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Abstract. Clouds in the fair weather return path of the global
electric circuit (GEC) reduce conductivity because of the
limited mobility of charge due to attachment to cloud wa-
ter droplets, effectively leading to a loss of ions. A high-
resolution GEC model, which numerically solves the current
continuity equation in combination with Ohm’s law, is used
to show that return currents partially flow around clouds, with
current divergence above the cloud and convergence below
the cloud. An analysis of this effect is presented for vari-
ous types of clouds, i.e., for different altitude extents and
for different horizontal dimensions, finding that the effect
is most pronounced for high clouds with a diameter below
100 km. Based on these results, a method to calculate col-
umn and global resistance is developed that can account for
all cloud sizes and altitudes. The CESM1(WACCM) (Com-
munity Earth System Model – Whole Atmosphere Com-
munity Climate Model) as well as ISCCP (International
Satellite Cloud Climatology Project) cloud data are used
to calculate the effect of this phenomenon on global resis-
tance. From CESM1(WACCM), it is found that when in-
cluding clouds in the estimate of resistance the global re-
sistance increases by up to 73 %, depending on the pa-
rameters used. Using ISCCP cloud cover leads to an even
larger increase, which is likely to be overestimated because
of time averaging of cloud cover. Neglecting current diver-
gence/convergence around small clouds overestimates global
resistance by up to 20 % whereas the method introduced
by previous studies underestimates global resistance by up
to 40 %. For global GEC models, a conductivity param-
eterization is developed to account for the current diver-
gence/convergence phenomenon around clouds. Conductiv-

ity simulations from CESM1(WACCM) using this parame-
terization are presented.

1 Introduction

The global electric circuit (GEC) is a system of currents
spanning from the troposphere to the ionosphere. Currents
totaling 1–2 kA, are generated by thunderstorms, which
charge the ionosphere to approximately 250 kV, and return
to the Earth’s surface in fair weather and semi-fair weather
regions with a current density of approximately 2 pA m−2.
The atmosphere acts as a resistor with a global resistance
of approximately 150–300�. For summaries on atmospheric
electricity and the GEC see, e.g.,Rycroft et al.(2008) and
references therein.

Atmospheric electrical conductivity (the inverse of resis-
tivity) largely determines the fair weather current distribution
and global resistance. Conductivity,σ , is proportional to the
product of ion mobilities,µ+, µ−, and ion concentration,n:

σ = ne(µ+
+ µ−), (1)

wheree is the elementary charge. Ion concentration for pos-
itive and negative ions is assumed to be equal and is deter-
mined by the equilibrium of ion production and loss rate.
Ion production in the lowermost troposphere is mostly due
to radioactive decay from radon emitted from the ground,
whereas cosmic rays are the main ionization source in the up-
per troposphere and stratosphere. Ion–ion recombination and
ion attachment to aerosols and cloud droplets lead to a loss of
ions for conductivity. Detailed descriptions of conductivity
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are provided byBaumgaertner et al.(2013), B13 hereafter;
Tinsley and Zhou(2006), TZ06 hereafter;Rycroft et al.
(2008); andZhou and Tinsley(2010), ZT10 hereafter.

Our purpose here is to characterize the role of clouds in
the fair weather part of the GEC, hereby defined as clouds
that do not contribute to the source current of the GEC and
are located in the GEC’s current return path. We will char-
acterize these types of clouds by studying the current flow,
potentials, and resistances in the local environment of these
clouds. Only a small number of authors have studied these
clouds so far. ZT10 were the first to include and parameter-
ize these clouds in global calculations of conductivity and
resistance. They suggested a reduction of conductivity be-
tween 1 and 2 orders of magnitude inside the cloud. Their
technique is further discussed in Sect.5. Nicoll and Harri-
son (2009) presented air-to-earth current density measure-
ments from two sites in the UK, together with solar radia-
tion measurements, and showed that current density below
the cloud can be reduced, depending on cloud height and
cloud thickness. Space charge development at the boundaries
of clouds in the fair weather part of the GEC has been ad-
dressed byZhou and Tinsley(2007), using model simula-
tions, whereas a discussion of measurements of cloud edge
charging from balloon flights has been presented byNicoll
and Harrison(2010). Zhou and Tinsley(2012) discuss time
dependent charging of the cloud edges. A feedback of cloud
edge charging on cloud evolution is discussed byHarrison
and Ambaum(2009). Note that many of the studies above
aimed at discussing cloud electricity in the context of specu-
lated relevance for weather and climate.

Cloud water droplets absorb ions, both through diffusion
and conduction (Pruppacher and Klett, 1997, chapter 18.3.1).
The effects of weakly electrified clouds can be described
based on their ice and liquid droplet number concentrations
and radii. Inside clouds, ion number concentrationn is con-
strained by the equation

dn

dt
= q − αn2

− n
∑
i,r

β(ri)S(i, r) − 4πDn
∑

r
NrAr. (2)

The first term on the right hand side refers to the ion pair
production per unit volume, whereq is the ionization rate.
The second term corresponds to the ion–ion recombination,
whereα is the ion–ion recombination rate coefficient. The
third term describes the ion attachment to neutral aerosol par-
ticles, whereβ(ri) is the attachment rate coefficient to neu-
tral aerosol particles of typei, with radiusri and concen-
tration S. Finally, the last term refers to the ion attachment
to cloud particles through diffusion, whereNr is the cloud
droplet concentration,Ar the droplet radius, andD is ion dif-
fusivity given by

D =
µkT

e
. (3)

As discussed byPruppacher and Klett(1997), for fair
weather conditions the electric fields are small such that con-
duction can be neglected.

