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Abstract This work analyzes different current source and conductivity parameterizations and their
influence on the diurnal variation of the global electric circuit (GEC). The diurnal variations of the current
source parameterizations obtained using electric field and conductivity measurements from plane
overflights combined with global Tropical Rainfall Measuring Mission satellite data give generally good
agreement with measured diurnal variation of the electric field at Vostok, Antarctica, where reference
experimental measurements are performed. An approach employing 85 GHz passive microwave
observations to infer currents within the GEC is compared and shows the best agreement in amplitude
and phase with experimental measurements. To study the conductivity influence, GEC models solving the
continuity equation in 3-D are used to calculate atmospheric resistance using yearly averaged conductivity
obtained from the global circulation model Community Earth System Model (CESM). Then, using current
source parameterization combining mean currents and global counts of electrified clouds, if the exponential
conductivity is substituted by the conductivity from CESM, the peak to peak diurnal variation of the
ionospheric potential of the GEC decreases from 24% to 20%. The main reason for the change is the
presence of clouds while effects of 222Rn ionization, aerosols, and topography are less pronounced.
The simulated peak to peak diurnal variation of the electric field at Vostok is increased from 15% to 18%
from the diurnal variation of the global current in the GEC if conductivity from CESM is used.

1. Introduction

The global electric circuit (GEC) is established by the naturally occurring presence of a thin veneer of insulating
air (our atmosphere) sandwiched between the highly conducting Earth and the ionosphere (e.g., Williams,
2009). Wilson (1921) first suggested that thunderstorms and electrified shower clouds, called together elec-
trified clouds, are the main generators in the GEC responsible for maintaining the potential difference of
approximately 240 kV (e.g., Markson, 2007). In “fair-weather” regions, away from generators, a current density
of several picoamperes per square meter flows from the ionosphere to the ground and a vertical electric
field between 100 and 300 V m−1 can be measured near ground level (Burns et al., 2012). During the first
quarter of the twentieth century, the Carnegie Institution of Washington operated survey ships, which made
hourly measurements of the atmospheric electric field in oceanic air (e.g., Harrison, 2013, and references
therein). The measurements suggested that the diurnal field variation in universal time was independent of
the ship’s position and that it is a key part of the understanding of the GEC (Aplin et al., 2008; Harrison, 2013).
Recent measurements of the electric field on the Antarctic plateau complement and improve the accuracy
and understanding of the diurnal variation of the electric field near the ground (Burns et al., 2012, 2015).
The Antarctic plateau provides advantages that appear useful for long-term as well as short-term measure-
ments of the atmospheric global circuit: it is distant from major sources of natural and anthropogenic aerosols,
no local biological activity, atmospheric water vapor content is minimal, and wind-induced variations in
conductivity associated with natural radioactivity are absent (Burns et al., 2012).

The relation of the diurnal variation of the electric field near the ground with electrified clouds was first exam-
ined by Whipple (1929) and Whipple and Scrase (1936). It was found that worldwide thunder day statistics
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produced a curve with similar phase, but incorrect amplitude. Mach et al. (2011) combined the analysis of
high-altitude aircraft observations of electrified clouds with diurnal lightning statistics (Bailey et al., 2007).
Using basic assumptions about the mean storm currents as a function of flash rate and location (i.e., land
or ocean), a very good agreement in amplitude with the diurnal variation of the surface electric field was
achieved. Liu et al. (2010) utilized 10 years of Tropical Rainfall Measuring Mission (TRMM) observations.
The global diurnal variation of rainfall, the raining area from thunderstorms, and electrified shower clouds
were derived and provided a better match to the diurnal variation of the surface electric field than that
obtained by Whipple (1929).

Numerical modeling of GEC complements the experimental measurements and serves to provide better
understanding of physical mechanisms recently reviewed in (e.g., Williams & Mareev, 2014). Numerical models
are useful for creating the forecasts of the expected electrical conditions. Recently, Mareev and Volodin (2014)
used the general circulation model INMCM4.0 for modeling of GEC, and forecasting ionospheric potential and
lightning flash rate. The parameterization of ionospheric potential (Kalinin et al., 2011) was utilized, which
takes into account quasi-stationary currents of electrified clouds, determined from areas where convection
arises in INMCM4.0, as principal contributors to the GEC. Mareev and Volodin (2014) evaluated the diurnal
variation of the ionospheric potential and suggested to study GEC with more realistic conductivity model.
Another global circulation model, specifically the Community Earth System Model (CESM), has recently been
extended to provide a calculation of conductivity in the troposphere and stratosphere (Baumgaertner et al.,
2013, 2014). Lucas et al. (2015) utilized CESM including global conductivity and developed a new model-
ing framework of the GEC for use within CESM that is called Whole Atmosphere Community Climate Model
(WACCM)-GEC. This framework utilizes current source distributions based on parameterization of convective
mass flux (Kalb et al., 2016). Convective mass flux is a quantity from CESM, which correlates best with electric
currents above thunderstorms (Kalb et al., 2016).

