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The global atmospheric electrical circuit and climate

R.G. Harrison
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Email: r.g.harrison@reading.ac.uk

Abstract

Evidence is emerging for physical links among clouds, global temypes, the global
atmospheric electrical circuit and cosmic ray ionisation. Thodajl circuit extends
throughout the atmosphere from the planetary surface to the lowers lay the
ionosphere. Cosmic rays are the principal source of atmospheri@awms from the
continental boundary layer: the ions formed permit a vertical condumivent to flow
in the fair weather part of the global circuit. Through the {is@gesolar modulation of
cosmic rays, the resulting columnar ionisation changes may allewlobal circuit to
convey a solar influence to meteorological phenomena of the lowersplere.
Electrical effects on non-thunderstorm clouds have been proposed to actiue von-
assisted formation of ultrafine aerosol, which can grow to sabés to act as cloud
condensation nuclei, or through the increased ice nucleation capabiltitacged
aerosols. Even small atmospheric electrical modulations on theobkeimes distribution
can affect cloud properties and modify the radiative balandeeadttmnosphere, through
changes communicated globally by the atmospheric electriicalitc Despite a long
history of work in related areas of geophysics, the direct andsevelationships
between the global circuit and global climate remain largegntitatively unexplored.
From reviewing atmospheric electrical measurements made tewercenturies and
possible paleoclimate proxies, global atmospheric electricalitivariability should be
expected on many timescales.

Keywords: cloud microphysics; atmospheric aerosols; cosmic rays; @irohange;
solar variability; solar-terrestrial physics; global citcuionosphere-troposphere
coupling; paleoclimate;



GEOP220

Summary

The atmospheric electrical circuit is modulated by variatisnshower clouds and
tropical thunderstorms, and generates a vertical electrit ifiehon-thunderstorm (or
fair weathej regions globally. Modulation of the fair weather electricdfieccurs on

daily, seasonal, solar cycle and century timescales. There |l history of

atmospheric electric field measurements.

Variations in the atmospheric electrical circuit have a nelevance because of
empirical relationships found between cosmic ray ion production, clamkgies and
global temperature. Mechanisms have been proposed linking clouds and the sola
modulation of cosmic rays through the microphysics of ions, aercsud clouds.
Theories exist which explain ion-assisted aerosol particlagton and the increased
capture rates of charged aerosols over neutral aerosols by clopiétglrgpossibly
enhancing droplet freezing. Atmospheric electrical modification of cloud prepenay

have significant global implications for climate, via changeth@atmospheric energy
balance.

Combining studies of cloud microphysics and cosmic rays with [tislgatmospheric
electrical circuit presents a relatively unexplored arealiofate science, in which
progress can clearly be expected. Events such as the atmosphlerac weapons tests
offer, with suitable theory and cloud modelling, the possibility to giyaohanges in
radiative properties of the atmosphere associated with atmasjetectrical changes.
The long-term condition of the atmospheric electrical system lneainferred from a
combination of historical measurements and proxies, and compared withn know
variations in global temperature.
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1 Introduction
1.1 Scope and motivation

Atmospheric electricity is one of the longest-investigatedp@iysical topics, with a
variety of measurement technologies emerging in the late eightecentury and
reliable data available from the nineteenth century. Of modemarate, however, is
the relationship of atmospheric electricity to the climateéesggBering, 1995), through
climate-induced changes to thunderstorms (Williams 1992, 1994) and tiacale
modification of non-thunderstorm clouds. Although it is well-establisied ¢louds
and aerosol modify the local atmospheric electrical paraméeagalyn and Faucher,
1954), aerosol microphysics simulations (Yu and Turco, 2001) and analysaelbfe-
derived cloud data (Marsh and Svensmark, 2000) now suggest that aerosidn,
coagulation and in-cloud aerosol removal could themselves be influbpaddnges in
the electrical properties of the atmosphere (Harrison anda@ar2003). Simulations of
the twentieth century climate underestimate the observed elinegsponse to solar
forcing (Stottet al, 2003), for which one possible explanation is a solar-modulated
change in the atmospheric electrical potential gradient (&f&cting clouds and
therefore the radiative balance. As with many atmospheritamships, establishing
cause and effect from observations is complicated by the subktaatural variability
present. The importance of assessing the role of solar vayabilclimate makes it
timely to review what is known about the possible relevance of tm®spheric
electrical circuit of the planet to its climate. The scopéha paper therefore includes
the physical mechanisms by which global atmospheric elegtrimiay influence
aerosols or clouds, and ultimately climate. Thisn@ a review of thunderstorm
electrification, but a discussion of possible influences on the glatmabspheric
electrical circuit, and the atmospheric and climate processeay influence in turn.
The considerable sensitivity of the planet's albedo to cloud dropleteatrations
(Twomey, 1974), presents a strong motivation for investigating pessilelctrical
effects on cloud microphysics.

Several, traditionally distinct, geophysical topics have to be caesidegether in order
to make progress in the interdisciplinary subject area of sai@astrial physics,
atmospheric electricity and climate. First, the atmospheectrgtal circuit has to be
understood, as it communicates electrical changes globally thwatughe weather-
forming regions of the troposphere. Secondly, changes in thunderstormscavel s
clouds caused by surface temperature changes are likely to prawidsportant
modulation on the global atmospheric electrical circuit. Thirdly, therophysics of
clouds, particularly ice nucleation and water droplet formation ovsakparticles has
to be assessed in terms of which mechanisms, in a myriad of caimgreting and
complicated cloud processes, are the most likely to be signify affected by
electrical changes in the atmosphere. Changes in the global @spértiouds, even to
a small extent, have implications for the long-term energgpnoal of the climate
system: electrically-induced cloud changes present a newctagiiekby, 2001).

Fourthly, galactic cosmic rays, which are modulated by solaritstc provide a major
source of temporal and spatial variation in the atmosphere’sied¢qiroperties. The
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cosmic ray changes include sudden reductions and perturbations emekeates of
hours (Forbush decreases and solar proton events) as well adlitsapabsolar cycle
(~decadal) time scales and longer. The integration of thesaligparate subject areas
is a major geophysical challenge, but, as this paper shows,etimergs exist for an
integrated quantitative understanding of the possible connections betwotsEn
changes, cosmic ray ionisation, the global atmospheric electricait @nxl climate.

Figure 1 summarises the geophysical processes consideredgagkrs which has been
drawn to illustrate the links between the global atmosphericrieiccircuit and the
climate system. In developing these ideas, Section 2 summtresegobal electrical
system and Section 3 discusses the influences of cosmic rajise oatmosphere,
knowledge of which may permit extending analysis of the atmospHecitieal system
back in geological time. Fossil evidence of ancient atmospheatriebl activity on
Earth (Harland and Hacker, 1966) indicates that electrificasonot just a recent
property of the terrestrial atmosphere: the possibility of swladulation of climate
through the global circuit therefore exists into the distant past.

In the remainder of Section 1, special attention is given topibaeering early
measurements made in the subject. Although different land stateoefy show

correlations with each other on an hourly basis (Bhartendu, 1971), tney the

majority of atmospheric electrical measurements availalbéiyvating the development
of new data processing methods (Harrison, 2004a, 2004b). Section 2 coasjuknts

of the global atmospheric electrical circuit, and its modulation tiareint timescales.
Section 3 summarises the physics of the links between the globak and climate,

and Section 4 suggest methods by which they can be investigated further.

1.2 Historical overview of Fair Weather atmospheric electricity

Observations of a sustained, but unexplained electrification in dire wieather

atmosphere probably provided the motivation for the early reseaubse&uently, the
sensitivity of electrical atmospheric parameters to metedoalbghanges was also
investigated. In pursuing this, electrical measurements combirtednvéteorological

observations were expected to offer additional insights into the gathysrocesses
causing the meteorological changes. Consequently quantitative sbfigigaospheric

electrification exist from the eighteenth century onwardsinynare reviewed by
Chauveau (1925).

1.2.1 Eighteenth century

Formal study of atmospheric electricity can usefully be aghto have begun in 1750,
with the pioneering thunderstorm experiments of Franklin in Philadel@md
D’Alibard in Paris (Fleming, 1939). Thunderstorm and lightning resestithremain a
central aspect of atmospheric electricity, but it is tharaness of electrification present
in non-thunderstorm conditions, arising from the thunderstorm researchh whi
important in this paper. Lemonnier detected such electrifican clear air in 1752
(Chalmers, 1967) and Canton measured electrical changes arisingdretightning
producing clouds (Herbert, 1997). Other pioneering eighteenth centurysstidie
retain some relevance: Beccaria (1775) measured daily wasain atmospheric
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electricity for a period of several years, including the exist of positive
electrification on fine days, and noted the effect of fog on chagnthe electrical
parameters. Provoked to further investigations by these findirgsl @791) pursued a
series of daily observations in London, using a vertical antennactahto a pith ball
electrometer. There are many examples of positive eleatign during fair weather
conditions. In his summary of two years of continuous observation from1via§ to
May 1791, Read recorded 423 days of positive electricity, 157 days ofiveegat
electricity and 106 days on which the electrification was sefiicio produce sparks
(Read, 1792).

As well as Beccaria, de Saussure found diurnal variations iosgtmeric electricity in
European measurements made between 1785 and 1788. De Saussure records
(Chauveau, 1925):
In winter, the season during which | have the best observations of serene
electricity...the electricity undergoes an ebb and flow like tdest which
increases and decreases twice in the span of twenty-four hours. Tdee dfm
greatest intensity are a few hours after sunrise and sunset, and thesivbafore
sunrise and sunset.
This serves to illustrate the readiness with which a diurnahti@mi could be observed
with early instrumentation: although any physical interpretatiowv can only be
speculative, the double diurnal cycle reported may have been radatediations in
local smoke pollution.

1.2.2 Nineteenth century

Several sets of surface quantitative atmospheric eleatiatalexist from the nineteenth
century, mostly of the vertical Potential Gradient (section 1.Bhlthe UK, systematic
measurements of the Potential Gradient were made at Kewvatmsg near London
between 1844-7 by Sir Francis Ronalds (Ronalds, 1844; Scrase, 1934)a Uaitigrn
probe and straw electrometerA double diurnal cycle of the atmospheric electric field
was found, which remained present at Kew beyond the end of the nineteetityc
(Scrase, 1934). From 1861-1872, Wislizenus, a physician, made atmogbbetrical
observations in St Louis, Missouri, which were subsequently analgsesblar cycle
effects (Bauer, 1925). Lord Kelvin made major improvements in theimentation in
the mid-nineteenth century. His automatic recording apparatusldotric field was
installed at Kew in 1860 (Scrase, 1934). Measurements using Wia Epparatus from
1862-1864 at Kew are reported by Everett (1868), and the electreadumements at
Kew are available almost continuously from 1898 to 1981 (Harrison, 200@ay
other European measurement stations operated in the nineteenth depturglso
Table 2), and long series of observations exist from Brussels (184%@&f)ignan
(1886-1911) as well as Florence, Greenwich and Paris. The effecioé® pollution on
these urban measurements was often substantial and could dominadeurtisd
variation; consequently the electrical observations offer an indirgboch&y which the
diurnal smoke variations themselves can be recovered at mgiotal (and in some
cases hourly) resolution (Méssinger, 2004).
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1.2.3 Twentieth century

Balloon ascents at the end of the nineteenth century and beginnihg oiéntieth
century provided data on the vertical profiles of atmospheric rigigictparameters,
generally finding a decrease in the vertical electri¢dfe magnitude with height
(Chauveau, 1925; Chalmers, 1967). Balloon and airship measurements alsd showe
variations in the electric field across the edges of &irati clouds (Everling and
Wigand, 1921; Wigand, 1928). Other developments in atmospheric elecinidie

first part of the twentieth century arose from the estahllisbbservations and
campaigns, such as those in Paris (Chauveau, 1925) and at Kew. Follbeing t
discovery of radioactivity by Becquerel, V.F.Hess discovered iwosays, which
provide an increase in ionisation with increasing height in the atm@sfiHess, 1928).
Gerdien (1905) designed a cylindrical electrode instrument torndie air
conductivity, and the interactions of aerosols, clouds and ions becaroentia study

of fair weather atmospheric electricity. Systematic obsenvs on the electrification of
large ions i(e. small radius aerosols, condensation nuclei and cloud condensation
nuclei) were made at P.J. Nolan's laboratory in Eire (O'Connor, 200€uding
aerosol electricity experiments on heavily polluted Dublin air. ;darly work, the
Nobel laureate C.T.R. Wilson worked on fundamental problems of fairhemat
atmospheric electricity at Cambridge (Galison, 1997), and establishgular
measurement of the air-Earth current at Kew in 1909, continuingrfarsa 70 years
(Harrison and Ingram, 2004). Related research groups continued at tkadSh
Laboratory and under J. A. Chalmers at Durham (Hutchinson and Woi9@8) until

the early 1970s.

