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Abstract. Clouds in the fair weather return path of the global ity simulations from CESM1(WACCM) using this parame-
electric circuit (GEC) reduce conductivity because of theterization are presented.

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 11e global electric circuit (GEC) is a system of currents
current divergence above the cloud and convergence be'°‘€4panning from the troposphere to the ionosphere. Currents
the cloud. An analysis of this effect is presented for Va”'totaling 1-2KA, are generated by thunderstorms, which
ous types of clouds, i.e., for different altitude extents andcharge the ionosphere to approximately 250kV, and return
for different horizontal dimensions, finding that the effect {5 the Earth’s surface in fair weather and semi-fair weather
is most pronounced for high clouds with a diameter be|°Wregions with a current density of approximately 2 pA#
100km. Based on these results, a method to calculate colrpe gimosphere acts as a resistor with a global resistance
umn and global resistance is developed that can account fqg¢ approximately 150-30Q. For summaries on atmospheric

all cloud sizes and altitudes. The CESM1(WACCM) (Com- electricity and the GEC see, e.gycroft et al.(200§ and
munity Earth System Model — Whole Atmosphere Com- roferences therein.

munity Climate Model) as well as ISCCP (International  Atmospheric electrical conductivity (the inverse of resis-
Satellite Cloud Climatology Project) cloud data are usedyyyity) largely determines the fair weather current distribution

to calculate the effect of this phenomenon on global resis4nq global resistance. Conductivity, is proportional to the
tance. From CESM1(WACCM), it is found that when in- product of ion mobilitiesy*, ~, and ion concentratiom;

cluding clouds in the estimate of resistance the global re-

sistance increases by up to 73%, depending on the pas =ne(u™ +pu"), Q)
rameters used. Using ISCCP cloud cover leads to an even

larger increase, which is likely to be overestimated becausdvheree is the elementary charge. lon concentration for pos-
of time averaging of cloud cover. Neglecting current diver- itive and negative ions is assumed to be equal and is deter-
gence/convergence around small clouds overestimates globglined by the equilibrium of ion production and loss rate.
resistance by up to 20% whereas the method introduced®n production in the lowermost troposphere is mostly due
by previous studies underestimates global resistance by ufp radioactive decay from radon emitted from the ground,
to 40%. For global GEC models, a conductivity param_whereas cosmic rays are the main ionization source in the up-
eterization is developed to account for the current diver-Per troposphere and stratosphere. lon—ion recombination and

ions for conductivity. Detailed descriptions of conductivity
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are provided byBaumgaertner et a{2013, B13 hereafter; As discussed byPruppacher and Klet{1997, for fair
Tinsley and Zhou(2006, TZ06 hereafter;Rycroft et al.  weather conditions the electric fields are small such that con-
(2008; andZhou and Tinsley2010, ZT10 hereatfter. duction can be neglected.

Our purpose here is to characterize the role of clouds in For the static case considered here, E2). lfecomes
the fair weather part of the GEC, hereby defined as cloudsjuadratic im:. Note that Eq.Z) describes the ion attachment
that do not contribute to the source current of the GEC ando cloud droplets as a loss of ions because the mobility of the
are located in the GEC's current return path. We will char-ionized droplets is very small such that they are effectively
acterize these types of clouds by studying the current flow]ost for electrical conductivity.
potentials, and resistances in the local environment of these From conductivity, column resistance and global resis-
clouds. Only a small number of authors have studied theséance can be derived, which are both important parameters
clouds so far. ZT10 were the first to include and parameterfor the GEC. Note, however, that the concept of column re-
ize these clouds in global calculations of conductivity and sistance is based on the assumption of small horizontal gradi-
resistance. They suggested a reduction of conductivity beents in potential and conductivity, i.e., only vertically flowing
tween 1 and 2 orders of magnitude inside the cloud. Theircurrents. Strong horizontal gradients in potential and conduc-
technique is further discussed in SegtNicoll and Harri-  tivity violate this approach, as will be demonstrated in the
son (2009 presented air-to-earth current density measure-next section.
ments from two sites in the UK, together with solar radia- Column resistance is defined as the vertical integration of
tion measurements, and showed that current density belowhe reciprocal of conductivity:
the cloud can be reduced, depending on cloud height and

cloud thickness. Space charge development at the boundaries ionosphere 1

of clouds in the fair weather part of the GEC has been ad-Rcol = / —dgz, 4)
dressed byZhou and Tinsley(2007), using model simula- surface o(2)

tions, whereas a discussion of measurements of cloud edge

charging from balloon flights has been presentedNimoll wheredz are the layer thicknesses. Then global resistance

and Harrison(2010. Zhou and Tinsley2012 discuss time ~ can be calculated as the horizontal integral of reciprocal col-
dependent charging of the cloud edges. A feedback of cloudimn resistance:

edge charging on cloud evolution is discussedHarrison Ddodi L

and Ambaum(2009. Note that many of the studies above RCO' < / / r?cos)d¢ ) , (5)
aimed at discussing cloud electricity in the context of specu- Rcol(9, A)