The motivation for present work is to model and compare the diurnal variation of the GEC using several dif-
ferent modeling strategies for current source parameterizations and to analyze the influence of conductivity,
obtained from CESM, on the diurnal variation. Bayona et al. (2015) developed a three-dimensional GEC model
with ability to incorporate topography with very high precision and described two methods for incorporating
current sources due to electrified clouds into the model. For the first method, the sources are input as current
dipoles with each dipole representing an electrified cloud. This method is used to study the effects of the
global conductivity distribution obtained from CESM on the diurnal variation of the global current and iono-
spheric potential of the GEC. Second, the sources are input as current density distributions at a fixed altitude
above the electrified clouds. Two methods (Kalb et al., 2014; Peterson et al., 2015) of obtaining the global
current distribution at 20 km come from a combination of local measurements obtained from plane over-
flights (either current density or 85 GHz passive microwave observations) with global satellite data (either
thunderstorm and electrified shower cloud counts or 85 GHz passive microwave observations) and two meth-
ods (Kalb et al., 2016; Lucas et al., 2015) utilizing the global circulation model CESM are used. There is a con-
nection between the models, as data from (Kalb et al., 2014) were used for calibration of parameterization of
current at 20 km using convective mass flux, which can be obtained from models like CESM (Kalb et al., 2016),
and Lucas et al. (2015) used CESM with a parametrization of current (Kalb et al., 2016). The model of Lucas
et al. (2015) is used to quantify the effect of conductivity in the fair-weather part of the GEC. This conductivity,
obtained from CESM, has an effect on the diurnal variation of the electric field at Vostok, where corresponding
experimental measurements were made (Burns et al., 2012).

The specific goal of the present work is to conduct a comparison of performances of previously developed
models when these are executed under similar conditions. The annual average of diurnal variation is selected
as a common line for comparison in present work. It is important to note that the diurnal variation in the
literature is usually represented in relative values to mean instead of absolute values. In this work we refer to
the diurnal variation represented in relative values as simply “diurnal variation.”

2. GEC Models and Approaches

In this section 2 we describe all modeling approaches used in this work and corresponding results are sum-
marized in Table 1. First, in section 2.1, two GEC models using current dipoles to represent thunderstorms
(RBF and FVS) are described. These models are applied in section 3.1 for evaluation of resistance of atmo-
sphere, which is a first necessary step before evaluation of ionospheric potential. In section 3.2, GEC model
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Table 1
Maxima and Minima of Diurnal Variations for Results Shown in Figures 2 (FVS-𝜙) and 3 (Others)

Minimum Maximum

Model Peak Time Peak Time Description

Burns et al. (2012)-E 86% 4:00 119% 19:30 Direct measurements

TRMM-MEAN-I 86% 3:00 110% 14:00 Land/ocean storm counts

TRMM-PMO-I 84% 4:00 117% 20:00 Microwave observations

Mach et al. (2011)-I 77% 4:30 119% 20:30 Land/ocean storm counts

CESM-I 91% 4:00 106% 15:00 Convective mass flux from CESM

CESM-E 90% 4:00 108% 14:00 Using CESM (WACCM-GEC model)

FVS-𝜙 (Figure 2, CESM 𝜎) 90% 3:00 110% 21:00 Using TRMM-MEAN-I and CESM 𝜎

Note. Diurnal variations based on last letter of model label are: “E” represents field on ground at Vostok, “I” represents the
source current parameterizations, and “𝜙” represents ionospheric potential variation. The table is structured to present
direct measurements first, current parameterizations second, and GEC models third.

FVS is used with realistic current and conductivity distributions to study the effect of realistic conductivity on
diurnal variation of ionospheric potential (FVS-𝜙).

Second, in section 2.2 the methods using the current above thunderstorms are described. Section 2.2.1 covers
the current parameterization derived from mean thunderstorm currents obtained from plane overflights
combined with global TRMM satellite data on thunderstorm distribution (TRMM-MEAN-I), and current param-
eterization derived from passive microwave observations from plane overflights combined with global TRMM
satellite data of passive microwave observations (TRMM-PMO-I). These results are presented in section 3.3.2.
Section 2.2.2 describes the use of GEC model within global circulation model CESM. Two data sets are pro-
duced and presented in section 3.3.1: current distribution above the thunderstorms (labeled CESM-I) and
electric field on the ground at Vostok location (labeled CESM-E).

2.1. GEC Models Using Current Dipoles
We use two three-dimensional spherical models (r, 𝜃, 𝜑) to represent electrical behavior of the GEC. First, the
model based on radial basis functions is described in (Bayona et al., 2015; Fornberg & Flyer, 2015) and is
referred to as RBF in this work. Second, a model based on a finite volume method on a structured mesh is
described in Jánský and Pasko (2014) and is referred to as FVS. The models are based on the steady state
current continuity equation for current density j⃗:

∇⃗ ⋅ j⃗ = Scur , (1)

where current density j⃗ = 𝜎 E⃗ is the product of electric field E⃗ and conductivity 𝜎 and the quantity Scur rep-
resents the current source term. In both models, equation (1) is solved for unknown electric potential 𝜙
(∇⃗𝜙 = −E⃗), which is also used for boundary conditions described later in this section.

