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A B S T R A C T

The global atmospheric electric circuit, which links the space environment with terrestrial weather, has mostly been investigated using fair-weather surface at-
mospheric electricity measurements. Retrieving global circuit information, however, requires the selection of “fair weather” data, to avoid local meteorological
disturbances. The research results presented here challenge the applicability of long-standing definitions of electrically fair weather atmospheric conditions. From
detailed new measurements and theory, three improved requirements (FW1 to FW3) for fair weather atmospheric electricity conditions are described. These are:
(FW1) absence of hydrometeors, aerosol and haze, as apparent through the visual range exceeding 2 km, (FW2) negligible cumuliform cloud and no extensive stratus
cloud with cloud base below 1500m, and (FW3) surface wind speed between 1m s−1 and 8m s−1. Automatic and manual measurement approaches to identifying
these requirements are given. Through applying these criteria at the many measurements sites now operating, the noise from meteorological variability will be
reduced, leading to data more representative of the global electric circuit.

1. Introduction

Surface atmospheric electricity measurements, typically those of the
vertical electric field and the vertical current density have been made
during the past 150 years, and are often undertaken to obtain in-
formation on the global atmospheric electric circuit. The global circuit
concept, originated by CTR Wilson (e.g. Wilson, 1929), retains much
value for understanding electric current flow in the troposphere
(Rycroft et al., 2000, 2012; Tinsley, 2008). Some global circuit quan-
tities are less sensitive to local effects than others, such as the positive
potential at about 10 km above the surface (Markson, 2007). Although
this potential is essentially a global parameter, it is not routinely
measured because of the need for an ascending platform from which to
make the measurements. In contrast, surface measurements are more
abundant and readily obtained, but the global circuit influence is likely
to be obscured in them by local factors such as aerosol pollution,
radioactivity or meteorological disturbances.

Improvements in technology have contributed to renewed interest
in providing atmospheric electricity measurements at many sites in-
ternationally. The GLOCAEM (GLObal Coordination of Atmospheric
Electricity Measurements) project1 is specifically intended to bring to-
gether many of the disparate sets of near surface atmospheric electricity
measurements, as the lack of such data has been a major limitation for
research in fair weather atmospheric electricity. It is therefore timely to

consider how such data should be selected to minimise local effects. In
this paper, considerations for effective data selection are discussed and
the principal selection criteria identified.

The most commonly measured surface quantity in atmospheric
electricity is the vertical electric field or Potential Gradient (PG), which
represents the difference2 in potential between two vertically separated
points, the lower of which is typically the surface itself. This atmo-
spheric property has been observed using a range of experimental
techniques since the late 1700s (Chalmers, 1967; Israël, 1970). During
the 1800s, such observations became increasingly systematic, most
notably through Lord Kelvin's invention of the “water dropper” po-
tential equaliser, implemented with photographic recording (Aplin and
Harrison, 2013). Such a system was first installed at Kew Observatory,
near London, in 1861 (Everett, 1868; Harrison, 2006). The Kelvin in-
strumentation became widely used, including during the 1890s for
above-surface measurements on the Eiffel Tower (Harrison and Aplin,
2003) and in instrumented balloons from Salzburg (Tuma, 1899; Nicoll,
2012), as well as at the Scottish observatory of Eskdalemuir from 1910
to the 1930s (Harrison, 2003). As the practice of recording hourly PG
measurements became more widely adopted at other sites, radioactive
probe sensors were employed as they provided greater convenience
compared with the Kelvin water dropper, for example at Porto Ob-
servatory (Portugal), Nagycenk Observatory (Hungary) and Lerwick
Observatory (Shetland). Use of Kelvin water dropper technology

https://doi.org/10.1016/j.jastp.2018.07.008
Received 21 February 2018; Received in revised form 18 July 2018; Accepted 19 July 2018

∗ Corresponding author. Department of Meteorology, University of Reading, UK
E-mail address: k.a.nicoll@reading.ac.uk (K.A. Nicoll).

1 https://glocaem.wordpress.com.
2 For a vertical component of the electric field Ez, the potential gradient F is given by F= -Ez. This sign convention is adopted so that, in locally undisturbed (fair

weather) atmospheric electrical conditions, F is positive.

Journal of Atmospheric and Solar-Terrestrial Physics 179 (2018) 239–250

Available online 21 July 2018
1364-6826/ © 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).

