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Characteristics of the atmospheric electric
field and correlation with CO2 at a rural site
in southern Balkans
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Abstract

In the current work, 4 years of atmospheric electric field observations at a rural site near Xanthi, Greece, are
presented for 2011–2014. The site is situated in an area with very high radon fluxes and high thunderstorm activity.
The annual variation is consistent with that at other Northern Hemisphere continental stations, with maxima
(minima) occurring during the cold (warm) months. The diurnal variation of the atmospheric electric field both for
fair weather (FW) and all weather is found to exhibit a double-peak structure corresponding to local effects and
global thunderstorm activity. Comparison with the Carnegie curve shows that nighttime hours and winter months
are preferable for observing the Global Electric Circuit at the Xanthi site. Finally, it is shown that atmospheric CO2

measurements can be effectively utilized as a stratification proxy, indicating conditions of potential radon trapping,
whereas CO2 was found to anticorrelate with the atmospheric electric field during such conditions.

Keywords: Atmospheric electric field, Potential gradient, Global electric circuit, CO2
Introduction
The relationship of global atmospheric electric circuit
(GEC) with solar–terrestrial interactions (Rycroft et al.
2012) and climatic change monitoring (Rycroft et al.
2000) highlights the significance of conducting atmos-
pheric electricity observations. Nevertheless, a deficit is
generally present in qualitative and continuous measure-
ments of atmospheric electricity properties (Israelsson
and Tammet 2001), which likely has led to an incom-
plete knowledge of GEC and its relationship with inter-
acting factors (Dolezalek 1972; Israelsson and Tammet
2001; Reddell et al. 2004).
The most suitable parameters for monitoring GEC are

the ionospheric potential, vertical air–earth conduction
current, and atmospheric electric field measured at the
surface (Rycroft et al. 2008). The latter is known as po-
tential gradient (PG). By convention, PG is defined as
the ratio of the local potential at height z to that height,
PG = dV(z)/dz. PG is defined to be positive during fair
weather (FW) days and is related to the vertical compo-
nent of the atmospheric electric field by Ez = −PG. PG
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has the capability to reflect changes in GEC if measured
at pollution-free sites such as oceans, mountain peaks,
and Antarctica and during FW conditions (Reiter 1974;
Harrison 2013; Siingh et al. 2013). Moreover, PG is one
of the most commonly measured atmospheric electrical
parameters for long periods (Nicoll 2012). The resulting
abundance of historical and contemporary data for dif-
ferent latitudes helps to improve the understanding of
GEC (Märcz and Harrison 2003).
PG observations at continental sites, which are gener-

ally not considered ideal for GEC monitoring, are more
abundant than those in relatively clean environments.
PG at continental sites is subject to influences from local
factors such as aerosol pollution, space charge, and nat-
ural radioactivity, which are able to alter or mask the
daily and seasonal GEC signal (Rycroft et al. 2008).
However, these effects do not prevent PG measured
under FW conditions from showing features of GEC at
some times or through averaging (Harrison 2004a), mak-
ing that way continental sites also useful in GEC obser-
vation. Further, because PG at continental sites is
subject to influences from aerosol pollution, space
charge, and natural radioactivity, as previously men-
tioned, its study at such sites may also offer insights into
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a variety of other phenomena, processes, or events such
as fires (Mather et al. 2007; Ippolitov et al. 2013; Concei-
ção et al. 2015), air pollution (Harrison 2006; Silva et al.
2014), visibility (Harrison 2012), boundary layer moni-
toring (Piper and Bennett 2012), natural radioactivity as-
sessment (Garcıa-Talavera et al. 2001; Latha 2007), and
earthquakes (Silva et al. 2011; Silva et al. 2012). More-
over, the usefulness of PG measurements in the research
of severe meteorological phenomena such as thunder-
storms cannot not be disregarded (Pawar et al. 2014;
Pawar et al. 2015).
The use of the Carnegie curve is a typical method for

identifying periods in hourly, seasonal, and annual time
scales when PG represents global variations or local fac-
tors. The Carnegie curve, having resulted from PG mea-
surements of the Carnegie cruise ship conducted at
various points on the world’s oceans, shows the diurnal
variation in PG which is related to global thunderstorm
activity and is considered as the global FW background
PG (Harrison 2013). A comparison of the standard Carne-
gie curve with PG measurements at Eskdalemuir,
Scotland, has shown that although the station is of contin-
ental character and the aerosol periodicity was expected
to determine PG variation, the PG closely follows the
GEC cycle; this behavior is more pronounced during win-
ter (Harrison 2004a). The same was observed at other
Northern Hemisphere continental stations including those
in Marsta, Sweden, and Nagycenk, Hungary (Israelsson
and Tammet 2001; Märcz and Harrison 2003).
Analysis of atmospheric electricity observations at as

many locations around the world as possible is required
for a better understanding of the GEC (Kumar et al.,
2009). Thus, efforts have been invested in the develop-
ment of networks (Sheftel et al. 1994; Popov et al. 2008)
and databases (Dolezalek 1992; Tammet 2009), which
can provide atmospheric electricity data from different
locations. The comparison of PG measurements from
sites displaced at substantial distances could identify
common variations, which are attributed to the global
circuit in the absence of coincident local factors (Harri-
son 2004b). Moreover, PG observations at a variety of
global locations could provide an opportunity for better
understanding of the local factors controlling PG and, as
previously mentioned, for helping to advance our under-
standing of a variety of geophysical processes.
In this study, 4 years of PG data recorded from Febru-

ary 2011 to December 2014 at a newly established rural
station are presented. The data for a 1-year period of
June 2011 to May 2012 are analyzed more thoroughly
considering ancillary data available for this period. The
station is located in the southern Balkans near Xanthi,
Greece, and is the only one in this region. The next clos-
est stations are in Nagycenk, Hungary, at a distance of
970 km (Märcz and Harrison 2003) and in Mitzpe
Ramon, Israel, at 1500 km (Elhalel et al. 2014). In
addition to the presentation of the local PG climatology,
the suitability of the site in observing GEC is examined
in this study.
Further, the possibility of utilizing atmospheric CO2

measurements in assessing the daily variation in PG is
studied, and special consideration is made for the times
at which enhanced stratification coincides with the an-
ticipated occurrences of the GEC signal. Because this is
a novel aspect in the studies of PG related to atmos-
pheric gases (e.g., Guo et al. 1996), we plan to address
this topic more thoroughly in future work.