The defining work of the early twentieth century, however, wass#t of exploratory
voyages of the wooden geomagnetic survey vesagiegie operated by the Carnegie
Institute of Washington. Between 1909 and its destruction by firé920, many
sequences of standardised atmospheric electricity measurenszatsnade around the
world’s oceans. Oceanic air is particularly suitable for Weaather measurements as it
is usually remote from continental sources of aerosol pollution, andhtdracteristic
universal variation of the atmospheric electric field is ktibwn as th&Carnegiecurve
from the data obtained. Together with pioneering measurement otl¢otrical
conductivity of the stratosphere in 1935 using the balxpiorer 1l (Israel, 1970and
C.T.R.Wilson’s (1920, 1929) global circuit theory, tl&arnegie data strongly
contributed to defining the twentieth century paradigm of fairtis¥aatmospheric
electricity.

1.3 Surface measurements

1.3.1 The potential gradient

The vertical atmospheric electric field, Botential Gradierit (PG), is a widely studied
electrical property of the atmosphere. In fair weather andirgolluted by aerosol
particles, diurnal variations in PG result from changes in the éteatrical output of
global thunderstorms and shower clouds. Even early PG measuremehtas ghose
obtained by Simpson (1906) in Lapland, Figure 2, show a variation suggefsthvat
seen in more modern work. A common global diurnal variation resoits & diurnal
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variation in the ionospheric potentil(Mulheisen, 1977which modulates the vertical
air-Earth conduction curregdt (figure 1) and, in the absence of local effects, the surface
PG (Paramanov, 1971), and J, are parameters less prone to effects from local
pollution and are therefore more suitable for global geophysdigdies, but of which

far fewer measurements have been obtained than of the surfa@@oR@alek, 1972;
Harrison 2003a).

1.3.2 Small ions and air conductivity

Small ions are continually produced in the atmosphere by radiolysis afolecules.
There are three major sources of high-energy particles, alvtoth cause ion
production in air: radon isotopes, cosmic rays and terrestrial garadiation. The
partitioning between the sources varies vertically. Near tHacgiover land, ionisation
from turbulent transport of radon and other radioactive isotopes is empotbgether
with gamma radiation from isotopes below the surface. lonisation ¢asmic rays is
always present, comprising about 20% of the ionisation over the contiserface.
The cosmic ionisation fraction increases with increasing hémgtite atmosphere and
dominates above the planetary boundary layer. Cosmic ray promesiesviewed by
Bazilevskaya (2000).

After the PG, air conductivity is probably the second most frequemthsured surface
guantity in atmospheric electricity. The slight electricahauctivity of atmospheric air
results from the natural ionisation, generated by cosmic rays bag#tground

radioisotopes. For bipolar ion number concentratipnandn_ the total air conductivity

ois given by
O=0y+ 0 =e (N +pn) (1)

where u, and . are the average ion mobilities, with ando- the associated polar
conductivities. Air conductivity is strongly influenced by aerosolytimn: in aerosol-
polluted air it is considerably reduced by ion-aerosol attachr(i@hanorkar and
Kamra, 1997). In both aerosol-free and polluted air, the PG and air coitgtutave
been found to be related by Ohm’s Law

J,=0E, (2)

for a vertical air-Earth conduction current densitand PG of magnitude,.

Balloon-carried instruments have found a substantial verticahtiari in the air
conductivity. Using data from thEéxplorer Il ascent(Gish and Sherman, 1936), Gish
(1944) introduced the concept of the columnar resistance, as thanesisf a unit area
column of atmosphere, found by integration of the conductivity with heifne.
columnar resistanc®. is typically ~120 Bm?® The bulk of the resistance of a unit
column of atmosphere arises from ion attachment to aerosol preskatatmospheric
boundary layer; the conductivity steadily increases with increasogmic ray
ionisation, up to the highly-conductive lower layers of the ionosphere.
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1.3.3 Instrumentation for surface measurements

Surface instrumentation provides the majority of atmospheric ielglcttata available,
and this Section summarises some of the classical techniguesefsurement of the
Potential Gradient, air conductivity and the vertical air-Earth cudent

Early PG measurements mostly used a potential probe (also knoarmaector),
schematically represented in figure 3 (a). The PG is derived from th&uneel potential
V at the height of the collector, and is typically 150V-hat 1m under fair weather
conditions, although this varies between sites and between land andasgedifferent
collectors have been employed in the past, including a burning fuss¢S5¢934), the
water dropper originated by Lord Kelvin (Chalmers, 1967), a radvw@asburce (Israel,
1970) and a long horizontal wire antenna (Crozier, 1963; Harrison, 1997d)tHess
approaches, the effective resistance between the air and theigredaced, either by
increasing the area of the collector (long wire), or by introducing addiimmainto the
region of air adjacent to the collector (burning fuse, water dropprrasioactive
source.)

Gerdien (1905) developed a method of measuring air conductivity usiglindrical
condenser. A voltage is applied between two cylindrical electrad@she inner one is
earthed via a sensitive ammeter, figure 3 (b). In the tube,oibtiee same sign as the
polarising voltage are repelled by the outer electrode, and mote ielectric field to
meet the inner electrode, where they cause a small currést long as the output
current is proportional to the polarising voltage, indicating thaxexd ffraction of air
ions are collected by the central electrode, the polar conduativity o is given by
_ |€O (3)1

YA
where C is the capacitance of the Gerdien device, ahdhe polarising voltage
established across the electrodes, of appropriate sign for theel@esed, and, is the
permittivity of free space.

Measurement of the air-Earth current and potential gradient wasbiced in an
instrument developed by C.T.R.Wilson, figure 3 (c). Wilson's apparatusof¥y1906)
consisted of a portable gold leaf electrometer, connected to aotaiiz circular
collecting plate, surrounded by an earthed guard ring. The appalsdus@uded a
battery and a variable capacitor (compensatgt by which the potential of the
collecting plate could be changed, and a brass cover for the icglgdate. From a
sequence of covering and uncovering the plate, and timing the clmapgeential, the
air-Earth current density, and mean PG could be found. (A further important aspect of
the apparatus was the compensation of displacement currents, whigtodunced as a
result of short-term PG fluctuations.)

In modern applications, PG measurement is usually made using muathield
machines (Chalmers, 1967), more commonly calfeid mills Field machines
generally offer a more rapid time response and dynamic rdGyebb, 1990;
MacGorman and Rust, 1998) but may require maintenance with atmasgkgoisure.
The Gerdien instrument continues to provide the physical basis on wiuidbrn ion
counting instruments are still designed (Blakeslee and Krider, Hé®2iket al, 1998),
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although computer control of the bias voltage and current measuseiedrgcoming
more common (Aplin and Harrison, 2000, 2001; Holden, 2004). Direct measureiment
the air-Earth current has been achieved using a split-hemispitretar, suspended
above the surface, within which the current amplifiers are houserkdBand Few,
1978). This has also proved durable under Antarctic conditions (Byrake 1993). A
further effective method of air-earth current measuremeihaslong wire antenna
collector (Tammeet al, 1996).

One characteristic of fair-weather atmospheric measurensetiitat the signal voltages
are present at high source impedance, and therefore sensitiveneétry techniques
are required. The necessary electrometer dynamic rarggeisually required a high
value potential divider, but the resistor technology introduces thetatality issues.
This problem can be circumvented by circuit design (Harrison, 12062a), at
sufficiently low cost that the equipment is disposable and therstotable for use with
non-recovered balloon-carried instrumentation (Harrison, 2001). In theedehrea of
ultra-low electric current measurements, compensation of terapei@ddpendent errors
(Harrison and Aplin, 2000a) and power line interference (Harrison, 199ii)ava be
achieved with stable current references (Harrison and Api0b). High integrity of
insulation is always necessary, and, although the data loggirrgadity be automated,
removal of cobwebs and general contamination requires regular maintenance.

2 The global circuit

The classical concept of a global electrical circuit waggssted by C.T.R.Wilson
(Wilson, 1920, 1929), following the first reports of a universal timengiuvariation in

the electrical parameters (Hoffman, 1924), and knowledge otdheuctive upper
regions of the atmosphere inferred from radio wave investigatidasifigy, 1939). The
global atmospheric electrical circuit arises from a bald@teeen charge generation in
disturbed weather regions and a globally distributed current of Emalflowing in fair
weather regions (Rycroét al, 2000). This is shown schematically on the left-hand side
of figure 1. This simplified representation is generally undecstas a low latitude
direct current (DC) atmospheric electric circuit as, ah lgitudes, polar cap potentials
contribute additional currents.

As well as providing a global equipotential region, the ionosphere prothdespper
boundary of a spherical resonant cavity. Excitation of the earth-ionespheity by
lightning-generated electromagnetic energy causes ditegnaurrent (AC) effects,
notably the Extremely Low Frequency (ELF) Schumann resonance8kt €.g
Rycroft et al, 2000), the intensity of which is closely related to the totabam of
planetary lightning. Because the DC circuit responds to cugemeration fronboth
shower clouds and thunderstorms, differences arise between tipar@@eter of the
ionospheric potential and the lightning-driven Schumann resonance amplitude.
Existence of an ELF resonance on other bodies of the solar sys&ans dikely: a
fundamental ELF frequency of 11-15Hz has been postulated for (Ntarenteet al,
2003), and 13-14Hz for Mars (Sukhorukov, 1991). Since planetary (or satEllke)
resonances require the combination of an upper atmospheric conductingatalye
sources of atmospheric electrical discharges, detection ofrigli¢ates the existence of

10
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an AC atmospheric electrical circuit. For a DC circuit ®ogresent in the terrestrial
sense, additional evidence of current flow is required.

Table 1 provides a summary of properties of the terrestnabsgiheric electric circuit
parameters.

Table 1. Typical parametersof thefair weather atmospheric electric cir cuit

surface Potential Gradient (PG) E 120 V'nle
vertical conduction current density J; 3pA.m

. . -1
air conductivity o 20 fS.m

(mean at sea level)

ionospheric potential Vi 250 kV
total resistance of the atmosphere R 23001

total air-Earth current 1800A
columnar resistance R. 120 R.m’

2.1 Carnegie diurnal variation

Section 1.3.1 introduced the diurnal variation in PG identified in datanebitaluring

the voyages of th&€arnegie As well as the surface PG, the universal diurnal or
Carnegie curveappears in the other global circuit parameters, notably the ionaspher
potential (Section 2.2.1) (Milheisen, 1977) and air-Earth current (8e2ti2) €.9.
Adlerman and Williams, 1996). A positive correlation between the Qeareeirve and
diurnal variation in global thunderstorm area was discovered by Whippkymming

the diurnal variations in thunderstorm area for each of Africa,ralistand America
(Whipple, 1929; Whipple and Scrase, 1936). The thunderstorm areas wWeratexs
using thunderddystatistics from meteorological stations, compiled by Brooks (1925).
Figure 4 (a) shows the diurnal variations in surface PG and ttstoda area: the
correlation between the 24 data points is +0.93. The Carnegie cutabuigted in
Israel (1973), and its values are also given in Table 2, togeitrethe thunderstorm
areas of Whipple and Scrase (1936) from thunderday data.

