled over a symmetric 2-hr interval around the moment at which Wi is computed. (b) Mean annual values of
maximum CAPE (𝜀i). Adapted from Slyunyaev et al. (2019).

where 𝜀0 is the threshold CAPE value, which we take equal to 1 kJ/kg. In other words, we assume that the
charging current in a grid column is zero unless model-predicted maximum CAPE is greater than 1 kJ/kg;
the choice of this critical value is discussed in section 4.5. The idea of setting such a threshold is to single out
the regions occupied by deep convection, which we have identified with the regions where electrified clouds
occur. Note that CAPE values estimated in large-scale models of atmospheric dynamics do not directly cor-
respond to those found in observations and are in fact some mean values calculated by using the same
procedure. However, in our study we use CAPE only as a measure of convective activity, for which purpose
such values are appropriate. Other natural choices of 𝑓 are considered in section 4.5.

Once we have chosen 𝑓 , it remains only to choose the parameter 𝑗0. Unfortunately, there are little available
data regarding charge separation currents inside thunderstorms and other electrified clouds. Aircraft obser-
vations (e.g., Mach et al., 2011) are usually directed toward measuring Wilson currents, which flow upward
above clouds and may be substantially different from source currents inside them (Slyunyaev & Zhidkov,
2016). It is generally thought that source current densities are of the order of some nA m−2, but specific val-
ues for model simulations are usually chosen by demanding that the values of global parameters (such as
the IP) be realistic. Therefore, noting from equations (11) and (13) that the IP in our parameterization is
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proportional to the value of 𝑗0, we can first perform necessary calculations with an arbitrary value of 𝑗0 and
then adjust it such that the mean IP would be equal to about 240 kV.

4. Results and Discussion
4.1. Basic Parameterization of the Ionospheric Potential: Annual-Average Diurnal Variation
For further discussion, it is convenient to rewrite equation (11), using (13), as

V =
∑

i

𝑗0SiH
𝜎0SE

· 𝑓 (𝜀i) · 𝛼i ·

(
exp

(
−

zl
i

H

)
− exp

(
−

zu
i

H

))
, (15)

thus emphasizing its structure. The contribution of the ith grid column to the total IP is the product of
(i) the constant factor 𝑗0SiH∕

(
𝜎0SE

)
, (ii) the factor 𝑓 (𝜀i), representing the source current density and

parameterized in terms of CAPE, (iii) the factor 𝛼i, representing the area covered by electrified clouds and
parameterized in terms of precipitation, and (iv) the factor exp

(
−zl

i∕H
)
− exp

(
−zu

i ∕H
)
, representing vari-

able heights of cloud boundaries. As the basic parameterizations of these factors, in Section 3 we have
assumed approximating zl

i and zu
i by the heights of the 0 ◦C and −38 ◦C isotherms for the height factor,

equation (12) with Pi computed over a symmetric two-hour period around the moment that Wi is calculated
for the precipitation factor, and equation (14) with 𝜀0 = 1 kJ/kg for the CAPE factor.

Equation (15) allows us to calculate the IP at each time step in every model run. However, to obtain the
mean diurnal variation of the IP on the basis of the 732 48-hour WRF simulations (see Section 2), we must
employ certain averaging procedures, which are described in detail in Appendix A.

The IP variation obtained from equation (15) with the basic parameterizations of all factors is shown in
Figure 2a (adapted from Slyunyaev et al., 2019). The IP is shown as a fraction of the mean; if we assume that
k ∼ 1 in (12) and require that the mean IP be equal to 240 kV, we need to choose 𝑗0 ∼ 6.4 nA m−2, which
looks rather realistic. Note, however, that the actual value of k depends on the length of the time period over
which we calculate Pi, hence so does the characteristic value 𝑗0.

Figure 2b, also taken from Slyunyaev et al. (2019), compares the simulated IP variation with the classical
Carnegie curve. More precisely, we use the four-term harmonic fit obtained by Harrison (2013) for the data of
Cruise VII of the Carnegie ship, published by Torreson et al. (1946). It is easy to see that our simulated curve
and the classical Carnegie curve have very similar shapes (the sample correlation coefficient calculated on
the basis of comparing hourly values is equal to 0.97). However, a direct comparison of the two plots shown
in Figure 2b indicates that the positions of the corresponding maxima and minima differ by 1 or 2 hr and
the peak-to-peak variation of the simulated Carnegie curve is about 46% smaller than that of the classical
one (18% of the mean against 34% of the mean).

