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Abstract. Non-electrified clouds in the fair-weather part

✿✿✿✿✿✿

Clouds
✿✿

in
✿✿✿

the
✿✿✿✿

fair
✿✿✿✿✿✿✿

weather
✿✿✿✿✿

return
✿✿✿✿✿

path of the Global Elec-

tric Circuit (GEC) reduce conductivity because of the limited

mobility of charge due to attachment to cloud water droplets,

effectively leading to a loss of ions. A high-resolution5

GEC model, which numerically solves the Poisson equation

✿✿✿✿✿✿

current
✿✿✿✿✿✿✿✿

continuity
✿✿✿✿✿✿✿✿

equation
✿✿

in
✿✿✿✿✿✿✿✿✿✿

combination
✿✿✿✿✿

with
✿✿✿✿✿

Ohm’s
✿✿✿✿

law,

is used to show that in the fair-weather region
✿✿✿✿

return
✿

currents

partially flow around non-electrified clouds, with current di-

vergence above the cloud, and convergence below the cloud.10

An analysis of this effect is presented for various types of

non-electrified 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-15

umn and global resistance is developed that can account for

all cloud sizes and altitudes. The CESM1(WACCM) Earth

System Model as well as ISCCP cloud data are used to cal-

culate the effect of this phenomenon on global resistance.

From CESM1(WACCM), it is found that when including20

non-electrified clouds in the fair-weather estimate of resis-

tance the global resistance increases by up to 73 %, depend-

ing on the parameters used. Using ISCCP cloud cover leads

to an even larger increase, which is likely to be overesti-

mated because of time-averaging of cloud cover. Neglecting25

current divergence/convergence around small clouds overes-

timates global resistance by up to 20 %, whereas the method

introduced by previous studies underestimates global resis-

tance by up to 40 %. For global GEC models, a conductiv-

ity parametrization is developed to account for the current30

divergence/convergence phenomenon around non-electrified

clouds. Conductivity simulations from CESM1(WACCM)

using this parametrization are presented.

1 Introduction35

The Global Electric Circuit (GEC) is a system of cur-

rents spanning from the troposphere to the ionosphere. Cur-

rents totaling 1–2 kA, are generated by thunderstorms, which

charge the ionosphere to approx. 250 kV, and return to the

Earth’s surface in fair-weather
✿✿✿

fair
✿✿✿✿✿✿✿

weather
✿✿✿✿

and
✿✿✿✿✿✿✿✿

semi-fair40

✿✿✿✿✿✿

weather
✿

regions with a current density of approx. 2 pA m−2.

The atmosphere acts as a resistor with a global resistance of

approx. 150–300Ω. For summaries on atmospheric electric-

ity and the GEC see e.g. Rycroft et al. (2008) and references

therein.45

Atmospheric electrical conductivity (the inverse of resis-

tivity) largely determines the fair-weather
✿✿

fair
✿✿✿✿✿✿✿✿

weather cur-

rent distribution and global resistance. Conductivity, σ, is

proportional to the product of ion mobilities, µ+, µ−, and

ion concentration, n:50

σ = ne(µ+ +µ−), (1)

where e is the elementary charge. Ion concentration for pos-

itive and negative ions is assumed to be equal, and is de-

termined by the equilibrium of ion production and loss rate.55

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

upper troposphere and stratosphere. Ion-ion recombination

and ion attachment to aerosols and cloud droplets lead to60

a loss of ions for conductivity. Detailed descriptions of con-

ductivity are provided by Baumgaertner et al. (2013), B13
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hereafter, Tinsley and Zhou (2006), TZ06 hereaffter, Rycroft

et al. (2008), and Zhou and Tinsley (2010),
✿✿✿✿✿

ZT10
✿✿✿✿✿✿✿✿

hereafter.

Non-electrified
✿✿✿

Our
✿✿✿✿✿✿✿

purpose
✿✿✿✿✿

here
✿✿

is
✿✿

to
✿✿✿✿✿✿✿✿✿✿✿

characterize
✿✿✿

the65

✿✿✿

role
✿✿✿

of clouds in the fair-weather region, i.e.
✿✿✿

fair
✿✿✿✿✿✿✿

weather

✿✿✿

part
✿✿✿

of
✿✿✿

the
✿✿✿✿✿✿

GEC,
✿✿✿✿✿✿✿

hereby
✿✿✿✿✿✿

defined
✿✿✿

as
✿

clouds that do not

contribute to the source current of the GEC , have only

been studied by
✿✿✿

and
✿✿✿✿

are
✿✿✿✿✿✿✿

located
✿✿

in
✿✿✿✿

the
✿✿✿✿✿✿✿

GEC’s
✿✿✿✿✿✿

current

✿✿✿✿✿

return
✿✿✿✿✿

path.
✿✿✿

We
✿✿✿✿

will
✿✿✿✿✿✿✿✿✿✿

characterize
✿✿✿✿✿

these
✿✿✿✿✿

types
✿✿✿

of
✿✿✿✿✿✿

clouds
✿✿

by70

✿✿✿✿✿✿✿

studying
✿✿✿

the
✿✿✿✿✿✿✿

current
✿✿✿✿

flow,
✿✿✿✿✿✿✿✿✿

potentials
✿✿✿

and
✿✿✿✿✿✿✿✿✿✿

resistances
✿✿

in
✿✿✿

the

✿✿✿✿

local
✿✿✿✿✿✿✿✿✿✿✿

environment
✿✿

of
✿✿✿✿✿✿

these
✿✿✿✿✿✿

clouds.
✿✿✿✿✿

Only
✿

a small number

of authors . Zhou and Tinsley (2010) ,
✿✿✿✿

have
✿✿✿✿✿✿

studied
✿✿✿✿✿

these

✿✿✿✿✿

clouds
✿✿✿

so
✿✿✿

far.
✿

ZT10 hereafter, were the first to include and

parametrize these clouds in global calculations of conduc-75

tivity and resistance. They suggested a reduction of con-

ductivity between one and two orders of magnitude inside

the cloud. Their technique is further discussed in Sect. 5.

Nicoll and Harrison (2009) presented air-to-earth current

density measurements from two sites in the UK, together80

with solar radiation measurements, and showed that cur-

rent density below the cloud can be reduced, depending on

cloud height and cloud thickness. A theoretical discussion

of space charge at the cloud boundaries was presented by

Zhou and Tinsley (2007) . A
✿✿✿✿✿

Space
✿✿✿✿✿✿✿

charge
✿✿✿✿✿✿✿✿✿✿✿

development
✿✿

at85

✿✿

the
✿✿✿✿✿✿✿✿✿✿

boundaries
✿✿✿

of
✿✿✿✿✿✿

clouds
✿✿✿

in
✿✿✿

the
✿✿✿✿

fair
✿✿✿✿✿✿✿

weather
✿✿✿✿

part
✿✿✿

of
✿✿✿

the

✿✿✿✿

GEC
✿✿✿

has
✿✿✿✿

been
✿✿✿✿✿✿✿✿✿

addressed
✿✿

by
✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿

Zhou and Tinsley (2007) ,
✿✿✿✿

using

✿✿✿✿✿

model
✿✿✿✿✿✿✿✿✿✿

simulations,
✿✿✿✿✿✿✿

whereas
✿

a discussion of measurements of

cloud edge charging from balloon flights was presented by

Nicoll and Harrison (2010). Zhou and Tinsley (2012) dis-90

cuss time dependent charging of clouds in the fair-weather

region of the GEC
✿✿

the
✿✿✿✿✿

cloud
✿✿✿✿✿

edges. A feedback of cloud edge

charging on cloud evolution is discussed by Harrison and

Ambaum (2009). Note that many of the studies above aimed

at discussing cloud electricity in the context of speculated95

relevance for weather and climate. Our purpose here is to

characterize the role of non-electrified clouds on the GEC

by studying the current flow, potentials and resistances in the

local environment of these clouds.