T

http://www.sciencedirect.com/science/journal/13646826
https://www.elsevier.com/locate/jastp
https://doi.org/10.1016/j.jastp.2018.07.008
https://doi.org/10.1016/j.jastp.2018.07.008
mailto:k.a.nicoll@reading.ac.uk
https://glocaem.wordpress.com
https://doi.org/10.1016/j.jastp.2018.07.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jastp.2018.07.008&domain=pdf


continues at Kakioka Magnetic Observatory in Japan (Takeda et al.,
2011).

Broader applications of PG measurements exist beyond in-
vestigating the global circuit. Past observations of PG at highly polluted
sites have been interpreted as historical proxy air pollution measure-
ments (Harrison, 2006; Aplin, 2012), as the PG increases in proportion
to the aerosol concentration (Harrison and Aplin, 2002). Measurements
of PG also respond sensitively to increased environmental radioactivity,
which acts to reduce the PG (Hamilton, 1965; Pierce, 1972; Takeda
et al., 2011). Fair weather PG observations can also provide a sensing
method for obtaining characteristics of the atmospheric boundary layer
(Anisimov et al., 2017, 2018).

Developments in electronic technologies now allow PG measure-
ments to be obtained relatively easily using electric field mills. Field
mills are robust instruments operating on electrostatic principles, often
intended for lightning warning applications but nevertheless suffi-
ciently sensitive to provide measurements in the much weaker electric
fields necessary for global circuit analysis. Many field mills are also able
to run continuously in hostile conditions, such as snow and heavy rain.

Before considering the perturbing effect of local conditions, it is
important to point out that the absolute value of PG from a field mill,
radioactive probe or Kelvin water dropper is affected both by the
physical environment around the sensor as well as by the calibration of
the sensor itself. Metal masts or guy lines act to distort the electric field
environment, and therefore modify the PG which is measured. For PG
measurements to be comparable with those at other sites, and remain
independent of long-term changes occurring at the measurement site
itself, the PG measurements need to be standardised to an open situa-
tion where there are no distorting effects. Methods for achieving this
are briefly summarised in the Appendix.

In the following sections, previously-used criteria for fair weather
data selection of PG are discussed (section 2). Section 3 presents new
insights into local meteorological influences on PG, and section 4 pro-
poses refined fair weather criteria, building on the additional in-
formation available through new high sampling rate PG measurements
and modern instrument developments.

2. Data selection approaches

Approaches already used to select PG measurements are now sum-
marised. Whilst ultimately the local effects on the PG at a site are
random in some respects, allowing a mean global signal to emerge by
averaging (e.g. for obtaining the diurnal cycle), the principle behind
data selection is pragmatic, which is to reduce the amount of random
local noise in the data through first removing values clearly dominated
by local influences. This should provide the most effective use of the
measurements made in exploring the related geophysical influences and
phenomena.

2.1. Electrical character method

As mentioned above, many early installations of PG instrumentation
apparatus occurred at existing geomagnetic observatories. Even the PG
measurements made during the cruises of the survey ship Carnegie, of
huge importance through their role in establishing the globally-syn-
chronised single maximum in the diurnal variation of PG, arose from
plans for a survey of geomagnetic measurements (Harrison, 2013). The
geomagnetic heritage was influential. Daily geomagnetic recordings
were originally classified by how disturbed they appeared in terms of
the variability of the quantities measured: days were simply described
as “Quiet” or “Disturbed”. It is therefore perhaps not surprising that a
similar approach to classification was initially applied to the atmo-
spheric electricity records, in which variability was a known char-
acteristic feature, famously remarked on by Lord Kelvin (Aplin and
Harrison, 2013). The Carnegie Institution classified their PG data in this
geomagnetism-inspired approach, as did the UK Met Office (UKMO).

The UKMO character system classified a day with solely positive PG
values as of type “0”, with “1” or “2” applied to days with increasing
negative PG durations. A letter was added after the number to indicate
the range of PG values (see Table 1).