The schematics of the simulation domain are shown in Figure 1a. The domain is bounded by two conductive
spherical layers with Dirichlet boundary conditions for potential. The potential on Earth’s surface at rEarth =
6, 371 km is set to𝜙Earth =0 V. The top boundary of the computational domain is referred to in this work as top
ionospheric boundary (TIB) and is set at altitude hTIB =60 km in RBF model and 55.2 km in FVS model, and its
potential 𝜙TIB is set depending on the considered model case, see end of section 2.1 for more details. In GEC
framework this boundary should not be confused with altitude range of the Earth ionosphere that extends
to higher altitudes. In GEC this boundary is referred to altitude where conducting medium can be treated
with high accuracy as equipotential (Jánský & Pasko, 2014). Ionospheric potential is defined as the potential
difference between TIB and Earth: 𝜙IE =𝜙TIB − 𝜙Earth.

The model developed by Bayona et al. (2015) is used with the radial coordinate split into 120 nodes with a
stretching constant 0.05 and a horizontal resolution of 1.5∘ in latitude and longitude. The model developed in
Jánský and Pasko (2014) is a time-dependent model that includes a conducting Earth as part of the simulation
domain. For the purpose of this paper, the boundary conditions are adjusted as described above and shown
in Figure 1a. Equation (1) is solved using finite volume method and the direct solver MUMPS (Amestoy et al.,
2001) analogously to the solution of Poisson’s equation described in Jánský and Pasko (2014). A structured
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Figure 1. (a) Schematics of the computational domain. Full view on Earth and top ionospheric boundary (TIB) drawn not to scale. (b) Decimal logarithm of
columnar resistance (log10 Ωm2) between Earth and top ionospheric boundary as a function of longitude and latitude.

mesh is used with 144 cells in the longitudinal direction and 95 in the latitudinal direction, utilizing the same
horizontal grid used for the conductivity calculations in CESM. In the radial direction, 40 points with a mesh
step of 0.25 km are used to describe the bottom of the atmosphere and then the mesh step expands with a
factor 1.1 with increasing altitude. In total 70 points in the radial direction are used.

In the altitude range from 0 to 60–70 km the lower and upper boundaries can be considered as perfect con-
ductors (Dejnakarintra & Park, 1974). Conductivity in this range is isotropic (e.g., Dejnakarintra & Park, 1974,
Figures 4a and 4b). Three choices of conductivity, 𝜎, are used in this work. The first one is an exponential
approximation (e.g., Dejnakarintra & Park, 1974):

𝜎(h) = 5 × 10−14 exp (h∕l) S m−1, (2)

where h is altitude and l=6 km is the altitude scaling distance. The second one is the yearly average of conduc-
tivity obtained from the global circulation model CESM. We use the stand-alone atmospheric component con-
figuration with the Community Atmosphere Model (CAM5) extended to the Whole Atmosphere Community
Climate Model (WACCM). Conductivity reduction for nonelectrified clouds is estimated to range from 1/10
(Nicoll & Harrison, 2009) to 1/50 (Zhou & Tinsley, 2010). The value 1/50 is selected in CESM simulations for con-
sistency with previous work (Baumgaertner et al., 2014). The columnar resistance (Baumgaertner et al., 2013,
equation (10)) as a function of latitude and longitude is shown in Figure 1b. The CESM is free running with a
time step of 30 min, a resolution of 2.5∘ in longitude and 1.9∘ in latitude, with 70 vertical levels distributed
in modified pressure coordinates, which correspond to roughly 140 km as the top height. Only 51 levels
up to roughly 70 km are used for conductivity calculation. The conductivity module of CESM is developed
and described in Baumgaertner et al. (2013, 2014). The yearly average conductivity is calculated from time
resolved conductivity 𝜎(t) as the harmonic mean value over the years 2005–2007:

�̄� = N∑
N

1
𝜎(t)

, (3)

where N represents the number of time steps over the years 2005–2007. This equation can be interpreted as
the mean value for resistivity (∼1/𝜎) and is an appropriate representation of the total resistance of the atmo-
sphere as will be described in section 3.1. The conductivity from CESM includes topography (elevated regions
lead to drop in atmospheric resistance), 222Rn ionization (increase in ionization above ground leads to drop
in atmospheric resistance), aerosols, and clouds (decrease of conductivity due to attachment to large parti-
cles leads to increase of atmospheric resistance). The current convergence/divergence around fair-weather
clouds developed in Baumgaertner et al. (2014) is also included. Years 2005–2007 are selected to include the
year 2005, which was used to evaluate the current parameterization (Kalb et al., 2016) with the model CESM.
Three year range is selected to minimize the effect of interannual variation.

To separate out the effects of clouds, the conductivity without clouds is also used for the study of the
diurnal variation (Baumgaertner et al., 2013, Figure 7a). This conductivity profile includes 222Rn ionization,
aerosols, and topography. It is important to note that the treatment of clouds in CESM has advanced since
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Baumgaertner et al. (2013) and that is why the conductivity profile with clouds is simulated again from CESM
instead of adopting data from Baumgaertner et al. (2013, Figure 7b).

