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ABSTRACT

The DC global electric circuit (GEC) distributes charge in the lower atmosphere by current flow between
“generator regions” (thunderstorms and rain clouds) and “load regions” (distant conductive air), with a timescale
defined by circuit properties. Previously, the load has only been modelled by assuming fair weather (FW)
conditions, neglecting cloud. As stratiform clouds cover ~30 % of the Earth’s surface, load resistance has been
added to represent them, considered to provide semi fair weather (semi-FW) conditions. This increases the GEC
timescale by 9 % for stratocumulus, or 33 % for stratus at a lower level. Including mutual capacitance between
the outer charged layer and an electrode representing stratocumulus clouds increases the timescale by 35 %, to
8.6 min. These modelled results - the first including the semi-FW aspects - are demonstrated to be consistent with
experimentally determined timescales of the real GEC, of between 7 and 12 min, derived from volcanic lightning
variations associated with the May 2011 Grimsvotn eruption in Iceland. Accounting for semi-FW circumstances
improves the modelled representation of the natural global circuit. Further, the GEC timescale is comparable
with cloud droplet charging timescales in the updrafts of extensive layer clouds, suggesting its possible relevance

to the microphysical behaviour of stratiform (layer) clouds in the climate system.

1. Introduction

In the last hundred years there has been a developing interest in the
topic of the DC global atmospheric electric circuit (GEC). First
expounded by CTR Wilson in the 1920s (Wilson, 1921; 1929; Harrison
2020), this has thunderstorms and electrified shower clouds as current
generators, with resistive and capacitive elements in both the generator
and load parts of the circuit. The circuit links the tops of the generators
to the ionosphere and, via that, to the atmosphere far away from the
generators, which acts as a load. The current density flowing down
through the atmosphere is ~2 pA m~2, so that the total current globally
is ~1000 A which was first shown by Schonland (1932), page 29, widely
confirmed by later measurements (Miihleisen, 1976). The circuit is
completed through the Earth’s land and sea surfaces and by point
discharge (corona) currents up to the thunderclouds (Wilson, 1924,
section II). The ionosphere is thus maintained at a high potential, V
~240-300 kV, with respect to the Earth’s surface (Markson, 2007). At

the turn of the millennium, Rycroft et al. (2000) reviewed earlier work
and introduced an electrical analogue of the circuit. Further, they
considered the GEC in relation to both its response to changing activity
on the Sun (see Gray et al., 2010; and Price et al., 2015) and to climate
change (one expression of which is global warming; see Houghton,
2015).

Our understanding of the DC global electric circuit has improved
notably in the last twenty years, as has been summarised in review ar-
ticles prepared by Aplin et al. (2008), Rycroft et al. (2008, 2012), Siingh
et al. (2007, 2011, 2015), Williams (2009) and Williams and Mareev
(2014) amongst others. Experimental investigations of its characteristics
and applications have increased significantly as novel measurement
techniques have been introduced. For example, the possible response of
global circuit parameters to earthquake precursors has been investigated
by (Harrison et al., 2010, 2014), who introduced the acronym ALICE,
Atmospheric Lithosphere-Ionosphere Coupling Exchange, and by Puli-
nets and Davidenko (2014). The coupling is also discussed by Ouzounov
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et al. (2018), as Lithosphere-Atmosphere-Ionosphere Coupling, LAIC.
This aspect is also linked to enhanced radon production at the Earth’s
surface occurring before earthquake precursors (Barbosa, 2020; see also
Ponomarev et al., 2011; Golubenko et al., 2020). Hayakawa (2015) has
discussed earthquake precursors across the electromagnetic spectrum
from the lowest frequencies up to very high frequencies (VHF).

There is also an AC global electric circuit, excited by electromagnetic
radiation produced by lightning at frequencies below ~30 Hz, where the
wavelength is of the same order as the circumference of the Earth; these
are the Schumann (1952) resonances of the spherical Earth-ionosphere
cavity. An active research area concerns possible interactions between
such electromagnetic waves and human health — see Palmer et al. (2006)
and Hunting et al. (2020). The GEC may therefore have practical
bio-physical relevance to human society, beyond its established impor-
tance in geophysics and solar-terrestrial physics.

The effect of individual lightning discharges on the ionospheric po-
tential was modelled by Rycroft et al. (2007). Rycroft and Odzimek
(2010) similarly modelled the (small) effect on the potential of the
ionosphere of the Transient Luminous Event (TLE), known as a sprite
(Fiillekrug et al., 2006), which is generally caused by a large lightning
discharge transferring positive charge to ground, termed a +CG flash
(see Fiillekrug et al., 2019). The strongest intra-cloud (IC) lightning
discharges produce Terrestrial Gamma-ray Flashes (TGFs) at the tops of
the most energetic thunderclouds. They have been detected by the
Atmosphere-Space Interactions Monitor (ASIM) aboard the Interna-
tional Space Station (Neubert et al., 2020), and a major study of these
fascinating phenomena has been published by Mailyan et al. (2020).
TLEs and theoretical ideas which can explain their observed features
have been recently reviewedby Surkov and Hayakawa, 2020.

In this paper we consider the possible values of capacitance in the
fair weather regions of the global circuit system in Section 2, and we
propose modifications to the equivalent circuit to include the resistance
of layer (either stratus or stratocumulus) clouds in the semi fair weather
regions (Harrison et al., 2020) in Section 3. In Section 4 we discuss the
time constant of the GEC including these new components; as in the
model of Haldoupis et al. (2017), the electrosphere is considered to be
much lower than its conventional ionospheric altitude. In Section 5, we
propose a new model with a mutual capacitance of the stratus cloud
layer derived from the measurements and calculations of Harrison et al.
(2020). We provide experimental estimates of the time constants of the
real GEC in Section 6. Section 7 considers the excitation of the global
circuit by volcanic lightning, specifically using observations from
Grimsvotn, Iceland, in May 2011. We discuss the results in terms of the
physics of the situation in Section 8, including the effects of low-level
clouds in relation to global climate (see also Tinsley, 2022). Finally,
section 9 gives the main conclusions of the paper.