4.2. Basic Parameterization of the Ionospheric Potential: Seasonal Dynamics of Diurnal Variation
We have seen in Figure 2b that the simulated diurnal variation of the IP, averaged over the full year, is
nearly of the same shape as the classical Carnegie curve, albeit with a smaller peak-to-peak amplitude.
However, it is known that the GEC has a substantial seasonal variability, whereas the Carnegie data (on
which the classical curve is based) are not uniformly distributed over the year (e.g., Burns et al., 2017).
Therefore, it is instructive to make seasonal comparisons between our simulations and the Carnegie data as
well. Figures 2c–2f show the simulated diurnal variations of the IP, averaged over different 3-monthly peri-
ods (November–January, February–April, May–July, and August–October, hereinafter abbreviated as NDJ,
FMA, MJJ, and ASO, respectively); to this end we have combined the results of simulations corresponding
to different months of the year 2016, as explained in section 2. These plots are compared with the four-term
harmonic fits to the Carnegie data pertaining to different seasons by Harrison (2013) and Burns et al. (2017).
Note that seasonal Carnegie fits by Harrison (2013) and seasonal Carnegie fits by Burns et al. (2017) are
slightly different, inasmuch as the former are based on the data of Cruise VII of the Carnegie ship (Torre-
son et al., 1946), while the latter combine these data with the data of earlier Cruises IV, V, and VI (Ault &
Mauchly, 1926).

Figures 2c–2f indicate that our parameterization of the IP is more or less able to reproduce the shape of
the diurnal variation of the GEC, but is not generally correct in predicting its magnitude and the hours
of maxima and minima (see Table 1 for a detailed comparison of peak-to-peak amplitudes, hours of max-
ima and minima, and correlation coefficients). The agreement of the IP simulation with the Carnegie data
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Figure 2. (a) Simulated diurnal variation of the IP with the basic parameterization of all factors (A, blue). Adapted
from Slyunyaev et al. (2019). (b) Simulated IP variation (A, blue) and the classical Carnegie curve after Harrison (2013)
(B, red). Adapted from Slyunyaev et al. (2019). (c)–(f) Comparison of the simulated diurnal variations of the IP
corresponding to different seasons (A, blue) with the corresponding fits to the Carnegie data given by Harrison (2013)
(B, red) and Burns et al. (2017) (C, green). In panels (a) and (b) the IP is presented as a fraction of the annual mean; in
panels (c)–(f) the IP is shown as a fraction of the respective seasonal mean. Strictly speaking, the Carnegie data contain
electric field values rather than the IP, but here we identify their relative variations.

is clearly better for (Northern Hemisphere) winter than for summer; in particular, the simulation more or
less correctly estimates the peak-to-peak amplitude for FMA. On the other hand, this amplitude is notably
underestimated in summer (MJJ and ASO), where the simulation predicts the secondary maximum to be of
the same order as the primary one, which is not the case for seasonal curves based on observations (in par-
ticular, this results in a weaker correlation between simulations and observations for MJJ and ASO than for
NDJ and FMA). Although electric field measurements in the Antarctic indicate that the difference between
the two maxima is indeed smaller in summer months (Burns et al., 2017, Figure 1), the shapes of monthly
averaged electric field variations obtained in those measurements are not always correctly reproduced by
the monthly averaged IP variations inferred from our modeling (see Ilin et al., 2019, Figure 3). Also, note
that our simulations generally yield earlier primary maxima and later secondary maxima than those found
in the Carnegie data; the simulated minimum is mostly reached earlier than the observed one, except for
NDJ. It is worth mentioning that the hours of maxima and minima of the GEC diurnal variation obtained in
different studies do not always coincide; for example, seasonal splits of the diurnal variation of the total GEC
current estimated on the basis of satellite and aircraft measurements by Blakeslee et al. (2014, Figure 14) are
generally characterized by earlier primary maxima than those found in observations and thus better agree
with our findings. However, the disagreement of amplitudes and seasonal dynamics is more conspicuous
and apparently means that our parameterization of the IP (as well as other IP parameterizations based on
convection) systematically overestimates or underestimates contributions of different regions to the total IP.
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Table 1
Comparison of the Simulated GEC Diurnal Variation With That Based on the Carnegie Data (Figures 2b–2f)
and Comparison of Contributions From Land and Ocean to the Simulated IP Variation (Figures 6a–6h)

Full
year NDJ FMA MJJ ASO

Peak-to-peak amplitude of the GEC diurnal variation (as a fraction of the mean)a

(A): Results of simulation 18% 24% 27% 11% 12%
(B): Fit to Carnegie data (Harrison, 2013) 34% 41% 30% 34% 31%
(C): Fit to Carnegie data (Burns et al., 2017) 37% 33% 29% 34%

Hour of the primary maximum (UTC)a

(A): Results of simulation 17 17 16 18 17
(B): Fit to Carnegie data (Harrison, 2013) 19.1 18.5 19.1 20.6 20.1
(C): Fit to Carnegie data (Burns et al., 2017) 18.7 18.9 20.9 19.9

Hour of the secondary maximum (UTC)a

(A): Results of simulation 9 9 — 9 8
(B): Fit to Carnegie data (Harrison, 2013) 7.9 7.8 8.3 7.4 8.0
(C): Fit to Carnegie data (Burns et al., 2017) 8.2 8.3 8.3 8.2