Methods
Study site
The study location is a rural site on the Campus of
Democritus University of Thrace (41.15° N, 24.92° E,
75 m above sea level) near the town of Xanthi (popula-
tion 65,000), Greece. The site is at the edge of a smooth,
south-facing slope with a valley reaching the seashore
about 20 km to the south and the east–west-oriented
Rodopi Mountain Range located to the north (Fig. 1).
The ground surface around the station is mostly covered
with soil and grass; areas covered by concrete and as-
phalt are significantly fewer in number. To the south, at
a distance of 120 m, a light-traffic road oriented east–
west with a traffic density of 10 (nighttime) to 150 (rush
hours) cars per hour connects the main urban area of
Xanthi with nearby villages. The distance between the
station and the edge of the urban area is 1.7 km to the
west–southwest; that between the station and the edge
of the closest village, with a population of 3600, is
0.9 km to the east (Fig. 1). As previously mentioned, the
station fills an observational gap in the region because it
is the only station within a radius of approximately
1000 km. This station is hereafter referred to as Xanthi
station.
The winds blowing at the site exhibit a rather stable

diurnal variation possibly owing to the site location at
the boundary between a mountainous area and a valley,
which triggers a valley/land breeze closed circulation
cell. During the night, the prevailing winds blow from
the northwest, whereas after sunrise, the wind direction
gradually shifts to southwest, south, and southeast be-
fore returning to northwest after sunset.

Instrumentation
An electric field meter (EFM; CS110; Campbell Scientific
Co., Utah, USA) has been installed since February 2011.
The EFM is mounted on a 2-m mast in reversed position
and is surrounded by natural and man-made obstacles
such as trees, buildings, poles, and cargo containers.
However, these obstacles are at a distance of at least
30 m and do not protrude higher than 18° above the
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Fig. 1 Map of the Xanthi area, Greece. The station location is denoted by a star. The image represents an area approximately 7 km across. Inset:
the location of the station in the wider area
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horizon, as seen from the ground at the EFM location,
and hence have minimal effects on the measurements
(Campbell Scientific Inc. 2011). Dolezalek (1992), citing
Benndorf ’s calculations, stated that the PG values are
representative if the distance between the measuring sensor
and any field-distorting disturbance is five times the height
of that disturbance or three times the height for thin
obstacles such as poles. Our site meets these conditions;
other stations have similar site characteristics (Kumar et al.
2009; Piper and Bennett 2012; Smirnov 2014).
Because CS110 is a factory-calibrated field mill, no

further calibration is needed for its use (Campbell
Scientific Inc. 2011). However, the determination of a
site-dependent correction coefficient (Csite) is essential
because of the EFM’s elevated and reversed position,
which alters the effective gain with respect to an
upward-facing flush-mounted installation (MacGor-
man and Rust 1998). The coefficient Csite was deter-
mined statistically (Defer et al. 2015) based on the
consideration that FW conditions correspond to the
theoretical PG value of 100 V m−1 (Takagi and Iwata
1980; Rakov and Uman 2006). Csite was calculated by
selecting a group of reference FW days and dividing
the mean daily PG of each of these days by the typ-
ical FW–PG of 100 V m−1 to obtain a number of
daily Csite determinations. Finally, an overall Csite cor-
rection coefficient was determined as the mean of the
50 % of the daily Csite determinations around the me-
dian and was used subsequently to correct the PG
data. The resultant PG values are considered relative
with respect to the typical FW–PG (100 V m−1)
owing to the statistical method used to define Csite.
The reference FW days were selected from the data-
set by using elements from the FW classical definition
(Israelsson 1978), i.e., cloud cover less than 3/10
based on the Moderate Resolution Imaging Spectrora-
diometer (MODIS) satellite MOD08_D3.051 cloud
dataset with a resolution of 1° × 1° (King et al. 2003;
Remer et al. 2005), wind speed (WS) less than 3 on
the Beaufort scale (4 m s−1), no precipitation events,
and the 1965 definition of the International Commis-
sion on Atmospheric Electricity (Israelsson 1978). On
the basis of the latter, days having at least one mean
hour PG < 0 V m−1 were considered as disturbed wea-
ther (DW) days; negative PG values were attributed
to local generators and were excluded. The resulting
days span the entire period, hence eliminating any
possible seasonal bias.
The EFM operated under two resolution modes be-

cause measurements were conducted under all weather
(AW) conditions including both FW and DW. For mea-
surements falling within the range 0–2.2 kV m−1, the
resolution was 0.32 V m−1 and for those falling within
2.2–22.3 kV m−1 was 3.2 V m−1.
Measurements of atmospheric CO2 by using an instru-

ment equipped with a Gascard II Edinburgh Sensor
(Schumann Analytics, Germany) were conducted along
with PG within the period June 2011 to May 2012, cov-
ering 150 days throughout the seasons. The CO2