For the static case considered here, Eq. (2) becomes
quadratic inn. Note that Eq. (2) describes the ion attachment
to cloud droplets as a loss of ions because the mobility of the
ionized droplets is very small such that they are effectively
lost for electrical conductivity.

From conductivity, column resistance and global resis-
tance can be derived, which are both important parameters
for the GEC. Note, however, that the concept of column re-
sistance is based on the assumption of small horizontal gradi-
ents in potential and conductivity, i.e., only vertically flowing
currents. Strong horizontal gradients in potential and conduc-
tivity violate this approach, as will be demonstrated in the
next section.

Column resistance is defined as the vertical integration of
the reciprocal of conductivity:

Rcol =

ionosphere∫
surface

1

σ(z)
dz, (4)

wheredz are the layer thicknesses. Then global resistance
can be calculated as the horizontal integral of reciprocal col-
umn resistance:

Rcol
tot =

(∫∫
r2cos(λ)dφdλ

Rcol(φ,λ)

)−1

, (5)

wherer is the Earth’s radius,φ is longitude, andλ is latitude.
Global models of conductivity generally do not resolve

clouds. To account for a model grid cell cloud cover frac-
tion f and a reduction of conductivity by a factorη inside
a cloud, ZT10 and B13 used the law of combining resistors
in parallel and derived

σ ′(z) = (1− f (z))σ (z)+ ηf (z)σ (z) (6)

to correct for cloud reduction of conductivity. However, the
parallel resistor law can only be applied if the resistors are
connected, i.e., the same potential must be present at the
connection points. For a cloud that would mean that there
is equal potential above the cloud cover fraction of the grid
box and above the clear-air fraction of the grid box at the
same height, i.e., no horizontal potential gradient in each grid
box. Analogously, no horizontal potential gradient would be
allowed at the level below the cloud. With this approach it
would follow that most of the current flows around the cloud
because of the large resistance of the cloud. This is depicted
in Fig.1a, showing the current flow (arrows) and average col-
umn resistanceRcol. In Sect.3, using a GEC model, it will
be shown that only for very small clouds can the horizontal
resistance above/below the cloud be neglected, allowing one
to assume uniform horizontal potential. The approach here
is therefore termed the small cloud approximation. Note that
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Figure 1. Schematics of cloud modifications of conductivity and column resistance. Arrows denote current direction and the current density
magnitude in a qualitative sense. Single cloud, with current mainly flowing around the cloud as assumed in the small cloud approximation(a).
Single cloud, only allowing for vertical currents as assumed in the large cloud approximation(b). Current divergence/convergence around
the cloud, and “effective column resistance” as a function of latitude and longitude, employed for the current continuity approach(c). Model
grid column with cloud fraction and current continuity approach column resistanceR̃col (d).

ZT10 and B13 did not consider the potential changes and as-
sumed their approximation was valid for all cloud sizes.

A different approach to account for clouds, here termed
the large cloud approximation, uses the fact that the iono-
sphere as well as the Earth’s surface both have equal poten-
tial on a scale of up to the order of magnitude of 1000 km,
thus on a scale applicable for cloud resistance calculations.
Resistance of a column with partial cloud coverf is then
estimated using the parallel resistor law:

1

Rcol
=

f

Rcloud
col

+
1− f

Rno-cloud
col

, (7)

whereRcloud
col is calculated with Eq. (4) using a conductivity

profile with conductivityησ(z) for levelsz with cloud cover,
i.e., assuming 100 % cloud cover in the grid cell. The as-
sumed current flow and the column resistancesRno-cloud

col and
Rcloud

col are depicted in the schematic of Fig.1b. The approach
can be extended to account for several layers of clouds. How-
ever, this formulation only applies when the currents are
assumed to flow vertically (normal to Earth’s surface). For
small clouds, where currents flow around the cloud as will be
shown in Sect.3, horizontal currents arise above and below
the cloud, and the approximation of Eq. (7) only holds for
large clouds. For a general solution, integration would need
to occur over lines of constant potential. A demonstration of
the error resulting from a simple example problem can be
seen inRomano and Price(1996).

To account for small-scale conductivity changes through
clouds, global resistance cannot be calculated with integrals
over conductivity and must be derived from Ohm’s law by
calculating the current flowing over a boundary with a fixed
potential,

ROhm
tot =

8I

Itot
, (8)

where8I is the ionospheric potential andItot the total GEC
current, which can be calculated as the surface integral of the

downward component of the air-to-earth current densities:

Itot =

∫∫
J↓air-to-earth(φ,λ)r2cos(λ)dφdλ. (9)

Ionospheric potential,8I , and current density,J , can only
be calculated by solving the current continuity equation for
the GEC. Then clouds of all sizes are completely accounted
for in the estimate of global resistance. However, global 3-
D models of the GEC are generally not employed on spatial
resolutions that resolve clouds, similar to conductivity mod-
els or climate models. Therefore, an approach is presented
here that is based on replacing column resistance by an “ef-
fective column resistance”̂Rcol, which can truly account for
any type of clouds in the column, yielding the true global
resistanceROhm

tot by integrating over̂Rcol as in Eq. (5). This
new approach is termed the current continuity approach as
the current continuity equation in combination with Ohm’s
law is solved to derive the current distribution in the vicin-
ity of the cloud using a local area, high-resolution model that
can resolve the considered clouds.