The source term, Scur, is input as a current dipole representing the contribution of electrified clouds. The exact
distribution of altitudes for current dipoles over Earth is not available, and therefore, for this work altitudes
of the current dipoles, Is = Scur Vs, are assumed to be 4.5 km for all bottom negative charge centers of the
electrified clouds and 9.5 km for all of the top positive charge centers, similarly to Jánský and Pasko (2014). Vs is
the volume of each pole consisting of two cells in the computational domain. One cell is placed above the
other forming a current monopole from 9.25 km to 9.75 km for the top pole. The distribution of the amplitudes
of the current dipoles, Is, is assumed to be proportional to the TRMM-MEAN-I, global distribution of current
density at 20 km obtained from the TRMM mission (Kalb et al., 2014) which is further described in section 2.2.1.
The constant of proportionality is selected arbitrarily as it has no effect on the diurnal variation, which, as
already noted in section 1 is represented in relative values. This distribution provides time (1 h) and space (1∘)
representation of electrified clouds.

The computational strategy and equations described in Bayona et al. (2015, section 2) are used to solve
equation (1) in both RBF and FVS models. Briefly, first the resistance of the atmosphere Ra between two con-
ductive layers (Earth and TIB) is evaluated by imposing unit value𝜙TIB = 𝜙0 = 1 V and a domain free of sources
Scur = 0. Having denoted the solution of equation (1) for these conditions as j⃗f and using Ohm’s law, we obtain

Ra =
𝜙TIB

If
, If = −∯TIB

j⃗f ⋅ dS⃗ , (4)

where If denotes the downward directed current flowing between the Earth and TIB only due to the potential
difference 1 V. The resistances obtained from different models are compared in section 3.1.

The second step consists of evaluation of currents flowing upward to the TIB in the domain due to the elec-
trified clouds, current sources represented by dipoles. Scur is therefore included and represents the dipole
contribution (Bayona et al., 2015, section 4.6.1). Potential of the TIB is set to 𝜙TIB = 0 V as only in this case the
linear combination of solutions in both steps leads to the correct solution of the complete system. The upward
current Iu flowing to the TIB due to dipoles is obtained from solution of equation (1) for these conditions j⃗u:

Iu = ∯TIB
j⃗u ⋅ dS⃗ . (5)

The ionospheric potential for the combined system is then 𝜙IE = Ra Iu and current density is obtained by
linearly combining j⃗ = j⃗u + Ra Iu∕1 V j⃗f . It is important to note that current density j⃗ provides a solution with
balanced zero total current at TIB ITIB:

ITIB = ∯TIB
j⃗ ⋅ dS⃗ = 0 . (6)

2.2. GEC Models Using Current Above the Storm
2.2.1. Methods to Obtain the Current Above the Storm
An alternative method of obtaining current flowing upward to the TIB, Iu, without solving equation (1), uses
the knowledge of the global distribution of current density at 20 km produced from thunderstorms and elec-
trified shower clouds (Bayona et al., 2015, section 4.6.2). Then the integral of the global distribution of current
density at 20 km is equal to Iu.

Kalb et al. (2014) obtained the global distribution of current density at 20 km by analyzing TRMM observations.
Global total storm current distributions were computed from a precipitation and cloud feature database
employed in Liu et al. (2010), which is based on TRMM observations. This database contains counts of
thunderstorms and electrified shower clouds in 1∘ grid boxes between 35∘ south and 35∘ north latitudes.
Using the Liu et al. (2008) database, currents were first estimated by multiplying the Mach et al. (2010) mean
current values of 1.7 A for thunderstorms and 0.41 A for electrified shower clouds with the counts of thunder-
storms and electrified shower clouds over oceans from Liu et al. (2010). Also, the mean current values of 1.0 A
and 0.13 A were multiplied with the thunderstorm and electrified shower clouds over land. This methodology
produced a total current estimate of 1609 A. This value is more akin to the global current estimate of 1400 A
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(Kraakevik, 1961), yet it covers only the tropical and subtropical latitudes. Therefore, rare events with large
currents were removed from the current database to improve agreement, and new means computed. These
new means of 1.17 and 0.41 A for thunderstorms and electrified shower clouds over oceans, and 0.21 and
0.08 A over land (Kalb et al., 2016) were multiplied by the storm counts to produce a total current for each
grid box. This current is referred to as the TRMM derived current in present work and is abbreviated as
TRMM-MEAN-I. It has a 1 h diurnal resolution and is also used in section 3.2 as the current source for the
FVS method.