Iatg? re(;eva?ce(;‘orv;/etathebr anbd_cllmatbe.th h h diffusi wherer is the Earth’s radiusp is longitude, and. is latitude.
oud water dropiets absorb 1ons, Ho rougn ditiusion  9pal models of conductivity generally do not resolve

and conductionRruppacher and Kiet1997 chapter 18.3.1). clouds To account for a model grid cell cloud cover frac-
The effects of weakly electrified clouds can be describe on f and a reduction of conductivity by a factgrinside

based on their ice and liquid droplet number concentratlonsa cloud, ZT10 and B13 used the law of combining resistors
and radii. Inside clouds, ion number concentratiois con- -

in parallel and derived
strained by the equation

dn , . . . , o' () =1~ f@)o @) +nf(2)o(2) (6)
dt 7o n;ﬂ(rl)s(l’r) nDnZNr - @ to correct for cloud reduction of conductivity. However, the
parallel resistor law can only be applied if the resistors are
The first term on the right hand side refers to the ion pairconnected, i.e., the same potential must be present at the
production per unit volume, wheig is the ionization rate.  connection points. For a cloud that would mean that there
The second term corresponds to the ion—ion recombinationis equal potential above the cloud cover fraction of the grid
whereq is the ion—ion recombination rate coefficient. The box and above the clear-air fraction of the grid box at the
third term describes the ion attachment to neutral aerosol parsame height, i.e., no horizontal potential gradient in each grid
ticles, whereg(r;) is the attachment rate coefficient to neu- box. Analogously, no horizontal potential gradient would be
tral aerosol particles of typg with radiusr; and concen-  allowed at the level below the cloud. With this approach it
tration S. Finally, the last term refers to the ion attachment would follow that most of the current flows around the cloud
to cloud particles through diffusion, wheré is the cloud  because of the large resistance of the cloud. This is depicted
droplet concentratiory, the droplet radius, anB ision dif-  in Fig. 1a, showing the current flow (arrows) and average col-
fusivity given by umn resistanc&co. In Sect.3, using a GEC model, it will
KT be shown that only for very small clouds can the horizontal
ey (3)  resistance above/below the cloud be neglected, allowing one
e 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 appK@yimation
Single cloud, only allowing for vertical currents as assumed in the large cloud approxir(ia@tic@urrent divergence/convergence around

the cloud, and “effective column resistance” as a function of latitude and longitude, employed for the current continuity pprdacie|

grid column with cloud fraction and current continuity approach column resist@ggéed).

ZT10 and B13 did not consider the potential changes and asdownward component of the air-to-earth current densities:
sumed their approximation was valid for all cloud sizes.

A different approach to account for clouds, here termedj,y; = // Jair-to-eart{®, 2)r2 COS(%.) dgpdi.. 9)
the large cloud approximation, uses the fact that the iono-
sphere as well as the Earth's surface both have equal potefionospheric potentiald;, and current density/, can only
tial on a scale of up to the order of magnitude of 1000 km, pe calculated by solving the current continuity equation for
thus on a scale applicable for cloud resistance calculationshe GEC. Then clouds of all sizes are completely accounted
Resistance of a column with partial cloud covéris then  for in the estimate of global resistance. However, global 3-

estimated using the parallel resistor law: D models of the GEC are generally not employed on spatial
1 f 1—f resolutions that resolve clouds, similar to conductivity mod-

R cioud T Sroionar (7)  els or climate models. Therefore, an approach is presented
col RCO' Real here that is based on replacing column resistance by an “ef-

fective column resistanceR¢q, which can truly account for
any type of clouds in the column, yielding the true global
resstance?to{‘m by integrating OVeReo) as in Eqg. b). 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-
|ty of the cloud using a local area, high-resolution model that
can resolve the considered clouds.

We defineﬁcm as

where RS9 is calculated with Eq.4) using a conductivity
profile with conductivityno (z) for levelsz with cloud cover,
i.e., assuming 100 % cloud cover in the grid cell. The as-
sumed current flow and the column resistankggf'c"’“dand
RSPud are depicted in the schematic of Fidp. 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 Sect3, horizontal currents arise above and below ~ D,

the cloud, and the approxmatlon of _Ec?.) (onl_y holds for ~ Reol(®.3) = m (10)
large clouds. For a general solution, integration would need

to occur over lines of constant potential. A demonstration ofdecause then, making use of the definitions in Egj.(6)

the error resulting from a simple example problem can beand @),

seen inRomano and Pric€l996. 1
To account for small-scale conductivity changes througthol <// d cos(k)d¢dk) i (11)
clouds, global resistance cannot be calculated with mtegrals Reol(9, 1)