Hour of the minimum (UTC)
(A): Results of simulation 2 4 3 2 2
(B): Fit to Carnegie data (Harrison, 2013) 3.2 2.8 4.2 4.0 2.7
(C): Fit to Carnegie data (Burns et al., 2017) 2.7 4.2 3.5 3.9

Correlation coefficient (on the basis of hourly IP/electric field values)
Correlation between (A) and (B) 0.97 0.98 0.98 0.57 0.74
Correlation between (A) and (C) 0.96 0.97 0.67 0.65

Contributions of land and ocean to the simulated diurnal variation of the GECb

Average contribution of land regions 46% 47% 43% 49% 47%
Average contribution of oceans 54% 53% 57% 51% 53%
Relative peak-to-peak amplitude for land 32% 45% 46% 18% 22%
Relative peak-to-peak amplitude for ocean 10% 9% 16% 10% 6%
aAdditional maxima of the Fourier fits to the Carnegie data for FMA around 17:00 UTC, visible in
Figure 2d, are neglected, since they have not been observed in later measurements. bFor the partition of
the Earth's surface into land and ocean assumed here, see the caption of Figure 6.

The discussion of seasonal dynamics of the diurnal variation of the GEC will continue in section 4.6. Now
we shall discuss the role played by different factors appearing in formula (15).

4.3. The Role of the Height Factor
The basic parameterization of the height factor exp

(
−zl

i∕H
)
− exp

(
−zu

i ∕H
)
, described in section 3.4, iden-

tifies the boundaries zl
i and zu

i of the charge separation region inside a cloud with the heights of the 0 ◦C and
−38 ◦C isotherms, respectively. To analyze the role that this factor plays in the Carnegie curve, we assume
that the values of zl

i and zu
i are the same all over the Earth, in which case the height factor also becomes

constant. Comparing the resulting IP variation, shown in Figure 3a, with the basic curve, we see that the
difference between the two plots is very small. Therefore we conclude that the height factor does not have a
substantial effect on the diurnal variation of the GEC.

4.4. The Role of the Precipitation Factor
The basic parameterization of the precipitation factor 𝛼i, defined as the portion of the area of the ith grid
column occupied by electrified clouds, is expressed by equation (12) with Pi computed over the last hour
and the next hour relative to the calculation of Wi and other parameters. The importance of this factor is
clear from Figure 3b, showing the IP variation computed under the assumption 𝛼i = 1 (i.e., with a constant
precipitation factor, which means that contributions from grid cells are primarily determined by the CAPE
factor); comparing this new simulated variation with our basic curve, we observe that the magnitude of the
new curve is much smaller and its main maximum is achieved several hours earlier.
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Figure 3. (a) Simulated IP variation with the basic parameterization (blue) and with a constant height factor (purple).
(b) Simulated IP variation with the basic parameterization (blue) and with a constant precipitation factor (purple).
(c) Simulated IP variation with the basic parameterization (blue) and with a constant CAPE factor (purple solid); also
shown is the simulated IP variation with a constant CAPE factor and modified parameterization of the precipitation
factor given by (16) (purple dashed). (d) Simulated IP variation with the basic parameterization (blue) and with the
parameterization based on the product of CAPE and precipitation (purple).

Figure 4a shows the results of modifying the basic parameterization of 𝛼i by calculating Pi over different
time periods before and after the moment when Wi is computed. We see that the maxima and minima of
the IP shift right when we calculate precipitation over longer time periods in the past and shift left when
we calculate precipitation over longer time periods in the future. This is not surprising; for example, if we
compute Pi over a time interval in the past and make this interval longer, the moment in time to which this
Pi corresponds (estimated as the middle of the interval) shifts left, hence the whole graph of the IP shifts in
the opposite direction. On the other hand, if we increase the length of the interval over which Pi is totaled
without shifting it, the resulting IP variation does not change much. This can be seen in Figure 4b, showing
the modification of the basic parameterization with Pi computed over the last 2 hr and the next 2 hr relative
to the moment that Wi is obtained. Summarizing our observations, we conclude that the duration of the
period over which precipitation Pi is totaled does not affect the IP variation very much, provided that the
middle of this period remains the same; if it changes, the IP graph shifts left or right in the opposite direction.

Figure 4c shows the diurnal variation of the IP resulting from another modification of the basic parameteri-
zation of 𝛼i. This time we replace the amount of precipitable water in the ith grid column Wi with a constant
value W0,

𝛼i = k ·
Pi

W0
, (16)

thus neglecting the variation of Wi over the Earth's surface. Comparing the new curve with the basic one, we
see that the variation of Wi has little effect on the IP variation. More detailed analysis shows that the average
amount of precipitable water for large regions of the Earth's surface has a negligible diurnal variation. The
amount of precipitable water stored in each particular grid column may have a more pronounced diurnal
variation, but it is still much less in amplitude than that of the corresponding precipitation rate. Therefore,
the dynamics of the area covered by electrified clouds is actually to a large extent determined by precipitation
alone.