Peterson et al. (2015) developed an algorithm that leverages ice-scattering signals from 37 and 85 GHz passive
microwave observations to estimate the electric fields above electrified clouds at 20 km altitude. The basic
assumption of the algorithm is that cloud ice processes are the primary source of cloud charge. The amount
of charge generated should be a function of the frequency of collisions between ice particles, which depends
in part on the amount of ice in the cloud (Peterson et al., 2015). It was developed using a collocated passive
microwave and electric field data set produced from NASA ER-2 measurements and is shown to estimate
observed electric field strengths over intense convective clouds at least 71% (58%) of the time over land
and 43% (40%) of the time over the ocean to within a factor of 2 from 85 GHz (37 GHz) passive microwave
observations. Peterson et al. (2017) applied this algorithm to globally measured ice-scattering signals from
85 GHz using the TRMM satellite to obtain a global current distribution. The currents presented in this work
are computed at 20 km to compare with the other methods. Only the contribution of convective electrified
clouds is considered. The total contribution of stratiform clouds is assumed to be small. This assumption is
further discussed in section 4. Current distribution obtained from this method is referred to as TRMM-PMO-I
in this work.

The TRMM satellite has a non-Sun-synchronous 35∘ inclination orbit covering the tropics and subtropics, with
instruments for observing precipitation, clouds, and lightning (Kummerow et al., 1998). Given enough obser-
vation time, TRMM data provide detailed information about the diurnal cycles of precipitation and clouds
(Liu et al., 2010) and is representative for annual average of diurnal variation.
2.2.2. Methods Using the Global Circulation Model CESM
Kalb et al. (2016) developed a parameterization of current above storms using the convective mass flux, which
is a variable that can be obtained from models like CESM. Yearly averaged convective mass flux is first multi-
plied by the grid box area and integrated to isolate the mixed phase region of clouds, defined to be between
0 and −50∘C. Then, the data are binned, and the mean value within each bin is compared to the mean TRMM
derived current (TRMM-MEAN-I) in each bin. A power law relationship is fitted to the binned data, separately
for land and ocean data, as we would expect that the land and ocean regimes may have different relationships.
The parameterization was derived using CESM data from the year 2005. This current, obtained by applying
parameterization of Kalb et al. (2016) to CESM for the years 2005–2007, is referred to as CESM-I in this work.

Lucas et al. (2015) developed a modeling framework of the GEC for use within the global circulation models,
specifically CESM, called WACCM-GEC. Both source current and conductivity are obtained from CESM. In this
work, compared to Lucas et al. (2015), the CESM with improved source current parametrization (Kalb et al.,
2016) is used and the diurnal variation is evaluated as the mean value over the years 2005–2007. It is impor-
tant to note that CESM-I and CESM-E are obtained from the same simulation run of CESM. For analysis, the
fair-weather electric field at Vostok is obtained from this model (Lucas et al., 2015, equations (5)–(7)) and is
referred to as CESM-E in this work. The model is based on an equivalent circuit description of the fair-weather
part of the GEC, which neglects the small horizontal currents. For a horizontally coarse mesh used in CESM
this assumption is appropriate and speeds up the simulations significantly compared to 3-D GEC models.

3. Results
3.1. Resistance of the Atmosphere
The ionospheric potential based on computational strategy described in section 2.1 is solved in two steps.
First step consists of evaluating the resistance of the atmosphere Ra based on equation (4). It was found that
for arbitrary conductivity profile taken from CESM, FVS and RBF numerical models do not yield consistent
resistances due to mesh differences and interpolation. Therefore, it is necessary to achieve convergent results
from FVS and RBF models before advancing to second step of solution for ionospheric potential.
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In this section the resistance of atmosphere is calculated using the FVS and RBF models, and additionally, the
analytic representation of resistance

R =
⎡
⎢⎢⎢⎣

2𝜋

∫
0

𝜋

∫
0

⎛
⎜⎜⎝

60 km

∫
surface

dr
𝜎 r2

⎞
⎟⎟⎠

−1

sin 𝜃 d𝜃 d𝜑

⎤
⎥⎥⎥⎦

−1

(7)

is used for comparison. The resistance obtained from equation (7) is referred to as the integral approach in
the discussion that follows. Note that compared to the approach described in Baumgaertner et al. (2013,
equations (10) and (11)), we incorporate the radial coordinate, r, as a variable instead of setting it equal to
the radius of the Earth, rEarth. The two cases of conductivity are compared. The first is using exponential con-
ductivity, see equation (2), and the second corresponds to the yearly average of conductivity obtained from
CESM for conditions including topography, 222Rn ionization, aerosols, and clouds. It is important to add that
the analysis of topography influence with exponential conductivity profile on atmospheric resistance was
performed by Bayona et al. (2015). It was found that including Earth topography compared to the spherical
Earth’s surface decreases the atmospheric resistance by 10Ω.

For an exponential conductivity profile the GEC models have to converge to the same result as the integral
approach (see discussion in Jánský & Pasko, 2015, section 3.1). The integral approach is solved analytically,
and 234.8Ω is obtained. For the meshes described in section 2.1, the FVS model gives 234.9Ω and the RBF
model gives 235.4Ω. Both of the models agree within an accuracy of 0.3%. Additional convergence studies
performed using finer meshes with both models proved their validity and converged to 234.8Ω.