analyzer was calibrated against a reference analyzer.
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Fig. 2 a Distributions of mean hourly PG values and b hourly
standard deviations (STDs). Hourly means are categorized in 10 V m
−1 bins, and STDs are in 2 V m−1 bins. The data refer to the period
June 2011 to May 2012 under all weather (AW) conditions. The
histogram of STD shows the distribution of the STD of 10-min means
within each hour
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Ambient air was continuously sampled from the exact
point at which the PG was measured, 2 m in height, by
using a pump at a rate of 0.52 l s−1.
Standard meteorological parameters such as WS/direc-

tion, temperature, relative humidity, pressure, and pre-
cipitation were also recorded since June 2011 by using
commercially available sensors that were located at the
same site as that of the EFM. WS and direction were
measured by using a Wind Sentry Set (Model 03002L;
Young Co., Michigan, USA) consisting of a three-cup
anemometer and a wind vane with accuracies of
±0.5 m s−1 and ±5°, respectively. Temperature and rela-
tive humidity were measured by using a thermometer/
hygrometer of ±1.5 % and ±0.3-K accuracy (Model
HygroClip S3; Rotronic Co., Switzerland). The pressure
was measured by using a barometric pressure sensor of
0.3-hPa accuracy (Model PTB110; Vaisala Co., Finland).
The precipitation was measured by using a tipping
bucket rain gauge (Model 52202; Young Co., Michigan,
USA). Two extra temperature (T) sensors (HOBO Pro
v2 T/RH U23-001; Onset, Massachusetts, USA), with
solar shields at ±2 % accuracy and ±0.02 % precision,
were deployed from February 2012 to May 2012 at
heights of 2.5 and 1.5 m to provide the vertical
temperature gradient (DT).
All sensors operated at a frequency of 1 Hz with the

exception of the extra T sensors at f = 1/60 Hz, and the
data were recorded as 1-min means. One-minute PG
data were subsequently used to calculate 10-min data,
which in turn were used to calculate the hourly means.
The PC used for data acquisition was synchronized at
regular intervals to the National Institute of Standards
and Technology (NIST) time server. Local time (LT),
wherever used in the manuscript, refers to Coordinated
Universal Time (UTC) + 2; hence, no Daylight Saving
Time was applied in summer.
The presented data cover the period February 2011 to

December 2014. Data from the period June 2011 to May
2012 were analyzed more thoroughly. Thus far, that
period is the only full year with continuous PG measure-
ments and data for all of the other variables.

Results and discussion
PG observations and FW set selection
In Fig. 2, the histogram of the hourly PG means is pre-
sented in 10 V m−1 bins for the period June 2011 to
May 2012 under AW conditions. The vast majority of
the values (93.6 %) was concentrated in the range of
−200 to 350 V m−1 with all bins presenting a >0.1 % fre-
quency of occurrence. The mean value and standard de-
viation (STD) were 66.24 and 649.90 V m−1,
respectively. This STD is exceptionally high owing to the
occurrence of DW conditions, e.g., thunderstorms,
which could cause PG values up to 15 kV m−1 or even
greater (MacGorman and Rust 1998), while the site ex-
hibits some of the highest keraunic levels reported in the
southern Balkan Peninsula (Mazarakis et al. 2008;
Chronis 2012). We note here that the keraunic level is
defined as the average number of days per year when
thunder can be heard in a given area and presents the
likelihood of a thunderstorm occurrence. DW conditions
are not confined to thunderstorms but also include cases
of charged clouds’ region passage over the EFM and rain
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showers. These factors are considered to cause PG
values that extend beyond the range of −200 V m−1 <
PG < 350 V m−1 because of their strong electrostatic na-
ture, constituting the remaining 6.4 % of the total
distribution.
A significant element of the distribution is the amount

of hourly values falling into the range −200 < PG <
0 V m−1, which constitutes 16.9 % of the dataset, in con-
trast with that at other sites, where negative values are
much less frequent (Bennett and Harrison 2007; Israels-
son and Tammet, 2001). These hours can be attributed
to DW conditions because they commonly cause PG re-
versal to negative values. The majority of these values
occur during the night, regardless of weather conditions;
that implies the existence of a local generator (local
source of space charge generation) sufficiently strong for
producing sufficient negative space charge for PG rever-
sal (Piper and Bennett 2012). Because of the timing and
the repeatability of the phenomenon, the most probable
generator is natural radioactivity. Under nocturnal inver-
sion, radioactive substances such as radon and its daugh-
ter products are trapped close to the ground, causing
the reversed electrode effect and increasing negative
space change density, which subsequently reduces PG
(Hoppel et al. 1986). The assumption that natural radio-
activity is a local generator that causes PG reversal is
further supported by the fact that the station site overlies
granitic deposits and uranium ores (Pergamalis et al.
1998; Pergamalis et al. 2010) and exhibits some of the
highest radon fluxes in Europe. This factor, which has
been confirmed by models (López-Coto et al. 2013) and
recent observations (Kourtidis et al. 2015), could be also
responsible for increased conductivity close to the
ground (Latha 2007). Along with the generally low aero-
sol concentrations that our site exhibits, as a typical
rural site away from heavy pollution sources like indus-
tries and major cities such as Athens (Retalis and Retalis
1997), this factor was responsible for a reduced AW
mean value of 66.24 V m−1 (Israelsson and Tammet
2001).
For the same period, a histogram of hourly STD calcu-

lated from 10-min means is also presented in Fig. 2. The
distribution shows a pronounced positive skew denoting
relative sub-hourly stability. The greatest percentage of
hourly means, 91 %, exhibits STD < 100 V m−1, implying
that most hours comply with the FW conditions criteria
(Harrison 2011). Despite the relative sub-hourly stability,
the PG still shows small fluctuations within each hour
mostly between 4 and 20 V m−1, reflecting the effects of
changing local factors such as space charge and aerosols.
Thus far, it is evident that both hourly PG values and