11
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Table 2. Hourly values of the Carnegie curve Potential Gradient and global
thunder storm area found by Whipple and Scrase (1936) (from Israel, 1973)

hour GMT (or UT) PG(V/m) %  Thunderstorm area (10°km? %

1 112 87 161 85
2 110 86 154 81
3 109 85 152 80
4 111 86 155 81
5 113 88 161 85
6 116 90 169 89
7 119 92 175 93
8 120 93 179 95
9 121 94 181 96
10 122 95 197 99
11 124 96 196 103
12 129 100 205 108
13 135 105 215 113
14 139 108 220 116
15 142 110 216 114
16 144 112 212 112
17 147 114 214 113
18 151 117 217 114
19 154 120 218 115
20 151 117 215 114
21 143 111 207 114
22 135 105 197 104
23 128 99 182 96
24 122 95 171 90
mean 129 189

In a more modern analysis of available global data, Paramanov (18@fio)med a
Universal Time diurnal variation in both the PG and air-Eartheotyrfor all seasons.
Later analysis of the global thunderstorm area variation, howkasrproduced less
conclusive results than Whipple and Scrase (1936). Krumm(1962) ahalysdd
Meteorological Organisation records by latitude band and seasbifioand a global
maximum around 14UT; Dolezalek (1972) found a diurnal maximum at 16U§. Thi
paradox between the thunderstorm area and universal diurnal variateorcasta be
resolved if, as well as substantial African thunderstorm contobsitio the global
circuit around 14-15UT, there are large current contributions fronthSAmerican
shower clouds around 20UT (Williams and Sétori, 2004).

Figure 4(b) presents the original Universal Time variatiora dla an alternative way.
This figure has been drawn to emphasise the effect of differences in thidenpf the
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diurnal curves of thunderstorm area and PG in Figure 4 (a).de& that, as the
thunderstorm area tends to zero, there is a non-zero intercepimphed existence of
the PG in the absence of continental thunderstorms was originallghthtmube due to
the presence of oceanic thunderstorms (Whipple, 1929), neglected huttieistorm
area evaluation, for which an arbitrary offset, with no diurnaiatians, was added
(Williams and Heckman, 1993). In a review of earlier work by Wdrni®53), the
negative charge of the Earth’s surface was estimated tofiemsehe balance between
fair weather current (60C.yrkm?) and precipitation (30 C.yrkm?), lightning (-20
C.yr*.km?) and point-discharge currents (-100C-.ym), indicating that lightning was
not the dominant charging agent. Williams and Heckman (1993) argaethé corona
and precipitation current contributions to the conduction currents atutfaze are the
principal source of charging of the global circuit, emphasidiggrole of electrified
shower clouds as originally suggested by Wilson (1920). In support ofi¢iws recent
satellite lightning observations have shown that there is litthrin@ lightning
(Christian, 2003). Furthermore, variations in global lightning alone abt
guantitatively sufficient to account for the variations in the glaaluit. In a study
comparing ELF measurements (used as a proxy for global hghtwith the PG
measured in the Antarctic, the mean variations were similathieutourly departures
were less well correlated (Fullekreg al, 1999). Fillekruget al. (1999) reported that
the contribution of lightning to the global circuit to was ~40 £ 10%.

Surface PG observations show that the Carnegie curve has bgely lanchanged
during the twentieth century. At Eskdalemuir (Scotland) and Len{@tetland), a
long series of hourly PG measurements was made in clean air, statelardised
conditions (Harrison, 2003a). The records began in Scotland in 1908 andlah&ire
1926, continuing until both stations ceased atmospheric electricalragesits in the
early 1980s. Figure 5(a) shows averaged daily variations of PG abtaineerwick
1968-1973, compared with th€arnegie curve and the contemporary ionospheric
potential changes found MWulheisen (Budyko, 1971)There are qualitative similarities
with the PG variation found by Simpson at Karasjok in 1903, Figure 2) agicating
some temporal consistency in the diurnal variation across the twentiethycentur

Averaging many fair weather days of surface PG data usllysnecessary for the
Carnegie curve to appear, both because of local aerosol influemtesisa because
day-to-day variability in the global circuit—-modulating thunders®mrmay prevent the
standard variation occurring every day. This is supported by thealrigieasurements
(Torreson, 1946) on Cruise VII of th€arnegie (1928-1929), in which diurnal
variations close to, but different from, that subsequently identdi®dhe standard
variation were occasionally observed on fair weather days, withowvamngging. On at
least one occasion during Cruise VII, a similar, but non-stardiardal variation was
observed simultaneously on thearnegie and at Eskdalemuir (Harrison, 2004a).
Figure 5(b) shows a series of six-hourly PG values obtained orCd#neegie in
September 1928, with measurements made on undisturbed days at Eskd&emuir
the 12 to 17 September 1928, there was a significant correlatio®.$6 for 20 values)
between the PG observed on tharnegieand at Eskdalemuir, with particularly close
agreement on the Hnd 16 September. The absolute values of PG between the two sets
of measurement differ, however, which is likely to be due to laabfs, such as the
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presence of aerosol or local geological properties influencinguttiace ion production
and the associated air conductivity.

Figure 6 shows average diurnal variations in potential in pioneenegsurements
made by B. Chauveau in Paris (Chauveau 1893a, 1893b, 1925), in the summer of 1893.
These were made both at the surface, and at the top of the Eiffar, using the

Kelvin water dropper apparatus with autographic recording ($tarrand Aplin, 2003).

There are qualitative differences between the two sets afureraents. In particular,

the surface measurements have two maxima, in common with tiszsdoand in
London in the nineteenth century (Scrase, 1934), which were due sortiter diurnal
variations in smoke pollution (Harrison and Aplin, 2002). The contrast batlee

lower and upper measurements is mentioned by Chauveau (1925):

In observations made during the summer and autumn months, we noted that,
rather than the strongly marked double period oscillation found at the lower
station, the variation simultaneously obtained at the upper station has a very
different character when averaged, clearly showing a single oscillatiber. #he
morning minimum, occurring exactly at the same time at the two rstatibe
potential seen around the top of the Eiffel Tower increases steadilyannt
evening maximum which occurs an hour earlier than the maximum observed at
the base station.
The single maximum in the data from the top of the Eiffel Towad the increased
amplitude over the Carnegie curve, result from a combination of ltimlgcircuit
modulation nocturnally with the diurnal variation in transport of pollutedan
boundary layer air past the sensor (Harrison and Aplin, 2003).

2.2 DC aspects of global circuit

In the DC global circuit, the ionospheric potenfial causes the vertical conduction
currentJ;, to flow through the combined vertical resistance of the tropospaed
stratosphere (see also Section 1.3.2.). From the measured air-Eaath and planetary
surface area, an estimate of the total current flowing ingtbleal circuit is 2000A.
Assuming a simple circuit and applying Ohm's Law, the gloletetal resistanc&r
is about 23Q. The lower part of the troposphere, the boundary layer, contributes a
significant part of the vertical resistan€g.can be found by integrating the variation of
air conductivity with height as
R = ; iy (4)

a(2)

0

where R is the Earth’s radius. Variations iRy arise from changes in cosmic ray
ionisation, clouds and aerosols: it may therefaftect long-term climate changes or
changes in the abundance of volcanic aerosol. ®heentric sphere system formed by
the conducting ionosphere surrounding the planstahéinite capacitance, with RC
time constant of ~10 minutes. The continued excsesf an atmospheric electric field,
despite this rapid discharging timescale, was thgimal indication that electrical
generation processes are continuously active (Ghalm967).

14



GEOP220

2.2.1 The ionospheric potential

The ionospheric potential, is the potential of the lowest conducting regiafishe
ionosphere, reckoned with respect to a zero paieatithe surface. It is obtained from
vertical soundings of the variation of PG with hejd=(z) using a sensor carried on an
ascending balloon or aircraft, and the total pasealculated by integration,

Vv, = ]'E(z)dz ().

Because the air conductivity increases substapniiithe upper troposphere, the value
of V|, does not have a high sensitivity to the uppert)imj of the ascent (Markson,
1976). Many intermittent measurementsvpexist from the late 1950s (Imyanitov and
Chubarina, 1967; Markson, 1976, 1985; Markstral, 1999). Those of Mulheisen
(Budyko, 1971) obtained in Germany between 195918%® are notable for providing
important support for the global circuit conceponfr the common simultaneous
variations inV, found at different locations (Mulheisen, 1971)gWe 7 shows the
comparison between simultanedyjsoundings made in Weissenau, Germany, and over
the Atlantic from the research shifeteor. In the semi-continuous measurement period
between 17 March and 2 April 1969, there was batlAnttative and qualitative
agreement in th&/, values obtained (correlation coefficient 0.82,N = 15 values).
Figure 7 also includes the measurements of suR&ebtained at Lerwick at the same
UT hour as the soundings of Mulheisen, for fair thea or non-precipitating periods.
There is also clearly good agreement between therrdmation ofV, (averaged from
the two simultaneous soundings) and the Lerwickd@a, ( = 0.87,N= 10).

Increases in surface temperature leading to mogereaus convection have been
guantitatively linked with increases M (Price, 1993), offering a possible indirect
method of monitoring surface temperatures. For gt@na positive correlation between
three different global temperature datasets\4r{Markson and Price, 1999), supporting
a relationship between warmer temperatures andcieased,.

2.2.2 The conduction current

The conduction current was defined in Section a8l is related to the resistari&eof
a unit area column of atmosphere and ionosphetengial by

z

3= (6)
R.

whereJ, is the conduction current density. At the surfaezan be determined as the
current flowing from the atmosphere to ground, diveEarth current densityof which

a long series (1909-1979) of approximately weekfasurements exists from Kew near
London using the Wilson apparatus (Harrison andramg 2004). Continuous
measurements of the air-Earth current in clean(aitHawaii) were made with other
atmospheric electrical parameters during 1962 (Cth968).

Measurement o, will not provide a method of monitoring changeshe global circuit

if the columnar resistance varies locally (Marksb®88). However, iR; is constant),
may be closely linked tw|. Evidence for this comes from averaging measuré e,
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which, in oceanic air, also show the Carnegie cyengel et al, 1986). In balloon
soundings,J; has been found to be constant with height aboeebttundary layer
(Gringel, 1978).

2.3 AC aspects of the global circuit

The production of ELF radiation by lightning offesisdirect method of monitoring the
temporal variation of terrestrial lightning. Williess (1994) has shown that lightning
flash rates are proportional to temperature, ahdstbeen suggested that the Schumann
(ELF) resonance could offer a method of monitorgigbal temperature (Williams,
1992). A significant advantage of using the Schumiasonance over the ionospheric
potential (Section 2.2.1) to monitor global thurelerms is that ELF measurements can
be made at the surface in electromagnetically guegions and, therefore, that no
balloon soundings are required. As a result, steont (seconds to hourly) temporal
changes can be monitored (Maetzal, 1997). Study of the AQ.é. lightning-related)
aspects of the global circuit is also unaffecteccbgtinental aerosol, which contributes
variability in the columnar resistance of the D®OMgl circuit. Temperature effects on
the global circuit are considered further in Set®o2.4.

2.3.1 Satellite observations of lightning

Observations of lightning can be made by meteorcéddightning detection (“sferics”)
networks, or obtained from satellite, which viewaage proportion of the thunderstorm-
producing regions of the planet. Early satellitesavations of the distribution of
midnight lightning (Orville and Henderson, 1986psled that there was more lightning
over land and that the lightning frequency had aimam in the northern hemisphere
summer. More recent sensors, including the NASAidapfTransient Detector (OTD)
and Lightning Imaging Sensor (LIS), are able toedetlightning under daylight
conditions (Christian, 1999; Christiagt al, 2003). Detailed climatologies of the
planetary lightning distribution now exist. Thes®w that 78% of all lightning occurs
between 30°S and 30°N, with Africa the greatestr@®uegion of lightning and that
there is a global mean land to ocean lightninghfiagio of 10:1 (Christian, 2003).