2. Capacitances in the load part of the global electric circuit
2.1. Equivalent mutual capacitance

Rycroft et al. (2000) presented a diagram of the global circuit and its
representation using various electrical components, and typical nu-
merical values of these were shown. In the estimation of the capacitance
of the system, C, the scale height of the neutral atmosphere, ~7 km, was
used; it is now realised that this is not correct. Nonetheless, the RC time
constant of the circuit, i.e. the time taken to discharge to 63% from an
initial value, to be discussed fully in Section 4, was estimated to be 200
Q x 0.7 F = 140 s, i.e. ~2.3 min. Electrical sources in the atmosphere
must continuously replenish the charge which flows around the GEC.
They are essential to prevent the circuit from dying out on a time scale of
minutes. We know that it does not die out because a downward electric
field is always observed in fair weather conditions at the Earth’s surface,
E;, of magnitude 100-150 V m! (Harrison, 2013). This downward
electric field, or (with the opposite sign) the potential gradient, varies
with geographic location and with Universal Time (UT). The variation
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with UT in clean air is termed the Carnegie curve, discussed in detail by
Harrison (2013). The downward field implies a charge density s on the
surface

S= SoEs (l)

of —1 nC m~2, or, multiplying by the area of the planet (assuming the
Earth radius Rg to be 6370 km), a total charge of Qs = —6 x 10° C in the
fair weather regions. If the simple spherical capacitor is regarded as the
appropriate model to represent this system, in which inner and outer
spherical electrodes can be identified, there would be an equivalent
mutual capacitance C of

Va

c (2)

where V,, is the upper (i.e. outer electrode) potential, assuming that the
inner electrode potential is zero. A typical value for the ionospheric
potential Vis 250 kV (see, e.g., Rycroft et al., 2000), and therefore C can
be estimated to be ~2 F, but the fair weather estimate, Qyy, is expected
to be an over-estimate as it neglects polar and disturbed weather
regions.

2.2. Spherical capacitor considerations

Continuing to explore these quantities, let us first consider the Earth-
atmosphere-ionosphere system as a concentric spherical system, in
which C can be regarded as the mutual capacitance between the two
conducting spheres; the capacitance is given by

4re
C= l_; (3)

where ¢ is the electric permittivity of free space, and a and b are the
radii of the inner and outer concentric spheres, respectively. For the
specific geometry of the Earth-atmosphere system, the inner spherical
electrode has the Earth’s radius Rg. If the outer spherical electrode is
regarded as being at an effective height h above the Earth’s surface, the
capacitance becomes

2

~4n eo% (€)

4 €y
1 1
Rg Rg+h

C=

from which the effective height of the outer electrode can be found as

. R2
z47ra0RE

h c

(5)

With the C estimated above of 2 F, and R also being known, equation
(5) provides an estimate of the radial distance between the electrodes, h
= 2.3 km. A similar value for h has been given by Haldoupis et al. (2018)
who followed a different line of reasoning. However, the approach used
here makes no initial assumptions about the typical lifetime of global
thunderstorms, as was done by Rycroft et al. (2000). Even if the
capacitance is much less than the equivalent fair weather value
assumed, h is still likely to be ~1-10 km.

An estimate of h can be arrived at in another way. Rycroft et al.
(2007) and Kudintseva et al. (2016) presented empirical models of the
atmospheric conductivity profile, 6(z), which is due to air ions being
formed by cosmic ray and solar ionisation (Golubenko et al., 2020). The
profile of potential in the fair weather (FW) region is derived from this
by integration with respect to height, z. Using Gauss’ Law of electro-
statics, Rycroft et al. (2007) also derived the profile of positive charge
density in the fair weather (FW) atmosphere. This was found to resemble
a decaying exponential with increasing height, z, with a scale height of
about 3 km. Thus, it is not unreasonable to take the “upper electrode” to
be at a height where the charge density has fallen to a fraction (1/e) of
the charge density just above the Earth’s surface. This is because a
charge distribution which has an exponential decay of charge density
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with increasing height, and a scale height H, can be represented by a
uniform charge density over a vertical distance of H; the value of that
charge density is the value at the height z = H. With this value of h = 3
km, C is found to be 1.5 F.

These various lines of argument all point to h locating the equivalent
upper electrode within the regions of the lower troposphere which
contain layer (or layered) clouds, indicating that a more complete sys-
tem description of the global circuit requires the inclusion of stratiform,
or layer, clouds containing both water and ice, e.g., stratus clouds or
stratocumulus clouds. Such extensive layer clouds are by far the most
abundant clouds on the planet; averaging over a year, they cover about
30% of the planetary surface (Klein and Hartmann, 1993).

It is important to emphasise that the spherical capacitor model is
only conceptual. The DC global circuit is a system of electric fields and
currents maintained by certain source currents (e.g., arising from charge
separation in electrified clouds such as thunderclouds and electrified
shower clouds) in a medium with variable non-zero conductivity.
Therefore, the structure and behaviour of the real global circuit is in
many aspects substantially different from that implied by the simple
electrostatic capacitor models because the region between the electrodes
is filled with an inhomogeneous leaky dielectric, of resistivity p(z) = 1/
6(2), as was discussed by Uman (1974). Indeed, the most natural way to
discuss the global circuit is to represent it as a distributed current
network rather than as a capacitor. This approach to discussing and
modelling the global electrical system has been used since the paper by
Holzer and Saxon (1952). More recent models of the DC global circuit
are also based on this representation, and they solve equations for the
electric potential in a distributed conductive medium (see, e.g., Rycroft
et al. (2007), Odzimek et al. (2010) and Bayona et al. (2015), amongst
others).