Much as the “electrical character” classification system does serve to
organise PG data, and was very effective in identifying the days used for
further analysis from the Carnegie cruises, it leads to an inefficient use
of data at sites which are subject to frequent weather disturbances. As
an illustration, consider the case of a brief thunderstorm lasting an hour
in an otherwise calm day. This would cause the UKMO character
scheme to classify the whole day as disturbed or even highly disturbed,
despite the fact that, for almost all the hours of the day, the conditions
were not disturbed. Those undisturbed data values may nevertheless
still contain globally-pertinent information.

2.2. Fair weather method

At Lerwick Observatory, where the weather is highly variable, the
electrical character system was used from the outset of the site's mea-
surements in January 1927 (Harrison and Nicoll, 2008). From January
1957, a modification was made in that only hours without precipitation
were considered in obtaining the mean daily values. Further, from
January 1964, a new selection system was employed experimentally,
which classified values on an hour by hour basis, rather than using a
single description for the entire day. An important aspect was that this
classification was not made on the basis of the measured quantity itself,
which can be regarded as effectively an arbitrary selection and there-
fore open to criticism, but by applying independent criteria based on
the local meteorological conditions. To achieve this, hourly PG data
values were individually designated as having “no hydrometeors” (i.e.
no rain, hail or snow), or “fair weather” (OYB, 1922–1967).

Values identified as having been obtained during fair weather in the
later period of the Lerwick site's operation during the 1970s show, on
further processing, both a Carnegie curve diurnal variation (Harrison
and Nicoll, 2008), and a relationship with sea surface temperatures
modulated by El Niño (Harrison et al., 2011). These independent
findings indicate that the hourly designation approach to data selection
can be considered successful in extracting globally-relevant informa-
tion.

To classify the hourly data values as having occurred during fair
weather, the UKMO originally required that the following four me-
teorological criteria3 were fulfilled:

Table 1
Met Office “electrical - character figure” classification system for daily Potential
Gradient records.

First character Requirement

0 No negative PG measured, midnight to midnight
1 One or more negative PG measurements, in total for less

than three hours
2 Negative PG measured, with total duration longer than

three hours

Second character Requirement

a PG always less than 1000 Vm−1 throughout all 24 periods
of one hour

b PG greater than 1000 Vm−1 for less than six individual
hours

c PG greater than 1000 Vm−1 for more than six individual
hours

3 These criteria were based on recommendations from a working group of the
Joint Committee on Atmospheric Electricity, formed from the International
Association of Meteorology and Atmospheric Physics (IAMAP) and the
International Association of Geomagnetism and Aeronomy (IAGA).
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(1) no hydrometeors
(2) no low stratus cloud (cloud base above 300m at Lerwick)
(3) up to three-eighths cumuliform cloud as long there is no effect on

the PG record, or no more than one-eighth if there is an effect
(4) mean hourly surface wind speed (measured at 10m) less than

8ms−1, (or Beaufort force 5).

These four criteria identify local factors which may seriously in-
fluence PG measurements. Criterion 1 seeks to avoid the effects of bad
weather associated with the presence of liquid or solid precipitation,
which may include strongly charged clouds or charge released from the

splashing of droplets or the melting of hail or snow. (This was also
regarded as the minimum criterion for useful measurements, as, if only
this condition was met, the hourly PG value was recorded, but marked
as an hour of no hydrometeors instead of fair weather.) Criterion 2
seeks to avoid effects of fog or very low cloud. Criterion 3 is intended to
avoid the large influences which can readily arise from strongly elec-
trified convective cloud. Criterion 4 reduces the local effects associated
with the re-suspension of dust and snow, which may transport charge,
as well as minimising displacement currents generated by blowing
space charge. Clearly there may be some overlap between the cate-
gories. For example, Criterion 4 will also provide additional (or early)

Fig. 1. Time series of Potential Gradient, rainfall and ceilometer backscatter, as found at Reading University Atmospheric Observatory, UK for two days with
showers, (a) 15th April 2016 and (b) 9th Aug 2017. In each case the upper panel shows the PG time series as 5min average values from 1 s samples, the middle panel
the rainfall amounts in the same 5min periods, and the lower panel the time series of the vertical profile of the attenuated backscatter coefficient from a Vaisala CL31
ceilometer.
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identification of periods of bad weather concurrent with Criterion (1),
and failures to meet criteria (1) and (2) may also occur simultaneously.