over conductivity and must be derived from Ohm'’s law by ) -1
calculating the current flowing over a boundary with a fixed = i - (// Jyair-to-eartfp, A) - 1 COE()»)dfbdK) . (12
potential, o,
@) = =Rg" (13)
RtOOPm_ — (8) tot

tot With this new definition, horizontal integration of the re-
where®, is the ionospheric potential arfgy; the total GEC  ciprocal effective column resistance yields the global resis-

current, which can be calculated as the surface integral of thmnceRtoo{’m for any type of circuit between the ground and

www.atmos-chem-phys.net/14/8599/2014/ Atmos. Chem. Phys., 14, 88836 2014
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the ionosphere, and will be used to derive the net effect ofboundary conditions, the problem can be written as
clouds on the (semi-)fair weather part of the GEC. For the _

current continuity approach, Fidc depicts a schematic of —V:[oV®]=S§ InQ,

the current flow around the cloud, here termed the diver-& = &g onTE, (18)
gence/convergence phenomenon, and the effective columpy g, ., —
resistanceRq|, which is a function of latitude and longitude.

For the discussion of global resistance, it is also importantyhere Q represents the domain that the PDE is solved for
to note that for deriving time-averaged global resistaRee  (i.e., a region of the atmospheré) is the earth boundary,
time averaging has to be performed over global resistanceand a Dirichlet boundary condition is implemented wdth,
Riot(#), and not over conductivity or column resistance. This the fixed potential of the earth, here arbitrarily taken to be
is due to the fact that parallel column resistances are averzero.I', andI'r represent the left and right boundaries of the
aged according to the parallel resistor law to derive globaldomain where the current is expected to be vertical far away
resistance. For example, first averaging cloud fracti6@$  from any clouds. For the top boundary to the ionosphere,

over time to derivef and then usingf to calculate conduc- g3 Neumann boundary condition can be chosen:
tivity, column resistance, and global resistance leads to an
overestimation of global resistance. This will be discussedV®-n =0 onT. (19)
further in the discussion below.
Section2 describes the conductivity module and a GEC Alternatively, it is possible to use a Dirichlet boundary con-
model that are used to quantify the effects on currents andlition (i.e., enforce a fixed value at the top):
potentials. In Sect3, high-resolution GEC simulations of
individual clouds in the fair weather region are presented.® =®1 onT. (20)
Seat . Sections develops and evaluates a parametization, e Soluton s btained over the domawheres varies
o : . . exponentially in height, and withif¢ (the cloud)o;: = 5o,
of clouds in the fair weather region of the GEC for use in .
conductivity models wherey is a gonstant.
) The variational form of the PDE solves fér € V, where
V is a suitable function space, such that

0 onI'L andI'R,

2 Model and data set descriptions a(®,v)=Lw)Yve V, (21)

2.1 GEC model and

'I_'he_defining_equations for current flow are the_current CoN-4 (@ ) = / an>«Vvdx+/ocV<D-Vvdx
tinuity equation and Ohm’s law (see, e.gangwill, 2013

chapter 9.4): @\Se fc

L) = | Svdx, 22
V.J=S5, (14) (v) S[ v (22)
J=0FE, (15)

where integrals over thig, andI'r boundaries would appear
whereJ is the current densityy is the negative time deriva- in L(v) if they were non-zero.
tive of charge density, which describes thunderstorms and This formulation was implemented in the Fenics Python
electrified cloudsg is conductivity, andE is the electric ~ program [ogg et al, 2012 to obtain the potential and cur-
field. If no changing magnetic fields are present, the electrioent distribution throughout the domain.
field is defined as the gradient of a potential E = —V ®, With the current densities known throughout the domain,
in which case Ohm'’s law can be written as one can integrate over the lower boundary to determine the

total current
J=—-0oVo. (16)
Itot: / —oVods. (23)
Combining Ohm’s law and the current continuity equation e
yields the partial differential equation (PDE):

Then one can determine the global resistance following
—V.-[oVd]=S. (17)  Eq.@®).

For the GEC cloud simulations presented in the next sec-

To solve this for the current density and potential distribu- tion, we specify a fixed potential equal to 300kV at 60 km
tions, we employ a finite element model formulation, which altitude and assume sources of charge to be unchanging with
requires a variational formulation of the PDE. Incorporating time.

Atmos. Chem. Phys., 14, 859861Q 2014 www.atmos-chem-phys.net/14/8599/2014/
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The GEC model has a flexible horizontal and vertical res-and cirrus/cirrostratus to span 8-9.5km. Deep convective
olution. For the following section, the resolution and domain clouds are not considered, as they are generally electrified.
size were adjusted to suit the studied cloud size such that th®ther cloud categories, especially nimbostratus, might also
cloud and the region below the cloud are resolved. For examexperience electrification, but since there is not enough con-
ple, for a cloud with 10 km diameter, a horizontal resolution sistent understanding of electrified hon-thunderstorm clouds
of 1km, a vertical resolution of 100 m, and a domain diame-(MacGorman and Rus1998, they will be considered to be
ter of 50 km are sufficient. For the upper boundary, a heightin the semi-fair weather region in the global resistance es-

of 60 km is used for all simulations. timates below. However, further work appears necessary for
a better classification of cloud electrification. This will be
2.2 Conductivity model discussed further in Sed.