2.4 Non-diurnal modulations

Modulation of the global atmospheric electricalcait occurs on both diurnal and
seasonal cycles. The diurnal cycle is sufficiemifl established that it can be used for
preliminary identification of data of possible gédlvalidity (Marcz and Harrison, 2003;
Harrison, 2004b). There are fewer observations witiich to identify seasonal, intra-
seasonal (Anyambet al., 2000) and longer-term changes.

2.4.1 Seasonal variation

Satellite observations of visible lightning provitdegh-resolution data on the seasonal
variation of lightning. The northern hemispherentigng, associated with the majority
of the planetary land area, contributes the mgjaritthe global lightning. The global
flash rate has a maximum during the northern hemeisp (NH) summer (Figure 8a).
Early measurements of surface Potential Gradiesweler, show a maximum in the
NH winter. The 1903/4 Lapland PG data (Figure 2y, éxample, show what was

16



GEOP220

originally assumed to the seasonal variation; mattner early NH datasets show this
(Chauveau, 1925).

By comparing northern and southern hemisphere P@a, dAdlerman and

Williams (1996) argued that variations in NH coetwtal smoke pollution were the
origin of the NH winter PG maximum. The pollutionosvs a maximum in the winter;
consequently the PG measurements may not be repagge of the global circuit’s

seasonality. Reanalysing all the data obtainetheRarnegievoyages, and those of the
Maud, another early twentieth century survey vesselledan and Williams (1996)

found a maximum in PG in June/July, consistent witb maximum in lightning

occurrence.

In an analysis of data obtained at the Marstacstath Sweden between 1993-1998,
Israelsson and Tammet (2001) show the strongeselation between the local PG
variation and the Carnegie curve in the NH winter 0.96). A similar behaviour has
been found in data from the UK and Hungary (Maned BElarrison, 2003), and in data
from the Bavarian Alps (Harrison, 2004b). Sincesthstudies consider the shape of the
Carnegie curve, rather than the absolute magnitingdse observations could suggest
that either the DC global circuit is at its strosigeluring the winter, or short-term
changes are particularly small, or a combinatiotheftwo factors. Short-term (hourly)
fluctuations may arise in the summer measuremerdm fthe effects of local
thunderstorms. Figure 8 (b) shows the PG data fmnse VIl of the Carnegie, plotted
as monthly averages. There are variations in tlaesiof the curve from summer to
winter, and in the timing of the maxima and minirmaportant though these data are in
the development of atmospheric electricity, thegrsfess than two years, and may not
be representative of the average seasonal variation

Although the seasonality in lightning is well-edislbed and drives the AC global
circuit, Section 2.2 emphasised that lightningas the sole source of variability in the
DC global circuit. The seasonality in the AC and DiGcuits may not therefore be
exactly linked. Furthermore, changes in the columesistance, caused by the seasonal
variations in cloud and aerosol, will affect cutseflowing in the DC global circuit.
These factors will need to be considered furthetafinitively determining the seasonal
variation, in the absence of direct long-term maniiy of the DC global circuit.

2.4.2 Cosmic ray modulation

A small observed modulation W has been linked to cosmic ray variations arisiognf
the solar cycle (Markson, 1981): cosmic ray iomsatmodifies the atmosphere’s
columnar resistancé/, increased when an increase in cosmic rays occukiackson
(1981) showed that, for the increase in cosmic tayiscreaseV,, the change has to
influence thechargingpart of the global electric circuit.

The cosmic ray effect ox;, was originally identified from the solar modulatiof low
energy cosmic rays, which occurs from the solaratians on the eleven-year cycle.
Interaction between the solar wind and cosmic rads to an inverse phase
relationship between solar activity and cosmic r@ays/ing at Earth. A more active Sun
therefore reduces the cosmic ray flux penetratimgvrd into the Earth’s lower
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atmosphere, and the steady increase in solar tgctivring the twentieth century has
lead to a secular decline in cosmic rays (Carstaval, 2002). The expected global
circuit response may have been identified in serfaasurements of PG (Harrison,
2002b; Méarcz and Harrison, 2003), although aerobahges have also been suggested
to cause the effect (Williams, 2003; Harrison, 20003 twentieth century decline is,
however, also apparent in oceanic measurementsGof(Harrison, 2004a), which
supports a global circuit change (see also Se@&iarl.) A decrease in the air-Earth
current at Kew (Harrison and Ingram, 2004) andhe PG in mountain air (Harrison,
2004b) is apparent in the 1970s.

3 Changes in the global circuit and climate

3.1 Reconstruction of past global circuit variations

The pioneering measurements described in Sectmarg. of historical importance in
understanding the development of atmospheric @égirbut they have recently found
a new use in extracting information on past urbanpallution conditions. Another
atmospheric use for the early measurements is emge@s studies of past climates and
more recent atmospheric changes are increasingly isprovide a comparative basis
for research on climate change. In the case ofalaio temperature for example, early
observations have been used to quantify past teyer changes, globally or
regionally. The longest such temperature series, Gentral England Temperature
series, extends back to 1698 (Manley, 1953). Suthajpproach of instrumental
reconstruction should, in principle, be possible tile global atmospheric electrical
circuit. Because of its global nature in fair weatbonditions and clean air, rather fewer
instrumental measurements would seem likely to &éeded than for computing the
global temperature. In many cases the experimergd is recorded in sufficient detail
for the instruments to be simulated and estimafethar reliability made. Even so,
major difficulties remain in attempting to reconstr the past state of the global
electrical circuit, including the absolute calilboat of early instrumentation, changes in
the exposure of the measurement sites and gapshfoln no data are available.

A comparable approach in paleoclimate studiesasuge of proxy methods to estimate
changes in past conditions. A suitable proxy h&s@wvn relationship to the physical
quantity actually required, and its variations lkanewn for the period of interest, usually
when the physical quantity is not known directlyo® methods have been used to
infer long-term variations in solar output, frontoeds of cosmogenic isotopes, which
respond inversely to solar changes. Central to thethnstrumental and proxy methods
for a global atmospheric circuit reconstructionhisyever, the availability of long-term,
globally-valid measurements.

3.1.1 Early measurements

Table 3 lists the locations of early surface measient stations and Figure 9 illustrates
the periods of operation of a subset, includinglikesites. As a first stage in selecting
data of possible global significance, the diurnatiations described in Section 1.1.1
may be used to reject data primarily influenceddmal pollution. The Carnegie curve
provides one method for identifying periods of diatavhich global circuit signals may
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be present (Harrison, 2002b) or, from the absemnd¢keouniversal diurnal cycle, when
the PG is dominated by local influences (Harrisad Aplin, 2002). This approach is
necessary when little or no additional informatioeyond the PG measurements is
available. The existence of a similar variatiorthte Carnegie curve is not, however, a
sufficient condition for global circuit monitoringgs it may have arisen from local
changes having the same phase variation by chaaestification of global circuit
variations requires additional corroboration wiillngltaneous atmospheric electrical
changes found at other sites (Harrison, 2004a, 2004

A long-term decline in the average annual PG wast fobserved in data from
Eskdalemuir in rural Scotland (Harrison, 2002b).uiban air at Kew, the data are
strongly affected by local smoke pollution from Idam, but there is an annual cycle in
air pollution, with the smoke effects at Kew smsillen the summer (Harrison and
Aplin, 2002). When the annual PG measurements #skdalemuir are compared with
the Kew June PG measurements in the first halheftiventieth century, a similar rate
of decline emerges, see figure 10a. (This is atemd in the PG data from Lerwick,
which used identical instrumentation, for the summenths of June, July and August.)
Williams (2003) has suggested that a steady deeré@ascontinental aerosol could
explain the decrease in the PG found at Eskdalenfdihough this is physically
plausible, Harrison (2003b) argued that, before Ulke Clean Air Acts of the 1950s,
systematialecreasesn smoke were unlikely, as the Clean Air legiglatresulted from
more frequent and more damaging air pollution efgso Furthermore, there are air-
Earth current measurements for a similar periothénUK, using the Wilson apparatus
(section 1.3.3). This apparatus also measureditlo®mductivity, which is the physical
parameter modulated by smoke pollution. (For caniskta the PG and conductivity are
proportional, from equation 2.) A greater declimethe air-Earth current than in the
positive air conductivity is found at Kew in Juriegm the available data from 1932-
1948 (Harrison and Ingram, 2004). This supportsdidine in the measured PG being
due to air-Earth curreni.€. global circuit changes), rather than air condufgtiyi.e.
local pollution) changes.
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Table 3. Early quantitative surface measur ements of the Potential Gradient

Station

Melbourne
Sodankyla
Florence

Lisbon

Perpignan
Batavia (at 2m)
Batavia (at 7m)
Greenwich
Batavia

Paris Central
Paris Eiffel (at 1.7m spacing)
Helsinki

Tokyo

McMurdo Sound
Karasjok

Trieste

Munich
Petermann Island
Davos
Kremsmunster
\Vassijaure

Cape Evans
Helwan

Upsala
Ebeltofthann(Svalbard)
Potsdam
Edinburgh
Eskdalemuir
Tortosa

Carnegie

Aas

Val Joyeux
Wahnsdorf
Frankfurt (Feldbergstrasse)
Tromso

Scoreshy Sound
Fairbanks
Chambon-la-Foret
Heidelberg

start

1858
1882
1883
1884
1886
1887
1890
1893
1890
1893
1893
1895
1897
1902
1903
1902
1905

1908
1902
1909
1911
1909
1912
1913
1904

1914
1910
1915
1916
1923
1924
1928
1932
1932
1932
1942
1957

annual data

finish  mean PG %variation %variation type

1860
1883
1886
1886
1888
1890
1895
1896
1900
1898
1898
1897
1901
1903
1904
1905
1910

1910
1916
1910
1912
1914
1914
1914
1923

1920
1924
1921
1923
1924
1926
1931
1933
1933
1933
1944
1958

145

175
4010

93
139
73
168
164
64
105
89
87
150
70
95
202
167
263
106
124
104
90
178
146
104
71
97
92
129

daily data

52
85
55
30
48
93
47
83
44
40
slight

91
68
86
34
96
116
106
75
124
46
36
84
80
63

61
35
16
101
70
79

28
50
30
80
112

variation Source

86
29S
31S

44D
121

57D

45S
100S

79S
118
79
56
69
57
56S
35S
41
71D
17
36
79
42S
54
35
44
53
57
46
50
45
38
50
28

PrPrPrRPrPRPEPAAMMMNMNAORAREPLPSEEPMNPPEPRPAEAREEEREPLPNPDPOPRPERPERPDEWWWWWWWE

Sources [1] Israel (1970); [2] Simpson (1906); [Ftmospheric Electricityentry in
Encyclopedia Britannica(1911); [4] Benndorf (1929); [5], Chree (1915.and D
denote single and double oscillation diurnal vaoist, respectively, where known.
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3.1.2 Proxies for changes in the global circuit

Other than early direct measurements, one of thgelst sources of local atmospheric
electrical data is the regular meteorological répgrof thunderdays, which formed the
basis of early (Brooks, 1925) and later (Krumm, Z9Bolezalek, 1972) studies on the
global circuit. Thunderdays have been investigated possible solar influences
(Brooks, 1934): there are close statistical coti@ia apparent in some regions
(Stringfellow, 1974; Schlegdt al, 2001). The widespread recording of the occurrence
of thunder has suggested a possible route for figatsg global electrical changes
(Changnon, 1985), but the trends in different awmital areas vary, suggesting that
local factors may dominate. On millennial timessaleistorical evidence from China
indicates three major peaks in winter thunderstaativity in 200-600AD, 1100-
1300AD and 1600-1800AD (Wang, 1980).