We defineR̂col as

R̂col(φ,λ) =
8I

J↓air-to-earth(φ,λ)
(10)

because then, making use of the definitions in Eqs. (5), (8)
and (9),

Rcol
tot =

(∫∫
r2cos(λ)dφdλ

R̂col(φ,λ)

)−1

, (11)

= 8I ·

(∫∫
J↓air-to-earth(φ,λ) · r2cos(λ)dφdλ

)−1

, (12)

=
8I

Itot
= ROhm

tot . (13)

With this new definition, horizontal integration of the re-
ciprocal effective column resistance yields the global resis-
tanceROhm

tot for any type of circuit between the ground and

www.atmos-chem-phys.net/14/8599/2014/ Atmos. Chem. Phys., 14, 8599–8610, 2014



8602 A. J. G. Baumgaertner et al.: Clouds in the fair weather part of the GEC

the ionosphere, and will be used to derive the net effect of
clouds on the (semi-)fair weather part of the GEC. For the
current continuity approach, Fig.1c depicts a schematic of
the current flow around the cloud, here termed the diver-
gence/convergence phenomenon, and the effective column
resistancêRcol, which is a function of latitude and longitude.

For the discussion of global resistance, it is also important
to note that for deriving time-averaged global resistanceRtot,
time averaging has to be performed over global resistance,
Rtot(t), and not over conductivity or column resistance. This
is due to the fact that parallel column resistances are aver-
aged according to the parallel resistor law to derive global
resistance. For example, first averaging cloud fractionsf (t)

over time to derivef and then usingf to calculate conduc-
tivity, column resistance, and global resistance leads to an
overestimation of global resistance. This will be discussed
further in the discussion below.

Section2 describes the conductivity module and a GEC
model that are used to quantify the effects on currents and
potentials. In Sect.3, high-resolution GEC simulations of
individual clouds in the fair weather region are presented.
The effect of these findings on a global scale is discussed in
Sect.4. Section5 develops and evaluates a parametrization
of clouds in the fair weather region of the GEC for use in
conductivity models.

2 Model and data set descriptions

2.1 GEC model

The defining equations for current flow are the current con-
tinuity equation and Ohm’s law (see, e.g.,Zangwill, 2013,
chapter 9.4):

∇ · J = S, (14)

J = σE, (15)

whereJ is the current density,S is the negative time deriva-
tive of charge density, which describes thunderstorms and
electrified clouds,σ is conductivity, andE is the electric
field. If no changing magnetic fields are present, the electric
field is defined as the gradient of a potential8: E = −∇8,
in which case Ohm’s law can be written as

J = −σ∇8. (16)

Combining Ohm’s law and the current continuity equation
yields the partial differential equation (PDE):

−∇ · [σ∇8] = S. (17)

To solve this for the current density and potential distribu-
tions, we employ a finite element model formulation, which
requires a variational formulation of the PDE. Incorporating

boundary conditions, the problem can be written as

− ∇ · [σ∇8] = S in �,

8 = 8E on0E, (18)

σ∇8 · n = 0 on0L and0R,

where� represents the domain that the PDE is solved for
(i.e., a region of the atmosphere),0E is the earth boundary,
and a Dirichlet boundary condition is implemented with8E,
the fixed potential of the earth, here arbitrarily taken to be
zero.0L and0R represent the left and right boundaries of the
domain where the current is expected to be vertical far away
from any clouds. For the top boundary to the ionosphere,0I ,
a Neumann boundary condition can be chosen:

∇8 · n = 0 on0I . (19)

Alternatively, it is possible to use a Dirichlet boundary con-
dition (i.e., enforce a fixed value at the top):

8 = 8I on0I . (20)

The solution is obtained over the domain� whereσ varies
exponentially in height, and within�C (the cloud)σc = ησ ,
whereη is a constant.

The variational form of the PDE solves for8 ∈ V , where
V is a suitable function space, such that

a(8,v) = L(v) ∀ v ∈ V, (21)

and

a(8,v) =

∫
�\�C

σ∇8 · ∇vdx +

∫
�C

σc∇8 · ∇vdx

L(v) =

∫
�

Svdx, (22)

where integrals over the0L and0R boundaries would appear
in L(v) if they were non-zero.

This formulation was implemented in the Fenics Python
program (Logg et al., 2012) to obtain the potential and cur-
rent distribution throughout the domain.

With the current densities known throughout the domain,
one can integrate over the lower boundary to determine the
total current

Itot =

∫
0E

−σ∇8ds. (23)

Then one can determine the global resistance following
Eq. (8).