their respective STDs are strongly influenced by the pre-
vailing meteorological conditions during that hour (i.e.,
existence of thunderstorms, charge clouds passage) and
the existence of local generators (e.g., radon). These in-
fluences are of local origin and are capable of completely
masking the response of PG to GEC diurnal variation.
To permit examination of the diurnal and seasonal vari-
ation of PG without the interference of DW conditions
and those with intense ionization, an FW–PG dataset
was created. Two simple criteria were used to determine
the data to be included in the FW set: 0 < PG < 350 V m
−1 and PG-STD < 100 V m−1. Negative PG values were
excluded because they are attributed either to local gen-
erators (natural radioactivity) or to DW conditions.
Moreover, those of more than 350 V m−1, or ~2.7 % of
the distribution, were excluded because they are attrib-
uted to DW conditions or high aerosol concentration
events. The extra filter of PG-STD > 100 V m−1 was ap-
plied to eliminate any hourly values that eventually fell
within the range of 0–350 V m−1 through the averaging
process, although they were recorded during DW condi-
tions. The FW set was composed of 78 % of the total
number of hourly means of the examined period. We
note here that this high percentage of FW hours is favor-
able for the station compared with that at stations far-
ther northward in Europe.
The method of using PG statistics as a means to iden-

tify the conditions under which it was measured and to
eventually define an FW–PG set is useful, particularly
for cases in which cloud cover and local generators ac-
tivity data are not available in high resolution and thus
the classical FW definition can be utilized (Israelsson
1978). Such is the case for the Xanthi site. Applications
of that method are found for Marsta Observatory
(Israelsson and Tammet 2001), Nagycenk Geophysical
Observatory (Märcz and Harrison 2003), and elsewhere
(O’Connor 1976; Burns et al. 2005) with criteria custom-
ized for each site.

Diurnal and seasonal PG variation
The diurnal variation of FW–PG exhibits two character-
istic patterns, those of single and double peaks (Chal-
mers 1967). The single peak (Carnegie curve) is followed
at environments in which local effects (e.g., pollution)
are low or absent like oceanic (Harrison 2013), polar
(Siingh et al. 2013), mountaintops [e.g., Wank peak
(Reiter 1974)], and remote isolated sites [e.g., Eskdale-
muir (Harrison 2003; Harrison 2004a)] depicting the glo-
bal thunderstorm activity. Moreover, a single peak is
exhibited at certain stations during wintertime, particu-
larly at high latitudes (Israelsson and Tammet 2001; Har-
rison 2004b), showing high correlations with the
Carnegie curve. The double peak is followed at contin-
ental stations (Retalis and Retalis 1997; Harrison and
Aplin 2002) and is generally synchronized with local
time and the intensity of local effects (Chalmers 1967),
while the GEC signal is not always apparent and
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averaging over one or several weeks is needed to be
shown (Dolezalek 1972).
The mean diurnal variation of FW–PG in Xanthi ex-

hibited the typical continental course, that of the double
peak (Fig. 3). The primary maximum was evident be-
tween 11:00 and 12:00 LT, and the secondary maximum
occurred at 21:00 LT; the corresponding preceding
minima appeared at 5:00 and 18:00 LT, respectively.
The increasing trend of FW–PG during the morning

hours and the following primary maximum around noon
is attributed to local factors, namely “sunrise effect” and
aerosols.
The sunrise effect was extensively described by Mar-

shall et al. (1999), who focused particularly on PG re-
sponse to positive space charge transpositions. Other
authors (Law 1963; Chalmers 1967; Kamra 1982) also
mentioned the sunrise effect, among which Kamra
(1982) and Law (1963) observed a sign reversal of space
charge from negative to positive at the moment of sun-
rise, coinciding with PG increase. According to Marshall
et al. (1999), the start of the morning convection caused
by solar heating leads to the destruction of a shallow
positively charged layer (electrode layer) that was built
up during the night and overlies the very first decimeters
of the ground (Crozier 1963). The dilution of the elec-
trode layer just after sunrise owing to increasing turbu-
lence transports gradually more and more positive
charges over the EFM enhancing eventually PG (Mar-
shall et al. 1999). The mechanism weakens as time
passes and the boundary layer becomes well mixed
(Moore et al. 1962). The PG increase attributed to the
sunrise effect might be further intensified at our site be-
cause of the location of the station downslope of a
mountainous area and the possibility of valley or land
breeze closed circulation cells. In that case, the electrode
layer that was formed on the mountain’s surface during
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Fig. 3 Mean diurnal variation of fair weather (FW)–potential gradient
(PG) and all weather (AW)–PG for the period of June 2011 to May
2012. Error bars denote standard errors for each hour. Upward and
downward arrows denote mean sunrise and sunset time, respectively
the night is also diluted after sunrise, and after being
transported upslope, the positive charges can be
advected over the EFM via the returning cell circulation.
The significance of the sunrise effect on the morning
peak was also emphasized in studies for other stations,
irrespective of the character of the site, including typical
continental (Retalis and Retalis 1997), tropical continen-
tal (Latha 2003), or island tropical (Kumar et al. 2009).
Aerosols have a direct impact on local conductivity by