4.5. The Role of the CAPE Factor
The basic parameterization of the CAPE factor 𝑓 (𝜀i), representing (up to a constant coefficient) the source
current density, is expressed by equation (14) with 𝜀0 = 1 kJ/kg. The importance of this factor is supported
by Figure 3c, showing the IP variation computed with 𝑓 = 1 (i.e., with a constant CAPE factor, which means
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Figure 4. (a) Simulated IP variation with the basic parameterization (blue) and with the following modified
parameterizations of the precipitation factor: equation (12) with Pi computed over the last 2 hr (purple), the last hour
(green), the next hour (orange), and the next 2 hr (red) relative to the calculation of Wi. (b) Simulated IP variation with
the basic parameterization (blue) and with the modified parameterization of the precipitation factor given by (12) with
Pi computed over the last 2 hr and the next 2 hr relative to the calculation of Wi (purple). (c) Simulated IP variation
with the basic parameterization (blue) and with the modified parameterization of the precipitation factor given by (16)
(purple). (d) Simulated IP variation with the basic parameterization (blue) and with the following modified
parameterizations of the CAPE factor: (14) with the threshold value 𝜀0 equal to 0.6 kJ/kg (purple), 0.8 kJ/kg (green),
1.2 kJ/kg (orange), and 1.4 kJ/kg (red). (e) Simulated IP variation with the basic parameterization (blue) and with the
modified parameterizations of the CAPE factor given by (17) (purple) and (18) (green). (f) Simulated IP variation with
the basic parameterization (blue) and with the modified parameterization of the CAPE factor given by (19) (purple).

that contributions from grid cells are primarily determined by the precipitation factor); comparing this new
simulated variation with our basic curve, we observe that precipitation without CAPE cannot reproduce the
IP variation correctly.

Note, however, that using the modified parameterization of the precipitation factor (16) instead of the basic
equation (12) results in a better reproduction of the shape of the classical Carnegie curve even without the
CAPE factor (compare solid purple and dashed purple lines in Figure 3c). This is apparently due to the fact
that (16) better represents the contribution of regions where both Pi and Wi are very small and the ratio
Pi∕Wi cannot be reliably calculated within the model (e.g., the Antarctic and the Himalayas; see Figure 1a).
There are actually no thunderstorm generators in such regions, and when we multiply the precipitation
factor by the factor depending on CAPE they are effectively excluded; at the same time without the CAPE
factor using (12) tends to overestimate the contribution of these regions, while (16) works relatively well.
However, even (16) without the CAPE factor does not properly reproduce the shape of the diurnal variation
of the IP, as Figure 3c shows.
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Figure 4d shows the results of modifying the basic parameterization of 𝑓 by using threshold CAPE values
(𝜀0) in (14) other than 1 kJ/kg. We observe that the values of 𝜀0 smaller than 1 kJ/kg yield similar IP variation
curves, although the main maximum slightly shifts left with decreasing 𝜀0. On the other hand, if we further
increase 𝜀0, the main maximum becomes smaller, while the second maximum becomes more pronounced.
Comparing the curves presented in Figure 4d with the classical Carnegie curve (Figure 2b), we conclude
that our choice of 𝜀0 = 1 kJ/kg for the basic parameterization of the CAPE factor indeed produces the most
realistic IP variation.

Let us now consider other possible choices of the function 𝑓 instead of (14). One natural idea is to assume
a linear dependence between the charge separation current density and CAPE:

𝑓 (𝜀) = 𝜀

𝜀00
, (17)

where 𝜀00 is the characteristic value of CAPE in intense convective systems. Another option is to use the
quadratic formula

𝑓 (𝜀) =
(
𝜀

𝜀00

)2

; (18)

the reasoning behind this assumption is that the charge separation current is proportional to both the relative
velocity of colliding particles and the charge transferred in each collision, which, in its turn, is also related
to the relative velocity by a power law with the exponent about 2 or 3 (at least in the case of noninductive
charging; see Mareev & Dementyeva, 2017; Norville et al., 1991); thus, the charging current is proportional
to the third or fourth power of the relative velocity, or to 𝜀3∕2

i or 𝜀2
i (since CAPE is approximately proportional

to the square of this velocity; see Williams & Stanfill, 2002). Figure 4e shows the diurnal variation of the IP
computed with (17) and (18); it is clear that both these curves are similar in shape to our basic curve but
reach their main maxima earlier. It is remarkable that (17) and (18), which are power laws with different
exponents, produce nearly the same IP variation.