For the GEC cloud simulations presented in the next sec-
tion, we specify a fixed potential equal to 300 kV at 60 km
altitude and assume sources of charge to be unchanging with
time.
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The GEC model has a flexible horizontal and vertical res-
olution. For the following section, the resolution and domain
size were adjusted to suit the studied cloud size such that the
cloud and the region below the cloud are resolved. For exam-
ple, for a cloud with 10 km diameter, a horizontal resolution
of 1 km, a vertical resolution of 100 m, and a domain diame-
ter of 50 km are sufficient. For the upper boundary, a height
of 60 km is used for all simulations.

2.2 Conductivity model

Conductivity calculations are performed using the Whole
Atmosphere Community Climate Model (WACCM) (Marsh
et al., 2013) which is part of the CESM1(Community Earth
System Model), with an additional module to calculate con-
ductivity. The driving parameters in the conductivity mod-
ule are temperature, density, pressure, aerosol concentrations
(from CESM1(WACCM) simulations with CARMA (Com-
munity Aerosol and Radiation Model for Atmospheres)), and
optionally cloud coverage. The model is described and evalu-
ated in detail within B13, using average atmospheric and so-
lar conditions. Here, we use the Specified Dynamics version
of WACCM (SD-WACCM), where temperatures and winds
are nudged to meteorological assimilation analysis results
(GEOS5) (seeLamarque et al.(2012) for a description).

Note that the vertical coordinate system of
CESM1(WACCM) is mostly based on atmospheric pres-
sure, which is very adequate for conductivity and column
resistance calculations because of the exponential increase
in conductivity. The level spacing is approximately 300 m
near the surface and increases to several kilometers in the
stratosphere, although this depends on the chosen vertical
resolution. The horizontal resolution of CESM1(WACCM)
is also very flexible, and can range from 25 km to 500 km in
latitude and longitude, depending on the chosen simulation
grid. The simulations presented below use a grid with
1.9◦resolution in latitude and 2.5◦in longitude.

2.3 ISCCP data set

The ISCCP (International Satellite Cloud Climatology
Project) uses data from a suite of weather satellites. Doc-
umentation and further references are provided byRossow
and Schiffer(1999). We use the ISCCP cloud-type classifi-
cation and the associated mean annual cloud coverage data,
which is derived from daytime measurements. ISCCP classi-
fies clouds in three altitude regimes (up to 680 hPa, between
440 and 680 hPa, and above 40 hPa), and further into cumu-
lus, stratocumulus, stratus (low clouds), altocumulus, alto-
stratus, nimbostratus (middle clouds), and cirrus, cirrostra-
tus, deep convection (high clouds).

Unfortunately, ISCCP does not provide global cloud thick-
ness data. Cumulus/stratocumulus and stratus clouds were
chosen to span the 1–2 km height, altostratus to span 3–5 km,
altocumulus to span 2–3 km, nimbostratus to span 2–5 km,

and cirrus/cirrostratus to span 8–9.5 km. Deep convective
clouds are not considered, as they are generally electrified.
Other cloud categories, especially nimbostratus, might also
experience electrification, but since there is not enough con-
sistent understanding of electrified non-thunderstorm clouds
(MacGorman and Rust, 1998), they will be considered to be
in the semi-fair weather region in the global resistance es-
timates below. However, further work appears necessary for
a better classification of cloud electrification. This will be
discussed further in Sect.5.

3 Single clouds

For the GEC simulations, an average background (cloud-
free) conductivity profile from the work by B13 is used with
no horizontal variability. The domain borders in the horizon-
tal were chosen to be sufficiently far away from the cloud
edge, so the domain size increases for simulations with larger
horizontal cloud sizes. To simulate the effect of a single
cloud, conductivity is reduced inside the cloud. As previ-
ously shown byZhou and Tinsley(2010), the conductiv-
ity reduction inside a cloud can be approximated by a frac-
tion η of ambient conductivity. Estimates forη range from
1/10 (Nicoll and Harrison, 2009) to 1/50 (Zhou and Tinsley,
2010).

Figures2 and3 present (a) the current density distribution,
(b) air-to-earth current densities, (c) column resistances, and
(d) potential differences for a simulation of a cirrus cloud
(Fig. 2) and a stratus cloud (Fig.3). For both cases a cloud
diameter of 10 km was chosen, andη = 1/50.

For the cirrus cloud a thickness of 1.5 km, spanning from
8 to 9.5 km was chosen. The top panel in Fig.2 depicts the
current density streamlines (tangent to the current vector).
As expected, there is a strong reduction from an average cur-
rent density of 2.5 pA m−2 to 0.6 pA m−2 inside the cloud.
However, the streamlines show that currents bend around
the cloud, leading to higher-than-average currents (red) at
the edges. There is a current divergence above the cloud,
and convergence below. The effect on the air-to-earth cur-
rent density is shown in Fig.2b. The red line depicts the air-
to-earth current densities if only vertical currents were per-
mitted, i.e., the ionospheric potential divided by the column
resistanceRcol. The blue line shows the model result, indi-
cating that the current density reduction is in fact less severe
but spread out several kilometers past the cloud edge.

In Fig. 2c, showing column resistance, the red line de-
picts the vertically integrated column resistanceRcol, and
the blue line depicts the column resistanceR̂col calculated as
ionospheric potential divided by simulated air-to-earth cur-
rent density, as defined in Eq. (10) (see also the schematic in
Fig. 1).