acting as recombination centers for the ions; at the same
time, aerosols reduce the mobility of the ions attached
to them, thus reducing further conductivity (Hoppel
et al. 1986; Harrison and Carslaw 2003). A decrease in
local conductivity, considering a steady conduction
current between the ionosphere and the ground, pro-
vokes a PG increase in accordance to Ohm’s law (Jayar-
atne and Verma 2004). Aerosols in our site are expected
to have increased arithmetic concentration at the ground
level during the morning to noon hours, thus increasing
PG. The increased aerosol levels are attributed to en-
hanced road traffic south of the station. The effect of
aerosols on PG is further enhanced because of the direc-
tion of the wind typically blowing southeast to southwest
at that time, which transfers more aerosols toward the
EFM instrument. Hence, at our station, it is possible that
the southern winds and the upwind road traffic, both of
which are more intense after 9:00–10:00 LT, resulted in
greater aerosol concentration around the station and
followed the sunrise effect. This process may have pro-
voked a continuous increasing effect on PG, which even-
tually maximized at 11:00–12:00 LT.
An extra factor that can contribute to the morning in-

creasing trend of PG is thunderstorm activity in Asia,
which was at its maximum at that time (Harrison 2013;
Blakeslee et al. 2014). The contribution of that param-
eter is considered rather low compared with the afore-
mentioned factors, yet it is mentioned here as the only
global factor that may act on the local primary PG
maximum.
After the primary maximum, PG subsided and eventu-

ally reached a minimum at 18:00 LT. This is attributed
to the maximization of convective conditions in the late
afternoon, which can cause aerosol depletion close to
the ground by dilution. Aerosols are transported upward,
allowing ion concentrations to recover. Thus, local con-
ductivity is increased and PG is subsequently reduced
(Chalmers 1967; O’Connor 1976; Serrano et al. 2006;
Silva et al. 2014), in accordance with Ohm’s law under
constant air–earth conduction current of PG = JZ/σT,
where JZ is the air–earth conduction current, and σT is
total conductivity (Harrison 2006). Upward transport of
aerosols gradually provides an extra suppression to PG
through a decrease in the conduction current. Because
there is no mechanism for quickly removing aerosols
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while they are elevated, an increase in columnar resist-
ance results, reducing the air–earth conduction current
(generating force of PG) and subsequently reducing PG
(Harrison and Bennett 2007). Considering the moment
of PG minimum at our site at 18:00 LT, a delay in col-
umnar resistance maximization was noted in compari-
son with the results of Sagalyn and Faucher (1956),
where the corresponding maximum occurred at 15:00
LT. We tentatively attribute this delay to differences in
advective conditions at each site. In particular, the Saga-
lyn and Faucher (1956) maximum columnar resistance
was obtained during low advection periods, whereas at
our site, advection was expected to be relatively high be-
cause of the station’s location and thus change the col-
umnar aerosol load.
The secondary maximum occurring at 21:00 LT and

the following minimum at 05:00 LT coincide with the
corresponding Carnegie curve extrema at 19:00 and
03:00 UTC, depicting the diurnal variation of global
thunderstorm activity. However, both extrema are sus-
ceptible to local effects that could enhance or suppress
the global signal. The convective conditions maximized
earlier that caused a minimum at 18:00 LT were grad-
ually weakened, resulting in increased aerosol concentra-
tion close to the ground and subsequently increased PG,
as described above (Latha 2003). On the contrary, the
gradual transition to nocturnal stratification could cause
trapping of radon and its progeny, resulting in intense
ionization conditions and the creation of negative space
charge (reversed electrode effect), which would eventu-
ally suppress PG (Hoppel et al. 1986; Latha 2007). Nega-
tive space charge can also reverse PG polarity; however,
negative values were not considered here because FW–
PG is the focus. The effect of radon under nocturnal in-
version can also affect the PG minimum (05:00 LT) on
certain days. The magnitude and the specific timing of
the effects of local factors on the global signal of PG are
not easily defined; therefore, measurements of additional
variables such as aerosol soundings, ground aerosols,
conductivity, and radon are needed.
A comparison of the magnitude of the primary peak

with the magnitude of that coinciding with the Carnegie
peak revealed an obvious substantial difference such that
local effects are dominant at Xanthi during the day
much more than the global effects. The diurnal variation
of AW–PG (Fig. 3) follows the same course as that of
FW–PG, and for the greatest part of the day, it is kept
below the FW curve; this coincides with PG behavior at
other sites (O’Connor 1976; Retalis and Retalis 1997). As
is apparent from its unstable daily cycle, AW–PG expe-
riences greater fluctuations than FW–PG; this result was
expected because DW conditions were included. Strong
hourly variability was also evident from the enhanced
standard errors (SE), where SE = STD/√n. Although n is
not the same for all hours, it is sufficiently high to assure
comparable SEs. The enhanced SE showed a pronounced
intensity between 11:00 and 21:00 LT. During the same
period, lightning activity is increased over Greece
(Chronis 2012) and Xanthi, the latter exhibiting the
highest keraunic levels in the country (Mazarakis et al.
2008). Lightning activity is maximized between 16:00
and 17:00 LT (Chronis 2012), coinciding with the highest
difference of the two curves, which in turn indicates a
significant existence of non-FW conditions in the AW
set during these hours (O’Connor 1976). Similar differ-
ences between the two curves were also apparent during
certain night hours, although the non-FW conditions
here are more likely attributed to natural radioactivity.
Consequently, although the AW–PG generally followed
a typical double-peak diurnal oscillation, the DW condi-
tions at our site were sufficiently intense and occurred
often, thus causing the minima and maxima of the curve
to be significantly fuzzier than those of FW–PG.
All months followed the general pattern described