Cloud water droplets absorb ions,100

both through diffusion and conduction

(Pruppacher and Klett, 1997)
✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿

(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 concentration n is105

constrained 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, where q is the ionization rate.110

The second term corresponds to the ion-ion recombination,

where α is the ion-ion recombination rate coefficient. The

third term describes the ion attachment to neutral aerosol

particles, where β(ri) is the attachment rate coefficient to

neutral aerosol particles of type i, with radius ri and concen-115

tration S. Finally, the last term refers to the ion attachment

to cloud particles through diffusion, where Nr is the cloud

droplet concentration, Ar the droplet radius, and D is ion

diffusivity given by

D =
µkT

e
. (3)120

As discussed by Pruppacher 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) becomes125

quadratic in n. 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-130

tance can be derived, which are both important parameters

for the GEC. Notehowever ,
✿✿✿✿✿✿✿✿

however, that the concept of col-

umn resistance is based on the assumption of small horizon-

tal gradients in potential and conductivity, i.e. only vertically

flowing currents. Strong horizontal gradients in potential and135

conductivity 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)140

where dz are the layer thicknesses. Then, global resistance

can be calculated as the horizontal integral of reciprocal col-

umn resistance:

Rcol
tot =

(∫∫
r2 cos(λ)dφdλ

Rcol(φ,λ)

)−1

, (5)145

where r is the Earth’s radius, φ is longitude and λ 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 factor η inside150

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 non-electrified cloud reduction of conductiv-155

ity. 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 non-electrified cloud

that would mean that there is equal potential above the cloud-

covered fraction of the grid box and above the clear-air frac-160

tion of the grid box at the same height, i.e. no horizontal po-

tential gradient in each grid box. Analogously, no horizon-

tal potential gradient would be allowed at the level below

the cloud. With this approach it would follow that most of
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the fair-weather current flows around the cloud because of165

the large resistance of the cloud. This is depicted in Fig. 1a,

showing the current flow (arrows) and average column resis-

tance Rcol. 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 can be neglected, allowing to assume170

equal
✿✿✿

one
✿✿

to
✿✿✿✿✿✿✿

assume
✿✿✿✿✿✿✿

uniform
✿

horizontal potential. The ap-

proach here is therefore termed the small cloud approxima-

tion. Note that ZT10 and B13 did not consider the potential

changes and assumed their approximation was valid for all

cloud sizes.175

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 up to the order of magnitude of 1000 km, thus

on a scale applicable for cloud resistance calculations. Resis-180

tance of a column with partial cloud cover f is then estimated

using the parallel resistor law:

1

Rcol

=
f

Rcloud
col

+
1− f

Rno-cloud
col

(7)

where Rcloud
col is calculated with Eq. (4) using a conductivity185

profile with conductivity ησ(z) for levels z with cloud cover,

i.e. assuming 100 % cloud cover in the grid cell. The assumed

current flow and the column resistances Rno-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-190

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 for195

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 in Romano and Price (1996).

To account for small-scale conductivity changes through200

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 =

ΦI

Itot

(8)205

where ΦI is the ionospheric potential and Itot 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)r

2 cos(λ)dφdλ. (9)210

Ionospheric potential, ΦI, and current density, J , can only

be calculated by solving the Poisson
✿✿✿✿✿✿

current
✿✿✿✿✿✿✿✿

continuity
✿

equa-

tion for the GEC. Then, non-electrified clouds of all sizes

are completely accounted for in the estimate of global resis-215

tance. However, global 3-D models of the GEC are gener-

ally not employed on spatial resolutions that resolve clouds,

similar to conductivity models or climate models. There-

fore, an approach is presented here that is based on replacing

column resistance by an “effective column resistance” R̂col,220

which can truly account for any type of clouds in the column,

yielding the true global resistance ROhm
tot by integrating over

R̂col as in Eq. (5). This new approach is termed the Poisson

✿✿✿✿✿✿

current
✿✿✿✿✿✿✿✿

continuity
✿

approach, as the Poisson equation
✿✿✿✿✿

current

✿✿✿✿✿✿✿✿

continuity
✿✿✿✿✿✿✿

equation
✿✿

in
✿✿✿✿✿✿✿✿✿✿✿

combination
✿✿✿✿

with
✿✿✿✿✿✿

Ohm’s
✿✿✿

law is solved225

to derive the current distribution in the vicinity of the cloud

using a local area, high resolution model
✿

,
✿✿✿

that
✿✿✿

can
✿✿✿✿✿✿

resolve
✿✿✿

the

✿✿✿✿✿✿✿✿✿

considered
✿✿✿✿✿

clouds.

We define R̂col as

R̂col(φ,λ) =
ΦI

J↓air-to-earth(φ,λ)
(10)230

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

and (9),

Rcol
tot =

(∫∫
r2 cos(λ)dφdλ

R̂col(φ,λ)

)−1

(11)

=ΦI ·

(∫∫
J↓air-to-earth(φ,λ) · r

2 cos(λ)dφdλ

)−1

(12)235

=
ΦI

Itot

=ROhm
tot . (13)

With this new definition, horizontal integration of the re-

ciprocal effective column resistance yields the global resis-

tance ROhm
tot for any type of circuit between the ground and240

the ionosphere, and will be used to derive the net effect of

non-electrified clouds on the
✿✿✿✿✿✿✿✿

(semi-)fair
✿✿✿✿✿✿✿

weather
✿✿✿✿

part
✿✿

of
✿✿✿

the

GEC. For the Poisson
✿✿✿✿✿

current
✿✿✿✿✿✿✿✿✿

continuity
✿

approach, Fig. 1c

depicts a schematic of the current flow around the cloud,

here termed the divergence/convergence phenomenon, and245

the “effective column resistance” R̂col, 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 resistance Rtot,

time-averaging has to be performed over global resistance,250

Rtot(t), and not over conductivity or column resistance. This

is due to the fact that parallel column resistances are averaged

according to the parallel resistor law to derive global resis-

tance. For example, first averaging cloud fractions f(t) over

time to derive f and then using f to calculate conductivity,255

column resistance and global resistance leads to an overesti-

mation of global resistance. This will be discussed further in

the discussion below.

Section 2 describes the conductivity module and a GEC

model that is used to quantify the effects on currents and260

potentials. In Sect. 3, high-resolution GEC simulations of

individual non-electrified clouds
✿✿✿✿✿

clouds
✿✿✿

in
✿✿✿

the
✿✿✿

fair
✿✿✿✿✿✿✿

weather

✿✿✿✿✿

region
✿

are presented. The effect of these findings on a global
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scale is discussed in Sect. 4. Section 5 develops and evaluates

a parametrization of non-electrified clouds
✿✿✿✿✿

clouds
✿✿

in
✿✿✿

the
✿✿✿

fair265

✿✿✿✿✿✿

weather
✿✿✿✿✿✿

region
✿✿

of
✿✿✿

the
✿✿✿✿✿

GEC for use in conductivity models.

2 Model and dataset descriptions

2.1 GEC model

The potential distribution for a given conductivity

distribution can be determined by solving Poisson’s270

equation for the GEC,
✿✿✿✿✿✿

defining
✿✿✿✿✿✿✿✿✿✿

equations
✿✿✿

for
✿✿✿✿✿✿✿

current

✿✿✿✿

flow
✿✿✿

are
✿✿✿

the
✿✿✿✿✿✿✿

current
✿✿✿✿✿✿✿✿✿

continuity
✿✿✿✿✿✿✿✿

equation
✿✿✿✿

and
✿✿✿✿✿✿

Ohm’s
✿✿✿✿

law

✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿

(see e.g. Zangwill , 2013, chapter 9.4) :
✿

−∇·[σ∇Φ]·J
✿

= S (14)

J = σE
✿✿✿✿✿✿

, (15)275

where Φ is the potential, σ is the conductivity, and
✿

J
✿✿

is
✿✿✿

the

✿✿✿✿✿✿

current
✿✿✿✿✿✿

density,
✿

S the source distribution
✿

is
✿✿✿

the
✿✿✿✿✿✿✿

negative
✿✿✿✿

time

✿✿✿✿✿✿✿✿

derivative
✿✿

of
✿✿✿✿✿✿

charge
✿✿✿✿✿✿

density, which describes thunderstorms

and electrified clouds. The solution also yields the current280

density distribution J ,

J =−σ∇Φ.

Here
✿

σ
✿✿✿

is
✿✿✿✿✿✿✿✿✿✿✿

conductivity,
✿✿✿✿

and
✿✿✿

E
✿✿

is
✿✿✿✿

the
✿✿✿✿✿✿

elctric
✿✿✿✿✿

field.
✿✿

If
✿✿✿

no

✿✿✿✿✿✿✿

changing
✿✿✿✿✿✿✿✿✿

magnetic
✿✿✿✿✿

fields
✿✿✿

are
✿✿✿✿✿✿✿

present,
✿✿✿✿

the
✿✿✿✿✿✿✿

electric
✿✿✿✿

field
✿✿

is

✿✿✿✿✿✿

defined
✿✿

as
✿✿✿

the
✿✿✿✿✿✿✿

gradient
✿✿

of
✿

a
✿✿✿✿✿✿✿✿

potential
✿✿

Φ:
✿✿✿✿✿✿✿✿✿✿

E =−∇Φ,
✿✿

in
✿✿✿✿✿

which285

✿✿✿

case
✿✿✿✿✿✿

Ohm’s
✿✿✿✿

law
✿✿✿

can
✿✿

be
✿✿✿✿✿✿

written
✿✿✿

as

J =−σ∇Φ.
✿✿✿✿✿✿✿✿✿✿

(16)

✿✿✿✿✿✿✿✿✿

Combining
✿✿✿✿✿✿

Ohm’s
✿✿✿✿

law
✿✿✿

and
✿✿✿

the
✿✿✿✿✿✿✿

current
✿✿✿✿✿✿✿✿✿

continuity
✿✿✿✿✿✿✿

equation

✿✿✿✿✿

yields
✿✿✿

the
✿✿✿✿✿

partial
✿✿✿✿✿✿✿✿✿✿

differential
✿✿✿✿✿✿✿

equation
✿✿✿✿✿✿

(PDE)290

−∇·
✿✿✿

[σ∇Φ
✿✿✿✿

]= S.
✿✿✿

(17)