Figure 2d depicts the potential distribution around the
cloud. Clearly, even for the 10 km cloud shown here, there is
a strong horizontal potential gradient both above (at 9.5 km)
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a)

b)

c)

d)

Horizontal extent [km]

Figure 2. Current streamlines and total current density around a cir-
rus cloud (indicated by the green box) with a diameter of 10 km, lo-
cated between 8 and 9.5 km altitude(a). Model air-to-earth current
density (blue), restricted to vertical currents only (red), and mean
effective cloud current density (green)(b). Effective column resis-
tanceR̂col (blue), column resistance for considering vertical cur-
rents onlyRcol (red), and mean effective cloud column resistance
R̂cloud

col (green)(c). Potential difference distribution(d).

and below (at 8 km) the cloud, showing that the assumption
of the small cloud approximation of equal potential at equal
heights does not hold, as mentioned in the introduction.

In order to simplify further studies of cloud effects on
larger horizontal domains, it is desirable to replaceR̂col with
only one value for the cloud area, where the fair weather col-
umn resistance remains unchanged. Therefore, we are look-
ing for a new cloud column resistance valueR̂cloud

col , that takes
into account the partial current flow around the cloud. Be-
cause of the divergence/convergence of currents around the
cloud, Rcloud

col (red line) does not give the correct average
cloud column resistance.

Horizontal extent [km]

a)

b)

c)

d)

Figure 3. As Fig. 2 but for a stratus cloud between 0.5 and 2.5 km
altitude.

It is also possible to formulate this using current density,
where the air-to-earth current density is replaced with a fair
weather air-to-earth current density, and a semi-fair weather
(cloud) air-to-earth current densitŷJ cloud

air-to-earth, because then

R̂cloud
col =

8I

Ĵ cloud
air-to-earth

. (24)

The approach is depicted in Fig.2b. By integrating
J no-cloud

air-to-earth− Jair-to-earthover the shown domain, i.e., the dif-
ference between the blue line and the fair weather current
density (green and blue areas), and dividing only by the area
of the cloud, the current density reduction is attributed to the
cloud area (indicated by arrows). So we define the cloud cur-
rent densitŷJ cloud

air-to-earthas

Ĵ cloud
air-to-earth= J no-cloud

air-to-earth− A−1
∫∫ (

J no-cloud
air-to-earth−

Jair-to-earth(φ,λ))dφdλ, (25)
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whereA is the area of the cloud. The resulting current density
is shown as the green line in Fig.2b.

The green line in panel (c) of Fig.2 shows the resulting
column resistancêRcloud

col using Eq. (24). This is the average
cloud column resistance while accounting for the off-vertical
currents. Equivalently tôJ cloud

air-to-earth, R̂cloud
col can also be cal-

culated directly. However, horizontal averaging of column
resistances requires the use of reciprocal column resistance.
Then,R̂cloud

col is

R̂cloud
col =

(
A−1

∫∫ (
1

R̂col(φ,λ)
−

1

Rno-cloud
col

)
dφdλ

+
1

Rno-cloud
col

)−1

, (26)

which is mathematically equivalent to the previous definition
of R̂cloud

col . R̂cloud
col is also shown in the schematic of Fig.1c. It

is important to note that all derived column resistance values
are independent of the ionospheric potential chosen for the
simulation.

The results for a stratus cloud with a vertical thickness of
1.5 km and a diameter of 10 km are shown in Fig.3. Above
the cloud, a similar behavior of current spreading towards the
cloud edges is found. However, since the cloud is close to the
ground, the air-to-earth current density is reduced to a value
similar from what would be expected if horizontal currents
were neglected, as shown in Fig.3b. It is interesting to note
that this leads to an increase in air-to-earth current density
in the cloud-free area next to the cloud edges. Analogously,
Fig. 3c shows the column resistances from vertical integra-
tion of the reciprocal of conductivityRcol (red), the effective
column resistancêRcol (blue), and the average column resis-
tanceR̂cloud

col (green) as defined above. Similarly to the cirrus
cloud, the potential distribution in Fig.3d depicts large hori-
zontal gradients.

Note that the results are approximately independent of the
vertical and horizontal resolution of the simulation as long
as the cloud and the region below the cloud are resolved.
Only for future studies of cloud edge charges would a higher
vertical resolution to resolve the cloud edge and a realistic
cloud edge conductivity profile be required.

To compare the current divergence/convergence effect for
different cloud types and horizontal dimensions, we com-
pute the ratiôRcloud

col /Rcloud
col , shown in Fig.4, as a function of

cloud diameter for a variety of cloud types. Here, cloud types
are only distinguished by their altitude regime, using the IS-
CCP types. In the future, results from other satellite missions
such as the NASA ICEsat (Ice, Cloud, and land Elevation
Satellite) and CloudSat missions, can be used for more accu-
rate global cloud thickness analysis.

