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A B S T R A C T

Ambient radioactivity and atmospheric electricity are inextricably linked phenomena. In order to assess the role
of ambient radioactivity in the local variability of the atmospheric electric field at an urban site, simultaneous
measurements of radon concentration, gamma radiation, and atmospheric electric field are carried out in
the city of Porto, Portugal. Both radon and gamma radiation display an average daily cycle peaking before
sunrise, but with considerable variability from day to day, particularly in amplitude. The atmospheric electric
field displays a daily cycle with a minimum at dawn and maximum in the early afternoon, as well as a
secondary peak in the early morning. The temporal variation of the daily patterns is analysed by means of
an empirical orthogonal function analysis, and related to local meteorological parameters. The variability of
the local atmospheric electric field is mainly determined by aerosol transport and accumulation close to the
surface associated with local meteorological conditions and atmospheric stability rather than by conductivity
variations associated with ambient radioactivity.

1. Introduction

Ambient radioactivity and atmospheric electricity are inextricably
linked phenomena. The connection between the electrical properties
of the lower atmosphere and radioactivity at the earth’s surface was
established in the early 20th century, when Elster and Geitel found
that radioactivity was responsible for the ionisation of the air (Fricke
and Schlegel, 2017). Later evidence of increased atmospheric ionisation
with altitude lead to the discovery of cosmic radiation (Hess, 1912).
Ionising radiation associated with both cosmic radiation and radioac-
tive decay produces ions via the ionisation of air molecules (nitrogen,
oxygen, and trace species) which move in the Earth’s electric field
driving a fair-weather electric current flowing through the atmosphere
to the Earth (Rycroft et al., 2000; Harrison and Carslaw, 2003).

The concept of a global atmospheric electric circuit sustained by
an air–Earth conduction current driven by thunderstorms and rain
clouds was put forward by Wilson (1921, 1924) to explain the diverse
measurements in the 18th and 19th centuries showing the existence
of a permanent electric field in the atmosphere, even in the absence
of thunderstorms and lightning (Aplin et al., 2008). The global nature
of the electric circuit was demonstrated thanks to electric field mea-
surements performed in oceanic air by the geophysical survey vessel
Carnegie from 1909 to 1929 (Harrison, 2013). The detailed electric
field measurements allowed to identify a diurnal pattern following
Universal Time (with maximum around 19UT and minimum around

∗ Correspondence to: INESC TEC, Campus da FEUP, R Dr Roberto Frias, 4200-465 Porto, Portugal.
E-mail address: susana.a.barbosa@inesctec.pt.

03UT) independent of the location, known now as the Carnegie curve,
and associated with global lightning activity (Kartalev et al., 2006;
Anisimov and Mareev, 2008; Williams, 2009).

The atmospheric electric field at a given location is the result of
local factors superimposed on the global electric circuit fair weather
component. Local contributions are driven by processes able to lo-
cally alter the space charge density or the ion mobility (Harrison and
Carslaw, 2003). Thus meteorological conditions significantly impact
the local atmospheric electric field (Bennett and Harrison, 2007; Yaniv
et al., 2019), as well as fog (Piper and Bennett, 2012), clouds (Nicoll
and Harrison, 2016; Harrison et al., 2017), aerosols (Israelsson and
Lelwala, 1999; Harrison and Aplin, 2003; Aplin, 2012) and dust (Silva
et al., 2016; Yair et al., 2016; Harrison et al., 2018). Aerosols reduce
the atmospheric conductivity via the attachment of ions to aerosols and
reduction of the mobility of small ions (Nagaraja et al., 2006; Harrison
and Tammet, 2008; Wright et al., 2014), enhancing the electric field.
Increased unattached ion concentration and/or ion mobility is expected
to decrease the electric field by increasing conductivity.

Ion production in the atmosphere is mainly driven by ionising
radiation resulting from radioactive decay (Zhang et al., 2011; Chen
et al., 2016a) and from cosmic radiation, particularly muons (Gold-
hagen, 2000; Wissmann et al., 2005). In the lower atmosphere Radon
(Rn-222) and its progeny are the major source of ionising radiation.
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Unlike other radionuclides which are solid and thus remain bound to
the earth’s surface, radon is a radioactive gas and as such it is highly
mobile and can be released from the earth surface into the atmosphere.
Emission of radon gas depends on local features, such as the radium
content of the surface or the porosity and permeability of the radium-
containing medium, and also on the multiple processes influencing the
diffusive and advective movement of radon in the subsurface (Barbosa
et al., 2015). Thus the emission of radon into the lower atmosphere is
very dependent on highly variable meteorological conditions including
temperature, pressure, and soil moisture (Lebedyte et al., 2003; Barbosa
et al., 2010; Zafrir et al., 2013). Radon exhaled from the surface can
rapidly disperse up to several km from the surface depending on a
complex interplay of local atmospheric conditions, in particular the
height of the mixing layer (Sesana et al., 2006; Chambers et al., 2011;
Pal et al., 2015; Chen et al., 2016b; Anisimov et al., 2018). Varia-
tions in radon concentration through the lower troposphere are mainly
related to vertical mixing processes (Williams et al., 2011; Chambers
et al., 2019). Local transport of airborne radon, strongly dependent on
wind conditions, is a further contribution to local sources of ionising
radiation (Arrillaga et al., 2018; Melintescu et al., 2018).