From the perspective of understanding global dirclhidanges, a more quantitative proxy
is desirable. Since the global circuit requiresnuosray ionisation to cause ion
production and with it the conductivity of air, o€ ray measurements provide
information on an important physical aspect. Direstasurements of cosmic ray
secondary particles with surface neutron countegab in the 1950s, with ionisation
chambers collecting the data before then, suchasetcarried on th€arnegiecruises.
Before the first decade of the twentieth centurgxes for cosmic rays provide indirect
measurements of the atmospheric ion production g&ateh cosmic ray proxies indicate
possible changes in the columnar resistance oWwdlnin the global circuit (Section
2.4.2), and may permit the calibration of mod€rand PG data to obtain past estimates
of their variations. Estimates of cosmic ray vaoiatduring the Phanerozoic (the past
500 million years) have been claimed from meteataéa (Shaviv and Veizer, 2003).
Over shorter timescales (the past 100,000 years), ppoxy for global cosmic ray
intensity is the cosmogenic nuclide beryllium-10hietr is generated by spallation
reactions of cosmic rays in the stratosphere. A lrchive of Be-10 data exists from an
analysis of deposits in the Greenland ice coreclwvineadily shows the 11 year solar
cycle modulation of cosmic rays (Beer, 2000).

Evidence discussed in Section 3.1.1 suggests algtobouit change may have occurred
during at least the first half of the twentieth wey. Should this be solely due to
changes in the columnar resistance from cosmidamigation at the same time, it is
possible that the Be-10 measurements could offgraxy for variations in the
atmospheric electrical circuit (Harrison, 2002bgybnd the period of the direct
observations. A further reason for the possibldéulisess of Be-10 is that it is formed in
the upper part of the atmosphere, where cosmiciagayproduction modulates the
charging part of the global circuit. Figure 10 @hows the smoothed Be-10 variation
from 1600 (Beer, 2002), calculated as a fractiontld mean ice core Be-10
concentration from 1900-1950. The relative PG vamashown in Figure 10 (a) is also
plotted for the period 1900-1950 in Figure 10(blha@titative comparison requires the
Be-10 relationship with atmospheric ion productimnbe calculated, but there is a
physical basis for expecting the global circuit asabmic ray ion production to be
linked through columnar resistance changes (Marks®81).
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3.2 Consequence of changes in atmospheric electrification

3.2.1 Electrical effects on cloud microphysics

There is a considerable variety in the sizes anthddnce of aerosol particles, ice
crystals and cloud droplets present in the atmasphEhe typical molecular cluster

comprising an atmospheric small ion will have antBter of less than one nanometre.
Aerosols have diameters from 3nm to 10um, and cknadl raindrops have diameters
from 10um to 1mm. The complexity of cloud micropiegs processes results from both
the different particle sizes and compositions imadpheric clouds, and the phase
changes between solid and liquid (Mason, 1971; paciper and Klett, 1997).

Aerosol electrification in the atmosphere occurfrion-aerosol attachment, facilitated
by ion transport in electric fields (Pauthenierb&f by diffusion (Gunn 1955; Fuchs,
1963; Bricard, 1965; Boisdron and Brock, 1970). @loal asymmetries in the ion
properties generally result in a charge distributim the aerosol, which, although the
distribution may have a small mean charge, does pmetlude the existence of
transiently highly charged particles within the emble. In the special case of
radioactive aerosols, the charge arises from a etitigm between the self-generation of
charge within the particle, and ions diffusing te tparticle (Clement and Harrison,
1992; Gensdarmest al, 2001). The aerosol charge distribution can affsetosol
coagulation rates (Clemeet al, 1995), which in turn may modify the particle size
distribution.

Recent review papers discuss the detailed elecimearophysics which links cloud
processes with atmospheric electrification (Hamjs2000; Carslavet al., 2002). Two
aerosol-related topics identified are :

(1) Cosmic ray generated atmospheric ions have sleawn theoretically to lead to
the formation of atmospheric Condensation Nuclai @hd Turco, 2001), for
which there is some experimental support (Wilkeniag85; Harrison and
Aplin, 2001).

(2) Aerosol electrification can modify the rate vahich the aerosol particles are
collected by water drops, which may affect the Zneg of supercooled water
drops. (Tinsleyet al, 2000; Tripathi and Harrison, 2002).

More quantitative discussions of these mechanidnased on the theory already
available, are given in Harrison and Carslaw (2003)

In the first case, atmospheric effects would odtwough changes in ion production,
leading in turn to changes in aerosol nucleation;aerosol attachment rates, aerosol
charge equilibration times and aerosol coagulataias, ultimately modifying clouds.
Direct evidence for the growth of ions in humid with low aerosol content has been
reported from the naturally radioactive Carlsbadrétas, New Mexico (Wilkening,
1985), where ion complexes having mobilities coasallly smaller than atmospheric
small ions have been observed. Decrease in ionlityaigisults from an increase in ion
size.

In the second case listed above, the electricdielmlsed by the global circuit could

affect aerosol charging by modifying the ion enmameent on the boundaries of clouds
where ion concentrations are profoundly asymmetna the electric fields are
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enhanced (Carslaet al, 2002). The global circuit could therefore acttonmunicate
cosmic ray changes throughout the atmosphere, &ryges in the conduction current.

3.2.2 Nuclear weapons testing

Large-scale changes in atmospheric ionisation oeduas a result of nuclear weapons
tests in the 1950s and early 1960s, and radioactigterial was injected into the
stratosphere. Surface PG values were dramaticatlyced (Pierce, 1972). The surface
changes resulted from the deposition of radioagtivigreatly increasing the
conductivity and reducing the PG near the grourfte PG was reduced to less than
50V.m* in Scotland in 1963 (Pierce, 1972). Because dhsarcontamination at many
sites, it is unlikely that globally-valid measureme were obtained at surface stations
during that period. At Lerwick, where a surface P&luction was recorded, an
accompanying feature was an increase in overcgst ttazund from examination of the
routine solar radiation measurements (Harrison22DAn anomaly in the solar diffuse
and direct measurements was also found at Hohestgesflg Observatory in Germany
by Winkler et al. (1998). (Both anomalies occurred before the 196#ten of
Mt Agung.) If either anomaly was caused by thea@xradioactivity in the atmosphere, it
would arguably have been more likely to be causgedablioactive ionisation, rather
than the supply of aerosol particles from the esiplas. This is because the later tests
were detonated well above the surface, to redueedtiioactive fallout generated, and
therefore produced little aerosol. For the largeedatonne) nuclear explosions
occurring at that time, the radioactivity reachée stratosphere, which provided a
steady supply of ionisation to the troposphere.hWitrther analysis, data from this
period may provide additional evidence for tropasphparticle formation from ions.

3.2.3 Atmospheric electricity and global temperature

To consider the relationship between the DC atmasplelectrical circuit and global
temperature, either a long series of ionospheriterg@al measurements or a
reconstruction of the global circuit as indicatedeection 3.1 is required. In the absence
of either, existing records can therefore be ondytiplly analysed. Section 3.1.1
indicated a basis on which global measurementsidoeliselected. Figure 11(a) shows
PG variations found on the basis of diurnal cy@keation, followed by comparison of
the mean values resulting with variations at o#hss. It shows the average December
PG at three European measurement sites: Lerwicktlgiial), Eskdalemuir (Scotland)
and Mt Wank (Bavaria) during the 1970s. Decembepimmon to both the UK sites as
a month having a large positive correlation wite @arnegie curve, and the values used
in computing the averages for Mt Wank were seleftech days on which the hourly
correlation with the Carnegie curve was greaten th8&. There is a common minimum
to all three sites in December 1978, which supptines data selection approach.
Additionally, Lerwick and Mt Wank show a short deel from 1980 followed by a rise
in 1983 (Harrison, 2004b).

Figure 11 (b) shows the variation in monthly averagmperatures for the same
Decembers as in Figure 11 (a), using global tenwpera northern hemisphere
temperatures and southern hemisphere temperatumes l&nd-based meteorological
stations (Peterson and Vose, 1997). Although thanly a short period of data, there is
a positive correlation between the PG and southemisphere temperature for the two
UK sites, particularly Lerwick. This is physicallyeasonable, as the southern
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hemisphere lightning approaches its seasonal mamimmuDecember, contributing a
greater lightning flash rate than the northern lspmere (Figure 8a ).

3.2.4 Effects of global temperature on lightning and the global circuit

A sharply non-linear relationship has been fountivben lightning flash rate and (wet
bulb) temperature (Williams, 1994, 1999), relatedhte suggestion that local and global
temperatures could be monitored sensitively by mooing lightning and the global
circuit (Williams, 1992; Price, 1993). Schumannoreance observations also show a
strong correlation with upper troposphere water ouap (Price, 2000), further
emphasising the surface temperature-dependencéunidérstorms, and, possibly,
electrified shower clouds.

Price (1993) predicted that a 1% (~3K) increasglobal surface temperatures could
result in a 20% (~50kV) increase in ionosphericeptal. Subsequent work by Markson
and Price (1999) also found a positive correlabietweenvV, and global temperature, as
derived by satellites. Figure 11 ( c¢) accordinghpows annual temperatures and the
annual average ionospheric potential when availdarkson, 1985). There is
qualitative agreement between the Lerwick Decenaverage PG and the annu4l
(Harrison, 2004a) indicating that the values arewshg the global circuit variations,
but a relationship betwee¥, and annual average temperature anomalies is not so
apparent. In part, this may be due to the diffeneportance of different regions on the
electrified shower clouds and thunderstorms nottwad by the temperature
measurements, or, more probably, the poor sampling temporally. Corrections to
the V, measurements, to allow for differences in therdilitemperature cycles and the
diurnal charge production cycles, have been prapda®m these it has been concluded
thatV, is controlled by continental temperatures (Marki03).

3.3 Cosmic rays and cloud variations

A remaining source of electrical changes in theasfphere arises from the modulation
in ion production by cosmic rays (see also Sectbh.2). Following the early
suggestion of Ney (1959), studies have soughtrtk dhanges in cosmic rays with
atmospheric parameters, such as clouds. The casyidata from the University of
Chicago’s neutron counter at Climax and otheratatare widely available.

3.3.1 Surface cloud observations and transient cosmic ray changes

Pudovkin and Veretenko (1995) reported high lagtsdrface cloudiness observations.
They found a short-term decrease in high cloudys)rarising from short periods of

reduced cosmic rays (“Forbush Decreases” whicliaeeto increases in the solar wind)
using superposed epoch analysis. The work assuma¢dhte cloud observations were
weighted towards high clouds.

3.3.2 Satellite observations and solar cycle cosmic ray changes

As indicated in Section 1.1, area-averaging islyik® be necessary to reduce the
natural variability in the atmosphere sufficienftyr atmospheric electrical effects to
emerge. An analysis by Marsh and Svensmark (2@b@)s that cosmic rays and low
(i.e. with altitudes less than about 3 km) clouds obegrby global satellites are
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strongly correlated around the cosmic ray minimuml890. The correlation was
originally presented in 1997 (Svensmark and Frisi€€ensen, 1997) and the
limitations of the data analysis and acquisitioneh@een the subject of considerable
discussion (Kernthalest al, 1999; Kristjansson and Kristiansen, 2000). Tioaidldata
used was the D2 dataset of the International Sateloud Climatology Project
(ISCCP) (Rossow and Schiffer, 1991), which usesrélyns to identify high cloud (at
heights with equivalent pressures of 50-440hPa)lancloud (680-1000hPa). There is
no correlation with high clouds (KristjAnsson andskansen, 2000). In the North and
South Atlantic areas, where cosmic ray correlationsre found, Sun and
Bradley (2002) again report the greatest effeclom clouds. A explanation for a
differential cosmic ray effect on low and high dalisuhas been given in terms of ion-
induced particle production by Yu (2002). Yu (20G2gues that the recombination
rates of ions are proportional to their concentretj therefore the ion lifetime is greater
at lower altitudes, where the ionisation rate fromsmic rays is smaller. More particles
suitable as cloud condensation nuclei would theeefbe formed in the lower
atmosphere.