From Fig. 4, one can see the effect is most important
for clouds with a diameter of less than 100 km. In the
transition range, between 2 and 100 km, generally the ef-
fect is more pronounced, i.e., a smaller̂Rcloud

col /Rcloud
col , for

0.5 1 2 6 15 40 100 300 2000
0

0.2

0.4

0.6

0.8

1

1.2

cloud diameter (km)

ra
ti

o

Figure 4. Horizontal-size dependence of̂Rcloud
col /Rcloud

col for differ-
ent types of clouds: cumulus and stratocumulus (1–2 km, red), alto-
stratus (3–5 km, green), altocumulus (2–3 km, blue), nimbostratus
(2–5 km, yellow), and cirrus (8–9.5 km, black).

clouds with a high cloud bottom for which the current diver-
gence/convergence becomes more important, as seen above.
For example, the effect is less pronounced for cumulus and
stratocumulus (red) with a bottom height of 1 km than it is
for altostratus (green) with a bottom height of 3 km. How-
ever, very high clouds such as the cirrus type have a smaller
effect on column resistance because of the exponential in-
crease of conductivity with altitude, i.e., changes in conduc-
tivity at higher altitudes are less important for column resis-
tance than the same fractional change at lower altitudes. For
Fig. 4, this leads to a larger ratio of̂Rcloud

col /Rcloud
col for cirrus

clouds (black).
A sensitivity analysis usingη = 1/25 (not shown) yields

increases in the ratiôRcloud
col /Rcloud

col of approximately 0.1 for
small clouds, except for cirrus where an increase of approxi-
mately 0.2 is found.

4 Global effect

For estimating the impact of clouds in the fair weather part
of the GEC on global resistance, it is necessary to take into
account the cloud size distribution.Wood and Field(2011)
have used MODIS, airplane, and model data to show that the
cloud chord length (corresponding to the average cloud di-
ameter, see their paper for more details),x, as well as the
projected area obey a power law. For the cloud cover contri-
butionC from clouds larger thanx/xmax they showed that

C(x) = 1− (x/xmax)
2−β , (27)

and found thatβ ≈ 1.7 and xmax = 2000 km. For chord
lengths larger than 2000 km, a scale break occurs.

The contributionCh of any chosen set of cloud horizontal
sizeshi for the intervals[(hi−1 + hi)/2, (hi+1 + hi)/2] can
then be calculated.
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If we assume this result to be true individually for all types
of clouds, the size-dependent cloud cover fraction is then
g(hi, type) = f (type) ·Ch(hi), where cloud cover fractionf
is given by satellite observations, e.g., by ISCCP, or model
simulations.

The high-resolution simulations for single clouds in the
previous section are used to derive the ratioR̂cloud

col /Rno-cloud
col

for every cloud type. Note that the result will be independent
of the model source currents or the ionospheric potential.

The values forRcol(φ,λ), from observations or model
data, are then used to derivêRcloud

col for every cloud
type. The current continuity approach column resistance
R̃col for a cloud cover model or observation column can
then be calculated by averaging the individual values for
R̂cloud

col (hi, type) weighted by the corresponding cloud cover
fraction:

R̃col =

∑
i, type

(
R̂cloud

col (hi, type)
)−1

· g(hi, type)

+

(
Rno-cloud

col

)−1
·

(
1−

∑
i,type

g(hi, type)

))−1

. (28)

The use ofR̃col as column resistance for a column partially
covered with clouds is also visualized in Fig.1d.

Using the ISCCP cloud cover distributions, we estimate
the effect on global resistance. Background (cloud-free) con-
ductivity data was obtained from the CESM1(WACCM) sim-
ulation used below for annual mean conditions. Table1
lists global resistance values for a cloud-free atmosphere,
the small cloud approximation, the large cloud approxima-
tion, the current continuity approach, and total cloud cover
averages. Using the small cloud approximation and ISCCP
cloud cover data, ZT10 estimated an increase of global resis-
tance through clouds by about 18�, similar to the 22� here
(η = 1/50).

The large cloud approximation leads to increases of
global resistance by up to 188� (114 %), whereas with
the current continuity approach, taking the current diver-
gence/convergence into account, increases global resistance
by 144� (87 %). As expected, the latter value lies between
the small and large cloud approximations. Forη = 1/50, the
small cloud approximation underestimates total resistance by
39 % compared to the current continuity approach, whereas
the large cloud approximation overestimates it by 14 %.

Similar to ISCCP, the Earth System Model
CESM1(WACCM) was also used to calculate global
resistances, using the model cloud cover, which is provided
as a function of altitude and horizontal location. There is no
information on cloud type in CESM1(WACCM). Therefore,
the cloud fractions were grouped to the same three heights
as used in ISCCP (see Sect.2.3). Then the same procedure
as for ISCCP can be used to derive column resistances.

Figure 5. CESM1(WACCM) (top) and ISCCP (bottom) average
column resistance (P�m2=1015�m2), taking the current diver-
gence/convergence phenomenon into account (η = 1/50).

Again, the large cloud approximation overestimates global
resistance significantly, by up to 21 %, when compared to the
current continuity approach.

Despite the slightly larger total cloud cover, the
CESM1(WACCM) global resistances are consistently
smaller by up to 37� compared to ISCCP for allη. There
are several reasons for the discrepancies: first, since the
model provides cloud coverage as a function of altitude,
there is a major difference in the treatment of cloud thickness
compared to ISCCP. Secondly, ISCCP cloud coverage data
is only for daytime, which can be significantly different
than nighttime coverage. Finally, CESM1(WACCM) uses
instantaneous values of cloud cover to calculate conductivity
and column resistance, whereas ISCCP only provides
time-averaged cloud cover and therefore the derived global
resistance is overestimated, as mentioned in the introduction.