Similar approaches have been used at other sites,4 based on the
absence of clouds, precipitation, fog, dust and strong winds (Imyanitov
and Shifrin, 1962). Particular attention has also been given to sites in
Antarctica. Deshpande and Kamra (2001) considered that fair weather
conditions existed when there was no rain or snowfall, the wind speed
was less than 10ms−1, there were no low clouds and there was less
than 3 oktas of high cloud. Minamoto and Kadokura (2011) showed
that local effects were minimised for wind speeds less than 10ms−1 and
total cloud amounts of less than 10%. Siingh et al. (2013) also made fair
weather data selection by requiring wind speeds less than 10ms−1.

2.3. Other methods

Whilst the UKMO classification method is appealing because of its
efficient use of hourly data, there are other methods which have yielded
some benefit. Restricting data to the relatively undisturbed times of day
at a specific site, for example before dawn, can yield values less affected
by local factors. Märcz (1997) used this approach to identify Forbush
effects (a sudden reduction in galactic cosmic ray ionisation of helio-
spheric origin) on the surface PG measured at Nagycenk Observatory by
using early morning data. Other approaches which can be used without
concurrent meteorological data is to restrict the PG values to those
falling within a range considered typical of fair weather conditions
(Adlerman and Williams, 1996; Burns et al., 1995; Harrison and Nicoll,
2008; Nicoll and Harrison, 2009). Harrison and Märcz (2007) combined
both the undisturbed period and restricted range methods to detect a
spectral feature characteristic of the heliosphere in the Nagycenk PG
data.

As mentioned above, PG measurements in polar environments have
often been selected for fair weather on the basis of meteorological
conditions differing from the standard UKMO criteria, including re-
stricting data to conditions when the relative humidity is relatively
constant, and excluding certain temperature ranges (e.g. around 0 °C,
when phase changes can cause instrumental problems) (Burns et al.,

Fig. 2. Daily time series on clear days of ceilometer backscatter profile (lower half-panels) and PG (red trace, upper half-panels, 5 min means from 1 s samples)
obtained at Reading University Atmospheric Observatory, for (a) 20th January 2016 and 25th November 2016. The ceilometer colour scale is the same as in Fig. 1.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

4 Observatory reports from Swider, Poland, refer to a 1965 document
Instruction on preparation of the material and publication of the results of atmo-
spheric electric observations, issued by the Aleksandr Ivanovich Voeikov Main
Geophysical Observatory (MGO) in Leningrad. For electrically fair weather
conditions, no negative PG, no PG exceeding 1000 Vm-1 and low cloudiness less
than 3/10 were required, together with no precipitation, fog, mist, local or
distant thunderstorm (Odzimek, 2018).
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1995). Fast changes (or spikes) in PG or variability more rapid than the
time constant (∼15min) typical of the global circuit have also been
used to identify and eliminate local influences (Burns et al., 2005,
2017). Finally, for sites where local pollution sources are known to
originate from certain directions it is also necessary to exclude such
wind directions from analysis (e.g. Hamilton, 1965; Burns et al., 1995;
Frank-Kamenetsky et al., 1999).

3. Investigations of electrically-disturbing meteorological factors

The UKMO fair weather criteria indicate a role for cloud and wind
speed in disturbing the surface PG defining the less disturbed condi-
tions, and although not explicitly identified in the criteria, the effects of
surface aerosol are also expected to be important (Harrison and
Carslaw, 2003). Automated instruments are now available which allow
further investigation of these effects. A ceilometer has been found
particularly useful for identifying periods of rainfall, cloud and fog and
“Present Weather” sensors are also available which seek to classify
conditions through visual range or other measurements.

Ceilometers typically use an upwards pointing infra-red laser to
determine the vertical profile of backscatter up to many kilometres
above a site. The backscatter signal occurs from aerosol, water droplets
or ice, and hence allows the presence or absence of clouds to be iden-
tified, together with the height of the cloud base. Ceilometer data can
be presented as a time series, for example showing the variation in the
vertical profile of backscatter across a day. Cloudy conditions can then
be identified, and the cloud duration and cloud base duration de-
termined. The attenuating effect of water droplet clouds on the laser
beam is such that, if cloud is present, only the lower edge of the clouds
is identified, with little else able to be detected above the cloud base
unless the cloud is broken.