2.3. Layer cloud capacitances

Harrison et al. (2020) have demonstrated that a new component
present in the return part of the GEC consists of extensive layer clouds
such as stratus (St), which cover about 30% of the Earth’s surface.
Typically, this is a layer of semi fair weather (SFW) clouds at heights
between 0.8 and 1.2 km, a layer d = 0.4 km thick, where the conduc-
tivity is reduced below the value found in surrounding cloud-free air to
107 S m™!. Due to the current flowing down through these clouds, the
cloud tops, of area A, are charged positively and the cloud bases, also of
area A, are charged negatively. They therefore constitute a capacitance
whose value is given by standard electrostatics theory as

A 47R:
Csrw,st = €05 = € 0.3 % £

d 200 © ©

Inserting numerical values Cspw,s; = 3.39 F. Calculated in a similar
way, the capacitance of the layer below the stratus cloud is 1.69 F, and
above up to 3 km is 0.75 F.

Alternatively, we may consider a higher stratocumulus (Sc) cloud,
say between 2 and 3 km (see, e.g., Rycroft et al., 2012, fig. 10), so that
the thickness of the cloud layer d = 1000 m. Here, again, the electrical
conductivity is reduced below the value, found in cloud-free air at the
same height, toc = 1073 S m™! (see, e.g., Aplin et al., 2008; Kudintseva
et al., 2016). They therefore constitute a capacitance whose value is
given by

47 R:
1000

Csrw.sc = 80% =¢ 03x F )]

Inserting numerical values, Cspw,sc = 1.35 F. The capacitance of the
air below the cloud is 0.68 F.

We now consider the situation when we have a cloud-free atmo-
sphere over ~70% of the Earth and low altitude clouds over the
remaining 30%. The capacitances representing these two regions are
taken to be C; and C, respectively; they are in parallel so that the total
capacitance of the system is
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C=C +C, ®

which, as discussed above, has the value ~1.5 F (see also the Appendix).
The fair-weather capacitance C; has the value 0.7 x 1.5 = 1.05 F, and
this is shown as Cpyy in the new circuit diagram, Fig. 1. Also shown in
Fig. 1 are the capacitances of the semi fair weather atmosphere from the
ionosphere down to the top of the cloud, and from the ground up to the
bottom of the cloud, for which the numerical values are calculated
following similar procedures to those above. The total capacitance of the
series of capacitances in the semi fair weather area from ground level
through the cloud area up to the level h is equal to Co ~ 0.3 x 1.5 =0.45
F.

3. Resistances in the load part of the global electric circuit
3.1. General expression for resistance of a column of air

A careful and thorough analysis of the charge distribution in the
entire DC global circuit must be based upon either numerical modelling
of the entire global circuit or its representation in the form of a multi-
column electric network. Here we shall proceed following the latter
path.

For comparison with our earlier results, and for simplicity, we
specify the ionospheric potential to be 250 kV, and the total current
flowing around the GEC to be 1.0 kA. It is worth noting that Peterson
et al. (2017) show, from satellite observations, that the total current is
between 1.4 and 1.6 kA.

The resistance of the entire atmosphere remote from the generators
(which occupy a negligible proportion of the Earth’s surface area), R, is
in general given by

z=h
1
R= dz 9
4R / p(z)dz, ©)
2=0
where p(2) is the resistivity profile or, in terms of the conductivity profile
o(2), by
1 [ &
R= —_— 10
47 R / o(2) (10)
2=0

Here, h is the height of the outer electrode, which is usually taken as
being the ionosphere. Beginning at ~60 km altitude and going up to the
ionosphere is the electrosphere, where the electrical conductivity is so
large that the layer is essentially at a constant electric potential. So, h is
also approximately the height of the electrosphere.

Model estimates for the global resistance are about 200-250 Q
(Makino and Ogawa, 1984; Tinsley and Zhou 2006; Baumgaertner et al.,
2013). Such a value for this resistance was set by Rycroft et al. (2000) as
200 Q and by Rycroft et al. (2007) and Rycroft and Odzimek (2010) as
250 Q. In the current model we distinguish between the resistance of the
semi fair weather containing the low cloud layer, and the remaining
semi fair weather and fair weather resistance. In addition to the resis-
tance of solely the fair weather region, this would include the resistance
through high and mid-level clouds, which are generally less than that of
low level clouds, either because of reduced cloud thickness or greater
conductivity inside the cloud at a higher altitude.

3.2. Cloud layer resistance

Zhou and Tinsley (2010) calculated vertical conductivity profiles
through clouds of various types and estimated their contribution to the
global resistance. Their calculations give a range of values for the total
resistance from 192 Q to 237 Q, depending on season, with the decrease
of the within-cloud conductivity from ~1/60 to ~1/20 of the
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Fig. 1. Schematic diagram of the global electric circuit (based on Rycroft et al., 2007, fig. 12; see also Rycroft and Odzimek 2010, Fig. 1) with ~70% of fair weather
area and 30% of semi fair weather area covered by stratus clouds at an altitude between 0.8 and 1.2 km.

conductivity of cloud-free air at the same level. The cloud-free air con-
ductivity over the oceans is estimated as ~3 x 107 S m™, and, over
the continents, from 2 x 1073 S m™! at the Antarctic plateau to ~1 x
10~'* S m~! at mid-latitude sites (Tinsley and Zhou 2006, fig. 10), and
less in the more polluted regions. Tinsley and Zhou (2006) provide
spatial estimates of the conductivity with polluting aerosol variations
considered, also allowing for reduced ion production over the oceans.
Kubicki et al. (2016) have investigated the effect of varying concentra-
tions of aerosols, with sizes less than 1 pm, on the vertical electric field at
ground level observed at three stations at different latitudes. Anisimov
et al. (2020) have shown the results of model calculations of variations
of the concentrations of aerosols of different sizes with height in the
planetary boundary layer (PBL). The presence of any aerosols, tiny

droplets and particles which are much larger than molecules, and
pollution of the atmosphere near the Earth’s surface, significantly
reduce the conductivity of the air (see also Harrison 2006; Tacza et al.,
2020).

