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Abstract—The correlation between the radon influx into the atmosphere and the formation of ions has been
studied from the data of observations at the Fonovaya Observatory of Institute of Atmospheric Optics, Sibe-
rian Branch, Russian Academy of Sciences. This correlation is shown to be stable in the period from October
to January. In the other months, the correlation is disturbed. However, if the events of nucleation and light-
ning discharges are removed from the data set, then the correlation is kept throughout the year.
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INTRODUCTION

According to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change [1], atmo-
spheric aerosol still introduces the greatest uncertainty
in the radiation block when estimating the contribution
of individual air pollutants to global climate warming. In
the last century, it was found [2] that the aerosol process
in the atmosphere starts with the formation (nucleation)
of nanoparticles from molecules of trace atmospheric
gases. Further, these particles attain the sizes of the radi-
ation-significant accumulation fraction during conden-
sation growth and coagulation [3–5].

The presence of charged particles (ions) in the
atmosphere is an important factor of formation of new
particles [6]. For example, the appearance of neutral
particles of 2 nm in size is observed 20–30 min later
than the appearance of 2-nm ions [7]. The study [8]
has shown formation of ions in nighttime, which is not
accompanied by the formation of neutral particles.
The data [9] clarify that ions of 2–4 nm in size, being
precursors of new particles, should have a number con-
centration of at least 20 cm−3. However, the available
data on the role of ions in formation of aerosol particles
are contradictory. Thus, it is found in [10] that charged
particles increase nucleation by 1–2 orders of magni-
tude. In [11, 12], to the contrary, no significant changes
were obtained. It has been shown in [13] on the basis
of numerical simulation and laboratory modeling that
charged particles can provide nucleation even at the
minimal observed concentrations of sulfuric acid

vapor. Consequently, studies of the role of ions in
aerosol processes should be continued.

The main sources of ion formation are cosmic
gamma radiation and gamma radiation resulting from
the radioactive decay of such elements as radon [14–16].
Cosmic-ray ionization occurs throughout the tropo-
sphere and dominates over the seas and oceans, while
radon isotopes determine the mode of ions in the sur-
face air layer over land [17]. It was additionally found
in [18] that ions can be formed due to friction in strong
winds, although this way cannot be considered as
main. The radon influx into the atmosphere signifi-
cantly depends on the geographical position of a site
under study [19–21], as well as on the meteorological
and geophysical parameters [22, 23], including pre-
cipitation [24]. Thus, it is quite interesting to study
how these processes manifest themselves in a particu-
lar geographic region not covered by such studies.

In this paper, we consider the temporal dynamics
of the ion number concentration versus the radon con-
tent in a background area of the Tomsk Region.

1. MEASUREMENT SITE AND EQUIPMENT
Measurements of ions and radon were carried out

at the Fonovaya (background) Observatory located in
Western Siberia (56°25′ N, 84°04′ E), on the right
bank of the Ob River. It is surrounded by a boreal for-
est; the nearest industrial center, Tomsk, is 60 km east.

To measure ions, we used the NAIS spectrometer of
neutral clusters and ions. It provides measurements of
36
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Fig. 1. (a) Daily and (b) annual variations in the number
concentrations of air ion and radon.
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the size distribution of clusters (aerosol particles) and
air ions in the range 0.8–40 nm at the aerosol particle
number concentration from 10 to 100000 cm−3 with an
error of 10%. The volumetric activity of radon (Rn) and
thoron (Tn) was measured with a SARAD RTM 2200
radiometer, operating in the range 0–107 Bq/m3, with
an error of ±1 Bq/m3. The observations of air ions
began in July 2019, and of radon, in December 2019.
The hourly measurements of meteorological parame-
ters and gas and aerosol compositions simultaneously
were carried out with the use of instruments of the
observatory (see the detail description in [25].

2. RESULTS AND DISCUSSION
Since air ions and radon were not previously mea-

sured at the Fonovaya Observatory, consider first their
temporal dynamics.

Figure 1 shows the daily variations in the total (of
all sizes) number concentrations of negative (N–) and
positive (N+) ions and radon, as well as the annual
variations in the monthly average values.

As can be seen from Fig. 1a, the concentration of
positive ions is slightly higher than that of negative ones
throughout the day. The both curves show almost syn-
chronous time behavior. As for the comparison between
the diurnal variations in ions and radon, they are exactly
opposite in phase. The radon concentration is maximal
in nighttime and minimal in the afternoon. Since the
underlying surface is a source of radon, this behavior is
quite natural. A trapping layer forms at night, and the
gas accumulates in the surface air layer. The trapping
layer disappears in daytime, and radon begins to dissi-
pate in the atmospheric boundary layer [26]. Ions
ATMOSPHERIC AND OCEANIC OPTICS  Vol. 35  No
which are formed immediately in the air behave differ-
ently. The number concentration of the ions is maximal
in the afternoon and minimal in the morning. This
behavior is characteristic of photochemical processes in
the atmosphere, such as, for example, generation of
ozone and other reactive particles [27].