3.3.3 Evidence from past climates

On very much longer timescales, extending backradiion years, Shaviv and Veizer
(2003) have reported a negative correlation betweesmic rays and global
temperature, for cosmic ray changes generatedeégdlar system passing through the
spiral arms of the galaxy. A similar mechanismhat tof Marsh and Svensmark (2000),
ion-induced CCN formation, has been suggested pdagxthe finding, in which the
CCN lead to more cloudiness, reduced insolation kwder temperatures. Long
timescale changes in atmospheric composition aagé¢lomagnetic field may, however,
invalidate the connection.

4 Conclusions

The atmospheric electrical circuit has probably reyhained constant over time. Its
long-term variations have only recently begun todoasidered and present a new
research field to atmospheric science (Harriso@/&P Associated with this is the need
to assess the importance of global electrical ceaimg providing a physical mechanism
for amplifying the small changes associated witharswariability to give larger
atmospheric and climate effects. Physically-plaesilmechanisms linking cloud
processes with the background electrical propehige® been identified in recent work
(Carslawet al, 2002), but the theoretical models from which thagnitudes of the
effects concerned can be calculated are only atdy stage. Indications in several data
sets suggest that variations in cosmic rays, clotdsatmospheric electric circuit and
global temperature, show at points, close relahipss Currently these can be only
partially explained and theory is required if thatistical relationships found are to be
understood physically. Figure 12 presents a summagaithe global circuit and global
climate interactions discussed in the paper.

Further progress requires the integration of deifieérareas of geophysics, which, in
many cases, are individually relatively well undeosl. Taken together, however, a new
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synthesis of cloud, climate and aerosol physieapapheric electricity and atmospheric
physics is necessary. Areas which appear partlgdtaitful to consider are:

¢ Reconstruction of past changes in the atmosphkratreal circuit on monthly,
annual and decadal timescales, for comparison glihal parameters such as
global temperatures, cosmic rays and cloud amounts.

* Measurements or modelled distributions of the spatnd temporal changes in
ionisation (especially from cosmic rays) in the udeforming regions of the
atmosphere, for comparison of cloud, ion and a¢rpsaperties in the same
regions.

* The electrical coupling between non-thunderstoroud$ and the background
electric field needs to be investigated at an sdetagnetic level, theoretically
and experimentally.

* Research into the basic properties of the atmogphkactric circuit, in terms of
its time response to transient events in ionisaf@q, from nuclear weapons
tests and sudden cosmic ray decreases).

There is actually a considerable quantity of diafasurface atmospheric electrical data
available, together with occasional aircraft antldom campaigns. A problem is that
these measurements are in different archives &ndriies, and very few are available
digitally. The data need to be combined to fad#itéurther analysis. Satellite cloud
measurements provide high quality measurements lafdcabundance and type.
Integrating satellite and atmospheric electricaads an essential step in quantifying the
electrical influences: however, the meteorologigatiability in the climate system
complicates the extraction of small signals, suechtlaose associated with solar
variability. This may be especially true if the &stales of ion-induced aerosol and
cloud formation are comparable with the typical dsoales of atmospheric changes
associated with weather systems, as seems likelgstéicting a numerical model of
cloud microphysics, including the electrical intrans of aerosols, ions and water
droplets in stratiform clouds presents one exampiea quantifiable approach.
Reconstruction using proxies for past atmosphéeeictiecal changes are likely to prove
highly valuable, but extension of the basic measerdgs of atmospheric electricity to
the global scale for comparison is also essential.

Despite the difficulty in identifying cause and eft in a chaotic system such as the
atmosphere, it remains possible that the globabsgimeric electrical circuit provides a
neglected feedback in the climate system, and wjtan amplification of the solar
variability signal in the climate records. Thistle principal reason why the topic now
deserves further exploration.

Acknowledgements

Dr Jiurg Beer of the Swiss Federal Institute for iEonmental Science and Technology
kindly provided the ice core Be-10 data on whichure 10(b) is based. The UK Met
Office obtained the long series of atmospherictatad data at Lerwick, Eskdalemuir

and Kew. Figure 8(a) was based on the v0.1 griddeellite lightning data, produced
by the NASA LIS/OTD Science Team (Principal Invgator, Dr. Hugh J. Christian,

NASA Marshall Space Flight Center) and providedtiy Global Hydrology Resource

Center (http://ghrc.msfc.nasa.goM am grateful to Alison Sutton (Department of

26



GEOP220

Meteorology Librarian) and lan McGregor (Nationaétdorological Archive) for their
help in locating sources of early data.

27



GEOP220

References

Adlerman E.J. and Williams E.R:1996. Seasonal tianzof the global electric circult. Geophys. Res.
101, D23, 29679-29688.

Anyamba E., Williams E., Susskind J., Fraser-Srith-ullekrug M. : 2000 The manifestation of the
Madden-Julian oscillation in global deep convectowl in the Schumann resonance intensity

J. Atmos. Scb7, 1029-1044.

Aplin K.L. and Harrison R.G.:2000 A computer-cottied Gerdien atmospheric ion couniRev. Sci.

Inst. 71, 8, 3037-3041.

Aplin K.L. and Harrison R.G.:2001 A self-calibragiprogramable mobility spectrometer for atmospheric
ion measurementRev. Sci. Instr2, 8, 3467-3469.

Atmospheric Electricitgntry inEncyclopedia Britannical911 edition.

Bauer L.A:1925 Correlations between solar actigitgl atmospheric electricifyerrestrial Magnetism

29, 23-32 and 161-186.

Bazilevskaya G.A.:2000 Observations of variabiiit)cosmic raysSpace. Sci. Reva4, 25-38.

Beccaria, Giambatista (Franceso Ludovico Beccari@bDella elettricite terrestre atmosferica a cielo
sernq Turin.

Beer J.: 2000 Long-term indirect indices of solariability Space. Sci. Rev84, 53-66.

Beer J.: 200personal communication

Benndorf H.: 1929 Die elektrischen Vorgange in Aenosphére In Gutenberg Gehrbuch der
GeophysikVerlag von Gebruder Borntrager, Berlin, 730-796.

Bering E.A.:1995 The global circuit: Global Thermeter, weather by-product or climatic modulator
Rev. GeophysSupplemeniuly 1995, 845-862.

Bhartendu S.: 1971 Correlations of electric potdrgradient at land stations and their implicationthe
classical picture of Atmospheric Electric®Pure & Appl. Geophys4, 13-26.

Blakeslee R.J and Krider E.P.: 1992 Ground levedsneements of air conductivities under Florida
thunderstorms. Geophys. Re87, D12, 12947-12951.

Boisdron Y. and Brock J.R.: 1970 On the stochasdicire of the acquisition of electrical charge and
radioactivity by aerosol particlég¢mos. Environ4, 35-50.

Bricard J.: 1965 Action of radioactivity and of ption upon parameters of atmospheric electrigity |
Coroniti S.C. (ed.) Problems of Atmospheric andcgp@lectricity, Elsevier.

Brooks C.E.P.:1925 The distribution of thunderstewower the glob&eophysical Memoir3(24),
Meteorological Office, HMSO, London 147-164.

Brooks C.E.P.:1934 The variation of the annualdesgy of thunderstorms in relation to sunspots
Quart.J.Roy.Meteorol.S060, 153-165.

Budyko M.1.: 1971. Results of observations of atpteric electricity (The World Network, Additional
Issue 1965-1969). USSR Chief Administration of khalro-Meteorological Service, Leningrad.

Burke H. K. and Few A.A.: 1978 Direct measuremafitthe atmospheric conduction curreht,
Geophys. Re83, 3093-3098.

Byrne G.J., Benbrook J.R., Bering E.A., Few A.Agiis G.A., Trabucco W.J and Paschal E.W.: 1993
Ground-based instrumentation for measurementadsiheric conduction current and electric-field at
the south-pold.Geophys. Re88, D2, 2611-2618.

Carslaw K.S. Harrison R.G. and Kirkby J.: 2002 @wsrays, clouds and climagrience298 5599

(Nov 29), 1732-1737

Changnon S.A.: 1985 Secular variations in thun@grflequencies in the ?O:enturyJ.Geophys. Re80
(D4), 6181-6194.

Chalmers J.A.: 196Atmospheric Electricity2" edition, Pergamon Press, New York.

Chauveau A-B: 1893a Sur la variation diurne deléetricitd atmospkrique, obserée au voisinage du
sommet de la tour Eiffafomptes Rendu§7, 1069-1072.

Chauveau B.: 1893b Registration of atmospherictédéty in the vicinity of the summit of the Eiffel
Tower In:Short Reports and memoranda published by the Melegical Council 1877-1905, Appendix
12, No 40, Meteorological Office, National Meteargical Library, UK.

Chauveau B. : 192Blectricit= Atmospheriqué3 volumes) Libraire Octave Doin, Paris.

Chree C.: 1915 Atmospheric Electricity Potentiah@ent at Kew ObservatoBhil. Trans. Roy. Soc.
Lond.215, 133-159.

Christian, H.J.:1999 Optical Detection of Lightnifigm Space, In: Proceedings of thé"1dternational
Conference on Atmospheric Electricity, Guntersyifdabama, June 7-11, 1999, 715-718.

Christian H.J.: 2003 Global lightning activity IRroceedings of the 4nternational Conference on
Atmospheric Electricity, Versailles, France, Jurg3) 2003, 673-676.

28



GEOP220

Christian H.J., Blakeslee R.J., Boccippio D.J., 80%/.J., Buechler D.E., Driscoll K.T., Goodman S.J.
Hall J.M., Koshak W.J., Mach D.M and Stewart M.B03: Global frequency and distribution of
lightning as observed from space by the Opticah3ient Detectod.Geophys. Re408, D1,
10.1029/2002JD002347, 4005.

Chubb J.N.: 1990 Two new designs of “Field Mill'piy fieldmeters not requiring earthing of rotating
choppelEE Trans on Industrial Application6, 6, 1178-1181.

Clement C.F. and Harrison R.G.: 1992 The chargfmadioactive aerosols Aerosol Sci23, 5, 481-
504.

Clement C.F., Clement R.A. and Harrison R.G.: 188arge distributions and coagulation of radioactive
aerosolsl.Aerosol Sci26, 8, 1207-1226.

Cobb W.E.: 1968 The atmospheric electric climatilatina Loa Observatory, HawdiiAtmos.Sci25,
470-480.

Crozier W.D.: 1963 Measuring Atmospheric Potentith Passive Antennag.Geophys. Re§8 18,
5173-5179.

Dhanorkar S. and Kamra A.K.: 1997 Calculation efcéical conductivity from ion-aerosol balance
equations).Geophys. Re402, D25, 30147-30159.

Dolezalek H.: 1972 Discussion of the fundamentabjgm of Atmospheric Electricitur.& Appl
Geophysl00, 8-42.

Everett J.D.:1868 Results of observations of atiesp electricity at Kew Observatory, and at Kings
College, Windsor, Nova Scotkhil. Trans. Roy. Soc. Lond. A58, 347-361.

Everling E. and Wigand A.: 1921 Spannungsgefalle wertikaler Leitungsstrom in der freien
Atmosphére, nach Messungen bei Hochfarten im HieibAnn. der Physil66, 261-282.

Fleming J.A.:193J errestrial Magnetism and ElectricifPhysics of the Earth, volume VII) McGraw-
Hill.

Fuchs N.A.: 1963 On the stationary charge distiitsubn aerosol particles in a bipolar ionic atmasgh
Geofis. Pura. e Apb6, 185-193.

Flllekrug M., Fraser-Smith A.C., Bering E.A. andiFA.A.: 1999 On the hourly contribution of global
cloud-to-ground lightning activity to the atmospbeglectric field in the Antarctic during Decemtied92
J.Atmos. Sol.-Terr. Phy81 (10), 745-750.

Galison P.: 1997mage and Logic : A Material Culture of MicrophysitJniversity of Chicago Press.
Gensdarmes F., Boulaud D. Renoux A. :2001 Eledteicarging of radioactive aerosols-comparison of
the Clement-Harrison models with new experimdmdserosol Sci32, 12, 1437-1458.