Finally, Figure 4f shows the IP variation corresponding to the parameterization that combines the afore-
mentioned ideas of cutting off shallow convection and a linear dependence of the charge separation current
on CAPE:

𝑓 (𝜀) =
{

0, 𝜀 < 𝜀0,

𝜀∕𝜀00, 𝜀 ≥ 𝜀0,
(19)

where 𝜀0 = 1 kJ/kg is assumed. We observe that the curves determined by (14) and (19) are very similar,
notwithstanding that the former assumes identical contributions from the clouds with CAPE above the
threshold and the latter assumes these contributions to be proportional to the CAPE value.

Summarizing the discussion above, we conclude that the position of the threshold has a greater effect on
the simulated IP variation than the exact law relating the charging current and CAPE.

4.6. Further Discussion
We have seen that all natural modifications of our basic parameterization do not increase the magnitude
of the simulated diurnal variation, which is required to reach quantitative agreement with the classical
Carnegie curve. This is not a specific problem of the parameterization discussed in this paper; the IP variation
simulated by Mareev and Volodin (2014) using the INMCM and the variation of GEC parameters simulated
by Jánský et al. (2017) using the CESM also have smaller magnitudes than the classical Carnegie curve.
Now we will discuss possible explanations of this discrepancy and suggest further ideas aimed at faithful
modeling of the diurnal variation of the GEC.

It is usually thought that the shape of the Carnegie curve is primarily determined by continents, as thunder-
storm activity over them has a noticeable diurnal variation, reaching its maximum around 16:00 local time;
at the same time the contribution of oceans has a less pronounced variation (e.g., Mach et al., 2011, Figure
14), although, according to simulations, they also have their own diurnal cycle with a maximum between
2:00 and 6:00 local time (Slyunyaev et al., 2019, Figure 3). Figure 5 compares contributions of different land
and ocean regions to the IP simulated using equation (15) with the basic parameterization (technically we
just restrict the summation in (15) to the grid columns pertaining to each particular region). Here we use
the same partition of the Earth's surface (see Figure 5a) that was previously used by Slyunyaev et al. (2019).
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Figure 5. (a) Partition of the Earth's surface into regions for analyzing contributions to the IP, as in Slyunyaev et al.
(2019). (b)–(e) Simulated diurnal variations of contributions of different regions to the IP in different seasons. The
colors and labels in panels (b)–(e) are chosen according to panel (a), except for gray which represents the combined
contribution of regions 1, 4, 7, and 10 (the contribution from region 14 is not included, being extremely small). All
contributions to the IP are shown as fractions of the global annual mean.
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Figure 6. (a)–(d) Simulated diurnal variations of contributions of large land regions (“chimneys”) to the IP in different
seasons. (e)–(h) Simulated diurnal variations of contributions of oceans to the IP in different seasons. Here oceanic
regions with many large islands are counted as land regions; the assumed partition of the Earth's surface corresponds
to that shown in Figure 5a as follows: land regions include Europe and Africa (1, 2), Asia and Australia (4–7), and the
Americas (10–12); oceanic regions include the Indian Ocean (3), the Pacific Ocean (8, 9), and the Atlantic Ocean (13).
All contributions to the IP are shown as fractions of the respective seasonal means for the net contributions of land and
oceans. Note that the colors do not directly correspond to those used in Figure 5.

We see that, according to the model, pure oceans and oceanic regions with many large islands (namely, the
Maritime Continent and Middle America) make a much larger contribution to the GEC than continents,
while the relative peak-to-peak variation of their total contribution is much smaller (see Figures 5b–5e).

To demonstrate the difference of amplitudes more clearly, in Figure 6 contributions to the IP from land
regions and oceans are shown separately as fractions of their respective means. For convenience, we have

ILIN ET AL. 18 of 24



Journal of Geophysical Research: Atmospheres 10.1029/2019JD032130

grouped the regions shown in Figure 5a into larger areas, combining land regions (including the “intermedi-
ate” oceanic regions with many large islands) into the so-called “chimneys” of the GEC (Europe and Africa,
Asia and Australia, and the Americas; see, e.g., Williams & Mareev, 2014) and combining oceanic regions
into three major oceans (Indian, Pacific, and Atlantic); for the exact correspondence between these regions
and those of Figure 5a, see the caption of Figure 6. Now it is easy to see that contributions of land regions
(Figures 6a–6d) indeed have much greater diurnal peak-to-peak amplitudes than contributions of oceans
(Figures 6e–6h). A quantitative comparison between seasonal means and diurnal peak-to-peak amplitudes
of contributions to the IP from land and oceanic regions can be found in Table 1; for completeness, the
values corresponding to the full year are also given there (although we do not plot the annually averaged
counterparts of Figures 5b–5e and Figures 6a–6h).