Following equation (10), integration of the inverse of the conduc-
tivity (i.e. resistivity) profile over a range of altitudes and dividing by the
surface area, A, yields the resistance of the air and cloud layers occu-
pying portions of the atmosphere for the specified altitude range and for
the surface area equal to A. Alternatively, an average conductivity for
the height range can be used, multiplied by the difference between the
heights, d, and divided by the surface area A.

For the stratus (St) cloud of thickness d between heights of 800 and
1200 m, where the conductivity is taken to be 107 S m™! (Harrison

# 10 kA > IONOSPHERE ; I 250 kv
THUNDERSTORMS SEMI-FAIR FAIR
WEATHER WEATHER
0.4 KA
0.04 kA
eLecTRIFIED A 0.96 kKA
SHOWER Y :
CLOUDS ‘r
1.75x|10° Q
1.25 kA [] .
0.19x]10'
260Q |1.05F
/ Rew T Crw
0
448 x[10° Q2 o
2 0.45 kA 146 Q I:I —__135F
,E@ H 6500 —_068F
431x|10°Q 1.06 x[10° 0
EARTII

Fig. 2. Schematic diagram of the global electric circuit with ~70% of fair weather area and 30% of semi fair weather area covered by stratocumulus clouds,
considered to be at an altitude between 2 and 3 km, which sets the altitude of the upper plate of the Csgy. The resistances of the cloud layer and above the cloud layer
have been merged into one.
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et al., 2020), the resistance of the cloud layer covering 30% of the
Earth’s surface, represented as a flat plate of area A, is

400

d
. o A—— 7S o} 11
Ao 034rRE 10 20 (1)

Rsrw st =

If these semi fair weather (SFW) clouds were present over the entire
Earth, the results given by Eq. 4.12 in the paper by Harrison et al. (2020)
can be used to estimate the change in the GEC resistance. These require
that the proportional increase of resistance should be by
(2.00-1.74)/2.00 = 0.13, i.e. an increase of 13%.

Returning to the case of a stratocumulus (Sc) cloud between heights
of 2 and 3 km (Fig. 2), we consider that the conductivity of the cloud
layer at this height is c = 1073 S m ™}, so that the resistance of this cloud
layer is

d 1000

Remse = 4G =034rr2 105~ 9 (2

We also need to estimate the resistance of the planetary boundary
layer up to the lower edge of these stratiform clouds. This is difficult to
estimate reliably because it is so variable in both space and time; this is
because the concentration of aerosols in the air near the Earth’s surface
is so variable, on at least daily timescales, as mentioned by Harrison
et al. (2020). Table 3 of Odzimek et al. (2018) shows that the air con-
ductivity below mid-latitude land stratus clouds (without precipitation,
i.e. rain or snow) is < 2 x 107> 8 m’l; let us take 10> Sm~ 1. Thus, the
resistance of the planetary boundary layer under the stratus (St) clouds
covering 30% of the Earth’s surface is

800

= _5230Q 1
034k 1055 230 (13)

Rpprse =
Under the stratocumulus (Sc) clouds, the resistance of the planetary
boundary layer is a little greater, say

Rpprsc = 6500 Q a4

Also shown in Figs. 1 and 2 are the resistances of the semi fair
weather atmosphere from the ionosphere down to the top of the cloud.
The numerical values for the two types of cloud, St and Sc, are found
from Fig. 5 of Rycroft and Harrison (2012) which plots the percentage of
the fair weather columnar resistance up to 10 km altitude as a function
of height. Only 7% of the total columnar resistance is at heights above
10 km. Therefore, the resistance from the ionosphere down to the 10 km
level is 0.07 x 260 Q, which is 18 Q; the resistance below 10 km is 242
Q.

From the 10 km level down to the top of the stratus cloud, at a height
of 1.2 km, Fig. 5 of Rycroft and Harrison (2012) shows that the resis-
tance is (100-42) % = 58 % of 242 Q = 140 Q. From 10 km down to the
top of the stratocumulus cloud, at a height of 3 km, the resistance is
(100-74) % = 26 % of 242 Q = 63 Q. The resistances down from the
ionosphere to the cloud top shown in Fig. 1 (stratus) and Fig. 2 (stra-
tocumulus) are, respectively, (18 + 140) = 158 Q and (18 + 63) = 81 Q.

3.3. Fair weather resistance

Calculation of the pure, cloudless, fair weather resistance can be
achieved following two ways of reasoning. One option is to consider the
new fair weather resistance as an area-wise share of the total resistance,
i.e. 70 % of 250 Q which gives 175 Q. Another is to keep the effective
semi and fair weather resistance at 250 Q. We shall apply the second
option, keeping the fair weather resistance constant at 250 Q, as this
allows us to retain the ionospheric potential at 250 kV and the total
current at 1 kA. Considering the large values of resistance of the cloudy
semi fair weather in parallel with pure fair weather, the value of the
resistance of the latter needs to be only slightly increased to 260 Q.

The addition of the capacitances and resistances, representing the
semi fair weather clouds around the world, to the electrical engineering
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analogue model of the GEC (Rycroft et al., 2007) is presented in the
centre of Fig. 1. Numerical values of the components for the stratus
model of Harrison et al. (2020) are shown. Compared to the analysis of
Rycroft et al. (2007), in order to investigate the time constants of the
fair-weather area, we have not included the capacitances aligned with
the resistances in the generator areas: thunderstorms and shower clouds.
This further simplifies the situation and allows us to compare the new
time constants with the RC time constant 250 Q x 1.5 F = 375 s of the
fair weather circuit, when the layer clouds are not specifically
distinguished.