In addition to the ionising radiation (alpha and beta particles as well
as gamma rays) resulting from the radioactive decay of airborne radon
and its progeny, a further driver of ion production in the atmosphere
is the terrestrial gamma radiation resulting from the radioactive decay
of radon and of natural radionuclides (mainly K-40 and radionuclides
from the U and Th decay series) in the upper 50 cm of the earth’s
surface (Gasser et al., 2014). Although the concentration of natural
radionuclides in the ground is stable, the corresponding gamma-ray
flux above ground is highly variable as the gamma-ray attenuation is
very dependent on the soil water content (Barbosa et al., 2018). A
further source of gamma radiation in the lower atmosphere and at
the earth’s surface are gamma-emitting aerosols brought down from
the troposphere by precipitation as a result of both in-cloud scaveng-
ing and below-cloud washout processes (Paatero and Hatakka, 1999;
Melintescu et al., 2018). Most airborne radon progeny readily attach
to the surface of aerosol particles (Porstendörfer et al., 2000), and
thus their behaviour is strongly determined by the size and density
distribution of aerosol particles (Grundel and Porstendorfer, 2004).
Therefore gamma radiation near the earth’s surface displays consid-
erable temporal variability resulting from the complex interplay of
precipitation, soil moisture, radon exhalation, and gamma emission
processes (Barbosa et al., 2017; Bossew et al., 2017; Melintescu et al.,
2018).

Improving the current understanding of the atmospheric electric
field, and its connection to atmospheric ionisation and ambient radioac-
tivity, is relevant for diverse areas and applications. The electric field
is very sensitive to the presence of aerosols, and thus it is considered a
useful parameter for assessing aerosol pollution in urban areas (Wang
et al., 2018) The atmospheric electric field is also of interest for
space weather and near space studies, as it is influenced by external
sources of ionisation such as galactic cosmic rays and solar energetic
particles, which are modulated by the Earth’s magnetosphere and solar
variability (Rycroft and Harrison, 2012). From a climate perspective
the expected stronger convection in a warmer planet, and associated
changes in thunderstorms, leads to an increase of the ionospheric
potential (𝑉𝑖) and consequent changes in Earth’s global electric cir-
cuit (Price, 1993; Williams, 2009). Furthermore the charge of cloud
droplets and aerosol particles is thought to influence several cloud
microphysical processes, with implications to Earth’s radiative balance
and thus climate (Rycroft et al., 2000).

Despite the strong link between the variability of the atmospheric
electric field and environmental radioactivity driven by atmospheric
ionisation, as summarised in Fig. 1, few studies exist based on actual
measurements of the atmospheric electric field and simultaneous mea-
surements of environmental radioactivity (Latha, 2007; Lopes et al.,
2015; Anisimov et al., 2018). The present study addresses this need by

simultaneous monitoring of atmospheric radon concentration, gamma
radiation, and atmospheric electric field at an urban site. In air with
considerable aerosol loading, as is very often the case in urban areas,
the atmospheric electric field is highly variable due to the dominant
contribution of small-scale processes altering the local space charge
and/or ion mobility. This study aims to provide an observation-based
description of local variability by means of a detailed statistical anal-
ysis of rare simultaneous measurements of electric field and ambient
radioactivity.

2. Materials and methods

2.1. Measurement site

Measurements were performed on the rooftop of the INESC TEC
building located in the Asprela University Campus in the north of the
city of Porto, Portugal, close to the coast, ∼ 8 km (Fig. 2). The building
is 20 m tall, and the instruments are mounted 2.5 m above the rooftop.
The site is a secluded place, as access to the rooftop is restricted, and
the location and height of the building ensure a clear view with no
obstruction by trees, vegetation or other buildings, reducing distorting
effects. Still the measuring site is far from the standard installation at
2 m or 3 m above a flat surface, precluding standardisation (Harrison
and Nicoll, 2018). Although the location is not ideal, particularly for
electric field measurements – since the building and site conducting
structures distort the local field – the effect is expected to be constant
in time, as it is only a function of the non-varying site geometry, and
rooftop measurements can be assumed to represent the local urban
area (Matthews et al., 2019).

2.2. Instruments

The instruments measuring atmospheric electric field, gamma radi-
ation, and radon concentration were each installed about 0.5 m apart
(Fig. 2).

The vertical electric field is measured every 1-second with a Camp-
bell CS 110 Electric Field Meter sensor recording the corresponding
average value every 1-minute. Because of the complex site geometry,
and since the main interest is on the relative variability rather than
the absolute value of the atmospheric electric field, no specific site
corrections are applied to the electric field measurements. A negative
reading corresponds to a field vector pointing downward, driving a
positive charge downwards. Here all the electric field measurements are
displayed with the opposite sign, following the practice in atmospheric
electricity (positive values under fair weather conditions).