Looking at Figures 5b–5e, which show how contributions from different regions make up the simulated IP
variations for each season, we conclude that the simulated Carnegie curve is to a large extent determined
by contributions from oceanic regions, South America, Africa, and Southern Asia. We see that the annual
dynamics of the simulated diurnal variation (which we have seen in Figures 2c–2f) is primarily caused by
two factors. First, the model-predicted contribution from South America, which is responsible for the main
maximum of the Carnegie curve, is substantially reduced during MJJ and ASO. Second, the simulated con-
tribution from Southern Asia, responsible for the secondary maximum of the IP, is substantially increased
during the same two seasons.

Thin gray strips in the upper parts of Figures 5b–5e correspond to the combined contribution to the IP of
Europe, Northern Asia, Northern America, and Australia; this contribution is dominated by Australia during
NDJ and FMA and by Northern America during MJJ and ASO, but in either season it is too small to signifi-
cantly affect the shape and magnitude of the global Carnegie curve. This may seem somewhat unexpected
in the light of the fact that aircraft and satellite measurements imply a substantial contribution of North
America to the global lightning flash rate (LFR), at least in (Northern Hemisphere) summer (see Mach
et al., 2011, Figure 3; Blakeslee et al., 2014, Figure 6). It is unclear whether this is a consequence of modeling
shortcomings or just a reflection of the fact that the IP is not proportional to LFR, being produced by both
thunderstorms and ESCs.

The results of our simulations presented in Figures 5 and 6, and Table 1 agree with those of Mareev and
Volodin (2014), whose model also produced a significant contribution of ocean convection to the IP with a
nearly flat diurnal variation. At the same time estimates on the basis of aircraft and satellite measurements
usually indicate that the contribution of oceans to the GEC is indeed flat but rather small (Blakeslee et al.,
2014; Mach et al., 2011). Therefore, the underestimated peak-to-peak amplitude of the simulated IP variation
(especially during MJJ and ASO) makes it natural to suppose that parameterizations based on evaluating
contributions to the IP from convective activity tend to overestimate the role of oceans. Indeed, according
to our simulations, land regions maintain an annual average of 46% of the total IP and oceans provide the
remaining 54%, but their diurnal peak-to-peak amplitudes are 32% and 10% of the mean, respectively (see
Table 1). When land and oceans are combined, this yields a peak-to-peak amplitude of 18%, which is about
half as much as the amplitude of the classical Carnegie curve of 34%. Thus, if we reduced the contribution
of oceans by about a factor of 2 or 3, we would obtain a considerably better IP variation, whose amplitude
would be closer to that of the classical Carnegie curve.

However, even after this transformation the main maximum of the simulated IP variation would be reached
about 2 hr earlier than that of the Carnegie curve. What is more important, this could not explain the con-
spicuous difference of amplitudes corresponding to winter (NDJ and FMA) and summer (MJJ and ASO),
clearly visible in the results of simulations but absent in the Carnegie data (see Figures 2c–2f and Table 1)
and in the data from other measurement campaigns (e.g., Burns et al., 2017; Figure 8). In addition, the whole
idea of simply reducing the contribution of oceans lacks thorough substantiation on the basis of precise
physical criteria; note that Mach et al. (2011) found that oceanic thunderstorms and ESCs actually produce
greater mean currents than their land counterparts, although, strictly speaking, it would be more natural to
compare current densities rather than total currents supplied by clouds.

A more consistent approach to improving the IP parameterization is based on adjusting the criteria used to
single out electrified clouds. Liu et al. (2010), who analyzed the GEC diurnal variation on the basis of the
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TRMM satellite data, divided all clouds without lightning into ESCs and nonelectrified clouds (of which
the former contribute to the GEC and the latter do not do so) on the basis of estimating a 30-dBZ radar
echo-top temperature. Although the criterion that they employed to distinguish ESCs from nonelectrified
clouds was rather rough (apart from setting a lower limit for the cloud area, they arbitrarily associated ESCs
with the temperature range characterized by the occurrence of lightning above 10%), a comparison of their
mean annual geographical distribution of rainfall (Liu et al., 2010, Figure 3) with our Figure 1a suggests
that a substantial fraction of grid columns characterized by a relatively large precipitation factor Pi∕Wi is
occupied by nonelectrified clouds. Of course, when we multiply the precipitation factor in equation (15) by
the CAPE factor, we partially eliminate these clouds, as they are often characterized by shallow convection;
notwithstanding, it seems that to achieve a more accurate IP parameterization, one should employ subtler
criteria.

Recently, Peterson et al. (2015, 2017) have developed an algorithm for estimating the currents supplied by
GEC generators on the basis of the data obtained with the TRMM and GPM (Global Precipitation Measure-
ment) satellites. It has turned out, however, that the best agreement with the classical Carnegie curve is
reached when only convective sources are taken into account, while all stratiform clouds are assumed to be
nonelectrified (Peterson et al., 2017, Figure 2). This confirms our idea that to obtain a realistic Carnegie curve
in simulation, one needs relatively subtle criteria that would allow accurate elimination of nonelectrified
clouds. It should be emphasized that the algorithms used to differentiate between convective and strati-
form clouds in satellite data are based upon analyzing the precipitation radar reflectivity profiles, something
inaccessible in large-scale modeling. Also, note that aircraft measurements suggest that contributions from
stratiform clouds to the Wilson current may be significant (Peterson et al., 2015), which makes the situation
even more complicated; further research in this direction is probably needed to completely understand the
implications of satellite results.