It is noteworthy that the proportion of the return current flowing
through the extensive layer clouds is very small compared with the fair
weather current (~4%). This is because the resistance of the PBL below
the clouds is so large, compared with the other resistances in the return
part of the GEC.

3.4. Differences between stratus clouds over oceans and continents

Allowing for differences between continental and ocean stratus
affecting the resistances in the circuit and noting that a large part of the
stratus coverage lies over the oceans, we investigate this issue in more
detail. We use the simplified model conductivity profiles of Makino and
Ogawa (1985) for continental air (surface aerosol concentrations of
10000 particles cm’3) and oceanic air (sea-level aerosol concentrations
of 1000 particles cm~3), including the reduced conductivity within
clouds. However, to account for the differences between land and sea
more realistically, rather than assuming the uniform cloud parameters of
Makino and Ogawa (1985), such as the cloud particle concentration (N,
=200 cm’3), we follow instead the method of Zhou and Tinsley (2010)
and use the cloud parameters of Hess et al. (1998). Different cloud
particle concentrations for maritime and continental stratus, of N. = 80
and N, = 250 cm™3 respectively, are considered (Hess et al., 1998,
Table 1a), with a uniform ion attachment coefficient f. = 103 em®s7L.
Calculated conductivity profiles with these assumptions are shown in
Fig. 3. According to these calculations the sea-level value of the air
conductivity is taken to be 1.6 x 107'* § m™!, and ground-level air
conductivity equals 5.0 x 107° s m™L.

The columnar resistance, R., through the layers is 2.0 x 10 Q m?
over the oceans and over land 3.3 x 10 Q m? assuming that the
equalising potential layer is at 3 km. For the stratus (St) cloud of
thickness d between heights of 800 and 1200 m, the integration of the
conductivity inverse gives the cloud resistance Rspw st = 1095 Q over the

CONDUCTIVITY PROFILES THROUGH STRATUS CLOUDS
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Fig. 3. Conductivity profiles through land and ocean stratus clouds, calculated
according to Makino and Ogawa (1985) with the cloud properties of Hess
et al. (1998).
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oceans, and 9245 Q over land. The resistances below the cloud amount
to 259 Q over the oceans and 2980 Q over the land, and the resistances
from the cloud top up to 3.0 km are 187 Q and 2240 Q, respectively
(Fig. 4). The remaining fair and semi fair weather resistance needs to be
adjusted to 305 Q to keep the total resistance of 250 Q. A smaller frac-
tion of the total current, 0.16 kA, flows through the ocean stratus layer,
and only about 20 A through the stratus layer over the land.

4. Time constant of the global electric circuit

Price et al. (1997) consider that the timescale 1 over which the Earth
maintains its negative charge, by drawing on the fair-weather electric
current Ipy ~ 1250 A (Rycroft et al., 2000), is given by

daQ Q
Irw _E ~ = 7 (15)

so that 4 ~ -Q/Ipw = 2 x 10° C/1250 A = 160 s.

We can estimate the time constant in another way. Using the values
given by Rycroft et al. (2007), R = 250 Q. This resistance is in parallel
with the capacitance of the fair weather atmosphere, Cgy ~0.5 F, so that
the time constant of the global circuit t is RC ~125 s. However, taking
the value Cpy = 1.5 F estimated in Section 2, the time constant is
increased threefold to ~375 s (6.3 min). With the new values for the fair
weather part of the circuit introduced in this paper and shown in Figs. 1
and 2, the RC time constant 7 in the pure fair weather would be 260 x
1.05 = 273 s (4.5 min). As with the model of Haldoupis et al. (2017), the
outer electrode of the GEC, the electrosphere, is considered to be at an
extremely low altitude, just below ~3 km.

The time constants in the fair weather part of the circuits shown in
Figs. 1 and 2 are the same as the time constant of the change of the fair
weather current or the ionospheric potential, i.e., the electric potential
of node “I”. This can be determined as the time after which the iono-
spheric potential V; of 250 kV decreases to the level V;/e ~92 kV in
response to abruptly switching off the circuits’ generators. Simulations
made with OrCAD PSpice software give the following time constants:
497 s (8.2 min) when stratus clouds covering 30% of the Earth’s surface
are present, and 407 s (6.8 min) when stratocumulus clouds are present.
The GEC time constant of this revised global circuit model is 33% or 9%,
respectively, greater than the original RC time constant of 375 s (6.3
min). This time constant is longer than the original time constant due to
additional capacitances in the remaining parts of the circuit to which
Rpw is connected, namely the Cgpy capacitance of the semi fair weather
area of the circuit. When land and ocean stratus are considered as in
Section 3, this time constant is 480 s (8 min).

5. Mutual capacitance of two charged plates for the stratus
cloud

For the consideration of the parallel plate capacitance to apply, the
electric field between the plates is taken to be spatially uniform and
temporally constant. This is purely an electrostatic situation, as
mentioned in Section 2; the atmospheric situation will be different,
because of mechanical (e.g., turbulent) processes which lead to charge
transfer. For the solely electrostatic situation, electric charge is stored on
each of the two plates, positive charge on the upper plate at a potential
of Vy and negative charge on the lower plate at a potential of Vj.