Gamma radiation is measured with a 3"x 3" NaI(Tl) scintillator
(Scionix, the Netherlands) equipped with an electronic total count Sin-
gle Channel Analyzer (SCA) detecting gamma radiation in the energy
range from 475 keV to 3 MeV. This arrangement allows to reduce the
Compton background in the 50–475 keV low-energy range, improv-
ing the sensitivity of measurements (Zafrir et al., 2011). The sensor
is encapsulated in a PVC casing for protection from environmental
harsh conditions (particularly rain and humidity). Gamma radiation
measurements are performed for sampling time intervals of 5 min.

Radon concentration is measured with a solid state silicon diode
detector (Barasol BT45N, Algade Inc., France) detecting alpha particles
between 1.5 MeV and 6 MeV. This sensor is particularly well suited
for continuous measuring of radon concentration in soil and other
high-radon environments, but clearly inadequate for atmospheric mea-
surements due to its low sensitivity of typically 1 pulse per hour per
50 Bq/m3. Still integrated measurements over sampling times of 6 h
are used for a qualitative indication of radon concentration in the air,
despite the obvious limitation of the sensor.

The rooftop measurements are complemented by ERA5 hourly re-
analysis surface data (Hersbach et al., 2018) from the model gridpoint
closest to the measurement site (41.18 ◦N, 351.4 ◦E) and local mete-
orological information from ISEP station (≤ 1 km from the site) every
5-minutes. All times are in UT (Universal Time), and local time is WEST
(West European Summer Time), UT+1.
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Fig. 1. Scheme of space–atmosphere–land interactions influencing ambient radioactivity and atmospheric electricity. Charge separation in each of the ∼ 1000 thunderstorms active
at any one time on Earth create a permanent potential difference between the ionosphere and the Earth’s surface (𝑉𝑖 ∼ 250 kV), which drives a vertical conduction current density
(𝐽𝑧 ∼ 2𝑝𝐴∕𝑚2). The electrical conductivity of the atmosphere is due to the presence of ions arising from natural ionisation driven by ambient radioactivity (cosmic radiation, radon,
and terrestrial gamma radiation).

Fig. 2. Geographical setting: location map (left), location of the site and local meteorological station (middle) and measurement site (right).

Fig. 3. Time series of hourly averaged electric field measurements from March to
December 2018. The vertical lines indicate the period under analysis.

2.3. Data

The hourly time series of vertical electric field measurements col-
lected from March to December 2018 is shown in Fig. 3. The at-
mospheric electric field displays very large variations, particularly in
winter, when occurrences of disturbed weather are more frequent. In
order to focus on the electric field variability under non-disturbed
weather conditions, a subset of 100 days, from July to early October
2018, is considered hereafter (marked by vertical lines in Fig. 3).
The few days in this period associated with disturbed weather (27
and 28 August, and from 3rd to 8th September), are discarded. The
corresponding time series of hourly atmospheric electric field values is
displayed in Fig. 4(a).

Fig. 4(b) shows the hourly time series of total gamma radiation
counts for the same 100-days period. Gaps visible in the gamma time
series are due to power supply shortages and resulting lack of measure-
ments from the gamma scintillator. The time series of gamma counts

displays well defined daily peaks, particularly in early August and
mid-September.

Despite the already mentioned limitations of radon gas concentra-
tion measurements, the time series of radon concentration values is
displayed in Fig. 4(c). In addition to the temporal sparsity resulting
from the long 6-hour integration period, many values are missing as a
result of below detection limit measurements.

All the results presented hereafter are based on the hourly-averaged
time series (and 6-hour series in the case of radon), without any further
pre-treatment — in particular missing values are kept unchanged,
i.e. not interpolated.

2.4. Empirical Orthogonal Function (EOF) analysis

An Empirical Orthogonal Function (EOF) analysis of a 2-D dataset,
also called principal component analysis (PCA) (Jollife, 2002) consists
of an eigenanalysis of the data covariance matrix representing a coor-
dinate transformation into new directions along which the maximum
possible variance can be explained and in which the covariance matrix
is diagonal (and thus the variations are uncorrelated with each other).
This allows to represent the variability of a dataset in terms of a few
patterns (designated by principal components) which are linear combi-
nations of the original data explaining the maximum possible variance.
The coefficients of the linear combination are the eigenvectors of the
data covariance matrix.