above, although in some cases, both extrema were not
apparent (Fig. 4). During the warm months of June to
October, the PG exhibited its primary maxima at 10:00–
11:00 LT, whereas during the cold months of November
to January, the corresponding maxima were transposed
to 12:00–14:00 LT. This transposition is attributed to
the earlier initiation of convective conditions during the
warm months and the subsequent earlier activation of
the sunrise effect (Latha 2003) and is in agreement with
the results at other continental sites (Retalis and Retalis
1997). The remainder of the months, February to May,
showed intermediate behavior, exhibiting their maxima
at 11:00–12:00 LT. The secondary maximum is not clear
in every month, denoting the influence of local factors
on PG at the time of global thunderstorm maximization.
However, when a secondary maximum was apparent in
August, September, January, and May, it occurred within
±1 h from the Carnegie curve maximum of 19:00 UTC.
The timing difference could be attributed to seasonality
of local factors such as aerosols, regional changes in the
thunderstorm distribution, which could disturb the typ-
ical GEC cycle (Harrison 2004a), or ionospheric pertur-
bations (Harrison 2004b). Finally, the two minima did
not show seasonality and were centered at 05:00 and
18:00 LT, respectively. Because the months showing the
secondary peak span the entire year, this effect is not
solely seasonal. It could be hypothesized that it is the
outcome of a combination of more than one influencing
factors such as radon emanation, turbulence, and aerosol
concentration and size distribution. However, in the ab-
sence of relevant data, such assumptions can only be
speculative.
The seasonal variation of FW–PG observed during the

period February 2011 to December 2014, with maxima
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(minima) during cold (warm) months (Fig. 5), is in
agreement with the results at other continental sites of
the Northern Hemisphere (Chalmers 1967; Israelsson
and Tammet 2001; Bennett and Harrison 2007a). Con-
centrations of Aitkin nuclei near the ground, which act
as the ultimate sink for small ions close to the ground,
are maximized during the cold months owing to the re-
duced vertical mixing of the atmosphere (Adlerman and
Williams 1996 and references therein). During the cold
months, heating increases aerosols in settlements. How-
ever, that fact is insufficient for explaining the increased
aerosol concentrations close to the ground in winter be-
cause the main heating sources in the vicinity, including
the town of Xanthi and the village of Kimeria, are not
upwind of the dominant wind directions encountered at
the site. Additionally, in Greece, columnar aerosol con-
centrations usually peak in spring/summer; from a
source intensity perspective, additional sources exist in
summer also. From an atmospheric pollution perspec-
tive, the boundary layer height (BLH) is the main driver
of the aerosol concentrations close to the ground. This
occurs because at Mediterranean sites at the same
latitude as our site, the BLH during summertime can be
at times even 10 times greater than that during winter
owing to the decreased convection during winter (e.g.,
Georgoulias et al. 2009). The large amounts of Aitkin
nuclei very effectively reduce the concentration of small
ions that dominate the electrical conductivity of air,
which leads to reduced local conductivity and subse-
quently to PG maximization. The opposite occurs during
the warm months, when the boundary layer is substan-
tially deeper than that in winter and thus scavenges
aerosols that are close to the ground. The aforemen-
tioned mechanism is also in agreement with earlier mea-
surements of atmospheric ions conducted in Athens
(Retalis 1983; Retalis et al. 2009). These measurements
have shown maximum (minimum) small ion concentra-
tions during summer (winter). On the contrary, large
ions that are positively correlated with pollution and act
as a complementary sink for small ions followed the op-
posite trend: that of PG (Retalis and Retalis 1997).
Consequently, the long-term FW–PG variation at our

site, which is a typical continental site in the Northern
Hemisphere, is attributed to the seasonality of ground
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aerosol concentration. Variability in extrema timing and
fluctuations during the months between the maximum
and the minimum may be attributed to factors influen-
cing the aerosol concentration such as vertical mixing
and to probable global lightning activity changes.

Local versus global effects
Observing GEC from a single continental station is a
challenging task because, as previously mentioned, local
effects such as aerosols and space charge can completely
mask the global variations (Rycroft et al. 2008). However,
local effects are either minimized during certain periods
or they do not change considerably in time, permitting
the observation of global signals (Harrison 2004b). An
attempt to identify such periods for our site is presented
here by comparing FW–PG with the Carnegie curve
(Rycroft et al. 2008).
The GEC does not follow always a typical Carnegie

curve owing to conditions such as lightning activity vari-
ations and ionospheric perturbation; therefore, strict
conclusions resulting from any type of comparison with
the Carnegie curve should be avoided (Harrison 2004b).
However, the Carnegie curve is widely accepted as a
basic tool for identifying the periods in which PG re-
flects GEC variation as long as the PG data are averaged
over a suitably long period (Rycroft et al. 2008). That is
the case in the current manuscript. Additionally, al-
though Harrison (2013) reported a marginal latitudinal
dependence of PG, the latitude effect influences the ab-
solute PG values. The comparison of local PG versus the
Carnegie curve was made in the present study through
the corresponding percentages of the means. As a result,
such influences were eliminated. The FW–PG follows a
parallel course to global variation, whereby its minimum
at 03:00 UTC and secondary maximum at 19:00 UTC
coincide with the Carnegie curve extrema; however, a
disruption was evident during the evolution of the pri-
mary maximum at 04:00–16:00 UTC (Fig. 6). When esti-
mating the differences between the two cycles (DPG =
FW–PG, Xanthi as percentage of mean − the PG Carne-
gie curve as percentage of mean) the greatest deviation
from the Carnegie curve occurs between 8:00 and 12:00
UTC, with a maximum difference of 58 % at 9:00 UTC.
This is attributed to the sunrise effect and aerosols, as
previously discussed. During 14:00–16:00 UTC, the PG
at our site became lower than the Carnegie curve, creat-
ing a negative DPG. This subsidence can be attributed
to the maximization of the convective conditions, which
caused an increase in the aerosol columnar load and a
subsequent decrease in the conduction current and PG
in accordance with Ohm’s law (Serrano et al. 2006).
DPG remained negative during 16:00–4:00 UTC, the
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time at which the PG followed the same trend as the
Carnegie curve (r = 0.98, p < 0.01), yet gradually reduced
in magnitude throughout the night. The gradual sup-
pression of the boundary layer and the resulting stratifi-
cation of the atmosphere, which followed the peak of
convective conditions, may have increasingly enhanced
radon trapping (Latha 2007). The latter could cause an
increase in negative space charge over the EFM, thus re-
ducing the PG (Israelsson and Tammet 2001). As the
transition to nocturnal stability was completed, the vari-
ability of factors that could cause large fluctuations in
PG, such as aerosols and radon, was reduced, allowing
the PG to follow the Carnegie variation closely. DPG be-
tween 21:00 and 04:00 UTC fell below 25 %; that at
01:00–04:00 UTC fell below 15 %, which were consid-
ered to be the most preferable hours during the day for
GEC observations at our site. The same hours (01:00–
04:00 UTC) were also considered to favorably represent
the GEC observations at the Nagycenk Geophysical Ob-
servatory continental station in Hungary (Märcz and
Harrison 2003).
To determine which months deviated less from the