We can consider the upper plate of the stratus cloud model at a
height of 1.2 km to have a capacitance to Earth of Cyy and the lower plate,
at a height of 0.8 km, a capacitance to Earth of C;. There will be a mutual
capacitance to Earth, Cy;, between them as indicated in Fig. 5. There is a
standard expression! for the capacitance of an isolated disk of radius R,
which is 8 gy R. For a disk having an area of 0.3 times the Earth’s surface
area,

R=0.3%°R; = 0.548 Ry = 3490 km, (16)

so that
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Cy=C, =247 x107*F. 17)

We now use the result? that the charges on the upper and lower
plates are, respectively, Qu = Cy Vy + Cy (Vy— V) and Q. = C VL + Cyy
(VL — Vp). From Fig. 5¢ of Harrison et al. (2020), which shows the po-
tentials and charges on the upper plate, Qy is given by:

Qu=128003e47R2=275x10°C (18)

From Fig. 6 of Harrison et al. (2020) which gives the potentials, Viy ~
80 kV and V; ~ 35 kV, we find that

Qu=2.47 x107* 8.0 x 10* + Cy; @ 4.5 x 10* 19)

and that

Q;=2.47 x10™* ©3.5 x 10* — Cy; 4.5 x 10* (20)
Therefore,

Qu=19.8+4.5x10*Cy =1.96 x 10°C (21)

Here, the value close to 20 C is negligible compared with the value of
almost 200,000 C, so that:
Q 196

=——=436F. 22
V-V, 45 (22)

CM:

In Fig. 5, such a mutual capacitance derived from the observed
charges replaces the capacitance representing the stratus cloud layer in
Fig. 1. The self-capacitances (to Earth) are also included. From the
PSpice simulations the time constant is about 499 s (8.3 min), which is a
35% increase from 375 s, and a similar result to the previously analysed
stratus case in Fig. 1.

6. Experimental determination of the global circuit time
constant

Whichever model is used, the increase in the time constant of the
modelled GEC from its original value of 260 s is rather small, <40%. It
may therefore be difficult, using observations of atmospheric electricity
quantities, to distinguish between them. In principle, determining the
time constant of the actual GEC requires either a perturbing influence, to
which a subsequent response can be defined, or by analysis of the power
spectrum which emerges following the filtering effect of the global cir-
cuit. An appropriately major perturbing influence could be the atmo-
spheric ionisation caused by a nuclear weapon, a solar flare, a ground
level event (GLE, see, e.g., Cohen and Mewaldt, 2018; Golubenko et al.,
2020), a gamma-ray burst (see Brown, 1973; Inan et al., 1999) or a
period of enhanced lightning with an implied increase in the input
current to the global circuit. In any of these cases, rapid time response
measurements of the potential gradient or conduction current density
are needed to determine the timescale of the response.

Some volcanic eruptions have generated appreciable and identifiable
transient increases in lightning. For example, the eruption of the Ice-
landic volcano Grimsvotn during May 2011 produced substantial vol-
canic lightning (Fig. 6a), which occurred in several periodic pulses
(Fig. 6b), attributed to resonances in the magma chamber beneath
(Arason et al., 2012). Around midnight UTC on May 21, 2011, when,
globally, lightning is approaching its daily minimum, Fig. 4c shows that
the Grimsvotn eruption provided a major source (~20%) of the global
lightning fixes that were determined by the UK Met Office’s Arrival Time
Detection (ATD) lightning monitoring system (Bennett et al., 2011; Lee,
1986). For the ATD system, the threshold lightning current for detection
over Iceland at that time was 3 kA (Aplin et al., 2016).

At Reading, which had undisturbed weather from May 21, 2011 until
a brief rain shower around 04 UTC on 22nd May, measurements were
made of the potential gradient (PG) and the current flowing to an iso-
lated flat plate. In the PG data, a pulse is evident around the same time as
the lightning pulse, suggesting an association between them (Fig. 6d).
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Further, the air-earth current also showed a maximum at the same time,
indicating that the PG pulse was associated with current flow changes (i.
e. from the global circuit), rather than local conductivity changes. In
addition, the magnitude of the PG variation is about 20%, comparable
with the Grimsvotn lightning contribution to the total lightning events
observed by ATD. Although not all global lightning will have been
captured by ATD, the undetected events will include those with smaller
contributions to the global circuit.

After forming 1 min averages of the PG and Grimsvotn lightning flash
rate (Fig. 7a), their correlation can be calculated. Fig. 7b shows the lag
correlations obtained by displacing the Reading PG values in time. From
this, the greatest correlations with the Grimsvotn lightning flash rate are
found to be obtained with the PG at Reading about 8-14 min later
(Fig. 7b), with a slight maximum at 9 min of lag. These lagged

correlations are statistically significant, when evaluated by a method
allowing for serial correlation in each dataset (Ebisuzaki, 1997), which
would be expected from the known internal magmatic resonances of the
volcano and the smoothing effect of the global circuit.

An alternative approach for determining the time constant of the
system is to investigate the spectrum of variations present in the PG
data, assuming that they were subject to RC filtering effect of the global
circuit. Fig. 5c¢ shows the amplitude spectrum calculated by Fourier
analysis of the data presented in Fig. 4d. Both the lightning flash rate and
the PG spectra show a decreasing spectral slope with increasing fre-
quency. However, some of the high frequencies present in the lightning
flash rate (at about 0.5 flashes min™!), are not present in the PG, sug-
gesting a damping process to remove them, such as that from the low
pass filtering of the global circuit. This can be approximated by a first
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lightning flash rate (blue line) and PG (red line), with a first-order filter response fitted to the PG (thick black line), with the derived time constant, 7, of 11.6 min.

order RC filter, which, for a time constant 7, has a relative amplitude
response given by

1
Nigxr==

for signals of a frequency f. Fitting the relationship of Eq. (23) to the
derived spectrum from the PG (black line in Fig. 7c) gives 7 of (11.6 +

V()= (23)

0.2) minutes, where the uncertainty is one standard error. This is within
the range of the lag correlations found in Fig. 7b which provides 1 min
resolution. The two approaches are therefore not inconsistent, although,
as Fig. 7 illustrates, the response of the electronic system is more
complicated than that of a simple first order RC filter, and therefore the
method shown in Fig. 7c is also an approximation.



M.J. Rycroft et al.