The annual mean column resistances, similar to Fig. 7 in
B13, are shown in Fig.5 for ISCCP and CESM1(WACCM).
Surprisingly, the model shows areas of higher column resis-
tance in areas of high cloud coverage, yet the global resis-
tance is smaller than from ISCCP, driven by the areas of little
cloud coverage, i.e., small column resistance.
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Table 1.Annual mean GEC global resistances.

ISCCP CESM1(WACCM)
η = 1/10 η = 1/25 η = 1/50 η = 1/10 η = 1/25 η = 1/50

Cloud-free atmosphere 165�

Small cloud approximation 184� 186� 187�

Large cloud approximation 244� 303� 353� 215� 284� 345�

Current continuity approach 233� 277� 309� 196� 246� 285�

Total cloud cover 66 % 69 %

The only available measurements of air-to-earth current
density depending on cloud coverage were presented by
Nicoll and Harrison(2009). The authors found little change
in the current density measurements, only fully overcast con-
ditions with thick clouds led to current density reductions.
The model simulations support and explain these findings.
Unfortunately, the authors did not present their results as
a function of cloud size, since such data was not available,
so a quantitative comparison or evaluation of the model re-
sults is not possible.

5 Parameterization for 3-D conductivity calculations

3-D models used to calculate conductivity generally can-
not resolve clouds because of their coarse horizontal reso-
lution and instead operate on cloud cover fractions for each
grid box. For the calculation of conductivity in such models,
a parametrization is then required to account for the effect
of clouds in the fair weather region of the GEC. The 3-D
conductivity model results can then be used for global GEC
models that solve the relevant PDE to derive global distribu-
tions of potentials and currents.

ZT10 have provided a parametrization to account for
clouds as discussed in the introduction. However, as shown
above, the approximation only holds for very small cirrus
clouds and underestimates the resistance increase through
clouds significantly.

Here, we introduce a parametrization suitable for all cloud
sizes and vertical extents, based on the high-resolution model
results of individual clouds presented above. This will yield
corrections to conductivity such that the vertical current as-
sumption can be employed again.

In the first step, the current continuity approach column
resistancẽRcol is parameterized using the approach to cal-
culate the global effect presented in Sect.4. The model data
required for this are the fair weather column resistance, cloud
cover fractions for the pre-defined cloud types for every
model grid point, and cloud cover for every model grid point
as a function of model layerf (z).

We define effective conductivitỹσ such that

R̃col =

∫
dz

σ̃ (z)
. (29)

We assume the following relationship betweenσ̃ and the
cloud-free conductivity:

σ̃ (z) = (1− f (z))σ (z) + γf (z)σ (z), (30)

where a parameterγ is introduced that will take into ac-
count the non-linearity introduced by the current diver-
gence/convergence around the clouds. Note thatγ is not
an assumed constant as in the work by ZT10, see Eq. (6),
but will be derived from the known value for̃Rcol for every
model column.

Using the assumed form for̃σ from Eq. (30), we can
rewrite Eq. (29) as

R̃col =

n∑
i=1

1z

σ(z)(1− f (z)(1− γ ))
(31)

for n model layers with thickness1z. Equation (31) is
a polynomial with degreen for the variableγ . Here, New-
ton’s method is used to numerically approximateγ for the
function

h(γ ) = R −

n∑
i=1

1zi

σi(1− fi(1− γ ))
= 0. (32)

The first derivative is

h′(γ ) =

n∑
i=1

1ziσifi

(σi(1− fi(1− γ )))2
. (33)

With this, the solution is iteratively approximated using

γm+1 = γm − h(γm)/h′(γm). (34)

While the polynomial in general hasn number of solutions,
only the largestγ is physically meaningful. For other solu-
tions, conductivity of the layer with the largest cloud cover
f becomes negative. The initial guessγ0 for the largestγ is
close to where the fraction reaches singularity,

γ0 = 1− 1/max(f ) + ε. (35)
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Figure 6.Left: cloud cover fraction of a single column. Right: back-
ground (black), ZT10 (blue) and parameterized (red, see text) cloud
conductivity profile.

Then Newton’s method reliably converges to this solution.
With γ from Eq. (30), σ̃ (z) can then be calculated.

Figure6 shows cloud cover (left) and parameterized con-
ductivity (right) profiles for a single column. The parame-
terized (red) conductivitỹσ is smaller than the background
exponential (black) conductivity depending on the cloud
cover of that layer. The ZT10 estimate is also shown (blue),
where the conductivity reduction is underestimated as dis-
cussed above. The corresponding column resistance values
areRno-clouds

col = 1.0×1017�m2 andR̃col = 2.1×1017�m2.
Vertically integrating the conductivitỹσ gives a result nu-
merically identical toR̃col, as required by the parameteriza-
tion. Note that the vertical overlap shown here only refers
to multiple cloud layers in a grid column but assumes that
the individual clouds are not physically overlapping. Such
an overlap would lead to mutual coupling of the layers and
would need a more advanced treatment which has not been
considered here.