Conductivity calculations are performed using the Whole

Atmosphere Community Climate Model (WACCMMylarsh 3 Single clouds

et al, 2013 which is part of the CESM1(Community Earth

System Model), with an additional module to calculate con-For the GEC simulations, an average background (cloud-

ductivity. The driving parameters in the conductivity mod- free) conductivity profile from the work by B13 is used with

ule are temperature, density, pressure, aerosol concentration® horizontal variability. The domain borders in the horizon-

(from CESM1(WACCM) simulations with CARMA (Com- tal were chosen to be sufficiently far away from the cloud

munity Aerosol and Radiation Model for Atmospheres)), and edge, so the domain size increases for simulations with larger

optionally cloud coverage. The model is described and evaluhorizontal cloud sizes. To simulate the effect of a single

ated in detail within B13, using average atmospheric and so€loud, conductivity is reduced inside the cloud. As previ-

lar conditions. Here, we use the Specified Dynamics versiorously shown byZhou and Tinsley(2010, the conductiv-

of WACCM (SD-WACCM), where temperatures and winds ity reduction inside a cloud can be approximated by a frac-

are nudged to meteorological assimilation analysis resultgion » of ambient conductivity. Estimates fagrrange from

(GEOS5) (se¢amarque et al2012 for a description). 1/10 (Nicoll and Harrison2009 to 1/50 ¢Zhou and Tinsley
Note that the wvertical coordinate system of 2010.

CESM1(WACCM) is mostly based on atmospheric pres- Figures2 and3 present (a) the current density distribution,

sure, which is very adequate for conductivity and column(b) air-to-earth current densities, (c) column resistances, and

resistance calculations because of the exponential increaqel) potential differences for a simulation of a cirrus cloud

in conductivity. The level spacing is approximately 300 m (Fig. 2) and a stratus cloud (Fi@). For both cases a cloud

near the surface and increases to several kilometers in thdiameter of 10 km was chosen, ame= 1/50.

stratosphere, although this depends on the chosen vertical For the cirrus cloud a thickness of 1.5 km, spanning from

resolution. The horizontal resolution of CESM1(WACCM) 8 to 9.5km was chosen. The top panel in Figlepicts the

is also very flexible, and can range from 25 km to 500 km in current density streamlines (tangent to the current vector).

latitude and longitude, depending on the chosen simulatiorAs expected, there is a strong reduction from an average cur-

grid. The simulations presented below use a grid withrent density of 2.5pAm? to 0.6 pA nT? inside the cloud.

1.9resolution in latitude and 22 longitude. However, the streamlines show that currents bend around
the cloud, leading to higher-than-average currents (red) at
2.3 ISCCP data set the edges. There is a current divergence above the cloud,

and convergence below. The effect on the air-to-earth cur-
The ISCCP (International Satellite Cloud Climatology rent density is shown in Figb. The red line depicts the air-
Project) uses data from a suite of weather satellites. Docto-earth current densities if only vertical currents were per-
umentation and further references are providedRogsow  mitted, i.e., the ionospheric potential divided by the column
and Schiffer(1999. We use the ISCCP cloud-type classifi- resistanceRcy. The blue line shows the model result, indi-
cation and the associated mean annual cloud coverage dateating that the current density reduction is in fact less severe
which is derived from daytime measurements. ISCCP classibut spread out several kilometers past the cloud edge.
fies clouds in three altitude regimes (up to 680 hPa, between In Fig. 2c, showing column resistance, the red line de-
440 and 680 hPa, and above 40 hPa), and further into cumupicts the vertically integrated column resistankg,, and
lus, stratocumulus, stratus (low clouds), altocumulus, alto-the blue line depicts the column resistamg, calculated as
stratus, nimbostratus (middle clouds), and cirrus, cirrostraionospheric potential divided by simulated air-to-earth cur-
tus, deep convection (high clouds). rent density, as defined in EQLQ) (see also the schematic in

Unfortunately, ISCCP does not provide global cloud thick- Fig. 1).

ness data. Cumulus/stratocumulus and stratus clouds were Figure 2d depicts the potential distribution around the
chosen to span the 1-2 km height, altostratus to span 3-5 kntloud. Clearly, even for the 10 km cloud shown here, there is
altocumulus to span 2-3 km, nimbostratus to span 2-5 kma strong horizontal potential gradient both above (at 9.5 km)

www.atmos-chem-phys.net/14/8599/2014/ Atmos. Chem. Phys., 14, 88836 2014
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Figure 3. As Fig. 2 but for a stratus cloud between 0.5 and 2.5km