For the yearly averaged conductivity obtained from CESM: FVS gives 274Ω, RBF gives 267Ω, and the numer-
ical integral approach gives 279Ω. These values agree well with the annual mean resistance 285Ω obtained
from CESM for similar conditions with same cloud conductivity reduction 𝜂=1∕50 (Baumgaertner et al., 2014,
Table 1). Available values of atmospheric resistance in literature range from 110 to 300 Ω depending on con-
sidered assumptions (Baumgaertner et al., 2014; Zhou & Tinsley, 2010). For validation purposes the resistance
is compared only with the closest approach of Baumgaertner et al. (2014). It is important to note that using
the arithmetic mean value instead of the harmonic mean in equation (3) leads to a significantly lower resis-
tance of ∼210 Ω. The FVS, RBF, and the integral approach agree within 4%, which is considered a very good
agreement. The difference can be attributed to the following reasons. The FVS and RBF models both introduce
error through interpolation of conductivity onto their meshes. The integral approach follows the mesh but as
the horizontal variations of conductivity introduce small horizontal currents, which are neglected by integral
approach, resistance is higher compared to the resistances obtained from the 3-D GEC models. It is impor-
tant to note that if the conductivity from CESM is taken for a given time step instead of averaged conductivity
over multiple time steps using equation (3), the conductivity profiles are less smooth producing higher inter-
polation errors and higher resistance differences. In related studies (not shown here for the sake of brevity)
differences up to 20% were observed when using individual time step data within the 3-D solving models due
to large “jumps” in conductivity between mesh points.

In conclusion, the conductivity profiles obtained from CESM and processed using equation (3) provide con-
vergent resistances of atmosphere and can be used for analysis of the GEC using the 3-D GEC models. In the
next section, only FVS model is used to study diurnal variation as RBF model would provide the same results.

3.2. Diurnal Variation of Ionospheric Potential for Different Conductivities
In this section, the FVS model is used to study the influence of conductivity on the diurnal variation of the
ionospheric potential of the GEC. Ionospheric potential is found to be an important quantity, which can serve
as a global indicator relating the state of global electric circuit (GEC) to the planetary climate (e.g., Williams &
Mareev, 2014, section 10). The diurnal variation of ionospheric potential is proportional to diurnal variation of
current sources with constant of proportionality being atmospheric resistance (see section 2.1). The electrified
clouds are represented by dipoles according to the size, altitudes and source currents described in section 2.1.
The annual harmonic mean of conductivity from CESM, equation (3), is used.

The diurnal variation of the ionospheric potential, 𝜙IE, of the GEC is shown in Figure 2a. First, the diurnal vari-
ation of ionospheric potential 𝜙IE with exponential conductivity, shown as the blue full curve, is the same as
the diurnal variation of the source current, TRMM-MEAN-I in this case. Second, the diurnal variation with con-
ductivity obtained from CESM, shown as the red dashed curve, decreases the first maximum at 14 UT from
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Figure 2. (a) Diurnal variation of ionospheric potential obtained from FVS model with current sources based on
TRMM-MEAN-I for three cases with different conductivity: exponential shown as blue solid curve, conductivity without
clouds (Baumgaertner et al., 2013) shown as green dash-dotted curve (No clouds, B13), and conductivity from CESM
including clouds shown as red dashed curve (CESM 𝜎). (b) Diurnal variation of ionospheric potential for exponential
conductivity (solid curves) and conductivity from CESM including clouds (dashed curves) for four areas of Earth. Areas
are defined by longitude intervals and are labeled by major contributing area: Africa 0∘:60∘ (black curves), Asia 90∘:180∘
(blue curves), America 240∘:330∘ (red curves), and Rest corresponds to rest of the world (purple curves).

110% to 106%, increases the second maximum at 21 UT from 109% to 110%, and increases the minimum at
3 UT from 86% to 90%. The peak to peak diurnal variation is therefore decreased from 24% to 20%. The diurnal
variation is split into contributions from geographic areas to identify the influence of each area on the diurnal
variation. The data for both exponential and CESM conductivity are shown as solid curve and as dashed curve
in Figure 2b, respectively. Geographic areas are defined by longitude intervals and are labeled by major con-
tributing area: Africa 0∘:60∘, Asia 90∘:180∘, America 240∘:330∘, and Rest corresponds to the rest of the world.
It is seen that with the conductivity from CESM the relative contribution of America, shown as red curves, is
increased around 20 UT. Africa’s contribution, shown as black curves, remains the same over the whole day.
Asia’s contribution, shown as blue curves, is slightly decreased from its peak at 8 UT until 20 UT. The rest of
the world, shown as purple curves, is decreased in particular after 12 UT.

The interpretation of the behavior observed in Figure 2 is not straightforward. The conductivity influences
ionospheric potential proportionally to ratio of columnar resistance between the bottom negative (BN) and
top positive (TP) charge centers, RBN-TP, to the columnar resistance from the earth surface to TIB, R0-TIB: 𝜙IE

∼ Is RBN-TP∕R0-TIB (e.g., Jánský & Pasko, 2015). The variation of columnar resistances has significant random
component due to the distribution of clouds seen in Figure 1b. Therefore, the conductivity profile without
clouds is used to separate out the influence due to clouds (Baumgaertner et al., 2013, Figure 7a). The diurnal
variation using the conductivity profile that includes 222Rn ionization, aerosols, and topography but no clouds
is shown as green dash-dotted curve in Figure 2a and is closer to the case with exponential conductivity than
to the case with clouds. It is seen that the combined presence of the above mentioned factors increases the
diurnal variation after 20 UT from 109% to 110%, while around 15 UT it is decreased from 110% to 108%.
The peak to peak diurnal variation is decreased from 24% to 23%.