Gerdien H.: 1905 Ein neuer Apparat zur Messungetiktrischen Leitfahigkeit der LufiNachrichten
von der Gesellschaft der Wissenschaften zu Goéttingathematisch-Physikalische Klasg40-251.
Gish O.H.:1944 Evaluation and interpretation oftbtumnar resistance of the atmospheeer Mag.

and Atmos. Electl9, 159-168.

Gish O.H. and Sherman K.L.:1936 Electrical condiitstiof air to an altitude of 22 kilometré¢at.
Geogr. Soc. Techn. Papeftratosphere Series, No 2, Washington, DC.

Gringel W.: 1978Jntersuchungen zur elecktrischen Luftleitfahigkeiter Berticksichtigung der
Sonnenaktivitéat und der Aerosolteilchenkonzentratics 35km Hoh&hD Dissertation, Eberhard-Karls-
Universitat zu Tubingen.

Gringel W., Rosen J.M., Hofmann D.J.: 1986 Elealrgtructure from 0 to 30 kilometres In Krider E.P.
and Roble R.GThe Earth's Electrical Environme&tudies in Geophysics, National Academy Press.
Gunn R.: 1955 The statistical electrification of@mls by ionic diffusiod.Coll.Sci.10, 107-119.
Hackmann W.: 1994 Sir Francis Ronalds’ Electric @tatoryBull. Sci. Instr. Sod3, 27-28.

Harland W.B. and Hacker J.L.F.: 1966 “Fossil” ligimg strikes 250 million years adalv. Sci22, 663-
671.

Harrison R.G.:1996 An atmospheric electrical voltiendollowerRev. Sci. Inst67, 7, 2636-2638.
Harrison R.G.:1997a An antenna electrometer sy&emtmospheric electrical measuremeR&y. Sci.
Inst. 68, 3, 1599-1603.

Harrison R.G.: 1997b A noise-rejecting current dfigslfor surface atmospheric ion flux measurements
Rev. Sci. Inst68, 9, 3563-3565.

Harrison R.G.: 1997¢ Climate change and the glababspheric electrical systestmos. Environ31,

20, 3483-3484.

Harrison R.G.: 2000 Cloud formation and the possgignificance of charge for atmospheric
condensation and ice nuctepace Sci Re®4 381-396.

Harrison R.G.: 2001 A balloon-carried electrométerhigh-resolution atmospheric electric field
measurements in clouev. Sci. Instr2, 6, 2738-2741.

29



GEOP220

Harrison R.G.: 2002a A wide-range electrometer naeter for atmospheric measurements in
thunderstorms and disturbed meteorological conustRev. Sci. Inst73, 2, 482-483.

Harrison R.G.: 2002b Twentieth century secular éase in the atmospheric electric cirébaophys.
Res. Lett.29(14) DOI 10.1029/2002GL014878.

Harrison R.G.: 2002¢ Radiolytic particle productiorthe atmospheratmos. Environ36, 159-160.
Harrison R.G.: 2003a Twentieth century atmosphalgctrical measurements at the observatories of
Kew, Eskdalemuir and LerwicWeather58, 11-19.

Harrison R.G.: 2003b. Reply to comment on “Twelti€entury secular decrease in the atmospheric
potential gradientGeophys. Res. Le®0(15), 1804 10.1029/2003GL017381.

Harrison R.G.: 2004a Long term measurements ofliigal atmospheric electric circuit at Eskdalemuir,
Scotland, 1911-198Atmos Re§0 (1), 1-19, 10.1016/j.atmosres.2003.09.007.

Harrison R.G.: 2004b Long-range correlations in sneaments of the global atmospheric electric dircui
J. Atmos. Sol.-Terr. Phy86, 1127-1133.

Harrison R.G. and Aplin K.L.:2000a A multimode dleeneter for atmospheric ion measuremdres.
Sci. Inst.71, 12, 4683-4685.

Harrison R.G. and Aplin K.L.:2000b Femtoampere eatreference stable over atmospheric
temperatureRev. Sci. Inst71, 8, 3231-3232.

Harrison R.G. and Aplin K.L.:2001 Atmospheric cendation nuclei formation and high-energy
radiationJ. Atmos. Sol.-Terr. Phyg3, 17, 1811-1819.

Harrison R.G. and Aplin K.L: 2002, Mid-nineteentintury diurnal smoke concentrations at Kew,
London Atmos. Environ36, 25, 4037-4043.

Harrison R.G. and Aplin K.L.:2003 Nineteenth cegtBrarisian smoke variations inferred from Eiffel
Tower atmospheric electrical observatigimos. Environ37, 5319-5324,
doi:10.1016/j.atmosenv.2003.09.042 .

Harrison R.G. and Carslaw K.S.:2003 lon-aerosalidlprocesses in the lower atmospheex. Geophys.
41 (3), 1012, 10.1029/2002RG000114 .

Harrison R.G. and Ingram W.J.:2004: Global ciraiitearth current measurements at Kew, London,
1909-1979Atmos. Reqaccepted) .

Herbert K.B.H: 1997 John Canton-pioneer investigatatmospheric electricitiVeathers52, 9, 286-290.
Hess V.F.: 1928he electrical conductivity of the atmosphere asadtause€onstable and Company,
London.

Holden N.: 2004 Novel high resolution ion mobilggectrometers for atmospheric ion measurements
PhD Thesis, University of Bristol, UK.

Hoffman K.: 1924: Bericht tber die in Ebeltolhafeuf Spitzbergen (11° 36'15"E, 79° 9'14”N) in den
Jahren 1913/14 durchgefuhrten luftelektrischen MegenBeitr. Phys. Frei. Atmod.1, 1-19.

Horrak U., Salm J. and Tammet H.: 1998 Bursts wrimediate ions in atmospheric diGeophys. Res.
103 D12, 13909-13915.

Hutchinson W.C.A and T.W. Wormell: 1968 Obituary foA.ChalmerQuart. J. Roy. Meteorol. So@4,
121.

Imyanitov .M. and Chubarina E.V.: 19@dectricity of the free atmosphelgrael program for Scientific
Translations, Jerusalem.

Israel H.:1970Atmospheric Electricity vol.1(Fundamentals, Condlitst, lons)(Problems of Cosmic
Physics vol.29), Israel Program for Scientific Tslations, Jerusalem.

Israel H.:1973Atmospheric Electricity vol.2 (Fields, charges, mmts)(Problems of Cosmic Physics
vol.29), Israel Program for Scientific Translatipderusalem.

Israelsson S. and Tammet H.: 2001 Variation ofaather atmospheric electricity at Marsta
Observatory, Sweden, 1993-199&tmos. Sol.-Terr. Phy63, 1693-1703.

Kernthaler S.C, Toumi R. and Haigh J.D.: 1999 Sdmgbts concerning a link between cosmic ray
fluxes and global cloudinesseophys. Res. Left6, 7, 863-865.

Kirkby J. : 2001 CLOUD: a particle beam facility itovestigate the influence of cosmic rays on clouds
Proceedings of Workshop on lon-Aerosol-Cloud Intécas CERN, Geneva (CERN-2001-007) 175-
248.

Kristjansson J. E. and Kristiansen J.:2000 Is tletesmic ray signal in recent variations in glatiald
cover and cloud radiative forcing? Geophys. Re405, 11851-11863.

Krumm H. :1962 Der weltzeitliche Tagesgang der Gerhaufigkeit Zeit. f. Geophy28, 85-104.
MacGorman D.R. and Rust W.D.:19%8e electrical nature of stoisnOxford University Press.
Makela J.:1995tudies on irradiation induced aerosol particlerfation processes in air containing
sulphur dioxiddPhD Thesis, University of Helsinki.

3C



GEOP220

Manley G.: 1953 The mean temperature of centraldmiQuart. J. Roy. Meteorol. SQ@9, 242-261 .
Mércz F. and Harrison R.G.:2003 Long-term changesinospheric electrical parameters observed at
Nagycenk (Hungary) and the UK Observatories at Btduir and KewAnn. Geophy1, 2193-2200.
Marcz F., Satori G. and Zieger B.:1997 Variatiam$Sthumann resonances and their relation to
atmospheric electric parameters at Nagycenk statiom Geophysl5, 12, 1604-1614.

Markson R.: 1976 lonospheric potential variatiomsrf aircraft measurements of potential gradient
J.Geophys. Re81, 12, 1980-1990.

Markson R.:1981 Modulation of the earth's eledigtd by cosmic radiatiotNature291, 304-308.
Markson R.:1985 Aircraft measurements of the atrhesp electrical global circuit during the period
1971-1984).Geophys. Re80, D4, 5967-5977.

Markson R.:1988 Comparison of ionospheric potertial air-earth current as indicators of the global
circuit currentProc 8" Int Conf on Atmospheric Electricitynstitute of High Voltage Research, Uppsala
University, Sweden, 814-819.

Markson R.:2003 lonospheric potential variatiomirtemperature change over the continents In:
Proceedings of the Tdnternational Conference on Atmospheric Electyicitersailles, France, June 9-
13.

Markson R. and Price C.:1999 lonospheric poteaah proxy index for global temperatdtenos. Res.
51, 309-314.

Markson R., Ruhnke L.H. and Williams E.R.:1999 Gibscale comparison of simultaneous ionospheric
potential measurememgmos. Res1, 315-321.

Marsh N. and Svensmark H: 2000 Low Cloud Propeititgenced by Cosmic Rayghys. Rev. Leit85
23, 5004-5007.

Mason B.J.: 197The Physics of Cloud®xford University Press.

Morente J.A., Molina-Cuberos G.K., Porti J.A., Sahgenschuh K and Besser B.P.:2003 A study of the
propagation of electromagnetic waves in Titan’saphere with the TLM numerical methtwhrus 162,
374-384 .

Mdssinger J.:2004 The veil of two citibaturg 427, 25.

Mulheisen R.P.: 1971 New determination of the aitfe current over the ocean and measurements of
ionospheric potentialBur. App. Geophy84, 112-115.

Mulheisen R.: 1977 The global circuit and its paetars In Dolezalek H. and Reiter R. (eddgctrical
Processes in Atmospheré&teinkopf Verlag, 467-476 .

Ney E.P.:1959, Cosmic radiation and the weatNature 183, 451-452.

O’Connor T.: 200(ersonal communicatigieuropean Aerosol Conference, Dublin.

Orville R.E. and Henderson R.W.:1986 Global disttiln of midnight lightning: September 1977 to
August 1978onthly Weather Re\l14, 2640-2653.

Paramanov N.A.: 1971 Determination of the globatuil variations of the potential gradient of the
electric field in the atmosphere and the verticalduction currentMeteorologiya i gidrologlya 2, 89-
94. (in Russian) (English Translatidvieteorology and HydrologWarch 1972, National Service for
Technical Information, US Dept. Commerce, Sprindfi&/irginia, 22151, USA; No. JRPA 55331).
Pauthenier M.: 1956 Probléme général de la chargeise par une particule sphérique dans un champ
électrique bi-ioinsé Comptes Renduz43 B, 606-1608.

Peterson T.C. and Vose R.S.:1997 An overview of3lubal Historical Climatology Network
temperature databaBeill. Am. Meteor. So@8, 2837-2849.

Pierce E.T. :1972 Radioactive fallout and seculifrces in atmospheric electriciyGeophys. Re37, 1,
482-487.

Price C.:1993 Global surface temperatures andtthespheric electrical circubeophys. Res. Lett.
20(13), 1363-1366.

Price C.: 2000 Evidence for a link between glolmithing activity and upper troposphere water vapou
Nature406, 290-293.

Pruppacher H.R. and J.D. Klett:198ficrophysics of clouds and precipitati@ edition, Kluwer
Academic Publishers.

Pudovkin M.1. and Veretenenko S.V.:1995 Cloudirgssreases associated with Forbush-decreases of
galactic cosmic rayd. Atmos. Terr. Phy§5, 1349-1355.