Carnegie curve and thus are more suitable for GEC ob-
servation, the DPGs between the two diurnal variations
were calculated again for each month of the period June
2011 to May 2012 (Fig. 7). Cold months of October–
March excluding November exhibited low to moderate
deviations from the Carnegie curve during the entire
day, whereas the warm months of April–September
showed large differences that were not confined to the
moments of primary maximum but also occurred during
afternoon and early evening (Fig. 7). Such a trend is
again associated with atmospheric convection, which is
more intense during the warm months. During the cold
Fig. 7 Difference between fair weather (FW)–potential gradient (PG) at
Xanthi and the standard Carnegie curve (DPG). The DPG is presented
as a percentage of the difference from the mean during different
months and the time of the day for the period June 2011 to May 2012
months, the atmosphere is more stable, resulting in
lower diurnal variations in aerosol and radon concentra-
tions. This means that the variability of the columnar re-
sistance and local conductivity are also reduced; thus,
ionospheric changes caused by global thunderstorm ac-
tivity can be shown in a PG diurnal pattern. Cold
months are also preferable in GEC observations at other
continental sites (Israelsson and Tammet 2001; Märcz
and Harrison 2003; Harrison 2004a; Harrison 2004b;
Serrano et al. 2006), in which the responsible mechan-
ism is again considered to be atmospheric convection
seasonality. November’s deviation from the general pat-
tern of cold months during the largest part of the day
could be attributed to intensified atmospheric mixing or
temporary enhancement of local factors such as aerosols
and space charge.

PG and atmospheric CO2

The significance of micrometeorology in atmospheric
electricity has long been established (Israelsson and Olu-
wafemi 1975), and studies have been performed on cor-
relating micrometeorological elements with PG (Law
1963; Barlow and Harrison 1999; Latha 2007). Here, the
use of atmospheric CO2 as a stratification indicator in
the assessment of PG is discussed. Although CO2 and
PG are two variables of completely different natures,
they are both affected by convective conditions; thus, a
common element is utilized for interpretation of the PG
diurnal cycle.
In Fig. 8, the mean diurnal variation of common

PG and CO2 values is presented for the period June
2011 to May 2012. The PG values used here were ob-
tained from the AW dataset, excluding the days with
rain and days when |PG| > 1 kV m−1, the latter denot-
ing the existence of heavily charged clouds (Bennett
and Harrison 2007b). The aforementioned values were
excluded because they refer to disturbed conditions
that dominate PG variation with no impact on CO2.
A comparison of the two cycles revealed a reverse re-
lationship between PG and CO2 (r2 = 0.36, p value
<0.01) despite the variability of non-common driving
factors such as aerosols, space charge, GEC, photo-
synthesis, and transpiration during the day (Fig. 8).
During the night, at 21:00–06:00 LT, stratification in

the atmosphere confined the vertical mixing, thus allow-
ing radon trapping, which eventually caused PG reduc-
tion by favoring negative space charge formation (Latha
2007), while CO2 concentrations attained their max-
imum owing to respiration and lack of photosynthesis.
After 6:00 LT, the initiation of morning mixing condi-
tions diluted the space charges and photosynthesis
began, thus increasing PG and reducing the CO2 con-
centration. Between 12:00 and 16:00 LT, both curves
followed a parallel downward trend as the vertical
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convection gradually maximized, further diluting the
CO2 and reducing the PG through an increase in colum-
nar resistance and a subsequent decrease in the air–
earth current. The latter mechanism referring to PG
continued until 18:00 LT. During 16:00–21:00 LT, the
CO2 increased owing to the gradual transition to noctur-
nal stratification and the enforcement of CO2 sources
such as transpiration. The PG exhibits its secondary
minimum at 18:00 LT and then increased parallel to the
CO2 trend, presenting the global thunderstorm activity.
Late afternoon and early night hours, 18:00–00:00 LT,

were of special interest. The peak of the global signal
was expected at that time, and the concurrent evolution
of stratification could have altered or completely masked
the planetary effect through radon trapping.
As a case study, PG, CO2, DΤ (DT = T2.5m − T1.5m),

and WS in a 1-min time series were examined for May
1–3, 2012 (Fig. 9). It must be noted that during those
days, cloud cover was <1/10 and the WS was <5 and
<4 m s−1 in most cases, which reduced the possibility of
an impact on PG–CO2 comparison by non-common fac-
tors such as charged clouds and blown dust.
When describing the electrode effect, Law (1963) ex-