In conclusion, the peak to peak diurnal variation is decreased from 24% to 20% by including the conductivity
profile from CESM. The main reason for the change is the presence of clouds. If clouds are removed, the peak to
peak diurnal variation is decreased from 24% to 23% by including 222Rn ionization, aerosols, and topography.
We note that clouds in CESM reproduce both the observed total cloud cover and the regional distribution
measured by satellites very well (Baumgaertner et al., 2014, and references therein). It is important to mention
that in this analysis the yearly averaged data are used for both current sources and conductivity. The current
sources and conductivity vary on shorter timescales in the GEC, and therefore, with better time refined analysis
the related variability is expected to be observable.

3.3. Comparison of Diurnal Variations
3.3.1. Methods Using the Global Circulation Model CESM
This section compares the annual average of relative diurnal variation obtained from the models and data
sets relevant to CESM described in sections 2.2.1 and 2.2.2 with experimental measurements from Vostok
station in Antarctica (Burns et al., 2012, Figure 12c). It is important to note that Burns et al. (2012) used the

JÁNSKÝ ET AL. ANALYSIS OF DIURNAL VARIATIONS 12,913



Journal of Geophysical Research: Atmospheres 10.1002/2017JD026515

Figure 3. (a) Comparison of diurnal variation for results related to CESM climate model, CESM-I (blue dashed curve)
and CESM-E (red dash-dotted curve), with experimental data(Burns et al., 2012) (black solid curve). (b) Comparison of
diurnal variation of global currents in GEC obtained by methods using global satellite measurements combined with
overflights: TRMM-MEAN-I (red dash-dotted curve), TRMM-PMO-I (blue dashed curve), and data from(Mach et al., 2011)
(black solid curve). The description of abbreviations and methods is available in section 2.2.

Weimer model (Weimer, 1995) to calculate the solar wind imposed contribution to ground potential differ-
ence above Vostok and subtracted it from their experimental results of the annual diurnal curve to obtain
the electric field used for comparison in present work (Burns et al., 2012 Figure 12c). The comparison is
shown in Figure 3a, and peak values are summarized in Table 1. CESM-I (blue dashed curve) and CESM-E
(red dash-dotted curve) produce a global current that flows in the GEC and a surface electric field at Vostok,
respectively. Both methods related to CESM produce similar results. The minimum value of the diurnal varia-
tion is 91% for CESM-I and 90% for CESM-E compared to 86% measured at Vostok, shown as black solid curve.
At the maximum of the diurnal variation CESM-I gives 106% and CESM-E gives 108% compared to 119% at
Vostok. The CESM related diurnal variations have also their maximum earlier at 14 and 15 UT than the mea-
sured one at Vostok at 19:30 UT. It is also important to note that the difference between CESM-I and CESM-E
results from the transformation of global current flowing in the GEC (CESM-I) to the ionospheric potential,
which then manifests itself in the electric field modeled at Vostok (CESM-E). This transformation is a function
of the conductivity profile of atmosphere (Lucas et al., 2015, equations (5)–(7)). It can be concluded that the
conductivity profile from CESM increases peak to peak diurnal variation from 15% to 18% due to the effect of
transformation of the global current in the GEC to the field at Vostok.
3.3.2. Methods to Obtain Current Above the Storm
The relative diurnal variations of results obtained using parameterizations combined with satellite data are
shown in Figure 3b and peak values are summarized in Table 1. The data TRMM-MEAN-I (red dash-dotted
curve) and TRMM-PMO-I (blue dashed curve) are described in section 2.2.1. The data calculated by Mach et al.
(2011) are shown as black solid curve for comparison as they represent the best agreement with Vostok obser-
vations that can be found in literature. All data are composed of a global current, Iu, flowing in the GEC due
to electrified clouds. TRMM-MEAN-I has a minimum of 86% at 3 UT, a global maximum of 110% at 14 UT and
a local maximum of 109% at 20 UT. TRMM-PMO-I has a minimum of 84% at 4 UT and a maximum of 117% at
20 UT. Mach et al. (2011) calculated a diurnal variation with a minimum of 77% at 4:30 UT, global maximum of
119% at 20:30 UT and local maximum of 114% at 14:30 UT. It is seen that TRMM-PMO-I gives the best agree-
ment with measured values at Vostok (Burns et al., 2012). The discussion of these results follows in the next
section 4.

4. Discussion

This section discusses of the influence of TRMM satellite range, the uncertainty in electrified shower cloud
counts, the time and space resolution of conductivity obtained from CESM, and the small influence of
stratiform clouds in approach using passive microwave observations.