3.1. Rainfall

In selecting PG data for the least effect of local disturbances, pre-
cipitation is almost certainly the most important factor to exclude. The
effects of rainfall are so substantial that this is readily illustrated using
ceilometer measurements which show both the cloud base position and
strong backscatter returns from the rainfall itself. Data from two days
(15th April 2016 and 9th August 2017) at Reading, UK, having pro-
longed periods of rain and intermittent showers are shown in Fig. 1,
combining the PG measured by a JCI131 field mill with backscatter
time series obtained from a Vaisala CL31 ceilometer and rainfall from a
tipping bucket rain gauge. The daily rainfall totals were 16.8 mm (15th
April 2016 in Fig. 1 (a)) and 17.2 mm (9th August 2017 in Fig. 1(b)).

On both days, the profound effect of the rainfall on the PG mea-
surements is apparent, frequently leading to negative PG values ex-
tending to −1000 Vm-1. Using the character figure descriptions of
Table 1, these days would be classified as highly disturbed, such as class
2b or 2c. However, between the rainfall events and in the last hours of
both days, small positive PG values return, illustrating the usefulness of
identifying the undisturbed periods, even on days with substantial
rainfall such as these.

3.2. Clear days

On clear days, the variations in PG are much reduced, and without
the strong excursions on a day with rain. Fig. 2 shows PG and ceil-
ometer data from Reading, for days devoid of cloud throughout. Weak
backscatter returns are apparent in the atmospheric boundary layer
(typically below 1 km), which, in the absence of cloud, is interpreted as
occurring from near-surface aerosol. Despite the superficial consistency
in the meteorological conditions from the clear skies, the PG data values

Fig. 3. Daily time series on cloudy days of ceilometer
backscatter profile (lower half-panels) and PG (5min
means from 1 s samples) obtained at Reading University
Atmospheric Observatory, for (a) 23rd March 2016, and
(b) 3rd June 2016. The ceilometer colour scale is the
same as in Fig. 1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the
Web version of this article.)
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show markedly different characteristics in their mean value and the
timescales of the variability. Clear sky conditions alone are therefore
insufficient to identify fair weather conditions suitable for global elec-
tric circuit considerations.

3.3. Layer clouds

The UKMO criteria specifically identify small amounts of convective
cloud or low level layer clouds as invalidating the fair weather condi-
tion. This is, in part, because the lower edges of layer clouds can be-
come charged. For a layer cloud to become charged by the global cir-
cuit, it must be sufficiently extensive for the conduction current to pass
through it rather than around it, which in general requires the sky to be
entirely overcast (see e.g. Zhou and Tinsley, 2007; Nicoll and Harrison,
2016). Fig. 3 presents PG and ceilometer data from days with extensive

layer clouds at two different heights. In Fig. 3(a) the cloud base is above
1 km and there is little associated variability in the PG data, whereas in
Fig. 3(b) the cloud base is well below 1 km, and the PG variability is
substantial. The full dependence of the PG on cloud base height for
extensive layer clouds is demonstrated in Fig. 4 which shows a sup-
pression of the PG for cloud base heights between 0.1 and 1 km (due to
negative charge in the cloud base, which is close enough to affect the
field mill measurements (Harrison et al., 2017). For cloud bases above
this height there is little effect of the cloud on the PG. (The large PG
values on the far left of Fig. 4 occur during fog conditions (cloud
base< 0.1 km), which are well known to increase the PG through a
reduction in conductivity). The cloud base height is therefore an im-
portant consideration, and evidently the original UKMO cloud base
requirement of 300m or above is insufficient to ensure there are no
effects on the surface PG when there is extensive low level layer cloud.

3.4. Effect of wind speed

Although the UKMO fair weather criteria specify a maximum wind
speed, a minimum wind speed is not given. This deserves further con-
sideration, as, in low wind speed conditions, charged aerosol may ac-
cumulate near the PG sensor, which will disperse under greater venti-
lation. Some further insight into the variability of the PG across the
clear and cloudy days examined above can be obtained through ex-
amining the wind speeds on relatively clear and cloudy days.

Fig. 5 shows the relationship between near-surface wind speed (u2)
and PG at Reading, using the daily medians of each variable to remove
diurnal cycle effects. In Fig. 5(a) data are shown for days with hardly
any duration of cloud as determined by the ceilometer, and in Fig. 5(b),
for days with appreciable cloud. Although there are few clear or almost-
clear days compared with the cloudy days, the form of the response is
similar in both cases, showing that the presence or absence of cloud is
not important. For small wind speeds (u2 < 0.5ms−1), the PG in-
creases substantially with decreasing wind speed, whereas for modest
wind speeds (u2 > 1ms−1), the PG tends to a steady value with little
sensitivity to wind speed.