In order to focus on the diurnal pattern, the hourly values of the
time series are first organised as sub-series for each individual day into
a 𝑛 × 𝑚 data matrix where 𝑛 = 24 is the number of hours in a day
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Fig. 4. Time series of (a) hourly averaged electric field measurements (July–October 2018), (b) hourly averaged total gamma radiation measurements, in counts per minute (cpm),
and (c) radon gas concentration over 6-hour integration periods.

and 𝑚 is the number of individual days. Although the total number of
days in the time series under consideration is 100, days for which all
the observations are missing are not included in the data matrix used
for the EOF analysis. Furthermore, in order to take account of missing
values in some hours of each day, the iterative procedure dineof (Data
Interpolating Empirical Orthogonal Functions) described by Beckers
and Rixen (2003) is used. The eigenanalysis of the data covariance
matrix yields 𝑛 eigenvectors (of size 𝑚) and 𝑛 eigenvalues (which
indicate how much variance is explained by each eigenvector). This
allows to represent most of the variability in the original data by few
(< 𝑛) modes of variability, each expressed by a principal component
(linear combination of the data) and the corresponding eigenvector (the
coefficients of the linear combination).

3. Results

3.1. Electric field

The temporal structure of the atmospheric electric field measure-
ments is dominated by daily variability, as demonstrated by the cumu-
lative spectrum of the electric field data in Fig. 5(a). The cumulative
spectrum (Venables and Ripley, 2002) has the advantage of simplifying
the visual inspection of the dominant periodicities in a time series and
also of enabling the comparison of different time series (Barbosa et al.,
2006).

The diurnal composite electric field for the whole 100-day period,
summarised as a box-and-whisker plot (Fig. 5(b)) also shows a daily
variation with higher values occurring around mid-day, and a sec-
ondary peak in the early morning between 6 and 8 UT. Fig. 5(b) also

displays broad distributions for each hour of the day, reflecting large
day to day variability, particularly during morning time.

Since the daily variation is the main feature in the atmospheric
electric field time series, an EOF analysis is performed for a detailed
description of the daily signal. The EOF analysis results indicate that
almost 80% of the variability of the atmospheric electric field can
be explained by only three modes of variability. The leading com-
ponent, explaining more than 55% of the daily variability (Fig. 6(a))
corresponds to a daily cycle peaking in the early afternoon (14h-15h
UT) and with minimum at 05h UT. The leading signal also exhibits a
secondary peak around 08h UT following a sharp increase after sunrise.
The second dominant mode of daily variability explains about 14% of
the variance and reflects a pattern with lowest values in the evening
(Fig. 6(b)). Finally the 3rd mode (Fig. 6(c)) accounts only for 8% of the
variance, and corresponds to a daily pattern dominated by a sharp peak
in the early morning (∼8h00). The eigenvectors associated to these
principal components (Fig. 7) can be interpreted as the weights of each
component for each individual day. Fig. 7(a) confirms that the 1st mode
is the typical daily pattern exhibited by the atmospheric electric field,
with only a few days (25th July 25, 6th August and 1st October) with
strongly deviating daily variation. In the case of the 2nd and 3rd modes
the eigenvectors show a much more uneven temporal distribution, with
both positive and negative values, indicating irregular weights for the
corresponding maximum variance pattern (or the opposite pattern in
case of negative values). The 2nd mode (Fig. 7(b)) identifies specific
days for which the electric field is lowest in the evening (e.g. 25th
July) as well as days for which the electric field peaks in the evening
(e.g. 11th July). The 3rd mode (Fig. 7(c)) reflects early morning en-
hanced/decreased values of the atmospheric electric field and tends to
be positive (reflecting early morning enhancement), except in the first
half of August.
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Fig. 5. Exploratory description of the hourly-averaged atmospheric electric field (top) and gamma radiation data (bottom). The left plots are cumulative spectra (the diagonal
dashed lines represent the 95% confidence band of a white noise process, and the vertical dashed line the frequency of 1 cycle/day [1∕(24×60×60)]). The right plots are composite
plots summarising the values for each hour of the day (the low and high limits of the box are the 1st and 3rd quartiles of the data, respectively, with the horizontal line
corresponding to the median value; the dashed lines extend from the limits of the box to 1.5 times the interquartile range, and values outside this interval are represented by
open circles).

Fig. 6. Principal components reflecting the dominant patterns of daily variability of the atmospheric electric field: (a) mode 1; (b) mode 2; (c) mode 3.

3.2. Gamma radiation

As for the atmospheric electric field, the temporal structure of
the gamma radiation measurements is dominated by daily variability,
although the low-frequency variability is stronger in the gamma than
in the electric field time series (Fig. 5(c)). On average higher gamma
counts tend to occur in the early morning (∼ 6h UT) and lowest
gamma values in the mid-afternoon. The variance follows the mean,
being smallest in the afternoon (Fig. 5(d)), a typical nonlinear feature
of environmental radioactivity time series (Barbosa et al., 2007). The
distribution of gamma counts in the early morning period (06-09 UT) is
very asymmetric, reflecting the sharp peaks in gamma counts and the
widespread range in maxima compared to relatively stabler baseline
values. Outlying gamma counts larger than 6000 cpm in the early
morning correspond to specific days with extreme high counts (4th
August, 17th September).