First we discuss the influence of the TRMM satellite range, as the satellite only collects data between the
latitudes [−35∘:35∘] due to the orbital inclination of the satellite. Having considered CESM-I currents that
are integrated only between latitudes [−35∘:35], the relative diurnal variation has the same shape as CESM-I
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integrated over the entire Earth, but the minimum is decreased from 92% to 87% and the maximum is
increased from 106% to 110%. It is important to note that the data set TRMM-MEAN-I, which is obtained
between the latitudes [−35∘:35∘] is used as a reference in CESM-I and that these new peak values agree very
well with TRMM-MEAN-I peak values. Therefore, it can be concluded that the parameterization developed by
Kalb et al. (2016) is working well and the global reference TRMM-MEAN-I data set is responsible for the differ-
ence of CESM based models in comparison with the experimental measurements. More detailed discussion
of the CESM-I currents can be found in Kalb et al. (2016).

TRMM-MEAN-I data set is obtained using a precipitation and cloud feature database from (Liu et al., 2010),
which is based on TRMM observations. The storm and electrified shower cloud counts are multiplied by mean
currents above them to obtain the global current. The mean currents are derived from 850 overflights around
North America and Australia (Kalb et al., 2016). It is interesting to note that the data presented in Mach et al.
(2011) are based on the same set of overflights, although the mean currents are different, as Kalb et al. (2016)
improved them by removing outliers. The influence of the global distribution of electrified clouds on diurnal
variation has been discussed by Mach et al. (2011). Mach et al. (2011) pointed out that their count of electrified
shower clouds is smaller than in (Liu et al., 2010) and demonstrated that an increase in counts of electrified
shower clouds leads to a decrease in amplitudes of the relative diurnal variation (Mach et al., 2011, Figure 13).
This explains the differences observed between TRMM-MEAN-I and Mach et al. (2011) in Figure 3b. It is also
important to consider that overflights used for the determination of mean currents were local in nature and
generally covered the America’s region. If mean currents vary globally over the different areas of Earth, the
diurnal variation would be modified accordingly.

The results in section 3.2 show that the spatial variation of conductivity obtained from CESM modifies the
diurnal variation of the ionospheric potential and consequently the global upward current Iu. In particular, the
peak at 20 UT corresponding to activity in the Americas, where overflight measurements were performed, is
increased. This suggests that the mean currents can be modified by the conductivity distribution in different
areas of Earth. However, it was shown that the significant modification is caused by clouds. Clouds’ distribution
in CESM is resolved with a very coarse mesh (hundreds of kilometers) relatively to the size of a single electrified
cloud (tens of kilometers). Therefore, it is possible that conductivity values used in this work do not accurately
represent the GEC behavior, and a better spatial accuracy may produce a better agreement.

The TRMM-PMO-I data set provides the best comparison with the experimental curve obtained at Vostok in
both time and peak value of maximum and minimum. TRMM-PMO-I uses globally measured ice-scattering
signals at 85 GHz using the TRMM satellite to obtain a global current distribution instead of storm counts.
The results for convective electrified clouds are presented and the effect of stratiform clouds is neglected.
It is because the model assumes a convective charge structure which may not represent well the amplitudes
of stratiform currents. The second reason is that stratiform clouds are often of inverted polarity (Williams
& Mareev, 2014, section 3), and therefore, their total contribution to GEC cannot be represented using this
approach. More detailed discussion of the TRMM-K16 currents can be found in Peterson et al. (2017).

5. Conclusions

We have analyzed the diurnal variation of the global electric circuit (GEC) using different numerical models.
The principal results of this paper are as follows:

1. The two GEC three-dimensional models (labeled as RBF and FVS) are tested by solving for the fundamen-
tal parameter of total global resistance within the GEC. The models agree with analytical results within an
accuracy of 0.3% for exponential conductivity. For conductivity obtained from the global circulation model
CESM, both models and columnar integration of conductivity agree within accuracy of 4%. The importance
of using a harmonic mean time averaging of conductivity and implementing smooth profiles to guarantee
good accuracy is emphasized.

2. The peak to peak diurnal variation of the ionospheric potential of the GEC decreases from 24% to 20% if
the exponential conductivity is substituted by the conductivity from the global circulation model CESM.
The main reason for the change is the presence of clouds. If clouds are neglected, the peak to peak diurnal
variation decreases from 24% to only 23% by including 222Rn ionization, aerosols, and topography.

3. The simulated peak to peak diurnal variation of the electric field at Vostok, where reference experimental
measurements are performed, increases from 15% to 18% from the diurnal variation of the global current
in the GEC if conductivity from the global circulation model CESM is used.
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4. The diurnal variations of the results obtained using local measurements from plane overflights combined
with global satellite data give generally good agreement with experimental measurements at Vostok.
It is observed that a combination of mean currents obtained from plane overflights at 20 km with global
counts of electrified clouds provides reasonable diurnal variations. However, the uncertainty in the count of
electrified shower clouds can still lead to differences in amplitudes. An alternative approach using passive
microwave observations instead of electrified cloud counts is compared and shows the best agreement in
amplitude and phase with experimental measurements.
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