3.5. Decreases in visual range

Fog at the surface reduces the air's electrical conductivity, which,
under conditions of constant vertical conduction current, leads to an
increase in the PG. Fog is usually clearly apparent in ceilometer data
because of the substantial near-surface attenuation it causes, with
hardly any backscatter return from above. Fig. 6 shows two example
days from Reading during which fog formed overnight, and then lifted

Fig. 5. Daily median values of Potential Gradient (PG) against wind speed at Reading measured at 2 m (u2) during 2015–2017, for (a) days with less than 2 h of cloud
(29 days) and (b) days less than 16 h of cloud (239 days). In each case, a lowess fit line has been added.

Fig. 4. Cloud base height values plotted against PG using 5min average values
at Reading during Jan 2015–Dec 2017, (198688 values). The black line shows
the median PG calculated for the associated cloud base values binned into steps
of 25m, where grey bands denote 95% confidence limits.
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in the morning. During the fog episodes, the PG is increased by
100–200 Vm-1 or more, and becomes more variable. Recovery from the
enhanced values is relatively rapid, as fog dissipation is often accom-
panied (or indeed caused) by a sudden increase in wind speed.

An alternative detection method is to measure the visual range,
which is markedly affected by fog. This can be determined auto-
matically by an optical scattering device such as a transmissometer or a
present weather sensor. Fig. 7 (a) shows the relationship between au-
tomatic measurements of visual range and PG, for the days considered
in Fig. 6. At small visual ranges (less than 2 km), the increase in PG is

very apparent. Theoretical considerations (Harrison, 2012) support the
sharp increase in PG at small visual range, and indicate that there is
little effect on the PG for large visual ranges. In such calculations, the
final asymptotic PG value for large visual ranges is set by the choice of
properties (size and concentration) of the background aerosol.

Decreases in visual range can also result from falling or blowing
precipitation (particularly snow), as well as lofted aerosol or dust.
Fig. 7(b) shows the dependence of PG on visual range during blowing
snow conditions at Halley, Antarctica (selected on the basis of wind
speed>7.5ms−1). There is a considerable increase (of order of 4–5

Fig. 6. Variations in Potential Gradient (PG) at Reading (upper panel) for two days with fog, (a) 2nd November 2017 and (b) 3rd November 2017. The relative
humidity (RH) data from the site is also shown, and both this and the PG data are five minute average values from 1 s samples. The ceilometer colour scale is the same
as in Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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times) in the magnitude of PG during blowing snow compared to fog for
visual range values less than 5 km. At relatively large values of visual
range (> 15 km) there is still a demonstrable effect on the PG of

blowing snow compared to fog, suggesting that the wind plays a con-
siderable role in the transport of space charge in the Antarctic en-
vironment.

4. Revised fair weather requirements

Whilst the UKMO fair weather criteria have demonstrated their
usefulness in selecting globally-representative data from a site with
frequent episodes of disturbed weather, the data presented here in-
dicate that some perturbing atmospheric conditions are not properly
identified. Because of the recent increase in interest in PG measure-
ments and the availability of automatic meteorological instruments,
some refinements to the UKMO criteria are now indicated, over fifty
years since they were first proposed. Of the four UKMO criteria, the first
criterion, that there should be no hydrometeors, is the most important
and clearly identifiable. The third criterion, of minimal cumiliform
cloud is also important, and acts to prevent effects of strongly electrified
clouds. The second and fourth criteria are worthy of more scrutiny.

Considering the second criterion first, which requires no low stratus
cloud, ceilometer data shows that charging in the cloud base of layer
clouds can markedly affect the surface PG, for stratus cloud base heights
extending well above the UKMO-suggested minimum height require-
ment of 300m. Through considering two years of cloud base data,
Harrison et al. (2017) (supported by Fig. 4 in this paper) concluded that
charge in the base of layer clouds affects the surface PG by an amount
which increases non-linearly with decreasing cloud base height below
1500m. The cloud base height criterion on low stratus cloud for these
purposes therefore needs to be increased to at least 1000m and pre-
ferably 1500m.