A similar EOF analysis as for the electric field is performed for the
daily sub-series of gamma radiation measurements. The daily pattern
explaining the maximum fraction of the dataset variance (77%) is a cy-
cle with a maximum around 08 UT and minimum at 19 UT (Fig. 8(a)).

This is the most frequently occurring pattern (Fig. 9(a)), and only a few
days (e.g 18th August, 2nd October) exhibit a clear distinct behaviour
(none or very small daily variation). The 2nd mode (Figs. 8b and 9b)
reflects days with a very early ∼ 2ℎ UT dominant peak and lowest
values at mid-day (e.g. 1st September), as well as days with the opposite
behaviour, low values in the early morning and peak at mid-day (e.g
15th September), corresponding to negative eiegenvectors values.

3.3. Radon

Despite the low quality of the radon concentration measurements,
and the long integration time, a daily periodicity is still apparent in
the average radon concentration, with lowest values in the afternoon
period (12-18 UT) and highest before sunrise (00-06 UT), as shown in
Fig. 10. This daily variability is consistent with the daily variation of
gamma radiation, which includes the contribution of radon progeny.

Radon can be used as an indicator of atmospheric stability and
mixing (Chambers et al., 2011; Williams et al., 2016). The radon
measurements during the night (from 00h00 to 06h00), typically under
stabler atmospheric conditions favouring radon accumulation near the
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Fig. 7. Barplot of the eigenvectors associated to the patterns displayed in Fig. 6: (a) mode 1; (b) mode 2; (c) mode 3. Note: the horizontal dashed lines are visualisation aids only
and do not represent statistical confidence limits.

Fig. 8. Principal components reflecting the dominant patterns of daily variability of gamma radiation counts: (a) mode 1; (b) mode 2.

surface, are used to infer a radon-based mixing classification. Fig. 11(a)
shows the histogram of the radon values for the 00-06 integration
period, which displays 3 distinct groups: radon values below 10 Bq/m3,
between 15 and 25 Bq/m3, and above 30 Bq/m3. These intervals are
considered for defining three classes of nocturnal radon concentration.
Using a similar approach as in Chambers et al. (2019), one of these
classes is then attributed to every value of the 6-hours time series of
radon concentration based on the night value (00h-06h) over the 24-
period covering a complete night from 18:00 to 12:00 the next day.
Fig. 11(b) displays the resulting composite plot of radon concentration
for each of the three classes.

4. Discussion

4.1. Atmospheric conditions

The summer/early autumn period considered in this study is charac-
terised by variable atmospheric conditions, illustrated in Fig. 12 by the
time series of local air temperature, relative humidity, wind speed and

wind direction, and by the reanalysis time series of planetary boundary
layer height. Temperatures were atypically low during the month of
July (lowest average temperatures in the last 30 years) and humidity
high, associated with the frequent occurrence of fog, particularly in
the morning (IPMA, 2018). Conditions changed dramatically in August
with the arrival of a very warm air mass from north Africa. The heat
wave was accompanied by exceptionally high aerosol levels associated
with the dust transported from Africa to Iberia, in particular coarse
particles as indicated by AERONET (https://aeronet.gsfc.nasa.gov/)
measurements (Giles et al., 2019) at Cabo da Roca (SW Portugal). The
first days of August were exceptionally warm, 4th of August being
classified as the hottest day of the 21st century in Portugal (IPMA,
2018). A further period of very high temperatures occurred from 18
to 21 August, although not associated to high levels of coarse aerosols
as in early August. September was also a very warm and dry month
with record-breaking temperatures in the first days of the month and
further periods of very high temperature on 10–11th and 23–24th
September. Early October was also exceptionally warm with maximum
temperatures more than 9 ◦C above average values (IPMA, 2018).

https://aeronet.gsfc.nasa.gov/
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Fig. 9. Barplot of the eigenvectors associated to the patterns displayed in Fig. 8.

Fig. 10. Composite boxplots of radon concentration measurements (symbols as in
Fig. 5(b)).

4.2. Ambient radioactivity

Gamma radiation measurements include gamma rays from the inter-
action of secondary cosmic radiation with the atmosphere, gamma rays
from terrestrial radionuclides (K, U, Th) and gamma rays from radon
progeny. The cosmic contribution is modulated by solar variability and
can be considered approximately constant over such a short period of
a few months and for a constant altitude. The terrestrial contribution
changes relatively slowly as it depends mostly on surface conditions
affecting the subsurface propagation of gamma rays, particularly soil
water content, (Barbosa et al., 2018). The radon progeny contribution
is much more variable as it is very much affected by atmospheric
conditions influencing the accumulation of radon gas near the ground,
its mixing, and atmospheric transport. Thus the gamma measurements
base level of ∼ 4800 cpm (Fig. 4(b)) reflects mainly the cosmic contribu-
tion and the terrestrial background and is much stabler than the gamma

Table 1
Hourly correlation coefficients between gamma radiation and meteorological
parameters (the sign * denotes correlations below 0.3).