✿✿

To
✿✿✿✿✿✿

solve
✿✿✿✿

this
✿✿✿✿

for
✿✿✿

the
✿✿✿✿✿✿✿✿

current
✿✿✿✿✿✿✿

density
✿✿✿✿

and
✿✿✿✿✿✿✿✿

potential

✿✿✿✿✿✿✿✿✿✿

distributions, we employ a finite element model formula-

tion, which requires a variational formulation of the partial295

differential equation
✿✿✿✿

PDE. Incorporating boundary condi-

tions, the problem can be written as:

−∇ · [σ∇Φ] = S in Ω,

Φ= ΦE on ΓE,

σ∇Φ ·n= 0 on ΓL and ΓR,

(18)

where
✿

Ω
✿✿✿✿✿✿✿✿✿

represents
✿✿✿

the
✿✿✿✿✿✿✿

domain
✿✿✿✿

that
✿✿✿

the
✿✿✿✿

PDE
✿✿

is
✿✿✿✿✿✿

solved
✿✿✿

for300

✿✿✿

(i.e.
✿✿

a
✿✿✿✿✿

region
✿✿✿

of
✿✿✿

the
✿✿✿✿✿✿✿✿✿✿✿

atmosphere),
✿

ΓE is the earth boundary,

and a Dirichlet boundary condition is implemented with ΦE,

the fixed potential of the earth
✿

,
✿✿✿✿

here
✿✿✿✿✿✿✿✿

arbitrarily
✿✿✿✿✿

taken
✿✿✿

to
✿✿

be

✿✿✿

zero. ΓL and ΓR represent the left and right boundaries of the

domain where the current is expected to be vertical far away305

from any clouds. For the top boundary to the ionosphere, ΓI,

a Neumann boundary condition can be chosen:

∇Φ ·n= 0 on ΓI. (19)

Alternatively, it is possible to use a Dirichlet boundary con-310

dition :
✿✿✿✿

(i.e.,
✿✿✿✿✿✿

enforce
✿✿

a
✿✿✿✿

fixed
✿✿✿✿✿

value
✿✿

at
✿✿✿

the
✿✿✿✿

top):
✿

Φ= ΦI on ΓI. (20)

For the GEC cloud simulations presented in the next section

we specify a fixed potential and define the sources S to be315

zero.

The solution is obtained over the domain Ω where σ varies

exponentially in height, and within ΩC (the cloud) σc = ησ,

where η is a constant.

The variational form of Poisson’s equation
✿✿✿

the
✿✿✿✿

PDE solves320

for Φ ∈ V , where V is a suitable function space, such that

a(Φ,v) = L(v) ∀ v ∈ V, (21)

and

a(Φ,v) =

∫

Ω\ΩC

σ∇Φ · ∇vdx+

∫

ΩC

σc∇Φ · ∇vdx

L(v) =

∫

Ω

Svdx

(22)325

where integrals over the ΓL and ΓR 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-330

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 =

∫

ΓE

−σ∇Φds. (23)335

Then, one can determine the global resistance following

Eq. (8).

✿✿✿

For
✿✿✿

the
✿✿✿✿✿

GEC
✿✿✿✿✿✿

cloud
✿✿✿✿✿✿✿✿✿✿

simulations
✿✿✿✿✿✿✿✿✿

presented
✿✿

in
✿✿✿✿

the
✿✿✿✿

next

✿✿✿✿✿✿

section
✿✿

we
✿✿✿✿✿✿✿

specify
✿

a
✿✿✿✿✿

fixed
✿✿✿✿✿✿✿

potential
✿✿✿✿✿

equal
✿✿

to
✿✿✿

300
✿✿

kV
✿✿

at
✿✿

60
✿✿

km340

✿✿✿✿✿✿

altitude
✿✿✿✿

and
✿✿✿✿✿✿

assume
✿✿✿✿✿✿✿

sources
✿✿✿

of
✿✿✿✿✿✿

charge
✿✿

to
✿✿✿

be
✿✿✿

not
✿✿✿✿✿✿✿✿

changing

✿✿✿✿

with
✿✿✿✿

time.
✿

✿✿✿

The
✿✿✿✿✿

GEC
✿✿✿✿✿✿

model
✿✿✿✿

has
✿✿

a
✿✿✿✿✿✿

flexible
✿✿✿✿✿✿✿✿✿✿

horizontal
✿✿✿

and
✿✿✿✿✿✿✿

vertical

✿✿✿✿✿✿✿✿

resolution.
✿✿✿✿

For
✿✿✿✿

the
✿✿✿✿✿✿✿✿✿

following
✿✿✿✿✿✿✿

section,
✿✿✿

the
✿✿✿✿✿✿✿✿✿

resolution
✿✿✿✿

and

✿✿✿✿✿✿

domain
✿✿✿✿

size
✿✿✿✿✿

were
✿✿✿✿✿✿✿

adjusted
✿✿✿

to
✿✿✿✿

suit
✿✿✿

the
✿✿✿✿✿✿✿

studied
✿✿✿✿✿

cloud
✿✿✿✿

size,345

✿✿✿✿

such
✿✿✿✿

that
✿✿✿

the
✿✿✿✿✿✿

cloud
✿✿✿✿

and
✿✿✿

the
✿✿✿✿✿✿

region
✿✿✿✿✿✿

below
✿✿✿

the
✿✿✿✿✿✿

cloud
✿✿✿

are

✿✿✿✿✿✿✿

resolved.
✿✿✿✿

For
✿✿✿✿✿✿✿✿

example,
✿✿✿

for
✿

a
✿✿✿✿✿✿

cloud
✿✿✿✿

with
✿✿✿

10
✿✿✿

km
✿✿✿✿✿✿✿✿

diameter,
✿

a

✿✿✿✿✿✿✿✿

horizontal
✿✿✿✿✿✿✿✿✿

resolution
✿✿

of
✿

1
✿✿✿

km,
✿

a
✿✿✿✿✿✿✿

vertical
✿✿✿✿✿✿✿✿

resolution
✿✿

of
✿✿✿✿

100
✿✿

m,

✿✿✿

and
✿

a
✿✿✿✿✿✿✿

domain
✿✿✿✿✿✿✿

diameter
✿✿✿

of
✿✿

50
✿✿✿

km
✿✿✿

are
✿✿✿✿✿✿✿✿

suffcient.
✿✿✿

For
✿✿✿

the
✿✿✿✿✿

upper

✿✿✿✿✿✿✿✿

boundary,
✿

a
✿✿✿✿✿✿

height
✿✿

of
✿✿

60
✿✿

km
✿✿

is
✿✿✿✿

used
✿✿✿

for
✿✿✿

all
✿✿✿✿✿✿✿✿✿✿

simulations.350
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2.2 Conductivity model

Conductivity calculations are performed using the Whole At-

mosphere Community Climate model (Marsh et al., 2013)

which is part of the Community Earth System Model,

CESM1(WACCM), with an additional module to calculate355

conductivity. The driving parameters in the conductivity

module are temperature, density, pressure, aerosol concentra-

tions (from CESM1(WACCM) simulations with CARMA),

and optionally cloud coverage. The model is described and

evaluated in detail within B13, using average atmospheric360

and solar conditions. Here, we use Specified Dynamics ver-

sion of WACCM (SD-WACCM), where temperatures and

winds are nudged to meteorological assimilation analysis re-

sults (GEOS5), see Lamarque et al. (2012) for a description.

✿✿✿✿

Note
✿✿✿✿✿

that
✿✿✿✿✿

the
✿✿✿✿✿✿✿✿✿

vertical
✿✿✿✿✿✿✿✿✿✿✿

coordinate
✿✿✿✿✿✿✿✿

system
✿✿✿✿

of365

✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿

CESM1(WACCM)
✿✿

is
✿✿✿✿✿✿

mostly
✿✿✿✿✿

based
✿✿

on
✿✿✿✿✿✿✿✿✿✿✿

atmospheric
✿✿✿✿✿✿✿

pressure,

✿✿✿✿✿

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
✿✿✿

the370

✿✿✿✿✿✿✿✿✿✿

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
✿✿✿✿

with375

✿✿✿

1.9◦
✿✿✿✿✿✿✿✿

resolution
✿✿

in
✿✿✿✿✿✿✿

latitude
✿✿✿

and
✿✿✿

2.5◦
✿✿

in
✿✿✿✿✿✿✿✿

longitude.
✿

2.3 ISCCP dataset

The ISCCP (International Satellite Cloud Climatology

Project) uses data from a suite of weather satellites.