The radon concentration measured in the Fono-
vaya Observatory is quite comparable with the values
measured by other authors under similar conditions
[19, 20, 28]. The results on the diurnal dynamics of
radon also agree [29–32]. The number of observed
ions, both positive and negative, lies within the ranges
found by other authors [17, 33, 34]. The diurnal varia-
tions shown in Fig. 1a are similar to those given in
[35–37]. Hence, our data correspond to the natural
variability of the parameters under study.

As follows from Fig. 1b, the seasonal variations in
the number concentrations of ions and radon are
markedly different. The concentrations of both posi-
tive and negative ions are maximal in early spring and
minimal in middle or late fall. In our opinion, this also
reflects the role of photochemical processes in the for-
mation of ions. The annual behavior of radon is differ-
ent. We can seen two almost identical peaks, in winter
(January) and in late summer-early fall, and two min-
ima, in spring and in mid-fall.

An attempt to compare the annual variations in radon
and air ions with data for other regions failed. The annual
behaviors of these parameters differ in different regions
[31, 32, 38–41]. Since our data are for 2020, this may be
a consequence of the lockdown associated with the coro-
navirus pandemic. There are publications reporting the
change in the air composition due to the decrease in
emissions [42–45]. However, the processes associated
with the lockdown could affect only the annual variation
in ions, while the features of the annual variation in
radon are apparently explained by other causes.

Let us analyze the correlation between the number
concentrations of ions and radon. First, consider how
it changes during the year according to hourly mea-
surements (Table 1).

Though these parameters are opposite in phase,
their variability is strong enough in different days to
compensate for this feature. Thus, the correlation coef-
ficients between the ions and radon are mostly positive
(Table 1). There is a correlation between the ions and
radon with different significance levels from October to
January. Though both diurnal and annual average vari-
ations in the positive and negative ions are close
(Fig. 1), the correlation between the ions and radon
markedly depends on the ion sign. However, the cor-
relation coefficients between ions of different sign and
radon are close in some months. This possibly depends
on the way of formation of ions of certain sign.

Since the hourly radon concentrations very
strongly f luctuate during the day, the correlation was
analyzed for the daily average values to smooth out the
existing variability. These data are given in Table 2.
. 1  2022
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Fig. 2. Daily average concentrations of radon and positive
(N+) and negative (N−) ions in January 2020.
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Fig. 3. Dynamics of the concentrations of radon, positive and
negative ions, particles of the nucleation mode (N3–25 nm),
and total number concentration of nanoparticles (N3–200 nm)
at the Fonovaya Observatory on September 21, 2020.
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The comparison of Tables 1 and 2 shows that the
smoothing procedure has not increased the correla-
tion between ions and radon, although the period
when the correlation is observed has somewhat
ATMOSPHE

Table 2. Correlation coefficients between the daily average c
Fonovaya Observatory in 2020 (designations are the same as 

Month 1 2 3 4 5

N− 0.58** −0.07 0.35 −0.08 0.14
N+ 0.71*** 0.06 0.36 0.09 0.24

Number of events 24 22 29 30 31

Table 1. Correlation coefficients between the hourly concen
the Fonovaya Observatory in 2020

* The significance level with 0.05 probability; 
** the significance level with 0.01 probability; 

*** the significance level with 0.001 probability [46].

Month 1 2 3 4 5

N− 0.25*** −0.03 0.13* −0.10* 0.01
N+ 0.60*** 0.09* 0.14* −0.03 0.03

Number of events 727 528 367 714 743
extended. It begins in September. This is somewhat
strange, since the comparison of the daily average val-
ues in Fig. 2 shows their quite synchronous variations.

The above analysis implies the existence of periods
in the year with a stable, sometimes at the highest sig-
nificance level, correlation between radon and forma-
tion of ions, as well as of periods where this correlation
is not observed.

To understand possible causes of the difference in
the behavior of ions and radon, we should remember
that ions in the surface air layer originate during thun-
derstorms and, as noted above, during generation of
nanoparticles. As is noted in numerous papers [47–50],
ions of both signs can simultaneously originate in the
case of the generation of new particles. The processes of
generation of new nanoparticles are enhanced by ultra-
violet radiation, which witnesses their photochemical
mechanism [51, 52]. To explain this, let us consider
Fig. 3 for example. It shows the generation of new par-
ticles on September 21, 2020, as well as the concentra-
tion of the nucleation mode (N3–25 nm) and the total
number concentration of nanoparticles (N3–200 nm).

As seen in Fig. 3, new neutral aerosol particles orig-
inated in the period from 11:00 to 17:00 local time,
which can be judged from the total concentration of
particles and aerosols of the nucleation mode. That
process was accompanied by the growth of the number
concentrations of both positive and negative ions.
Neither growth nor consumption of radon was
observed in that time. Consequently, frequent events
of generation of new particles break the correlation
between variations in the ions and radon. The more
frequent these events, the higher the differences.