PBL height Humidity Temperature Wind speed

Gamma (00-01 UT) −0.59 −0.37 * −0.37
Gamma (01-02 UT) −0.55 −0.37 0.34 *
Gamma (02-03 UT) −0.52 −0.33 0.31 −0.35
Gamma (03-04 UT) −0.53 * * −0.31
Gamma (04-05 UT) −0.55 * * −0.37
Gamma (05-06 UT) −0.55 * * −0.36
Gamma (06-07 UT) −0.56 * * −0.39
Gamma (07-08 UT) −0.58 * * −0.43
Gamma (08-09 UT) −0.70 * * −0.36
Gamma (09-10 UT) −0.63 * * −0.38
Gamma (10-11 UT) −0.41 * * −0.34
Gamma (11-12 UT) * * 0.38 −0.35
Gamma (12-13 UT) * * 0.35 *
Gamma (13-14 UT) * * * *
Gamma (14-15 UT) * * 0.34 *
Gamma (15-16 UT) * −0.33 0.41 *
Gamma (16-17 UT) * −0.44 0.47 *
Gamma (17-18 UT) −0.33 −0.49 0.46 −0.33
Gamma (18-19 UT) −0.52 −0.44 0.34 −0.32
Gamma (19-20 UT) −0.68 −0.42 0.32 −0.52
Gamma (20-21 UT) −0.57 −0.35 * −0.56
Gamma (21-22 UT) −0.49 −0.37 0.34 −0.47
Gamma (22-23 UT) −0.50 −0.39 0.37 −0.43
Gamma (23-00 UT) −0.56 −0.42 0.37 −0.45

variations related to radon and airborne radon progeny contributions
that can reach more than 2000 cpm in a single day.

The daily variability of gamma radiation, typically peaking before
sunrise and with a minimum in the afternoon, mainly reflects the radon

Fig. 11. (a) Histogram of radon concentration values in the period (00-06 UT); (b) average radon concentration for each of the radon-based stability classes: ◊ class 1 (< 10
Bq/m3), ▵ class 2 (10–30 Bq/m3) and ◦ class 3 (≥ 30 Bq/m3).
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Fig. 12. Time series of local meteorological parameters: (a) air temperature, (b) relative humidity, (c) wind speed, (d) wind direction and (e) planetary boundary layer height
from ERA5 reanalysis.

gas accumulation during the night, and therefore is strongly related to
planetary boundary layer dynamics, decreasing with increasing mixing
height and (to a lesser extent) with wind speed (Table 1). A few cases of
approximately constant gamma radiation during the day, with no cyclic
pattern (e.g. 18th August, 2nd October) are associated with conditions
of high early morning temperature and low humidity (Fig. 12), which
promote atmospheric mixing rather than the nocturnal accumulation of
radon gas. The radon-based stability classification indicates that these
days belong to class 1, characterised by very low radon concentration
amplitude suggestive of windy and well-mixed conditions.

The daily range of gamma radiation variations is smaller in July
(Fig. 4(b)), consistent with lower daily amplitudes in air temperature
during July (Fig. 12(a)). Gamma radiation values are moderately as-
sociated with temperature in the afternoon (Table 1), when radon
concentration is the lowest, likely as a result of the combined effect
of increased radon exhalation (Lebedyte et al., 2003) and increased
propagation range of terrestrial gamma radiation in drier soil. Although
the heat wave period in the beginning of August coincides with a
clear enhancement in gamma radiation, similar periods of very high
temperatures (18th–21st August, 1st–2nd, 10th–11th and 23rd–24th
September) are not associated with high gamma values (Figs. 4(b)
and 12). This fact suggests that the enhancement in ambient radiation
that occurred in early August is not driven only by temperature. The
main difference between the early August heat wave and similar later
periods of very high temperatures is the North Africa origin of the
associated air mass and its high content of dust. The enhanced aerosol

loading can explain the gamma radiation enhancement as the increase
in coarse aerosols results in increased attached radon progeny, similarly
to previous results showing gamma radiation enhancement driven by
aerosols (Barbosa et al., 2017). The largest peak in gamma radiation
on September 17th is also associated with enhanced aerosol loading
(confirmed by AERONET measurements) rather than temperature.

A small negative correlation is identified for gamma radiation and
air humidity for the period of lowest values of gamma radiation,
in the evening and night (Table 1), along with a moderate positive
correlation with temperature for the same period. Higher tempera-
tures increase radon exhalation (and thus the airborne contribution to
gamma radiation) while the corresponding drier environment decreases
the attenuation of the surface contribution to gamma radiation.

4.3. Atmospheric electric field

The daily variability of the atmospheric electric field evident in the
median hourly values (Fig. 5(b)) and summarised by the 1st EOF mode
(Fig. 6(a)), exhibits a minimum at 03-05 UT and maximum at 13-15
UT, with decreasing values from ∼ 22 UT up to 03-05 UT the next day.
This diurnal variation seems dominated by local effects, as the expected
maximum around 19 UT from the global atmospheric electric field
contribution (peak of lightning activity over the Americas) is replaced
by a clear early afternoon maximum around 15:00 UT. This deviation
from the conventional Carnegie curve from marine measurements is
hardly surprising given the land and even urban location of the site. At
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Table 2
Correlation coefficients between eigenvectors of the atmospheric electric field and daily
averaged meteorological parameters (the sign * denotes correlations below 0.3).