✿

A
✿✿✿✿✿✿✿✿✿✿✿✿✿

documentaion
✿✿✿✿

and
✿✿✿✿✿✿

further
✿✿✿✿✿✿✿✿✿✿

references
✿✿✿

are
✿✿✿✿✿✿✿✿

provided
✿✿✿

by380

✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿

Rossow and Schiffer (1999) .
✿

We use the ISCCP cloud type

classification and the associated mean annual cloud coverage

data, which is derived from daytime measurements. ISCCP

classifies clouds in three altitude regimes (up to 680 hPa, be-

tween 440 and 680 hPa, and above 40 hPa), and further into385

cumulus, stratocumulus, stratus (low clouds), altocumulus,

altostratus, nimbostratus (middle clouds), and cirrus, cirro-

stratus, deep convection (high clouds).

Unfortunately, ISCCP does not provide global cloud thick-

ness data. Cumulus/stratocumulus and stratus clouds were390

chosen to span the height range 1–2 km, 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 con-

vective clouds are not considered, as they are generally

electrified. Other cloud categories, especially nimbostratus,395

might also experience electrification, but since there is not

enough consistent understanding of electrified nonthunder-

storm clouds (MacGorman and Rust, 1998), they will be

considered non-electrified
✿✿

to
✿✿✿

be
✿✿

in
✿✿✿✿

the
✿✿✿✿✿✿✿✿

semi-fair
✿✿✿✿✿✿✿

weather

✿✿✿✿✿

region
✿

in the global resistance estimates below. However,400

further work appears necessary for a better classification

of electrified and non-electrified clouds
✿✿✿✿

cloud
✿✿✿✿✿✿✿✿✿✿✿✿

electrification.

This will be discussed further in Sect. 5.

3 Single clouds

For the GEC simulations, an average background (cloud-405

free) conductivity profile from the work by B13 is used with

no horizontal variability. The ionospheric potential was fixed

to 300kV at 60km, and the earth’s potential set to zero. The

domain borders in the horizontal were chosen to be suffi-

ciently far away from the cloud edge, so the domain size410

increases for simulations with larger horizontal cloud sizes.

To simulate the effect of a single cloud, conductivity is re-

duced inside the cloud. As previously shown by Zhou and

Tinsley (2010), the conductivity reduction inside a cloud can

be approximated by a fraction η of ambient conductivity. Es-415

timates for η range from 1/10 (Nicoll and Harrison, 2009) to

1/50 (Zhou and Tinsley, 2010).

Figures 2 and 3 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 cloud420

(Fig. 2) and a stratus cloud (Fig. 3). For both cases a cloud

diameter of 10 km was chosen, and η = 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 cur-

rent streamlines with total current density
✿✿✿✿✿✿

density
✿✿✿✿✿✿✿✿✿

streamlines425

✿✿✿✿✿✿✿

(tangent
✿✿

to
✿✿✿

the
✿✿✿✿✿✿

current
✿✿✿✿✿✿

vector). As expected, there is a strong

reduction from an average current 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 diver-430

gence above the cloud, and convergence below. The effect on

the air-to-earth current density is shown in panel (b). The red

line depicts the air-to-earth current densities if only vertical

currents were permitted, i.e. the ionospheric potential divided

by the column resistance Rcol. The blue line shows the model435

result, indicating that the current density reduction is in fact

less severe, but spread out several kilometers past the cloud

edge.

In panel (c), showing column resistance, the red line de-

picts the vertically integrated column resistance Rcol, and the440

blue line depicts the column resistance R̂col 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).

Panel (d) depicts the potential distribution around the445

cloud. Clearly, even for the 10 km cloud shown here, there is

a strong horizontal potential gradient both above (at 9.5 km)

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.450

In order to simplify further studies of cloud effects on

larger horizontal domains, it is desirable to replace R̂col with

only one value for the cloud area, where the fair-weather
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✿✿✿

fair
✿✿✿✿✿✿✿

weather
✿

column resistance remains unchanged. There-

fore, we are looking for a new cloud column resistance value455

R̂cloud
col , that takes into account the partial current flow around

the cloud. Because of the divergence/convergence of currents

around the cloud, Rcloud
col (red line) does not give the correct

average cloud column resistance.

It is also possible to formulate this using current den-460

sity, where the air-to-earth current density is replaced with

a fair-weather
✿✿✿

fair
✿✿✿✿✿✿✿

weather
✿✿✿✿✿✿✿✿✿✿

air-to-earth current density, and

a cloud
✿✿✿✿✿✿✿

semi-fair
✿✿✿✿✿✿✿

weather
✿✿✿✿✿✿✿

(cloud)
✿✿✿✿✿✿✿✿✿

air-to-earth current density

Ĵ cloud
air-to-earth, because then

R̂cloud
col =

ΦI

Ĵ cloud
air-to-earth

. (24)465

The approach is depicted in Fig. 2b. By integrating

Jno-cloud
air-to-earth − Jair-to-earth over the shown domain, i.e. the differ-

ence between the blue line and the fair-weather
✿✿

fair
✿✿✿✿✿✿✿

weather

current density (green and blue areas), and dividing only by470

the area of the cloud, the current density reduction is at-

tributed to the cloud area (indicated by arrows). So we define

the cloud current density Ĵ cloud
air-to-earth as

Ĵ cloud
air-to-earth = Jno-cloud

air-to-earth −A−1

∫∫ (
Jno-cloud

air-to-earth − Jair-to-earth(φ,λ)
)
dφdλ

(25)475

where A 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 resistance R̂cloud
col using Eq. (24). This is the average

cloud column resistance while accounting for the off-vertical480

currents. Equivalently to Ĵ cloud
air-to-earth, R̂cloud

col can also be calcu-

lated directly. However, horizontal averaging of column re-

sistances requires to use 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)

485

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 the490

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 close495

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 panel (b). It is interest-

ing to note that this leads to an increase in air-to-earth current

density in the cloud-free area next to the cloud edges. Analo-500

gously, panel (c) shows the column resistances from vertical

integration of the reciprocal of conductivity Rcol (red), the

effective column resistance R̂col (blue), and the average col-

umn resistance R̂cloud
col (green) as defined above. Similarly to

the cirrus cloud, the potential distribution in Fig. 3d depicts505

large horizontal 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
✿✿✿✿✿

higher510

✿✿✿✿✿✿

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 compute

the ratio R̂cloud
col /Rcloud

col , shown in Fig. 4, as a function of cloud515

diameter for a variety of cloud types. Here, cloud types are

only distinguished by their altitude regime, using the ISCCP

types. In the future, results from other satellite missions such

as the NASA ICEsat (Ice, Cloud, and land Elevation Satel-

lite) and CloudSat missions, can be used for more accurate520

global cloud thickness analysis.

From Fig. 4, one can see the effect is most important

for clouds with a diameter less than 100 km. In the transi-

tion range, between 2 and 100 km, generally the effect is

more pronounced, i.e. a smaller R̂cloud
col /Rcloud

col , for clouds525

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-530

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. For535

Fig. 4 this leads to a larger ratio of R̂cloud
col /Rcloud

col for cirrus

clouds (black).

A sensitivity analysis using η = 1/25 (not shown) yields

increases in the ratio R̂cloud
col /Rcloud

col of approx. 0.1 for small

clouds, except for cirrus where an increase of approx. 0.2 is540

found.

4 Global effect

For estimating the impact of non-electrified clouds
✿✿✿✿✿

clouds

✿✿

in
✿✿✿

the
✿✿✿

fair
✿✿✿✿✿✿✿✿

weather
✿✿✿✿

part
✿✿

of
✿✿✿✿

the
✿✿✿✿

GEC
✿

on global resistance,

it is necessary to take into account the cloud size distri-545

bution. Wood and Field (2011) have used MODIS, air-

plane and model data to show that the cloud chord length

✿✿✿✿✿✿✿✿✿✿✿✿

(corresponding
✿✿

to
✿✿✿

the
✿✿✿✿✿✿✿

average
✿✿✿✿

cloud
✿✿✿✿✿✿✿✿

diameter,
✿✿✿

see
✿✿✿✿

their
✿✿✿✿✿

paper

✿✿

for
✿✿✿✿✿

more
✿✿✿✿✿✿✿✿

details),
✿✿

x,
✿

as well as the projected area obey

a power law. For the cloud cover contribution C from clouds550

larger than x/xmax they showed that

C(x) = 1− (x/xmax)
2−β (27)
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and found that β ≈ 1.7 and xmax = 2000 km.
✿✿✿

For
✿✿✿✿✿

chord

✿✿✿✿✿✿

lengths
✿✿✿✿✿

larger
✿✿✿✿

than
✿✿✿✿

2000
✿✿✿

km,
✿

a
✿✿✿✿✿

scale
✿✿✿✿✿

break
✿✿✿✿✿✿

occurs.555

The contribution Ch of any chosen set of cloud horizontal

sizes hi for the intervals [(hi−1 +hi)/2,(hi+1 +hi)/2] can

then be calculated.