Figure 2. Current streamlines and total current density around a cir-alltitude

rus cloud (indicated by the green box) with a diameter of 10 km, lo-

cated between 8 and 9.5 km altitu@. Model air-to-earth current

gggig\)/’e(?lzi)d (r:iﬁggttegeaosi‘t'er(t'C;%"E;fcgcgcgfud%napedsirsn_ean It is also possible to formulate this using current density,
y'9 i where the air-to-earth current density is replaced with a fair

tance]?cm (blue), column resistance for considering vertical cur- th ir-t h td it d fai th
rents onlyR¢q (red), and mean effective cloud column resistance weather air-fo-earth current densi ?(/J,ugn a semi-lair weather
(cloud) air-to-earth current densi n because then

ﬁgg}“d (green)(c). Potential difference distributiogd). ir-to-eart
~ |
. . RgfIJCiUd = Tloud : (24)
and below (at 8 km) the cloud, showing that the assumption Jair-to-earth

of the small cloud approximation of equal potential at equal . . . . . .
heights does not hold, as mentioned in the introduction. Tp&&%pm%h isdepicted i Figeb. By integrating
n— Jair-to-earthOver the shown domain, i.e., the dif-

In order implify further i f cl ff n ; air-to-eart . .
0 de' to simp fy_ u t'e' stuq es of cloud e eqts 0 ference between the blue line and the fair weather current
larger horizontal domains, it is desirable to repl#gg with

density (green and blue areas), and dividing only by the area

only one value for the cloud area, where the fair weather COI'of the cloud, the current density reduction is attributed to the

umn resistance remains unchanged. Therefore, we are l00K- - !
. . =cloud cloud area (indicated by arrows). So we define the cloud cur-
ing for a new cloud column resistance val‘lag)I , that takes rent density7€oud  ac
into account the partial current flow around the cloud. Be- Wair-to-earth
cause of the divergence/convergence of currents around th

cloud . . Jcloud — gnocloud _ 4-1 Jno-cloud _
cloud, R (red line) does not give the correct average Yair-to-earth— Yair-to-earth air-to-eart

col
cloud column resistance.
Jair-to-eartr((ls» k)) dd’d)h (25)

Atmos. Chem. Phys., 14, 859861Q 2014 www.atmos-chem-phys.net/14/8599/2014/
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whereA is the area of the cloud. The resulting current density
is shown as the green line in Figp. 12

The green line in panel (c) of Fig shows the resulting 1
column resistancaggf”d using Eq. 24). This is the average
cloud column resistance while accounting for the off-vertical 0.8
currents. Equivalently togoud . RS9 can also be cal- 2
culated directly. However, horizontal averaging of column 206
resistances requires the use of reciprocal column resistance. 04
Then,R%94is '

L L 0.2
pcloud -1
Rea <A / / (ﬁcol(tb, 2) R2§|'°'°“d> dodx 851 2 6 15 40 100 300 2000
_1 cloud diameter (km)

—1 ; ; ; acloud, pcloud ;

+onocioud | - (26)  Figure 4. Horizontal-size dependence BE/9Ud/ REIOUA for differ-
col ent types of clouds: cumulus and stratocumulus (1-2 km, red), alto-

stratus (3-5 km, green), altocumulus (2—3 km, blue), nimbostratus

which is mathematically equivalent to the previous definition (2-5km, yellow), and cirrus (8-9.5 km, black).

of REloud, Reloudjs also shown in the schematic of Fig. It

is important to note that all derived column resistance values

are independent of the ionospheric potential chosen for theoyds with a high cloud bottom for which the current diver-
simulation. _ _ _ gence/convergence becomes more important, as seen above.
The results for a stratus cloud with a vertical thickness of g, example, the effect is less pronounced for cumulus and
1.5km and a diameter of 10 km are shown in FgAbove gtratocumulus (red) with a bottom height of 1 km than it is
the cloud, a similar behavior of current spreading towards thgq, gitostratus (green) with a bottom height of 3km. How-
cloud edges is found. However, since th_e cloud is close to th%ver, very high clouds such as the cirrus type have a smaller
ground, the air-to-earth current density is reduced to a valuggiect on column resistance because of the exponential in-
similar from what would be expected if horizontal currents ¢rease of conductivity with altitude, i.e., changes in conduc-
were neglected, as shown in Figp. It is interesting to note ity at higher altitudes are less important for column resis-

that this leads to an increase in air-to-earth current densityynce than the same fractional change at lower altitudes. For
in the cloud-free area next to the cloud edges. Analogously,:ig_ 4, this leads to a larger ratio gt¢2ud/ geloud for cirrus

Fig. 3c shows the column resistances from vertical integra-joyds (black). col 7 Teal

tion of the reciprocal of conductivitR.q (red), the effective A sensitivity analysis using = 1/25 (not shown) yields

column Irezistancﬂcm (blue), and the average column resis- jncreases in the rati&ggud/Rglociud of approximately 0.1 for
Clou H mi H . . .
tanceR ;" (green) as defined above. Similarly to the cirrus gmg)| clouds, except for cirrus where an increase of approxi-

cloud, the potential distribution in Fi@d depicts large hori- mately 0.2 is found.
zontal gradients.