Mode 1 Mode 2 Mode 3

Temperature * −0.33 *
Humidity * 0.42 *
Wind speed 0.52 * −0.39
PBL height * * *

non-marine sites the atmospheric electric field often displays a diurnal
pattern distinct from the Carnegie curve as a result of local effects
associated with aerosol loading and ambient radioactivity (Harrison
and Aplin, 2002; Kastelis and Kourtidis, 2016; Yaniv et al., 2016, 2017).

The atmospheric electric field at this urban site is typically lowest
at dawn and maximum in the early afternoon. The dawn minimum
is consistent with historical measurements of the atmospheric electric
field in Porto (Serra do Pilar) but the historical measurements display
a maxima in the evening rather than in the afternoon (Märcz and
Harrison, 2005). Given the urban nature of the site, the atmospheric
electric field enhancement currently observed in the early afternoon
likely reflects aerosol effects. An increase in atmospheric pollution and
aerosol loading is expected in the city of Porto relative to mid-20th
century conditions.

The pattern of lowest electric field at dawn and highest in the early
afternoon explains more than 50% of the daily variability in the local
electric field (1st mode). Only a few cases of opposite daily variation
(higher atmospheric electric field in the morning than in the evening)
are pinpointed by the eigenvectors of the dominant mode (1st October,
6th August — see Fig. 7(a)). These are transition days associated with
abrupt changes in atmospheric conditions: the end of the early August
heat wave and associated abrupt increase in relative humidity on 6th
August, and the onset of the early October heat wave and abrupt
decrease in relative humidity on 1st October (see Fig. 12).

The daily time series of eigenvectors of the 1st mode (Fig. 7(a)), re-
flecting the relative importance of the mode 1 daily pattern (Fig. 6(a)),
is correlated with daily averaged wind speed (Table 2). The days for
which the mode 1 pattern is more evident, e.g. 31st July, 7th and 9th
August (Fig. 7) are associated with strong winds (> 6 m∕s) blowing
from the North. The fact that the pattern is correlated with wind speed
but not with the boundary layer height (Table 2) suggests that the
dominant process is not vertical mixing and increased mixing layer
height but local (horizontal) transport. Thus it is plausible that the
afternoon increase of the electric field relative to the morning values
(the dominant feature in the mode 1 pattern) is driven by an increase in
aerosols transported from the northern industrial area. Aerosols reduce
the amount of small ions through their attachment to aerosols, thus
reducing atmospheric conductivity.

For the night and early morning periods the hourly electric field
values tend to be anti-correlated with wind speed, as well as with the
boundary layer height (Table 3). Conditions of low wind and shallow
mixing height favour the accumulation of radon and radon progeny
near the surface, increasing ion formation and thus increasing conduc-
tivity/decreasing the atmospheric electric field. However the fact that
stable nocturnal boundary layer conditions are positively correlated
with the atmospheric electric field indicates that ionising radiation is
not the main factor influencing the atmospheric electric field in the
night and early morning. A plausible alternative is the accumulation of
aerosols in the stable nocturnal boundary layer, decreasing ion mobility
and thus decreasing conductivity/increasing the atmospheric electric
field.

The cases of days with lowest electric field in the evening rather
than in the morning are not captured by mode 1 but by the 2nd mode
(Fig. 6(b)). The associated temporal pattern is closely related to relative
humidity, with positive eigenvectors, reflecting higher electric field
in the morning than in the evening, associated with higher values of

Table 3
Hourly correlation coefficients between electric field and environmental parameters (the
sign * denotes correlations below 0.3).

Gamma PBL height Humidity Temperature Wind speed

E (00-01 UT) * −0.42 0.3 * −0.53
E (01-02 UT) * −0.40 0.32 * −0.51
E (02-03 UT) * −0.40 0.46 −0.31 −0.53
E (03-04 UT) * −0.31 0.38 * −0.35
E (04-05 UT) * * 0.43 −0.36 −0.33
E (05-06 UT) * * 0.45 * −0.33
E (06-07 UT) * * 0.41 * −0.31
E (07-08 UT) * * 0.50 −0.32 −0.43
E (08-09 UT) * * 0.47 * −0.39
E (09-10 UT) * * 0.39 * *
E (10-11 UT) * * 0.39 * *
E (11-12 UT) * * * * *
E (12-13 UT) * * * * *
E (13-14 UT) * * * * *
E (14-15 UT) * * * * *
E (15-16 UT) * * * * *
E (16-17 UT) * * * * *
E (17-18 UT) * * * * *
E (18-19 UT) * * * * *
E (19-20 UT) 0.45 −0.47 * * −0.53
E (20-21 UT) 0.55 −0.53 * * −0.60
E (21-22 UT) 0.48 −0.47 * * −0.54
E (22-23 UT) 0.38 −0.47 * * −0.49
E (23-00 UT) * −0.40 * * −0.56