We have seen that both the precipitation factor and the CAPE factor in formula (15) are important for cor-
rect representation of the diurnal variation of the IP (see Figures 3b and 3c). It is interesting that a similar
parameterization involving the product of CAPE and precipitation has been recently suggested to predict
the geographical distribution and diurnal variation of LFR (Romps et al., 2014, 2018). As noted by Slyunyaev
et al. (2019), from a physical perspective it seems more natural to identify this product with contributions
to the GEC rather than with LFR, for it does not distinguish thunderstorms from ESCs. Figure 3d, showing
the results of simulating the IP using equation (15) with linear 𝑓 (𝜀) and 𝛼i ∝ Pi∕W0 (or, in other words, with
the contributions of grid cells proportional to 𝜀i · Pi), confirms this idea, considering that the resulting plot
is more or less similar to the Carnegie curve obtained with our basic parameterization. It is not hard to see
that these two parameterizations are actually based on the same ideas of reducing the impact of grid cells
with low CAPE and estimating the area covered by convection on the basis of the amount of precipitation.
In this regard, the product of CAPE and precipitation appears to characterize contributions to the GEC, and
it is not unlikely that it provides a satisfactory proxy for LFR just because of the existing positive correlation
between LFR and contributions to the IP.

To summarize, neither of the existing attempts to simulate the diurnal variation of the GEC using a climate
or weather forecasting model has succeeded in obtaining a realistic peak-to-peak amplitude (cf. Mareev &
Volodin, 2014, Figure 1a; Lucas et al., 2015, Figure 7; Jánský et al., 2017, Figure 3a). Our analysis has shown
that when parameterizing the IP, it is important to take into account both convective activity (CAPE) and the
area covered by electrified clouds (which can be inferred from the amount of precipitation), but neither of
various reasonable alterations of our basic IP parameterization is able to significantly improve the agreement
in magnitude between the simulated IP variation and the classical Carnegie curve. It appears that large-scale
models with rather coarse grids do not allow complete elimination of nonelectrified clouds, and subtler
criteria are needed. Such criteria may involve vertical profiles of microphysical characteristics of clouds
calculated within weather forecasting models, such as radar reflectivity or mixing ratios and concentrations
of hydrometeors of different types. One promising idea is to express source currents directly in terms of
charged particle concentrations and vertical velocities; it is also possible that source currents depend on the
regional aerosol content. However, accurate calculation of microphysical variables requires using finer grids,
and the results presented in this article are probably the best that we can obtain from large-scale modeling.
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5. Conclusions
1. The diurnal variation of the GEC can be simulated in climate and weather forecasting models by esti-

mating contributions of grid columns to the IP. A parameterization based on cutting off the grid columns
with weak convective activity and estimating the area covered by GEC generators (electrified clouds) in
each column from the amount of precipitation, suggested by Slyunyaev et al. (2019), yields the IP varia-
tion whose shape is nearly identical to that of the classical Carnegie curve with a correlation coefficient
of 0.97, albeit with a smaller peak-to-peak amplitude (18% against 34% of the mean) and maxima and
minima shifted by 1–2 hr.

2. A more detailed analysis shows that it is crucially important to take into account in the IP parameteri-
zation both convective activity (cutting off shallow convection or at least reducing its contribution) and
the area covered by electrified clouds (which can be estimated using the calculated precipitation). Omis-
sion of either of these factors results in poor similarity between the modeled IP variation and the classical
Carnegie curve. At the same time the variability of the heights of cloud boundaries does not have a
substantial effect on the diurnal variation of the IP.

3. When we parameterize the area covered by thunderstorms on the basis of precipitation, the duration of
the time period over which precipitation is totaled does not affect the IP variation very much, provided
that the middle of this period remains the same; if the middle of this period changes, the IP graph shifts
in the opposite direction.

4. When we parameterize the charging current using CAPE, setting a threshold to cut off shallow convection
yields better results than setting a power law (e.g., linear) dependence between the charging current and
calculated CAPE. If such a threshold is set, its position has much greater effect on the IP variation than
the exact law relating the charging current and CAPE above this threshold. The best results are obtained
when the threshold is set at about 1 kJ/kg (for a 1◦ × 1◦ grid).

5. The results of simulation show the best agreement with the results of measurements (e.g., the Carnegie
data) during Northern Hemisphere winters. The shape of the simulated diurnal variation of the IP sub-
stantially changes throughout the year owing to the decrease of South America's contribution and the
increase of Southern Asia's contribution in summer. It appears that the simulation generally overesti-
mates the contribution of oceans (about one half of the mean IP, provided that the Maritime Continent
and Middle America are counted as oceans), which are characterized by a smaller diurnal peak-to-peak
amplitude than land regions (10% and 32% of their respective means).