If we assume this result to be true individually for all types

of clouds, the size-dependent cloud cover fraction is then560

g(hi, type) = f(type) ·Ch(hi), where cloud-cover fraction f
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 ratio R̂cloud
col /Rno-cloud

col565

for every cloud type. Note that the result will be independent

of the model source currents or the ionospheric potential.

The values for Rcol(φ,λ), from observations or model

data, are then used to derive R̂cloud
col for every cloud type.

The Poisson
✿✿✿✿✿

current
✿✿✿✿✿✿✿✿✿

continuity
✿

approach column resistance570

R̃col for a cloud-covered 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)575

The use of R̃col 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) conduc-580

tivity data was obtained from the CESM1(WACCM) sim-

ulation used below, for annual mean conditions. Table 1

lists global resistance values for a cloud-free atmosphere,

the small cloud approximation, the large cloud approxima-

tion, the Poisson
✿✿✿✿✿

current
✿✿✿✿✿✿✿✿✿

continuity approach, and total cloud585

cover averages. Using the small cloud approximation and IS-

CCP cloud cover data,
✿

ZT10 estimated an increase of global

resistance through clouds by about 18Ω, similar to the 22Ω
here (η = 1/50).

The large cloud approximation leads to increases of590

global resistance by up to 188Ω (114 %), whereas with the

Poisson
✿✿✿✿✿

current
✿✿✿✿✿✿✿✿✿

continuity approach, taking the current diver-

gence/convergence into account, increases global resistance

by 144Ω (87 %). As expected, the latter value lies between

the small and large cloud approximations. For η = 1/50, the595

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 global600

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 procedure605

as for ISCCP can be used to derive column resistances.

Again, the large cloud approximation overestimates global

resistance significantly, by up to 21 %, when compared to the

Poisson
✿✿✿✿✿

current
✿✿✿✿✿✿✿✿✿

continuity approach.

Despite the slightly larger total cloud cover, the610

CESM1(WACCM) global resistances are consistently

smaller by up to 37Ω compared to ISCCP for all η. 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 thickness615

compared to ISCCP. Secondly, ISCCP cloud coverage data

is only for daytime, which can be significantly different

to nighttime coverage. Finally, CESM1(WACCM) uses

instantaneous values of cloud cover to calculate conduc-

tivity, column resistance, whereas ISCCP only provides620

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-625

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.

The only available measurements of air-to-earth current

density depending on cloud coverage were presented by630

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 as635

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 Parametrization for 3-D conductivity calculations

3-D models used to calculate conductivity generally can-640

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 non-electrified clouds
✿✿✿✿✿

clouds
✿✿

in
✿✿✿

the
✿✿✿✿

fair
✿✿✿✿✿✿✿

weather
✿✿✿✿✿

region
✿✿

of645

✿✿

the
✿✿✿✿✿

GEC. The 3-D conductivity model results can then be

used for global GEC models that solve Poisson’s equation

✿✿

the
✿✿✿✿✿✿✿

relevant
✿✿✿✿✿

PDE to derive global distributions of potentials

and currents.

ZT10 have provided a parametrization to account for650

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.
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Here, we introduce a parametrization suitable for all cloud655

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 a first step, the Poisson
✿✿✿✿✿

current
✿✿✿✿✿✿✿✿✿

continuity approach col-660

umn resistance R̃col is parametrized using the approach to

calculate the global effect presented in Sect. 4. The model

data required for this is the fair-weather
✿✿✿

fair
✿✿✿✿✿✿✿

weather column

resistance, cloud cover fractions for the pre-defined cloud

types for every model grid point, and cloud cover for every665

model grid point as a function of model layer f(z).
We define effective conductivity σ̃ such that

R̃col =

∫
dz

σ̃(z)
. (29)

We assume the following relationship between σ̃ and the670

cloud-free conductivity:

σ̃(z) = (1− f(z))σ(z)+ γf(z)σ(z) (30)

where a parameter γ is introduced that will take into ac-

count the non-linearity introduced by the current diver-675

gence/convergence around the clouds. Note that γ is not an

assumed constant as in the work by ZT10, see Eq. (6), but

will be derived from the known value for R̃col for every

model column.

Using the assumed form for σ̃ from Eq. (30), we can680

rewrite Eq. (29) as

R̃col =

n∑

i=1

∆z

σ(z)(1− f(z)(1− γ))
(31)

for n model layers with thickness ∆z. Eq. (31) is a poly-

nomial with degree n for the variable γ. Here, Newton’s685

method is used to numerically approximate γ for the func-

tion h(γ) =R−
∑

∆z/(σ(1− f(1− γ))) = 0.

h(γ) =R−

n∑

i=1

∆zi
σi(1− fi(1− γ))

= 0.

✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿

(32)

The first derivative is h′(γ) =
∑

∆zσf/(σ(1− f(1− γ)))2.690

h′(γ) =

n∑

i=1

∆ziσifi
(σi(1− fi(1− γ)))2

.

✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿

(33)

With this, the solution is iteratively approximated using

γm+1 = γm −h(γm)/h′(γm).695

γm+1 = γm −h(γm)/h′(γm).
✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿

(34)

While the polynomial in general has n number of so-

lutions, only the largest γ is physically meaningful. For

other solutions conductivity of the layer with the largest700

cloud cover f becomes negative. The initial guess γ0 for the

largest γ is close to where the fraction reaches singularity,

γ0 = 1− 1/max(f)+ ǫ.

γ0 = 1− 1/max(f)+ ǫ.
✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿

(35)
705

Then, Newton’s method reliably converges to this solution.

With γ from Eq. (30), σ̃(z) can then be calculated.

Figure 6 shows cloud cover (left) and
✿✿✿✿✿✿✿✿✿✿✿

parameterized

conductivity (right) profiles for a single column. The

parametrized (red) conductivity σ̃ is smaller than the back-710

ground 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 discussed above. The corresponding column resistance

values are Rno-clouds
col = 1.0× 1017Ωm2, and R̃col = 2.1×715

1017Ωm2. Vertically integrating the conductivity σ̃ gives

a result numerically identical to R̃col, as required by the

parametrization.
✿✿✿✿

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
✿✿✿✿✿✿✿✿✿

physically720

✿✿✿✿✿✿✿✿✿✿

overlapping.
✿✿✿✿✿

Such
✿✿

an
✿✿✿✿✿✿

overlap
✿✿✿✿✿✿

would
✿✿✿✿

lead
✿✿

to
✿✿✿✿✿✿

mutual
✿✿✿✿✿✿✿

coupling

✿✿

of
✿✿✿

the
✿✿✿✿✿

layers
✿✿✿

and
✿✿✿✿✿✿

would
✿✿✿✿

need
✿

a
✿✿✿✿✿

more
✿✿✿✿✿✿✿✿

advanced
✿✿✿✿✿✿✿✿

treatment
✿✿✿

that

✿✿✿

has
✿✿✿

not
✿✿✿✿

been
✿✿✿✿✿✿✿✿✿

considered
✿✿✿✿✿

here.

The parametrization developed above was implemented

as part of the CESM1(WACCM) conductivity module. As725

above, cloud cover without deep convection was used, in

order to include only non-electrified clouds
✿✿✿✿✿✿

clouds
✿✿

in
✿✿✿

the

✿✿✿✿✿✿✿✿✿

(semi-)fair
✿✿✿✿✿✿

weather
✿✿✿✿✿✿

region. As an example, the logarithm of

✿✿✿✿✿✿✿✿✿✿✿

parameterized
✿

model conductivity for a single longitude and

model time is shown in Fig. 7 (top). Local reductions in con-730

ductivity 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 on η as

well as the assumed cloud thicknesses that are used to derive735

R̂cloud
col /Rno-cloud

col in the high-resolution simulation part.

The effective conductivity distribution, σ̃, can be used

for global GEC models to calculate potentials and currents,

while accounting for sub-grid scale effects of non-electrified

clouds.740

Errors from this parametrization will be largest for areas of

the globe where certain types or sizes of clouds are different

to average distributions. If the cloud thicknesses are different

to the assumed thicknesses, the parametrization will not give

accurate results. No global measurements of these parame-745

ters are available, so an estimate of the errors made is cur-

rently not possible. The parametrization is based on the as-

sumption that these clouds are not electrified, but .
✿✿✿✿✿✿✿✿

However,

if future measurements show that, in addition to deep convec-

tive clouds and some nimbostratus
✿✿

or
✿✿✿✿✿✿

shower
✿

clouds, other750

cloud categories do have electrification, this could signifi-

cantly alter the global resistance results. The effect of large-
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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 due755

to possible mutual coupling of clouds if they are close to

each other
✿✿

or
✿✿✿✿✿✿✿✿

vertically
✿✿✿✿✿✿✿✿✿✿

overlapping. Figure 8 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 simu-760

lation, the column resistance in the area between the clouds

does not reach the fair-weather
✿✿

fair
✿✿✿✿✿✿✿

weather
✿

column resis-

tance, indicating mutual coupling at
✿✿✿✿✿✿✿✿

horizontal
✿

distances be-

low approx. 3 km for this cloud type.
✿✿✿✿

Note
✿✿✿✿

that
✿✿✿

the
✿✿✿✿✿✿✿

coupling

✿

is
✿✿✿✿

not
✿

a
✿✿✿✿✿✿✿✿✿✿✿✿

superposition,
✿✿✿

as
✿✿✿

can
✿✿✿

be
✿✿✿✿✿✿

shown
✿✿✿✿✿

from
✿✿✿✿✿✿✿✿✿✿

comparisons765

✿✿

of
✿✿✿

the
✿✿✿✿

total
✿✿✿✿✿✿✿✿✿

resistance
✿✿

of
✿✿✿

the
✿✿✿✿✿✿✿

domain,
✿✿✿✿✿✿

which
✿✿✿✿✿✿✿✿

increases
✿✿✿✿

with

✿✿✿✿✿✿✿✿✿

decreasing
✿✿✿✿✿✿✿

distance
✿✿✿✿✿✿✿

between
✿✿✿✿✿✿

clouds.
✿

The cloud distance re-

quired for mutual coupling varies by cloud type and diameter.