The fourth criterion of a maximum hourly wind speed of 8m s−1 is
particularly relevant at some sites where blowing snow or sand is
common such as in polar regions (e.g. Corney et al., 2003; Deshpande
and Kamra, 2001; Burns et al., 2012), or in dry desert areas (e.g. Elhalel
et al., 2014; Yaniv et al., 2016). However, in general, it is also im-
portant to ensure that there is adequate surface ventilation to avoid an
accumulation of aerosol either in the lower boundary layer or near to
the sensor itself, which is not considered in the UKMO criteria. A
minimum wind speed of 1m s−1 at 2m appears sufficient for this.

Effects of haze and dust are not explicitly considered by the existing
UKMO criteria, although criterion 4 acts to reduce the possibility of
generating blowing snow or sand. The wide variety of possible sus-
pended materials can be addressed by considering the single parameter
of visual range, which is estimated at many meteorological sites and for
which automatic instruments are now available. Visual range will be
reduced in fog, blowing snow or sand, haze layers and in rainfall or
snowfall, circumstances in which strong perturbing local effects will
occur. Ensuring adequate visual range will therefore eliminate many
situations with perturbing hydrometeors and aerosols.

Taking these aspects into account, Table 2 provides a revised sum-
mary of the criteria needed to identify fair weather atmospheric elec-
tricity conditions. These are expressed as three fair weather require-
ments concerning (FW1) hydrometeors, haze and aerosol, (FW2) cloud
and (FW3) wind, in order of priority. Requirement FW1 addresses the
need to exclude conditions with liquid or solid precipitation as well as
when there is suspended particulate material in the air. This extends the
original UKMO criterion 1 beyond just considering hydrometeors,
through adding a visual range requirement, based on the close re-
lationship known between PG, aerosol and visual range (Harrison,
2012). FW2 combines UKMO criteria 2 and 3, with the additional re-
quirement from the analysis of Harrison et al. (2017) that the cloud
base should be at least 1500m. FW3 extends UKMO criterion 4 to

Fig. 7. (a) Relationship between visual range and PG during fog conditions at
Reading, UK (during the 2nd and 3rd November 2017 (see also Fig. 6)). The
lines shows the theoretical relationship (Harrison, 2012) expected between PG
and visual range for a range of fog droplet diameters, assuming a vertical
conduction current density Jz= 2 pAm−2, background aerosol of radius 0.2 μm
and number concentration 3500 cm−3 and mean ion mobility 1.2 cm2V−1s−1.
(b) Relationship between visual range and PG in blowing snow conditions at
Halley, Antarctica, for 2 years of data from 2015 to 2016. Blowing snow con-
ditions were selected on the basis of wind speed> 7.5ms−1. In both plots data
points show the median values of PG binned according to visual range (in 12
bins from 0.1 to 25 km). Error bars show 2 standard errors on the mean.
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ensure a minimum level of ventilation, but not so great that sensors
using radioactive probes will not be able to operate or that blowing
snow is generated. If all three requirements are met, there will be a
good likelihood that the conditions are those in which local disturbing
factors will have been minimised.

These requirements lend themselves to automatic measurement
systems, although the measurements available at some sites may not
directly map on to the requirements identified. For example, cloud type
and amount can be determined from solar radiation measurements,
based on the fraction of diffuse radiation received at the surface
(Harrison et al., 2008). Present Weather sensors may also report in-
formation relevant to each of the requirements listed, such as in iden-
tifying precipitation. The right-most column of Table 2 provides
equivalent manual observations, for use at a site, currently or retro-
spectively where automatic meteorological measurements are not
available.

5. Conclusions

Increasing interest in the global atmospheric electric circuit and the
availability of electric field mill sensors has led to a global renaissance
in measurements of the atmospheric electric potential gradient. For
these measurements to be useful geophysically however, data selection
is required to remove local effects. Meteorological criteria can be used
to identify what has conventionally been known as fair weather at-
mospheric electricity data. Appropriate data selection, based on fair
weather criteria provides both efficient use of the original measure-
ments, and reduces the amount of averaging needed to overcome effects
of random measurement fluctuations.