7. Simulations of the excitation of the global circuit by
Grimsvotn lightning

The charging of the global electric circuit by the Grimsvotn lightning
can be modelled using the simplified engineering circuits described
here. With these, we investigate whether the characteristic increase of
the PG at Reading could be explained by the activity of the global circuit,
by modelling the characteristic time scales of the variations caused. To
simulate the effect of Grimsvotn lightning we perform further simula-
tions of the GEC represented by the circuit shown in Fig. 2 (stratocu-
mulus case), extended by an additional current source due to charging
by the volcanic lightning. In our simulation, this time varying current
source, Ipr(t), adds to the thunderstorm source current I (Fig. 8).

The net effect of the generation of electric current by lightning can be
calculated by multiplying the lightning flash rate and the average charge
transferred by an average lightning discharge of all produced polarities,

Qr:

Q

10 = fash rate (©

(24)

In order to estimate the current source amplitude Iy (t) from the
resulting current I;(t) we need to calculate Ryr/(RiT + Ror + R3p) =
4.48/(4.31 + 4.48+0.0175) = 0.5, where Rit, Ro7, R3r are the three
resistances in the thunderstorm generation region, and use Eq. (25).

Qo o 1 Q

L) = et rate () = 0.5 flash rate (0

(25)

The applied current source Iy (t) is defined to follow the time vari-
ation of the Grimsvotn lightning rate, and Q;, is estimated to be about
+2.5 Coulombs, in order to account for the rise of the ionospheric po-
tential which should translate into the observed amplitude and the in-
crease of the PG as observed at Reading of the order of 10 Vm™'; exact
match of both the amplitude and the increase is difficult, among other
effects, due to differences in the conductivity profiles. The prescribed
value of +2.5 Coulombs is a fairly feasible value, considering that an
average electric charge of several Coulombs can be transferred by
lightning discharges (e.g., Rycroft and Odzimek, 2010), even though the
exact value and sign of the charge depends on the lightning and cloud
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polarity. This implies that Qg should be close to 5 C. Our simulation was
performed exactly for Qo = 5 C, and the flash rate in the interval 23:00
UT - 04:00 UT (Fig. 9a). From the transient analysis output the time
variation of the electric potentials and currents in this circuit were
retrieved. In order to analyse the variation of the potential gradient at
ground level in both the fair weather and semi fair weather areas,
another alteration to the circuit is needed. An additional node is intro-
duced in the semi fair weather part of the circuit, dividing the lowest
resistance 6500 Q into two parts: one part is the resistance of up to 1
metre above the ground (~3 Q), and the remaining resistance is the
portion up to the cloud base, so the electric potential of this node rep-
resents the modelled value of the PG. The value of the resistance be-
tween the ground and the node is set to indicate an electric potential
difference of ~100 V m™! at the starting point (the Reading PG was
about 100 V m~! when the lightning rate began to rise). In a similar
manner, such a probe node and resistor are introduced in the fair
weather area of the circuit, in order to follow the PG value in the purely
fair weather part of the circuit.

The results of these simulations are shown in Fig. 9b and c: these are
the variations of the ionospheric potential Vi, the electric potential
gradient in semi fair weather region and the PG in fair weather during
the simulated interval. In addition, the serial correlation of the lightning
current Io;, with the simulated PG values was calculated. The correlation
started to maximise at the lag time of 3 min for the correlation with the
fair weather PG (the potential of node “F”), and at 9 min in case of the
semi fair weather PG (potential of node “S”, see Fig. 6d). The physical
reason for the increased lag time in the semi fair weather area compared
to pure fair weather is the separation of the capacitance and resistance of
the cloud layer itself from those of the boundary layer below it. More-
over, these two characteristic lag times agree with the lag time deter-
mined from observations, as discussed in Section 4 and in this Section,
respectively, building confidence in the engineering model of the GEC
considered.

Recent results from Bor et al. (2023) further corroborate the time-
scales derived in this work. These show that intense cloud to ground
lightning discharges over the erupting Hunga Tonga volcano on January
15, 2022 impulsively charged the DC GEC, on two separate occasions.
Observations of PG changes made near the Earth’s surface at six
different stations in Europe and the USA during these events showed that
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Fig. 8. Schematic diagram of the global electric circuit, with 70% of fair weather area and 30% of semi fair weather area covered by stratocumulus, affected by
Grimsvotn lightning represented by current source Ip;. Small resistors (with a resistance of several Ohms) in the semi fair weather and fair weather areas probe the

ground level electric potential gradient.
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the time constant of the GEC is 7-8 min. This coincides with the value
derived here for semi-fair weather conditions, which we conclude is
effectively the natural state of the system.

8. Discussion of related issues

A further complication is that the situation in the stratus cloud layer,
which has been taken to be electrostatic, is actually electrodynamic. The
electric charges are moving, and a transfer of charge therefore occurs
between the two electrode regions, i.e. an additional non-Ohmic current
is present. The electric current density J in the return part of the GEC is 2
pA m~2; it does not depend upon E. Such a non-linear system is rather
unusual. The force per unit volume of the cloud vapour equals pE + J *
B, where B is the geomagnetic field strength, ~40,000 nT. Inserting
values from Fig. 5 of Harrison et al. (2020), p =90 pCm > and E = 180
Vm, pEis1.6 x 10~8 Nm 3, and the magnitude of the second term = 2
PAm 2 x4 x10°T=8x 10" Nm 3. The second term is completely
negligible compared with the first. Therefore, effects due to the
geomagnetic field do not need to be considered here. Only electric
forces, gravitational forces and forces associated with cloud processes (e.
g., convection) act on the cloud vapour.

Thunderstorms are believed to be the major source of power for the
GEC, but electrified shower clouds are also important (Mach et al., 2011,
Lavigne et al., 2017). They are shown as GEC generators on the left hand
side of Figs. 1 and 2.