Errors of the column resistance parametrization will be in-

creasing if a significant fraction of small clouds experiences770

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 fair-weather region
✿✿✿✿✿

return
✿✿✿✿

path
✿

of the GEC, the role775

of non-electrified clouds was investigated. A finite element

model was used to solve Poisson’s equation
✿✿

the
✿✿✿✿✿✿✿

relevant

✿✿✿✿

PDE,
✿✿✿✿✿✿✿

derived
✿✿✿✿✿

from
✿✿✿✿

the
✿✿✿✿✿✿✿

current
✿✿✿✿✿✿✿✿✿

continuity
✿✿✿✿✿✿✿✿

equation
✿✿✿✿

and

✿✿✿✿✿

Ohm’s
✿✿✿✿

law,
✿

in the vicinity of various cloud sizes and al-

titudes. Non-electrified clouds
✿✿✿✿✿✿

Clouds
✿✿

in
✿✿✿✿

the
✿✿✿✿✿

GEC
✿✿✿✿✿✿

current780

✿✿✿✿✿

return
✿✿✿✿

path, which decrease electrical conductivity, in gen-

eral, lead to a reduced current density beneath the cloud

layer; however, the model shows that currents bend around

the cloud
✿✿✿✿✿✿

clouds
✿✿

of
✿✿✿✿✿✿

limited
✿✿✿✿✿✿✿✿

horizontal
✿✿✿✿✿

extent
✿✿✿

(<
✿✿✿

100
✿✿✿

km), with

current divergence above the cloud and convergence below.785

Below the cloud, this leads to larger current densities and ef-

fectively a smaller cloud resistivity than expected if only ver-

tical currents were considered. Qualitatively, this agrees with

published air-to-earth current density measurements. This

phenomenon was found to be important especially for clouds790

with a diameter below 100 km, and therefore to lead
✿✿✿✿

leads
✿

to

a significant error when using the classical approach to esti-

mate global resistance, i.e. horizontally integrating over col-

umn resistance. An “effective column resistance” was intro-

duced, which restores the possibility to derive global resis-795

tance the classical way. The Poisson
✿✿✿✿✿

current
✿✿✿✿✿✿✿✿✿

continuity
✿

ap-

proach method is based on the numerical simulations of ef-

fective column resistance for single clouds as a function of

cloud size and altitude.

Using the Earth System Model CESM1(WACCM) as well800

as the ISCCP cloud database, the effect of clouds on global

resistance, taking the divergence/convergence phenomenon

into account, was estimated. Employing the Poisson
✿✿✿✿✿

current

✿✿✿✿✿✿✿✿

continuity
✿

approach introduced here, non-electrified clouds

✿✿✿✿✿✿✿✿✿

introduced
✿✿✿✿✿

here,
✿✿✿✿✿✿

clouds
✿✿✿

in
✿✿✿

the
✿✿✿✿

fair
✿✿✿✿✿✿✿✿

weather
✿✿✿✿

part
✿✿✿

of
✿✿✿

the805

✿✿✿✿

GEC
✿

were found to increase global resistance by up to

120Ω (73 % of the cloud-free atmosphere resistance) in

the model, depending on assumed cloud properties. Us-

ing ISCCP, increases are even larger, but overestimated be-

cause of the use of time-averaged cloud cover. A previ-810

ously published small cloud approximation leads to un-

derestimation of global resistance by up to 40 %, whereas

a large cloud approximation, which only considers vertical

currents and neglects divergence/convergence, leads to over-

estimation by up to 20 %. Current divergence/convergence815

around non-electrified clouds should therefore not be ne-

glected in GEC studies
✿✿✿✿✿✿

studies
✿✿

of
✿✿✿

the
✿✿✿✿✿✿✿

(semi-)
✿✿✿

fair
✿✿✿✿✿✿✿

weather

✿✿✿

part
✿✿✿

of
✿✿✿

the
✿✿✿✿✿

GEC. For this purpose, a parametrization was

developed that corrects conductivity depending on model

grid cell cloud cover, allowing to assume
✿✿✿✿

such
✿✿✿✿

that
✿

only820

vertical current flow on the scale of grid columns
✿✿✿✿

needs
✿✿

to

✿✿

be
✿✿✿✿✿✿✿✿✿

considered. However, it is emphasized that for a bet-

ter quantification of the role of non-electrified clouds in

the GEC many aspects will require a better understand-

ing. This includes improving estimates of the conductiv-825

ity decrease in clouds, better distinctions between cur-

rent generating clouds and non-electrified clouds, and
✿✿✿✿

other

✿✿✿✿✿✿

clouds,
✿

improved global cloud thickness data,
✿✿✿✿

and
✿✿✿✿✿✿

mutual

✿✿✿✿✿✿✿

coupling
✿✿✿

by
✿✿✿✿✿✿✿

vertical
✿✿✿✿✿✿✿✿✿✿

overlapping
✿✿✿

or
✿✿✿✿✿✿✿✿✿

horizontal
✿✿✿✿✿✿✿✿✿

proximity.

✿✿

To
✿✿✿✿✿✿✿✿✿✿✿✿✿

experimentally
✿✿✿✿✿✿✿✿

validate
✿✿✿

the
✿✿✿✿✿✿✿✿✿

presented
✿✿✿✿✿✿✿

results,
✿✿✿✿✿✿

further830

✿✿✿✿

work
✿✿✿✿

will
✿✿✿✿✿✿

focus
✿✿

on
✿✿✿✿

the
✿✿✿✿✿✿✿

analysis
✿✿✿

of
✿✿✿✿✿✿✿

vertical
✿✿✿✿✿✿✿

electric
✿✿✿✿

field

✿✿✿✿✿✿✿✿✿✿✿

measurements
✿✿✿✿✿

from
✿✿✿✿

large
✿✿✿✿✿✿✿✿✿

horizontal
✿✿✿✿✿

arrays
✿✿

of
✿✿✿✿✿✿✿

sensors.
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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 165Ω

Small cloud approximation 184Ω 186Ω 187Ω

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

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

Total cloud cover 66 % 69 %
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( , )

( )

( )

( )

( )
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( , ) ( , )

a) b) d)c)

˜( , )ˆ−

Fig. 1. Schematics of cloud modifications of conductivity and column resistance.
✿✿✿✿✿

Arrows
✿✿✿✿✿✿

denote
✿✿✿✿✿

current
✿✿✿✿✿✿✿

direction
✿✿✿✿

and
✿✿

the
✿✿✿✿✿✿

current
✿✿✿✿✿✿

density

✿✿✿✿✿✿✿✿

magnitude
✿

in
✿✿

a
✿✿✿✿✿✿✿

qualitative
✿✿✿✿✿

sense.
✿

(a) Single cloud, with current mainly flowing around the cloud as assumed in the small cloud approximation.

(b) Single cloud, only allowing for vertical currents as assumed in the large cloud approximation. (c) Current divergence/convergence around

the cloud, and “effective column resistance” as a function of latitude and longitude, employed for the Poisson
✿✿✿✿✿

current
✿✿✿✿✿✿✿✿

continuity
✿

approach.