6. The discrepancies between the results of modeling and the results of observations (including the appar-
ent overestimation of the oceanic contribution to the GEC) are probably caused by the limited ability of
large-scale models to differentiate between electrified and nonelectrified clouds. Further improvement
of the parameterization of the IP in models of atmospheric dynamics is probably impossible without
recourse to finer grids, which should allow computing microphysical characteristics of clouds and using
them for a more accurate estimation of source currents.

Appendix A: Computation of the Mean Ionospheric Potential
Variation
Here we discuss technical details of computing the mean diurnal variation of the IP using the WRF model
and the parameterization of section 3 (or any its modification).

In every one of the 732 48-hr model runs (see section 2) we calculate the IP every hour by means of
equation (15). As we have already noted in section 2, the results over the first 12 hr since the model initi-
ation, when the data absent in initial conditions are not yet reproduced correctly, are not reliable. This is
easy to see in Figure A1, which shows the evolution of the IP calculated by means of equation (15) with
the parameterization of section 3, averaged over the 366 model runs initiated at 0:00 UTC and 366 model
runs initiated at 12:00 UTC; for convenience, the contributions of land and ocean (according to the stan-
dard land/sea mask of the WRF model) to the total IP are shown in separate panels, considering that their
variations have essentially different magnitudes.

It is clear that the plots corresponding to model runs starting at 0:00 UTC and 12:00 UTC have similar inter-
vals of increase and decrease and local maxima and minima at nearly the same hours (after the natural 12-hr
shift). However, neither of the plots exactly repeats itself after 24 hr, which is not surprising in view of the
remark made in section 2 that precipitation parameterizations used in weather forecasting models are not
perfect and probably contain systematic errors. This is one reason that we do not simulate the atmospheric
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Figure A1. The evolution of land (a) and ocean (b) contributions to the IP calculated by means of equation (15) with
the basic parameterization of section 3 in 48-hr WRF simulations, averaged over the 366 model runs initiated at 0:00
UTC (blue) and 366 model runs initiated at 12:00 UTC (red). In each panel the IP is shown as a fraction of the mean
value over the time interval between 18 and 42 hr since model initiation; the dashed segments of the plots lie outside
this time interval.

dynamics over time intervals longer than 48 hr but rather start separate model runs for each day of the year.
Another reason behind this approach is the necessity to take into account the variability of the state of the
ocean (e.g., the dynamics of the sea surface temperature) when modeling atmospheric dynamics on a time
scale of several days; this variability is not explicitly taken into account by the WRF (but can be incorporated
in the WRF from other sources). Finally, we would like to note that the equations that govern atmospheric
dynamics generally have unstable solutions (that is, slight perturbations of initial conditions eventually
result in a substantial modification of the calculated weather and climate variables). Therefore, simulation of
atmospheric dynamics on large time scales requires additional adjustment procedures, which are common
in general circulation models, but not in weather forecasting models, to which the WRF belongs. However,
this instability becomes an important issue only when the simulated period includes several weeks.

Once again looking at Figure A1, we observe that in each case it takes even more than 12 hr for the IP
variation to become quasiperiodic. In view of this observation, we restrict our attention to the time interval
between 18 and 42 hr since the model initiation. To obtain a periodic curve representing the diurnal varia-
tion, we use the following “regularization” procedure. We consider two 24-hr data sets representing the IP
evolution between 18 and 42 hr since the model initiation, (i) the average of the 366 model runs initiated
at 0:00 UTC and (ii) the average of the 366 model runs initiated at 12:00 UTC. Obviously, the two data sets
correspond to the 24-hr intervals starting and ending at 18:00 UTC and 6:00 UTC, respectively.

First, we make each of these data sets periodic by linearly adjusting IP values while keeping the mean value
of the IP the same. More precisely, we add such linear function of time to the function representing the
computed IP variation that the adjusted IP at 18 hr is equal to the adjusted IP at 42 hr, while the mean value
of the adjusted IP over the interval between 18 and 42 hr is equal to that of the original (unadjusted) IP.
The latter condition clearly amounts to demanding that the linear function be equal to zero at 30 hr (in the
middle of the interval).

After the adjustment we have two 24-hr periodic data sets representing the IP evolution, one of them starting
and ending at 18:00 UTC and the other starting and ending at 6:00 UTC. After appropriate shifting both
these data sets represent the diurnal variation of the IP, and we take the average of these two variations as
the final result. The main advantage of this approach, based on averaging the two model runs initiated with
a 12-hr difference, is that it allows us to make the estimation of the diurnal variation more symmetrical and
partially compensate for the variable accuracy of the model at different stages of a 48-hr simulation.
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