Other interesting ideas on the GEC are presented by Kasemir (2012)
in a book devoted to his many studies, with colleagues, over a lifetime
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(Mazur and Ruhnke, 2012). These include investigations of the charge
distribution in a thunderstorm, the mathematics expressing the conti-
nuity of current flow when the atmospheric conductivity is given as a
function of space and time, the effects of conductivity changes at cloud
boundaries, and the effects of turbulence.

Humanity is greatly concerned at present about the increasing con-
centrations of carbon dioxide in the Earth’s atmosphere, currently about
420 parts per million by volume, ppmv, and primarily due to the burning
of fossil fuels (Houghton, 2015). Schneider et al. (2019) show that
stratocumulus clouds cool the Earth by shading the surface; they predict
that these clouds will disappear when CO5 concentrations rise exces-
sively, to ~1200 ppmv, so causing a marked warming, by ~8 °C. Meehl
et al. (2020) have shown that the most recent comprehensive climate
models indicate that cloud feedback processes (see, e.g., Yu et al., 2004,
Gettelman and Sherwood, 2016, Klein et al., 2017; Zelinka et al., 2020)
and cloud-aerosol interactions (Dagan and Stier, 2020) are the most
likely contributors to global warming. Liu et al. (2020) have recently
discussed the roles of aerosols in affecting climate. We have shown here
that cloud-aerosol effects in the lowest 3 km of the atmosphere are
crucial in determining the time constant of the global electric circuit.
Thus, this region may be where there is a specific linkage between the
GEC and climate change if, for example, a property of the clouds (such as
their lifetime) is somehow influenced by the electric charge stored on
their constituent drops. For example, droplet evaporation can be
inhibited by charging (Harrison et al., 2022). There are hints from ob-
servations in the polar regions of a global circuit effect on clouds,
possibly through such mechanisms (Lavigne and Liu, 2023). Charging
occurs where droplets rising in the updraft pass through the conductivity
boundary at the cloud base, which is typically ~10 m depth (Tinsley and
Zhou, 2012). Updraft speeds of 0.1 ms ™! to 1 ms ™! will therefore lead to
droplets spending 10-100 s in the charging zone. The time constant of
the global circuit being significantly longer than this could help facili-
tate a smoothed and continuous conduction current, leading to more
consistent charging of the droplets due to fluctuations being damped
out. As mentioned, the stability and breakup of layer clouds is critical to
the climate system (Schneider et al., 2019).

9. Conclusions

From the estimates and calculations presented here, we draw the
following conclusions.

(i) The representation of the GEC with the upper electrode being the
ionosphere, and the capacitance of the fair weather atmosphere
depicted in Fig. 1 of Rycroft et al. (2000) as 0.7 F, can now be
improved. As shown in Section 2.2, a better electrical analogue is
with the upper electrode at a height of only ~3 km, as shown by
Haldoupis et al. (2017), so that the capacitance becomes 1.5 F.
Therefore, the global time constant of the pure fair weather at-
mosphere is RC = 250 x 1.5 = 375 s (6.3 min), rather than the
earlier value of 250 x 0.5 =125 s (2.1 min) or 250 x 0.7 =175 s
(2.9 min) (Rycroft et al., 2000).

(ii) Using the results of Harrison et al. (2020) with 30% of the Earth’s
surface being covered by stratus clouds at 0.8-1.2 km in height,
the capacitance of the fair weather atmosphere over 70% of the
Earth’s surface is 1.05 F, as shown in Fig. 1. Also included in this
representation is the electrical analogue of the semi fair weather
stratus clouds. As considered in Section 4, the RC time constant of
this global electric circuit found using PSpice software is
increased to ~497 s (~8.3 min).

(iii) Fig. 2 shows the model GEC including stratocumulus clouds at
heights between 2 and 3 km over 30% of the Earth’s surface; the
global time constant of the GEC becomes ~407 s (~6.8 min).

(iv) Fig. 4 shows the model GEC including stratus clouds at heights
between 0.8 and 1.2 km over 25% of the Earth’s surface for
oceans and 4% over continents; the cloud layer resistances were
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(v) A new model for the mutual capacitance of the two plates of
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Appendix

The approximately consistent total load capacitance of ~1.5 F modelled in the different situations described can be understood from the elec-
trostatic theorem stating: "If the potential difference V between the electrodes of a capacitor and the charge on the electrodes Q is fixed, then the
capacitance C = Q/V is independent of the distribution (or absence) of space charge between the electrodes, and is also independent of the inter-
electrode spacing". For a theoretical capacitor having a vacuum between the electrodes this indicates there is zero space charge contained, with +
Q and -Q on the two electrodes. This follows from Gauss’s Law

— =t Al

where p is the space charge in unit volume and e the permittivity. Considering E; and E; as the electric fields at the upper and lower boundaries
respectively,

dE 1
Ey—E= | —dz== [ pdz A2
2 1 / dz P / 4
where the integrals are taken from the lower to upper boundary. The space charge in a unit area column from the surface to the upper boundary is
= / pdz A3

For the global circuit, there is -Q on the land and ocean surface, and + Q distributed between the surface and the upper boundary. The + Q is
associated with ions in clear air, ions and dust in the boundary layer, or ions, aerosols and droplets in clouds. E; can be considered as the electric field
at the surface of the planet in non-generator regions; E, is the electric field at the upper boundary, which is zero. Hence ¢ = —e¢ E; and the total charge
Q in the non-generator area A of the global circuit is given by Q = gA = —eA E; which is equal and opposite to the charge on the surface. Inserting
numerical values, and taking an average value for E; of 130 vm™! (Harrison, 2013), the magnitude of Q is obtained as 6.17 x 10°C, in good agreement
with the values in the paper.

Footnotes

[1] http://physics.stackexchange.com/questions/187139/capacitance-of-a-single-charged-plate

[2] http://physics.stackexchange.com/questions/102076/capacitance-of-bodies-with-different-charge
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