plained that under the influence of FW–PG, positive
ions are driven toward the ground and negative ions are
repelled from the ground, which creates a deficit of
negative ions and the formation of a positively charged
layer close to the ground (electrode layer). Under non-
turbulent conditions, such as those typically prevailing
during nighttime, the electrode layer is suppressed to
depths at an order of magnitude of a few decimeters
(Crozier 1963). In cases of intense ionization, such as
those of high radon concentration caused by trapping
under nocturnal stratification, the produced negative
charges flee away from ground level and ascend over the
shallow electrode layer, thus reversing the electrode
effect and forming negative space charge (reversed elec-
trode layer), which subsequently reduces PG (Latha
2007).
Near-ground CO2 and radon are both strongly affected

by atmospheric mixing. Thus, using CO2 as an indicator
of radon trapping and therefore PG variability under
nighttime non-turbulent conditions is a reasonable as-
sumption. Law (1963) observed that negative space
charge produced from natural radioactivity during night
is closely related to the temperature gradient and in-
creases with increasing stability, which in turn increases
the CO2 concentration.
PG and CO2 were inversely correlated during night-

time during all 3 days (Fig. 9). This may be attributed
to the reversed electrode layer formed (diluted) under
strong (weak) stratification and the corresponding
radon and CO2 increase (decrease). Minor deviations
from that reverse relationship are expected to occur
mostly because of aerosol or space charge advection
influencing PG. We note here that although stable
nighttime conditions can generate a reverse electrode
effect, thus obscuring the GEC signal, the 01:00–
04:00 UTC period still appears to be the best period
to observe the GEC signal at the site (Fig. 7). This
could be attributed to the reverse electrode effect
reaching the steady state by 01 UTC (03 LT), there-
fore adding a constant offset to PG and allowing the
DPG to subsequently minimize.
The PG global oscillation anticipated between 18:00

and 00:00 LT was not apparent every day (Fig. 9). On
May 1, PG showed part of the GEC variation only when
calm wind conditions were disturbed (WS > 0.5 m−1),
which interrupted the relatively strong stratification
(DT > 0.5 °C) while simultaneously reducing the CO2.
Following that short period, calm wind conditions
returned, causing enhanced stability (DT increases)
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which caused the CO2 to increase and the PG to de-
crease. The following night, May 2, the stability
evolved with no strong disruptions until the GEC
peak time at 21:00 LT, except for a short period just
after sunset when the stratification slightly weakened.
During that short period, the PG increased smoothly,
responding to the GEC oscillation, whereas the CO2

increased rate was temporarily reduced. After that
period, the CO2 continued to sharply increase and
reached maximum, whereas the PG decreased signifi-
cantly, reversing the polarity, and did not show the
global signal. During the last night, May 3, nocturnal
stratification was initiated and evolved undisturbed,
causing a monotonical increase in CO2 and
completely masking the GEC. The PG remained low
and at times reached negative levels.
The evolution of PG and CO2 during those nights,

particularly when the GEC signal was anticipated, sug-
gests that when CO2 is increasing stably and has high
concentrations, PG is suppressed and GEC observation
is not possible. Therefore, CO2 variations during stable
nights could be complementarily used for categorizing
days as suitable or not suitable in GEC monitoring, as-
suming the absence of factors that could exclusively
change PG such as charged clouds overhead and aero-
sols. Additionally, single-point CO2 measurements can
be utilized as turbulence proxies and can give informa-
tion on the evolution of atmospheric electricity
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properties (i.e., PG). In that way, a connection between
micrometeorology, atmospheric gases, and atmospheric
electricity is established.

Conclusions
In this study, the first 4 years of PG observations are
presented from February 2011 to December 2014 from a
newly established rural station in Xanthi, Greece.
The seasonal FW–PG variation is typical for a contin-

ental Northern Hemisphere station, with maxima
(minima) during cold (warm) months.
The mean diurnal variation of FW–PG follows a typ-

ical double peak of continental sites with the primary
maximum between 11:00 and 12:00 LT and the second-
ary maximum at 21:00 LT. The dominant peak was at-
tributed completely to local factors and specifically to
the sunrise effect and the increase of aerosol arithmetic
concentration, the latter originating from the initiation
of anthropogenic activity. An enforcement of the sunrise
effect is probable for the Xanthi site because the station
is located at the foot of a hill, and local circulation ef-
fects occur after sunrise. The secondary peak could be
attributed to global factors because its time of occur-
rence coincides with the Carnegie curve maximum.
However, it is also susceptible to local effects because at
the same time, the transition from the maximization of
convective conditions to nocturnal stratification could
provoke an increase in aerosol concentration (trapped
radon) acting positively (negatively) on FW–PG. During
warm months of June to October, FW–PG exhibited its
primary maxima at 10:00–11:00 LT, whereas during the
cold months of November to January, the corresponding
maxima were transposed to 12:00–14:00 LT. The re-
mainder of the months, February to May, exhibited an
intermediate behavior with maxima at 11:00–12:00 LT.
The secondary maximum was apparent only during Au-
gust, September, January, and May and occurred within
1 h of the Carnegie curve maximum at 19:00 UTC. The
diurnal variation of AW–PG generally followed that of
FW–PG, although the AW–PG levels were mostly lower.
The extensive thunderstorm activity at the site resulted
in a deviation of the AW–PG curve from that of FW–
PG as well as high AW–PG hourly variability.
The Xanthi nocturnal FW–PG curve correlated

strongly with the standard Carnegie curve. The most
preferable hours for GEC observation at the Xanthi site
were between 01:00 and 04:00 UTC, and cold months
favored global signatures more than warm months.
Finally, it was shown that collocated atmospheric CO2

measurements can be effectively used as stratification
proxies to identify conditions that favor radon trapping
and subsequently alter PG. Under stable nighttime con-
ditions, when CO2 increased stably and had high con-
centrations, PG was suppressed and GEC observation
was not possible. Such a reverse relationship of PG and
CO2 during the global signal occurrence could comple-
ment the categorization of days as suitable or not suit-
able in GEC monitoring.
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