The formation of ions during thunderstorms can be
considered in Fig. 4 taken as an example. In contrast
to the generation of new particles, the number of ions
RIC AND OCEANIC OPTICS  Vol. 35  No. 1  2022

oncentrations of radon and negative and positive ions at the
in Table 1)

6 7 8 9 10 11 12

0.03 0.35* −0.14 0.66*** 0.59** 0.54** 0.43
0.08 0.44* −0.03 0.46** 0.59** 0.70*** 0.48*

28 31 31 30 23 30 19

trations of radon and negative (N−) and positive (N+) ions at

6 7 8 9 10 11 12

−0.07 0.08* 0.08* 0.05 0.28*** 0.43*** 0.16***
−0.03 0.07 −0.01 0.12** 0.29*** 0.51*** 0.19***

670 744 744 720 560 720 401



CORRELATION BETWEEN THE CONCENTRATIONS OF ATMOSPHERIC IONS 39

Fig. 4. The same as in Fig. 3, but on June 26, 2020.
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Fig. 5. The same as in Fig. 3, but on January 16, 2021.
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generated during a thunderstorm is significantly larger
than that of neutral particles. In Fig. 4, the concentra-
tion of ions increased by almost an order of magnitude
at about 18:00 local time, when a thunderstorm passed
over the observatory, while the content of neutral par-
ticles increased only several times. The radon concen-
tration remained within the limits of natural daily vari-
ability.

Finally, Figure 5 shows variations in the concentra-
tions of radon, ions, and neutral particles for the
period where neither nucleation nor thunderstorm was
observed. One can see that the variability of all the
parameters remains within an order of magnitude.
Radon, with allowance for the inter-hour f luctua-
tions, follows the time behavior of the ions under quiet
conditions. The N3–25 nm and N3–200 nm curves follows
the ion variations.

We have excluded days with thunderstorms and
banana-type nucleation events from the general data
set used to compile Table 1 and calculated the correla-
tion coefficients between ions and radon. The results
are given in Table 3. The correlation between positive
ions and radon exists almost throughout the year,
except for August. For negative ions, no correlation is
observed in February, April, and June. As compared
to Table 1, the correlation has appeared or its level of
significance has increased. Thus, if we remove from
the sample the events where ions are formed in the
atmosphere in other way than charging particles with
radon decay products, then the correlation between
ions and radon exists throughout the year. The
absence of the correlation in some months is most
likely caused by the fact that nucleation events of other
types, besides the banana type, were not removed from
the sample.

To illustrate the correlation between the concen-
tration of radon and the concentration of positively
and negatively charged ions, the corresponding scatter
diagrams were plotted based on the hourly measure-
ments (Fig. 6). Figures 6a and 6b show all available data
for 2020, and Figs. 6c and 6d, data where the concen-
tration of neutral particles does not exceed 2000 cm−3.
The chosen threshold corresponds to the typical con-
centration of neutral particles in the background
atmosphere over the boreal forest.

As is seen in Figs. 6a and 6b, high concentrations of
ions coincide with high concentrations of neutral parti-
cles (burst nucleation events). Most dark red dots are
ATMOSPHERIC AND OCEANIC OPTICS  Vol. 35  No

Table 3. Correlation coefficients between hourly concentr
at the Fonovaya observatory in 2020, without nucleation and

Month 1 2 3 4 5

N− 0.36*** −0.03 0.16** −0.01 0.08*
N+ 0.50*** 0.11* 0.20** 0.14** 0.16*

Number 
of events

543 510 278 638 687
located in the upper part of these figures and answer
sufficiently low radon concentrations (<20 Bq/m−3);
hence, radon does not have a significant effect on the
formation of ions during burst nucleation. In usual
days, an increase in the lower limit of the concentra-
tions of ions is observed with an increase in the radon
concentration at low concentrations of neutral particles.
For clarity, the scatter diagrams corresponding to low
concentrations of neutral particles are separately shown
in Figs. 6c and 6d. It can be seen that the concentration
of ions increases from 60–80 to 350–400 cm−3 as the
radon concentration increases. Thus, in usual days,
the radon concentration in the atmosphere determines
the lower limit of the ion concentration.
. 1  2022

ations of radon and negative (N−) and positive (N+) ions
 thunderstorm events

6 7 8 9 10 11 12

0.05 0.09* 0.13** 0.14** 0.28*** 0.43*** 0.16***
* 0.10* 0.11** 0.05 0.27** 0.29*** 0.51*** 0.19***

623 728 674 681 560 720 401
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Fig. 6. Scatter diagram: (a) radon–positively charged air ions, all data; (b) radon–negatively charged air ions, all data;
(c) radon–positively charged air ions, neutral particle (3 nm < Dp < 200 nm) concentration is below 2000 cm−3; (d) radon–
negatively charged air ions, neutral particle concentration is below 2000 cm−3.
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CONCLUSIONS

The study has shown that formation of ions due to
charging with the radon decay products is observed
throughout the year. This process can be masked by
more active processes of ion formation in the atmo-
sphere, for example, those accompanying burst nucle-
ation or lightning discharges. When these events are
removed from the sample, the concentrations of radon
and ions correlate. Thus, statistically significant,
although often weak, the correlations between the
concentrations of radon and ions indicate a certain
role of radon in ion formation throughout the year,
except for nucleation and thunderstorm events.
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