relative humidity (see Figs. 7b and 12b, and Table 2). Days dominated
by this mode of variability, with high electric field in the morning
rather than at mid-day and lowest in the evening (e.g. 25th July),
are associated with occurrence of fog in the morning which enhances
the electric field to values comparable to typical mid-day values. Fog
increases the atmospheric electric field due to the attachment of small
ions to water drops reducing the atmospheric conductivity (Bennett and
Harrison, 2007). The daily pattern of lowest electric field in the evening
described by the 2nd mode is also correlated with daily averaged
temperature (Table 2) but this is very likely an indirect association
resulting from the fact that relative humidity is anti-correlated with
temperature (typically higher temperature is linked to drier conditions),
also as no significant effect of temperature is detected in the hourly
correlation values (Table 3).

In some days the atmospheric electric field shows similar values
in the morning and evening, but a sharp peak in the early morning,
from ∼ 6 to 8 UT. This pattern of variation is captured by the 3rd
EOF mode, but its relative importance is small, as it only explains
less than 10% of the variability of the atmospheric electric field. The
eigenvectors associated to this mode are typically positive, reflecting
sunrise enhancement, except for periods (e.g. mid-August) of deep
nocturnal boundary layer (see Figs. 7c and 12d). Table 2 shows a
negative correlation for this mode, indicating that the occurrence of
this pattern of early morning enhancement of the atmospheric electric
field is associated with conditions of low wind.

In the evening (from ∼ 19 to 23 UT) the atmospheric electric field
is correlated with gamma radiation (Table 3) and anti-correlated with
wind speed and the height of the planetary boundary layer. Shrinking
of the planetary boundary after sunset tends to concentrate aerosols
near the surface. Aerosols reduce conductivity due to the reduction
of small ions via charge transfer and ion–aerosol attachment. Shallow
mixing and low wind conditions also favour the accumulation of radon
and its progeny, and the consequent increase in ionising radiation pro-
motes ion formation and increased atmospheric conductivity. Thus in
conditions of low wind speed and shallow mixing height both aerosols
and gamma radiation influence the atmospheric electric field, with
opposing effects. In the evening period gamma radiation is typically
very low. The positive correlation between gamma radiation and the
electric field suggests that aerosol-driven reduction in conductivity is
the dominant influencing factor.
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5. Conclusions

Ambient radioactivity is expected to influence the variability of the
local atmospheric electric field, as natural ionising radiation is the main
source of production of primary ions at the land surface, and ions play
a key role in the electrical properties of the atmosphere. The electrical
conductivity of the atmosphere depends on the ion concentration and
size distribution, and thus on the balance between ion production,
driven by ionising radiation, and loss to aerosols, via charge transfer
and ion–aerosol attachment (Harrison and Carslaw, 2003; Harrison and
Tammet, 2008; Harrison et al., 2010; Chen et al., 2016a).

Although ambient radioactivity and atmospheric conductivity are
inter-related phenomena, the association between atmospheric electric
field and natural radioactivity is not straightforward, as the variability
of each parameter is per se strongly influenced by meteorological
effects, particularly parameters associated with atmospheric stability,
wind speed and boundary layer height. The present study shows, based
on simultaneous measurements of electric field and natural radioactiv-
ity, that the variability of the local atmospheric electric field at such
an urban environment is not dominated by ambient radioactivity but
instead by local effects, particularly aerosol transport and accumulation
close to the surface driven by local meteorological conditions. The
results emphasise the complex interplay of atmospheric and surface
conditions and that further investigation is required to better constrain
and quantify the link between atmospheric electricity and ambient
radioactivity.

Although an EOF analysis as the one presented here is only able to
extract statistical modes, rather than physical modes, the decomposi-
tion of the atmospheric electric field performed in this study allowed
to extract dominant patterns of variability, and to assess its association
to local meteorological factors. EOF analysis is often used in climate
studies, particularly for the identification of teleconnection patterns
from space–time data, but rarely used in time series studies of ambient
radioactivity or atmospheric electricity. As shown in the present study,
the method can be applied for the identification of daily patterns in a
flexible and robust way. Such patterns can be then further studied in
detail, and even used as input to further methods e.g. machine learning
approaches for pattern classification. Furthermore, EOF-derived domi-
nant modes of variability can be useful for simplifying the comparison
among different stations.

As the local atmospheric electric field is strongly influenced by
atmospheric stability and mixing height, and radon is a very useful
indicator of atmospheric stability (Chambers et al., 2019), a promising
strategy, provided that instruments able to measure continuously the
low concentration of radon in the atmosphere are available, is to
use radon-based classification of atmospheric stability in atmospheric
electricity studies.
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