Note that the results are approximately independent of the
vertical and horizontal resolution of the simulation as long4 Global effect
as the cloud and the region below the cloud are resolved.
Only for future studies of cloud edge charges would a higherFor estimating the impact of clouds in the fair weather part
vertical resolution to resolve the cloud edge and a realisticof the GEC on global resistance, it is necessary to take into
cloud edge conductivity profile be required. account the cloud size distributioWood and Field2011)

To compare the current divergence/convergence effect fohave used MODIS, airplane, and model data to show that the
different cloud types and horizontal dimensions, we com-cloud chord length (corresponding to the average cloud di-

o~

pute the ratiaRS2ud/ RS shown in Fig4, as a function of ~ ameter, see their paper for more details)as well as the

cloud diameter for a variety of cloud types. Here, cloud typesProjected area obey a power law. For the cloud cover contri-
are only distinguished by their altitude regime, using the 1S-butionC from clouds larger tham/xmax they showed that

CCP types. In the future, results from other satellite missions 28
such as the NASA ICEsat (Ice, Cloud, and land ElevationC ) =1— (¢/xma0 ™", (27)

Satellite) and CIoudSat missions, can be used for more accuy 4 found thatg ~ 1.7 and xmax= 2000km. For chord
rate global cloud thickness analysis.

From Fig. 4, one can see the effect is most important lengths larger than 2000 km, a scale break occurs.
for clouds with a diameter of less than 100km. In the The contributionCy, of any chosen set of cloud horizontal

o i ; for the i I i— /2, (h; hi)/2
transition range, between 2 and 100 km, generally the o SiZ€sh; for the intervals{(hi—1 +hi)/2, (hi+1+ hi)/2] can

. | ~ then be calculated.
fect is more pronounced, i.e., a smallRfud/RE, for
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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 ther
g(h;, type) = f(type)-Ch(h;), where cloud cover fractiosi
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 raffud/ Rocloud
for every cloud type. Note that the result will be independent
of the model source currents or the ionospheric potential.

The values forRcei(¢, 1), froonbservations or model 40%s
data, are then used to deriveS9Ud for every cloud
type. The current continuity approach column resistance
Rcol for a cloud cover model or observation column can
then be calculated by averaging the individual values for
RE°ud(p; type) weighted by the corresponding cloud cover o

col
fraction:

80°N

40°N

LATITUDE

~ R 1 40°N
Reor= | Y2 (RES™hi.type)) - g(hi. type)
i, type

-1
e (1 nome)) " o

i.type

LATITUDE

40°s

The use ofﬁcm as column resistance for a column partially
covered with clouds is also visualized in Figl. 80°s
Using the ISCCP cloud cover distributions, we estimate

. 100°W 0° 100°E
the effect on global resistance. Background (cloud-free) con: LONGITUDE

ductivity data was obtained from the CESM1(WACCM) sim-
ulation used below for annual mean conditions. Table

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

: ) column resistance @m2=10°Qm?), taking the current diver-
lists global resistance values for a cloud-free atmosphere m ) d

the small cloud approximation, the large cloud approxima—(‘:]encemonvergence phenomenon into accoprt £/50).
tion, the current continuity approach, and total cloud cover
averages. Using the small cloud approximation and ISCCP  pgain, the large cloud approximation overestimates global
cloud cover data, ZT10 estimated an increase of global resissesistance significantly, by up to 21 %, when compared to the
tance through clouds by about @8 similar to the 222 here  rrent continuity approach.
(n =1/50). Despite the slightly larger total cloud cover, the
The large cloud approximation leads to increases OfCESMl(WACCM) global resistances are consistently
global resistance by up to 188 (114 %), whereas with  gmajler by up to 3% compared to ISCCP for aff. There
the current continuity approach, taking the current diver-are several reasons for the discrepancies: first, since the
gence/convergence into account, increases glqbal resistanggodel provides cloud coverage as a function of altitude,
by 144 (87 %). As expected, the latter value lies betweenthere is a major difference in the treatment of cloud thickness
the small and large cloud approximations. ke 1/50, the  compared to ISCCP. Secondly, ISCCP cloud coverage data
small cloud approximation underestimates total resistance byg only for daytime, which can be significantly different
39 % compared to the current continuity approach, whereagnan, nighttime coverage. Finally, CESM1(WACCM) uses
the large cloud approximation overestimates it by 14%.  jnstantaneous values of cloud cover to calculate conductivity
Similar to ISCCP, the Earth System Model gng column resistance, whereas ISCCP only provides
CESM1(WACCM) was also used to calculate global time-averaged cloud cover and therefore the derived global
resistances, using the model cloud cover, which is providegesistance is overestimated, as mentioned in the introduction.
as a function of altitude and horizontal location. There is N0 The annual mean column resistances, similar to Fig. 7 in
information on cloud type in CESM1(WACCM). Therefore, B13, are shown in Figs for ISCCP and CESM1(WACCM).
the cloud fractions were grouped to the same three heightgrprisingly, the model shows areas of higher column resis-
as used in ISCCP (see Se2t3). Then the same procedure tance in areas of high cloud coverage, yet the global resis-
as for ISCCP can be used to derive column resistances.  {ance 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)
n=1/10 n=1/25 5=1/50 | n=1/10 5=1/25 n=1/50
Cloud-free atmosphere 165
Small cloud approximation 182 186 187Q \
Large cloud approximation 244 303 353Q \ 215Q 284Q 345Q
Current continuity approach 233 2772 309Q2 \ 1969 246X 285Q
Total cloud cover 66 % \ 69 %