The parameterization developed above was implemented
as part of the CESM1(WACCM) conductivity module. As
above, cloud cover without deep convection was used in or-
der to include only clouds in the (semi-)fair weather region.
As an example, the logarithm of parameterized model con-
ductivity for a single longitude and model time is shown in
Fig. 7 (top). Local reductions in conductivity correspond to
the local cloud cover fraction, which is also shown (black
contour lines). The bottom part depicts the column resistance
with (black) and without (red) clouds.

As in the previous section, the results also depend onη as
well as the assumed cloud thicknesses that are used to derive
R̂cloud

col /Rno-cloud
col in the high-resolution simulation part.

The effective conductivity distribution,̃σ , can be used
for global GEC models to calculate potentials and currents,
while accounting for sub-grid scale effects of clouds.

Errors from this parameterization will be largest for ar-
eas of the globe where certain types or sizes of clouds are
different than average distributions. If the cloud thicknesses

are different than the assumed thicknesses, the parameteriza-
tion will not give accurate results. No global measurements
of these parameters are available, so an estimate of the errors
made is currently not possible. The parameterization is based
on the assumption that these clouds are not electrified. How-
ever, if future measurements show that, in addition to deep
convective clouds and some nimbostratus or shower clouds,
other cloud categories do have electrification, this could sig-
nificantly alter the global resistance results. The effect of
large-scale precipitation on the column resistance is also not
taken into account, as such effects are not yet understood.

Further uncertainties in the resistance estimate are due to
mutual coupling of clouds if they are close to each other or
vertically overlapping. Figure8 shows current streamlines
(top) and column resistance (bottom) around two clouds both
with radius 20 km and between 3 and 5 km in the vertical,
separated by 3 km in the horizontal. For this simulation, the
column resistance in the area between the clouds does not
reach the fair weather column resistance, indicating mutual
coupling at horizontal distances below approximately 3 km
for this cloud type. Note that the coupling is not a super-
position, as can be shown from comparisons of the total re-
sistance of the domain, which increases with decreasing dis-
tance between clouds. The cloud distance required for mutual
coupling varies by cloud type and diameter. Errors of the col-
umn resistance parameterization will increase if a significant
fraction of small clouds experience mutual coupling. There is
currently not enough satellite data available to estimate this
global effect.

6 Conclusions

Using high-resolution model simulations of current flow in
the return path of the GEC, the role of clouds was inves-
tigated. A finite element model was used to solve the rele-
vant PDE, derived from the current continuity equation and
Ohm’s law, in the vicinity of various cloud sizes and alti-
tudes. Clouds in the GEC current return path, which decrease
electrical conductivity, in general, lead to a reduced current
density beneath the cloud layer; however, the model shows
that currents bend around clouds of limited horizontal ex-
tent (< 100 km), with current divergence above the cloud and
convergence below. Below the cloud, this leads to larger cur-
rent densities and effectively a smaller cloud resistivity than
expected if only vertical currents were considered. Qualita-
tively, this agrees with published air-to-earth current density
measurements. This phenomenon was found to be impor-
tant especially for clouds with a diameter below 100 km, and
therefore leads to a significant error when using the classical
approach to estimate global resistance, i.e., horizontally in-
tegrating column resistance. An effective column resistance
was introduced which restores the possibility to derive global
resistance the classical way. The current continuity approach
method is based on the numerical simulations of effective
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Figure 7.Top: logarithm of conductivity from CESM1(WACCM) for 30◦ E and 16 September 2005, 00:00 UTC, using the cloud conductivity
parameterization. The black contour lines indicate cloud cover fraction (20%, 60%, 100%). Bottom: column resistance for the same location,
using the cloud parameterization (black) and neglecting clouds (red).

Figure 8. Top: current streamlines in the vicinity of two clouds that
are separated by 3 km. Bottom: corresponding column resistance
R̂col.

column resistance for single clouds as a function of cloud
size and altitude.

Using the Earth System Model CESM1(WACCM) as well
as the ISCCP cloud database, the effect of clouds on global
resistance, taking the divergence/convergence phenomenon
into account, was estimated. Employing the current continu-
ity approach introduced here, clouds in the fair weather part
of the GEC were found to increase global resistance by up
to 120� (73 % of the cloud-free atmosphere resistance) in
the model, depending on assumed cloud properties. Using
ISCCP, increases are even larger but overestimated because
of the use of time-averaged cloud cover. A previously pub-
lished small cloud approximation leads to underestimation
of global resistance by up to 40 % whereas a large cloud

approximation, which only considers vertical currents and
neglects divergence/convergence, leads to overestimation by
up to 20 %. Current divergence/convergence around clouds
should therefore not be neglected in studies of the (semi-)
fair weather part of the GEC. For this purpose, a parametriza-
tion was developed that corrects conductivity depending on
model grid cell cloud cover, such that only vertical current
flow on the scale of grid columns needs to be considered.
However, it is emphasized that for a better quantification of
the role of clouds in the GEC, a better understanding of many
aspects will be required. This includes improved estimates
of the conductivity decrease in clouds, better distinctions be-
tween current-generating clouds and other clouds, improved
global cloud thickness data, and mutual coupling by verti-
cal overlapping or horizontal proximity. To experimentally
validate the presented results, further work will focus on the
analysis of vertical electric field measurements from large
horizontal arrays of sensors.
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