(d) Model grid column with cloud fraction and Poisson
✿✿✿✿✿

current
✿✿✿✿✿✿✿✿

continuity
✿

approach column resistance R̃col.
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a)

b)

c)

d)

Horizontal extent [km]

Fig. 2. (a) 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. (b) Model air-to-earth current

density (blue), restricted to vertical currents only (red)
✿

,
✿✿✿

and
✿✿✿✿

mean

✿✿✿✿✿✿

effective
✿✿✿✿✿

cloud
✿✿✿✿✿

current
✿✿✿✿✿✿

density
✿✿✿✿✿✿

(green). (c) Effective column resis-

tance R̂col (blue), column resistance for considering vertical cur-

rents only Rcol (red), and mean effective cloud column resistance

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

Horizontal extent [km]

a)

b)

c)

d)

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

altitude.
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Fig. 4. Horizontal-size dependence of R̂cloud
col /Rcloud

col for different

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), cirrus (8–9.5 km, black).
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PΩm2

Fig. 5. CESM1(WACCM) (top) and ISCCP (bottom) average

column resistance
✿✿✿✿✿✿✿✿✿✿✿✿✿✿

(PΩm2=1015
Ωm2), taking the current diver-

gence/convergence phenomenon into account (η = 1/50).
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Fig. 6. Left: cloud cover fraction of a single column. Right: Back-

ground (black), ZT10 (blue) and parameterized (red, see text) cloud

conductivity profile.
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Fig. 7. Top: Logarithm of conductivity from CESM1(WACCM) for 30◦ E and 16 September 2005, 00:00 UTC, using the cloud conductivity

parametrization. The black contour lines indicate cloud cover fraction
✿✿

(20%,
✿✿

60%,
✿✿✿

100%). Bottom: column resistance for the same location,

using the cloud parametrization (black) and neglecting clouds (red).

Fig. 8. Top: Current streamlines in the vicinity of two clouds that are

separated by 3 km. Bottom: corresponding column resistance R̂col.



Replies

July 10, 2014

Replies to Reviewer #1 (Rycroft)
We thank the reviewer for the comments on the manuscript, which helped to
improve the revised version.

I suggest the term ”semi-fair weather clouds”

Reply It is indeed difficult to find a term that is not misleading in some way.
The atmospheric electricity community uses the term electrified clouds
also for electrified shower clouds, so we think that slightly electrified clouds
could be mistaken for clouds where electrification occurs through mechan-
ical (riming etc) reasons. We have therefore now chosen to term these
clouds ”clouds in the fair weather part of the GEC”, or ”clouds in the
current return path”, without an adjective.

I would prefer the authors to start with Gauss law, one of Maxwells
four fundamental equations, and then to consider Poissons equa-
tion.

Reply For the revised manuscript, we have rewritten and clarified the deriva-
tion of the relevant PDE: While mathematically the concerned PDE is
of Poisson-type, strictly speaking it is neither Poisson’s equation or the
Laplace equation of electrodynamics, because conductivity is not constant.
Therefore, the PDE is not named, but the approach later refered to as the
“current continuity approach”, as the PDE is based on the current con-
tinuity equation. We have revised this section to the following: “The
defining equations for current flow are the current continuity equation
and Ohm’s law (Zangwill: Modern electrodynamics, Cambridge Univer-
sity Press, 2013, chapter 9.4):

∇ · J = S (1)

J = σE, (2)

where J is the current density, S is the negative time derivative of charge
density, which describes thunderstorms and electrified clouds, σ is conduc-
tivity, and E is the elctric field. If no changing magnetic fields are present,
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the electric field is defined as the gradient of a potential Φ: E = −∇Φ, in
which case Ohm’s law can be written as

J = −σ∇Φ. (3)

Combining Ohm’s law and the current continuity equation yields the par-
tial differential equation (PDE)

−∇ · [σ∇Φ] = S. (4)

To solve this for the current density and potential distributions, we employ
a finite element model formulation, which requires a variational formula-
tion of the PDE. [...]”

Then, considering the reduced conductivity inside a cloud, there
have to be electric charges on the top and bottom of the cloud.
How large the charge density is depends on the thickness of the
cloud edge. What charge densities are calculated here? There-
fore the paper should also discuss clearly what is the vertical
resolution of the model.

Reply Indeed the charge density depends on the thickness of the cloud edge.
We have not modeled realistic cloud edges. If a vertical resolution of
100m is chosen, charge densities similar to those reported by Nicoll and
Harrison (2010) are calculated. However, the charge density is the only
variable that is affected by vertical resolution of the model. The figures
in the paper have been produced using a vertical resolution of 200m, but
they are identical for other vertical resolutions, e.g. for 50m or 1km. This
is explained in more detail in the revised manuscript: The GEC model has
a flexible horizontal and vertical resolution. 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 ex-
ample, for a cloud with 10 km diameter, a horizontal resolution of 1 km, a
vertical resolution of 100 m, and a domain diameter of 50 km are suffcient.”

Is there a standard layer separation in the model? From Figure 6,
I might surmise that the vertical resolution used is 1 km. Am I
correct? Or is there a more complicated type of mesh, the size of
which varies according to the details of the problem considered?
This issue needs to be explored clearly in this paper, in my
opinion.

Reply Figure 6 is used as a demonstration of the parametrization, and had a
simple vertical layers of 350m, 750m, 1500m and then 1 km steps. How-
ever, when used in CESM/WACCM the vertical grid is a hybrid sigma
pressure system, as many climate models use. Geopotential height is cal-
culated at every timestep, and differs from grid point to grid point. This is
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explained in more detail in the revised manuscript: Note that the vertical
coordinate system of CESM1(WACCM) is mostly based on atmospheric
pressure, 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 verti-
cal 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 be-
low use a grid with 1.9 degrees resolution in latitude and 2.5 degrees in
longitude.

I like the diagrams shown in Figure 1. However, it is not clear
why some arrows are of different lengths from others. Does the
length represent the magnitude of the current density flowing?

Reply Yes, the length represents the magnitude of the current density, although
only qualitative and not quantitatively (especially for Fig c and d this
would not be possible)

It could beneficially do that, I think; if so, that should be stated.

Reply This is explained in more detail in the revised manuscript: Arrows de-
note current direction and the current density magnitude in a qualitative
sense.

In Figure 1 b), I think that the current density flowing through the
cloud should be the same as that flowing in the fair weather
region to the sides of the cloud.

Reply If only vertical currents are allowed: J=V/Rcol. This leads to a smaller
J for larger column resistance, so the current density is smaller than the
fair-weather region current density. For Fig a, where the current is flowing
around the cloud, J above and below the cloud is not reduced, so J is larger
than for Fig 1.b), so the arrows should be longer. However, Fig 1.a was
corrected as shown below.

In Figure 1 c), discussed on page 8, the curved arrows should thus
be shortened. As seen in Fib 2a, the current density becomes
very large close to the edge of the cloud. Therefore, On page 6,
please spell out how the curvature of the currents illustrated is
calculated. What assumptions, if any, are made? It would be a
good idea here to introduce here the concept of the conductivity
inside the cloud (see page 12) being a factor of about 10 (or 50)
less than the conductivity of cloud free air. Somewhere in the
paper, referring to the literature, these numerical values should
be justified.
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Reply Fig 1c will be corrected in the revised manuscript. For Fig. 2a and 3a,
the shown streamlines have a vigorous mathematical definition (instanta-
neously tangent to the current vector), and can be calculated given a set
of starting points at the boundary (see e.g. Granger, R.A. (1995). Fluid
Mechanics. Dover Publications. ISBN 0-486-68356-7., pp. 422425.) The
numerical values for eta are justified with literature references in section
3, 1st paragraph

Section 2 is written from the viewpoint of a mathematician, rather
than a physicist. Whilst there is nothing wrong with that ap-
proach, I believe that the paper would be more valuable to
chemists and physicists if the equations (16) and (19) were ex-
plained physically too.

Reply We now included the definition of Ω (the problem domain), explained
the meaning of Dirichlet boundary condition and detailed the derivation
of the relevant PDE (current continuity equation and Ohm’s law). The
physical explanation is therefore contained in the preceding paragraph,
and the equations 16 through 19 only contain the way the relevant PDE is
formulated in the GEC model. It is not required for the reader to be able
to follow this in order to understand the results and discussion. However,
we feel the equations should not be taken out, to provide interested readers
with some detail of the model, as this GEC model has not been published
in other places so far.

The feature which strikes me from Figure 2 is that the effective ra-
dius of this cirrus cloud at this height is about twice its actual
radius. This suggests that the current density inside the cloud
should be about a quarter of its value outside, as the numer-
ical values presented demonstrate. Is there any experimental
evidence for such a variation of current densities? This topic is
also mentioned toward the bottom of page 14. How could such
different current densities be detected?

Reply So far there is no published experimental evidence. However, in principle
the use of a array of electric field mills could be used to study this. The
authors are currently investigating if data from existing field mill arrays
(such as from Kennedy Space Center) could be used for this purpose.

The numerical values for the resistances stated for different condi-
tions are valuable, for modellers and experimenters alike. Both
Figure 5 and Table 1 show clearly the magnitudes of the expected
effects of different clouds. The authors might like to discuss how
the results shown in Figure 7 could be used by other researchers.

Reply Fig 7 is mainly meant to demonstrate several features of the model
simulations, and is the only one showing the result of the parametrization.
Since this is showing parameterized conductivity for the fair weather part
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of the GEC, this can not be validated with conductivity measurements.
However, satellite measurements of aerosol, water vapour concentration
etc could be used to reproduce these results using the same technique.
The modeled surface vertical electric fields or current density could be
evaluated with measurements.