The only available measurements of air-to-earth current We define effective conductivity such that
density depending on cloud coverage were presented by dz
Nicoll and Harrison(2009. The authors found little change Reoi= [ ——.
in the current density measurements, only fully overcast con- ()
ditions with thick clouds led to current density reductions. We assume the following relationship betweégmand the
The model simulations support and explain these findingscloud-free conductivity:
Unfortunately, the authors did not present their results as_

(29)

a function of cloud size, since such data was not available? (©) = (1 = f(2))o(2) + 7 f ()0 (2), (30)
so a quantitative comparison or evaluation of the model reyynere a parameter is introduced that will take into ac-
sults is not possible. count the non-linearity introduced by the current diver-

gence/convergence around the clouds. Note thas not
an assumed constant as in the work by ZT10, see &q. (
but will be derived from the known value fatco for every

3-D models used to calculate conductivity generally can-model column.

not resolve clouds because of their coarse horizontal reso- Using the assumed form fa# from Eq. @0), we can
lution and instead operate on cloud cover fractions for eactiewrite Eq. @9) as

grid box. For the calculation of conductivity in such models, n Az

a parametrization is then required to account for the effectR¢q = Z (31)
of clouds in the fair weather region of the GEC. The 3-D 2 0@A-f@A-y)

conductivity model results can then be used for global GECs,, ,, model layers with thicknesa\z. Equation 81) is
models that solve the relevant PDE to derive global distribu-, polynomial with degree for the variabley. Here, New-

tions of potentials and currents. o ton’s method is used to numerically approximatdor the
ZT10 have provided a parametrization to account for¢,nction
clouds as discussed in the introduction. However, as shown
above, the approximation only holds for very small cirrus h(y) =R — Xn: Az; ~0 (32)
clouds and underestimates the resistance increase throug —oi(l—fi(l—y))
clouds significantly. ) o
Here, we introduce a parametrization suitable for all cloud The first derivative is

5 Parameterization for 3-D conductivity calculations

sizes and vertical extents, based on the high-resolution model n Azioi fi

results of individual clouds presented above. This will yield »'(¥) =) o= -2 (33)

corrections to conductivity such that the vertical current as- i=1 7 ' 4

sumption can be employed again. With this, the solution is iteratively approximated using
In the first step, the current continuity approach column

resistanceRco is parameterized using the approach to cal- Ym+1 = Ym = h(ym)/ B (Yim)- (34)

culate the global effect presented in SéctThe model data  \ypije the polynomial in general hasnumber of solutions,

required for this are the fair weather column resistance, Clouq)my the largesy is physically meaningful. For other solu-

cover fractions for the pre-defined cloud types for everyiqng conductivity of the layer with the largest cloud cover
model grid point, and cloud cover for every model grid point f becomes negative. The initial guessfor the largesy is

as a function of model layef (z). close to where the fraction reaches singularity,

yo=1-—1/maxf) +e. (35)

www.atmos-chem-phys.net/14/8599/2014/ Atmos. Chem. Phys., 14, 88836 2014



8608 A. J. G. Baumgaertner et al.: Clouds in the fair weather part of the GEC

14000 are different than the assumed thicknesses, the parameteriza-
12000 tion will not give accurate results. No global measurements
of these parameters are available, so an estimate of the errors
__ 10000 > made is currently not possible. The parameterization is based
% 8000 on the assumption that these clouds are not electrified. How-
- ever, if future measurements show that, in addition to deep
g 6°°°> convective clouds and some nimbostratus or shower clouds,
4000 other cloud categories do have electrification, this could sig-
2000> nificantly alter the_ gl_obal resistance resul_ts. The_effect of
large-scale precipitation on the column resistance is also not