The three fair weather requirements described and refined here are:
(FW1) the absence of hydrometeors, aerosol and haze, (FW2) negligible
cumuliform cloud present and no extensive stratus cloud with its cloud
base below 1500m and (FW3) surface wind speed between 1m s−1 and
8m s−1. The effects of aerosol and haze are particularly important to
exclude, which can be achieved without sophisticated additional in-
strumentation by ensuring that the visual range exceeds 2 km. These
three requirements are readily implemented at both automatic and
manual sites. For sites such as geomagnetic observatories where no
long-term meteorological data is available, fair weather requirements
may alternatively be identified through the use of meteorological re-
analysis data. (Reanalysis data provides a description of the local me-
teorological conditions from all the measured and model information
available.) This work in refining the fair weather selection criteria
therefore underpins the contemporary resurgence in atmospheric elec-
tricity measurements, and brings the additional benefit of demon-
strating how archived historical atmospheric electricity data can be
used for long term studies of the global circuit.
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Appendix. Standardisation of Potential Gradient measurements

In atmospheric electricity, the Potential Gradient measured at the surface is considered to be the difference between the potential of a point at a
fixed distance above the surface which has obtained the local air potential, and the potential of the surface itself. The sensor which obtains the local
potential is known as a potential equaliser or collector. The sensor's potential is measured with a voltmeter of very large input impedance, in order
that a negligible current flows. This is shown conceptually in Fig. A1. In modern practice the measurement may be obtained using a field mill, which
can be regarded as combining the sensor and voltmeter in a single device, with a datalogger.

If it can be assumed that negligible distortion of the lines of equipotential occurs due to the presence of the instrumentation, the PG at a height z,
Fz is given by

=F V
zz
0

(A1)

In a real situation, the effect of a vertical pointing support mast is usually to increase the abundance of equipotential lines compared with an open
surface, and therefore to increase the PG measured. There may also be screening effects of buildings or trees. To correct for this, an additional factor f
is introduced into equation (A1) as

=F f V
zz
0

(A2)

Since f acts to decrease the measured value, it is often known as the reduction factor. Obtaining the value of f for a particular installation is known
as standardisation. (This is distinct from calibration of the sensor itself, which can be done in the laboratory). Standardisation essentially require an
experiment in which the PG measurements are compared with undisturbed PG measurements nearby, or through imposing a known vertical electric
field. As a mast supporting a sensor is typically at 2m or 3m above the surface, an impractically large pair of horizontal plates would be needed to
generate an electric field for the direct experimental approach. For some simple geometries, the amount of distortion can, alternatively, be found by
calculation.

In general, three experimental approaches are available to provide the undistorted measurement, the calibration pit method, the passive wire
antenna method and the imposed field method. Fig. A2 (a) depicts the general problem of the distorted electrostatic environment from the presence
of an earthed mast and outlines the calibration arrangements needed for the pit and passive wire methods. In the pit method (Fig. A2b), a hole is dug
and a further identical sensor is immersed in the surface, until it is flush with the surface. Subject to the actual practical circumstances encountered,
the distortion will be much reduced or even absent. Simultaneous measurements with the pair of sensors are made and the reduction factor to be
applied calculated from the ratio of the measurements. In the passive wire method (Crozier, 1963; Harrison, 1997), a long horizontal wire is
stretched between insulators supported by two short masts as shown in Fig. A2(c). If the wire is much longer than the height of the masts, there will
be negligible distortion of the electric field and the potential measured can be assumed to be the absolute atmospheric potential at the same height.
From knowledge of the height the potential gradient can be calculated. Ultra-high quality insulation or active insulation techniques such as guarding
are needed for this method. The imposed field method (not illustrated), requires the field meter to have an insulated case or a case added, and the
potential on it driven by a power supply. From the variation in the field meter output in response to the field generated, the instrument can be
calibrated (Chubb, 2014).

Fig. A1. Conceptual picture of the measurement of the vertical potential gradient (PG). A potential equaliser positioned at a height z comes into electrical equilibrium
with the air around it, acquiring its potential V0. The PG at height z is found as V0/z.
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Fig. A2. (a) Effect of electric field distortion on a mast-mounted field meter. (b) Lessened effect of electric field line distortion by having the sensing surface of the
field meter flush with the surface. (c) Use of a horizontal passive wire antenna to obtain the undistorted potential at a known height. (In each case, the dashed lines
are equipotentials, and the solid lines are field lines).
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