Read J.:1791 A Meteorological Journal, Princip&8slating to Atmospheric Electricity; Kept at
Knightsbridge, from the 9th of May, 1789, to thé 8f May, 179(Phil. Trans. Roy. Soc. Loné1, 185-
212.

31



GEOP220

Read J.:1792 A Meteorological Journal, Princip&Bslating to Atmospheric Electricity; Kept at
Knightsbridge, from the 9th of May, 1790, to thé 8f May, 1791Phil. Trans. Roy. Soc. Lon82, 225-
256.

Ronalds F., 1844: Report concerning the Observatbtiye British Association, at Kew, from August 1
1843 to July 311844, 126-127Report of the British Association

Rossow W.B., and Schiffer R.A.:1991, ISCCP clouthgaoductsBull. Amer. Meteor. So@2, 2-20.
Rycroft M.J., Israelsson S., and Price C.:2000 dlbbal atmospheric electric circuit, solar activéyd
climate changd.Atmos. Sol.-Terr. Phyg2, 1563-1576.

Sagalyn R.C. and Faucher G.A.:1954 Aircraft in\gzgtion of the large ion content and conductivity of
the atmosphere and their relation to meteorolodardbrsJ. Atmos. Terr. Phy&, 253-272.

Schlegel K., Dienforger G., Thern S., Schmidt MQ20 hunderstorms, lightning and solar activity-
Middle Europel.Atmos.Sol.-Terr. Phy63, 1705-1713.

Sukhorukov A.l. 11991 On the Schumann resonancédarsPlanet. Space. S@9, 1673-1676.

Scrase F.J.:1934 Observations of atmospheric giégtt Kew Observatory: a survey of results obéai
from 1843 to 193G eophysical Memoir60, Meteorological Office, HMSO, London, UK.

Shaviv N.J. and Veizer J.:2003 Celestial drivePbnerozoic climateBSA Today3, 7, 4-10.

Simpson G.:1906 Atmospheric Electricity in High itadlesPhil. Trans. Roy. Soc. Lond.205, 61-97.
Stott P.A., Jones G.S and Mitchell J.F.B.: 2003nmlels underestimate the solar contribution torrece
climate change2.Climate16, 4079-4093.

Stringfellow M.F.:1974 Lightning incidence in Briteand the solar cycldature249, 332-333.

Sun B. and Bradley R.S.:2002 Solar influences amio rays and cloud formation: A reassessnient
Geophys Re$07, D14 DOI 10.1029/2001JD000560.

Svensmark H. and Friis-Christensen E.: 1997, Vianatof cosmic ray flux and global cloud coverage —
a missing link in solar-climate relationshipsAtmos Sol.-Terr. Phy§9, 1225-1232.

Tammet H., Israelsson S., Knudsen E. and TuomiIB96 Effective area of a horizontal long-wire
antenna collecting the atmospheric electric vertoarent].Geophys. Re401, D23, 29671-29677.
Tinsley B.A., Rohrbaugh R.P., Hei M. and Beard K2@00 Effects of image charges on the scavenging
of aerosol particles by cloud droplets, and on itogharging and possible ice nucleation processes
J.Atmos. Sci57, 2118-2134.

Torreson O.W.: 1946 Ocean atmospheric-electriclteéBcientific results of cruise VII of the Carrieg
during 1928-1929 under command of Captain J. Pt, &al. 3),Carnegie Institution of Washington
publication 568.

Tripathi S.N. and Harrison R.G.:2002 Enhancememrbaotact nucleation by scavenging of charged
aerosol particleAtmos. Res52, 57-70.

Twomey S. :1974 Pollution and planetary albédimos. Environ8, 1251-1256.

Wang P.K.:1980 On the relationship between wirtantierstorms and the climatic change in China in
the past 2200 yeafdimatic Change3, 37-46.

Whipple F.J.W: 1929 On the association of the dilimariation of electric potential on fine weatlhéth
the distribution of thunderstorms over the gl@neart. J. Roy. Meteorol So85, 1-17.

Whipple F.J.W and Scrase F.J.:1936 Point dischartee electric field of the eartBeophysical
Memoirs68, Meteorological Office, HMSO, London.

Wigand A.:1928 Messungen des luftelektrischen Rigtigefalles von LuftschifAnn. der Physilg5,
333-361.

Wilkening M. :1985 Characteristics of atmospheoing in contrasting environmenisseophys Re30,
D4, 5933-5935.

Williams E.R.:1992 The Schumann resonance: A gltioalical thermometeBcience?56, 1184-1187.
Williams E.R. :1994: Global circuit response tosazal variations in global surface air temperaiios.
Weath. Revi22, 1917-1929.

Williams E.R. : 1999 Global circuit response to parature on distinct time scales: a status report |
Atmospheric and lonospheric Electromagnetic Phemayedited by Hayawaka M., Terra Sci., Tokyo.
Williams E.R. 2003: Comment to “Twentieth centuegslar decrease in the atmospheric potential
gradient” by Giles Harriso@eophys. Res. Le®0(15), 1803 10.1029/2003GL017094.

Williams E.R. and Heckman S.J.: 1993 The localmilivariation of cloud electrification and the gibb
diurnal variation of negative charge on eariBeophys. Re88, D3, 5221-5234.

Williams E.R. and Satori G.: 2004 Lightning, theaigaoamic and hydrological comparison of the two
tropical continental chimneysAtmos.Sol.-Terr. Phyg6, 1213-1231.

Wilson C.T.R.:1906 On the measurement of the eairtburrent and on the origin of atmospheric
electricityProc. Camb. Philos. So&3, 6, 363-382.

32



GEOP220

Wilson C.T.R.:1920 Investigations on lightning diacges and on the electric field of thunderstoini.
Trans. Roy. Soc. Lond 221, 73-115.

Wilson C.T.R.:1929 Some thundercloud probleh#ganklin Inst.208, 1-12.

Winkler P., Gantner L. and Kdhler U.: 1998 Hat siedgen der langfristigen Ozonabnahme die UV-
Strahlung erhét, Deutscher Wetterdienst (Meteotistdges Observatorium HohenpeiRenberg), December
1998.

Wormell T.W.: 1953 Atmospheric electricity: someeat trends and problergiart. J. Roy. Meteorol.
Soc.79, 3-50.

Yu F.:2002 Altitude variations of cosmic ray inddgaroduction of aerosols: implications for global
cloudiness and climateGeophys. Re407, A7, DOI 10.1029/2001JA000248.

Yu F. and Turco R.P.: 2001 From molecular clustenrsanoparticles: role of ambient ionisation in
tropospheric aerosol formatidnGeophys. Re406, D5, 4797-4814.

33



GEOP220

Figure captions: The global atmospheric electrical system and climate

Figure 1. Overview of the processes considerecim paper, which link the global
atmospheric electrical system with climate. Solidwas indicate flows of energy (thin
lines) or charge (thick lines). Dashed arrows iatkcsuggested influences and solid
arrows established physical mechanisms.

Figure 2. Diurnal variation in Potential Gradieneasured by Simpson (1906) at
Karasjok, Lapland, between 1903 and 1904. The diwariation shows a minimum

before dawn and a maximum in the early evening.drhplitude of the diurnal cycle is

greatest in winter and smallest in summer.

Figure 3. Principles of early apparatus for surfaimeospheric electrical measurements.
(a) Potential Gradient (PG). A well-insulated collector (radioactive prolgassive
sensor, flame or water dropper) is positioned beightz and allowed to acquire the
atmospheric potentiadlp. The potential of the collector is measured, netato the
surface, using an ultra-high impedance electromatmeter. The potential gradient is
found by a correction t&/z. (b) Air conductivity. Air conductivity may be found
using a cylindrical capacitor @gerdien tubethrough which air is drawn past a well-
insulated central electrode. A bias voltage is iggpbetween the electrodes, and the
current of small ions passes between the electrigde®asured; this is proportional to
the air conductivity. (c)Air-Earth current. Wilson's apparatus for air-Earth current
consisted of a portable gold leaf electrometer,nected to a horizontal, circular
collecting plate, surrounded by an earthed guard. rihe apparatus also included a
battery and a variable capacitor (compensatgy by which the potential of the
collecting plate could be changed, and a brassrdovehe collecting plate. The rate of
change in plate potential was used to determinaith€arth current.

Figure 4. (a) Standard diurnal variation in Potntradient (Carnegie curve) and
global thunderstorm area (from Israel, 1973). (layn@gie curve Potential Gradient
(expressed as % of mean value in (a) ) plottedfasaion of thunderstorm area.

Figure 5 (a) Relative diurnal variation in Poteh@aadient found by averaging hourly
values from all fair weather days 1968-1971 at liekwShetland and the ionospheric
potential as measured by Mihleisen and Fischer aisd®nhau, Germany, with 25
balloon ascents between 13 March 1968 and 24 Rirke {Note that the time plotted is
the launchtime of the balloon sounding: this causes an bifs¢he cycle to appear.)
The standard Carnegie variation is also shownT{lme series of six-hourly average
values of PG obtained at Eskdalemuir and onGhenegie(in the western Atlantic),
during September 1928. PG measurements from Lerfackthe same period are
shown, and the hourly values fraGarnegieon 15 September 1928 plottdReprinted
from Harrison (2004a), with permission from Elsevie

Figure 6. Simultaneous diurnal variation of potehitn summer 1893, at the surface in
Central Paris, and from a water dropper instrunanthe top of the Eiffel Tower
Reprinted from Harrison and Aplin (2003), with pé&ssion from Elsevier.

Figure 7. lonospheric potential measured by Mubleiand Fischer using synchronous
balloon soundings on thdeteor (Atlantic Ocean) and at Weissenau (South Germany)

34



GEOP220

(data from Budyko, 1971). The PG at Lerwick, wheaikble for synchronous hours
with no hydrometeors, is also shown.

Figure 8. (a) Seasonal variation in total lightnifigsh rate obtained by smoothing
(using a 55 day moving average to correct for telkte orbital parameters) the annual
climatology from NASA's Lightning Imaging Sensor I@) and Optical Transient

Detector (OTD). (b) Relative Carnegie diurnal vaola as for DJF (December-January-
Feburary), MAM (March-April-May), JJA (June-July-gust) and SON (September-
October-November). (Data from Torreson, 1946, witburly values > 250V/m

excluded.)

Figure 9. Summary of periods for which long-termface data (mostly measurements
of the Potential Gradient) are available, during timeteenth and twentieth centuries.

Figure 10. (a) Potential Gradient measurementsrésspd as % of the long-term mean
for the months selected) from the three UK Obseried of Kew (June), Eskdalemuir
(annual) and Lerwick (June-July-August) during finst half of the twentieth century.
(b) Comparison between the Kew (June) and Eskdaigamnual) PG changes shown
in (a) with the observed concentration of the cagamic isotope beryllium-10, as a %
of the 1900-1950 mean.

Figure 11. (a) Annual variations in the Decembesrage PG measured at Lerwick and
Eskdalemuir (Harrison, 2004a) and Mt Wank in thezd&n Alps (Harrison, 2004b).
(b) Global and hemispheric temperature anomalresn(iGlobal Historical Climatology
Network GCHN 1701-12/2001 for land-based surfaaéiests, base period 1951-1980),
also for December. (c) Annual global and hemisgh&mperature anomalies (from
GHCN 1701-12/2001 for land-based surface statibase period 1951-1980) compared
with annual averages of ionospheric potential measants (Markson, 1985).

Figure 12. Summary of the processes linking thdal@tmospheric electrical circuit

with global climate. Thick lines indicate estabéshlinks and thin lines indicate
suggested links.
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Figure 3
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Figure 4(a)
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Figure5(a)
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Figure 10 (a)
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Figure 11 (a)
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Figure12
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Footnotes

!i.e.fair weather

2 An early photograph survives (Hackmann, 1994)

% The PG is defined as ¥ftlz, whereV is the potential with respect to earth (at which
V =0) at a (positive) height z above the surfadee PG is positive above the surface in
fair weather conditions: it is frequently negatimgorecipitation.

* A thunderdayis a calendar day on which thunder is heard a¢tonological

observing station.
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