% 020408 et pen P et taken into account, as such effects are not yet understood.
cloud cover fraction conductivity (S/m) Further uncertainties in the resistance estimate are due to
mutual coupling of clouds if they are close to each other or
Figure 6. Left: cloud cover fraction ofasingl_e column. Right: back- vertically overlapping. Figur& shows current streamlines
ground (_b_lack), Z_TlO (blue) and parameterized (red, see text) cIoucttop) and column resistance (bottom) around two clouds both
conductivity profile. with radius 20 km and between 3 and 5km in the vertical,
separated by 3km in the horizontal. For this simulation, the
column resistance in the area between the clouds does not
Then Newton’s method reliably converges to this solution.reach the fair weather column resistance, indicating mutual
With y from Eq. B0), 5 (z) can then be calculated. coupling at horizontal distances below approximately 3 km
Figure6 shows cloud cover (left) and parameterized con-for this cloud type. Note that the coupling is not a super-
ductivity (right) profiles for a single column. The parame- position, as can be shown from comparisons of the total re-
terized (red) conductivity is smaller than the background sistance of the domain, which increases with decreasing dis-
exponential (black) conductivity depending on the cloud tance between clouds. The cloud distance required for mutual
cover of that layer. The ZT10 estimate is also shown (blue),coupling varies by cloud type and diameter. Errors of the col-
where the conductivity reduction is underestimated as disumn resistance parameterization will increase if a significant
cussed above. The corresponding column resistance valudsaction of small clouds experience mutual coupling. There is
are RN clouds— 1.0 x 101" @m? and Rol = 2.1 x 10t @m?2. currently not enough satellite data available to estimate this
Vertically integrating the conductivity gives a result nu-  global effect.
merically identical toRcq, 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 thaté Conclusions
the individual clouds are not physically overlapping. Such
an overlap would lead to mutual coupling of the layers andUsing high-resolution model simulations of current flow in
would need a more advanced treatment which has not beethe return path of the GEC, the role of clouds was inves-
considered here. tigated. A finite element model was used to solve the rele-
The parameterization developed above was implementedant PDE, derived from the current continuity equation and
as part of the CESM1(WACCM) conductivity module. As Ohm’s law, in the vicinity of various cloud sizes and alti-
above, cloud cover without deep convection was used in ortudes. Clouds in the GEC current return path, which decrease
der to include only clouds in the (semi-)fair weather region. electrical conductivity, in general, lead to a reduced current
As an example, the logarithm of parameterized model con-density beneath the cloud layer; however, the model shows
ductivity for a single longitude and model time is shown in that currents bend around clouds of limited horizontal ex-
Fig. 7 (top). Local reductions in conductivity correspond to tent (< 100 km), with current divergence above the cloud and
the local cloud cover fraction, which is also shown (black convergence below. Below the cloud, this leads to larger cur-
contour lines). The bottom part depicts the column resistanceent densities and effectively a smaller cloud resistivity than
with (black) and without (red) clouds. expected if only vertical currents were considered. Qualita-
As in the previous section, the results also depeng aa tively, this agrees with published air-to-earth current density
well as the assumed cloud thicknesses that are used to deriveeasurements. This phenomenon was found to be impor-

-~

R&9udy gho-cloudin the high-resolution simulation part. tant especially for clouds with a diameter below 100 km, and
The effective conductivity distributiong, can be used therefore leads to a significant error when using the classicall
for global GEC models to calculate potentials and currentsapproach to estimate global resistance, i.e., horizontally in-
while accounting for sub-grid scale effects of clouds. tegrating column resistance. An effective column resistance
Errors from this parameterization will be largest for ar- was introduced which restores the possibility to derive global
eas of the globe where certain types or sizes of clouds areesistance the classical way. The current continuity approach

different than average distributions. If the cloud thicknessesmethod is based on the numerical simulations of effective
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Figure 7. Top: logarithm of conductivity from CESM1(WACCM) for 3 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).

IS
o

approximation, which only considers vertical currents and

st [ y"f{ P TTIT 1] Be 2 ; o

Il | /,/ / // I l |\ . \\ W \ 1 8 3 neglects divergence/convergence, leads to overestimation by

= 30y !T,’ [ # f/' “ l R\ \ \ n\ 1 7 3 up to 20 %. Current divergence/convergence around clouds

= 25”', /h fll }f] * \X\‘\‘H &  should therefore not be neglected in studies of the (semi-)

E ig, || ,7/ / | \ L 4 é fair weather part of the GEC. For this purpose, a parametriza-

20l 12,0 \ \\// AN 3§  tion was developed that corrects conductivity depending on
‘ i B 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

5 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-
k] tween current-generating clouds and other clouds, improved
& global cloud thickness data, and mutual coupling by verti-

£ | cal overlapping or horizontal proximity. To experimentally

§ 0 validate the presented results, further work will focus on the

60 40 20 0 2040 60 analysis of vertical electric field measurements from large
Extent [km] horizontal arrays of sensors.

Figure 8. Top: current streamlines in the vicinity of two clouds that

are separated by 3km. Bottom: corresponding column resistance )
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