I feel that the discussion in section 5 could be ”sharpened up” a
bit, to advantage.

Reply We have improved the section for the revised manuscript as much as
possible.

The Conclusions section should be rewritten to specify slightly elec-
trified clouds (and not non-electrified clouds).

Reply Rewritten as discussed above.

”Allowing to assume” (on line 10) is not a very elegant expression.

Reply corrected to such that only vertical current flow on the scale of grid
columns needs to be considered

There are a few errors in the references list.

Reply We were not able to find these errors, but will make every effort together
with the copernicus staff to have these correct in the final version.

In line 4 of page 5, I suggest that it should read: Note, however,
that the ... .

Reply This will be corrected in the revised manuscript as suggested.
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Replies to Reviewer #2
We thank the reviewer for the comments on the manuscript, which helped

to improve the revised version.

1. p9817, l21: Move ZT10 to l18 where the paper is mentioned first.

Reply Changed as suggested.

2. p9819, l9 : Include page number for reference to Pruppacher and
Klett.

Reply We included chapter 18.3.1 for the reference.

3. p9821, l20: Quantify local area and high resolution.

Reply The resolution has to be chosen such that the cloud can be resolved,
therefore we included that can resolve the considered clouds. Further, the
section on the model was extended by a discussion of model resolution
and domain size.

4. p9823, l18: Explain what is meant by the fixed potential of the
Earth. What is used as a reference?

Reply Mathematically, the choice of potential for the Earth is arbitrary, but
was chosen to be 0 V. This is now mentioned in the manuscript.

5. p9824, l5:For S=0, eq. 14 becomes the Laplace equation such
that it is not clear why the term Poisson equation is used.

Reply As to the request of reviewer 1, the derivation of the equation is now in
more detail. While mathematically the concerned PDE is of Poisson-type,
strictly speaking it is neither Poisson’s equation or the Laplace equation
of electrodynamics, because conductivity is not constant. Therefore, the
PDE is not named, but refered to as the “current continuity approach”,
as the PDE is based on the current continuity equation.

6. p9 82 3, l23: Shower clouds can also be electrified. Convective
clouds typically become electrified when they reach a height of
4-6 km when charge separation starts to occur in the mixed
phase region, well before deep convection has developed.

Reply Indeed there is still insufficient data, on a global scale, as to which types
of clouds contribute current to the GEC, which leads to an uncertainty
in the global resistance results here. This is pointed out in the revised
discussion and conclusions.

7. p98272, eq23: There seems to be an r2 in the integrand missing
to fit the units.

Reply The integration over latitude and longitude, yielding a horizontal area,
is matched by the division of cloud area A, so the units are correct.
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8. p9829, eq25: Why not use 0.3 instead of 2-beta, beta =1.7? What
is the physical significance of 2000 km cloud size?

Reply The notation 2-beta is used to follow the notation as in Wood and Field
(2011), and for comparison with this paper we followed that paper as
strictly as possible. We added that for clouds larger than 2000 km a scale
break occurs. However, the model resolution is much better than 2000
km, so this does not affect the results here.

9. p9831, l2: Up to this point, no result of the global resistance
calculation has been reported such that it is not clear what the
quoted percentages relate to. The wording overestimate and
underestimate implies a deviation from a true global resistance.

Reply We clarified this in the revised manuscript: ...underestimates total resis-
tance by 39% compared to the current continuity approach .... The current
continuity approach values referred to are discussed on the previous page
(Table 1).

10. p9833, l14-22: Give a range of values for n to enable an as-
sessment of the degree of non-linearity introduced by gamma.
Would it not be more straightforward to use a Taylor expansion
of the denominator in eq29? Why is only the largest gamma
physically meaningful? Does a sensitivity analysis for the in-
version of gamma indicate a unique solution without competing
relative minima? How is the reliability of the solution tested,
e.g. with a set of forward models?

Reply The number of levels n is 88 in the CESM simulations. In fact the
Newton method does use the first order Taylor expansion. We did not use
higher-order Taylor expansion because of the function’s singularities (see
Fig. 1 and 2 below). Only the largest gamma yields positive conductivity
profiles, meaning that this is the only physically meaningful solution.

11. p9834, l17: Perhaps best to start a new section named Discus-
sion.

Reply The error discussion focuses on the parametrization introduced in this
section, and not to the sections beforehand, therefore we left the error
discussion in this section.

12. p9834, l27: I think there is only a superposition of fields, but no
mutual coupling.

Reply In fact, it is a form of mutual coupling and not just superposition.
Consider the following example: The domain in the figure below has a
total resistance of 3.20e12 Ohm if only one of the clouds is present. When
two clouds are present, the total domain resistance increases by 7.2%
(3.43e12 Ohm) if the second cloud is far away from the first cloud (left
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Fig. 3a below), but increases by 8.4% for a horizontal distance of 1km
(Fig. 3b below). The right figure shows that the two clouds behave as
one cloud above 8 km, and thus non-linearly increasing the resistance.
This is noted in the revised manuscript: Note that the coupling is not a
superposition, as can be shown from comparisons of the total resistance
of the domain, which increases with decreasing distance between clouds.
The cloud distance required for mutual coupling varies by cloud type and
diameter.

13. P9844, Fig.5: Perhaps better to use 1015 instead of the rather
unusual P.

Reply We added (PΩm2=1015Ωm2) to the Figure caption
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Replies to Reviewer #3
We thank the reviewer for the comments on the manuscript, which helped

to improve the revised version.

P. 9817, Line 19: rewrite i.e. clouds that do not ... as hereby defined
as clouds that do not ...

Reply rewritten as suggested

P. 9817, Lines 19-30: This reads very much as a list of references,
perhaps this could be re-worded ?

Reply The paragraph was rewritten and improved in this respect.

P 9825, lines 1-10: although it is stated that details of the model
are presented in B13, some basic information about the model
must be included here e.g. horizontal and vertical resolution of
gridboxes.

Reply This was added for the revised version: ”Note that the vertical coordi-
nate system of CESM1(WACCM) is mostly based on atmospheric pres-
sure, which is very adequate for conductivity and column resistance cal-
culations 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 ver-
tical resolution. The horizontal resolution of CESM1(WACCM) is also
very flexible, and can range from 25 km to 500 km in latitude and longi-
tude, depending on the chosen simulation grid. The simulations presented
below use a grid with 1.9 degree resolution in latitude and 2.5 degree in
longitude.

P 9830, line22: what is the cloud chord length this should be
defined, also define x. Section 4

Reply We added cloud chord length (corresponding to the average cloud di-
ameter, Wood and Field, 2011)

P9832, line5: define what is being used as the base line for global
resistance (for which over and under estimates are compared to)

Reply We clarified this in the revised manuscript: ...underestimates total resis-
tance by 39% compared to the current continuity .... The current continu-
ity approach values referred to are discussed on the previous page (Table
1).

P9836, lines 107: This is a particularly interesting observation given
that large areas of the worlds oceans are covered by broken
cumulus/stratocumulus clouds, which are often very close to-
gether. It is worth mentioning this in the discussion.
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Reply See reply to mutual coupling for reviewer 2.

Although clouds which are horizontally close together are considered
in figure 8, can the authors say what happens in the situation
in which multiple cloud layers exist (vertically separated). For
example it is very common to have a layer of stratocumulus
beneath a layer of cirrus is the current reduction beneath the
cloud layers simply a superposition of the individual cloud layers
or does coupling exist. This is something that should be included
in the discussion section.

Reply Vertical overlap will lead to a mutual coupling that can be modeled for
individual clouds with the GEC model. There is not enough global data
available to quantify the effect using ISCCP. CESM1(WACCM) models
multiple cloud layers and considers their overlap to give an average cloud
cover for any height interval (analogous to the treatment in the radiative
transfer part of the model, which also needs to consider overlap). The
parametrization then assumes that the three treated height categories of
clouds are not overlapping. This is discussed in more detail in the revised
manuscript: Note that the vertical overlap shown here only refers to mul-
tiple 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 that
cannot be considered here.

Surely an acknowledgement to the ISCCP data set should be in-
cluded here, as well as a link to where the data was obtained
from.

Reply Thank you for pointing this out, an acknowledgement and link to the
data was added.

Figure 1. This is not very clear, the figure quality should be im-
proved and the text made easier to read.

Reply We will provide a clearer vector-graphic for final publication.

Figure 2. define green line in figure 2 (b) in the caption . Consider
renaming axis to horizontal extent (km).

Reply Green line in Fig. 2(b) defined in revised manuscript (mean effective
cloud current density). Axis renamed as suggested.

Figure 8. It is unclear how the black contour lines indicate cloud
cover fraction is another key required here?

Reply The cloud cover percentage levels are now indicated in the caption.
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Figure 1: h(gamma) for 50% cloud cover at 10-12 km using an exponential
conductivity profile.

Figure 2: Resulting conductivity profile

Figure 3: Current density around two clouds
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