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A B S T R A C T   

The isotopic ratio of two cosmogenic isotopes, 22Na and 7Be, has been recognized as a possible tracer for at-
mospheric dynamics. We studied how different atmospheric phenomena affect the 22Na/7Be ratio that are known 
to affect the ground level 7Be concentrations. The 22Na/7Be ratio was studied in the following context: estimation 
of aerosol residence time, in the intrusions of stratospheric air after Sudden Stratospheric Warming (SSW) events, 
seasonal variations due to different atmospheric mixing conditions and finally the interannual variations caused 
by the large-scale atmospheric circulation such as North Atlantic Oscillation (NAO), Arctic Oscillation (AO), 
Scandinavian Pattern (SCAND) and Quasi-Biennial Oscillation (QBO). This study utilized airborne radioactivity 
monitoring data from three Finnish stations located in Rovaniemi (66.51 ◦N, 25.73 ◦E), Kajaani (64.08 ◦N, 27.71 
◦E) and Kotka (60.48 ◦N, 26.92 ◦E). The theoretical calculations were performed to see how the 22Na/7Be ratio 
changes as a function of altitude during when produced by the galactic cosmic rays. The calculations showed that 
the 22Na/7Be ratio is higher in the stratosphere and lower in the troposphere. At mid-stratosphere level the ratio 
was 0.001, at tropopause level approximately 0.0007 and at ground level approximately 0.00045. Due to the 
different half-lives of 22Na and 7Be the mean atmospheric residence time can be estimefrom the radioactive decay 
law by assuming an initial activity concentration ratio of 0.0007 and using the measured ground level 22Na/7Be 
ratios. This resulted in the median atmospheric residence time as 91–95 days. The atmospheric impact on 
22Na/7Be ratio was studied at different time scales starting from short-term impact from SSW, the known sea-
sonal cycle and variations at interannual timescale. SSW events caused rapid increases in the ground level 7Be 
and 22Na concentrations while the impact on 22Na/7Be ratio was relatively small. A clear seasonal cycle in the 
22Na/7Be ratio was observed where the 22Na/7Be ratio was at low value during November–February, increased 
during March–May, stayed at stable high value during June–July and steadily decreased during August–October. 
The long-term average for 22Na/7Be ratio was established to be 1.1 × 10− 4 by using the Kotka data from 1993 to 
2020. During 1995–2009, the 22Na/7Be ratio was below the long-term average, and during 2010–2020, generally 
above. The interannual variations in the 22Na/7Be ratio were studied by using wavelet transform analysis of the 
Kotka data. The analysis showed 4-6-year and 11-year periodicities. The wavelet coherence analyses with AO, 
NAO, SCAND, QBO and Southern Oscillation (SO) indices showed that the shorter periodicity was caused by the 
NAO/AO effects the atmospheric circulation in Scandinavia and hence the transport of the isotopes from upper 
atmosphere to ground level. The observed coherence with the Southern Oscillation Index (SOI) starting from 
2012 onwards appeared at an approximately 3–4year scale while the AO and NAO had a coherence at an 
approximately 6-year scale. The observed 11-year periodicity was caused by the Solar cycle which modulates the 
7Be and 22Na production in the upper atmosphere.   

1. Introduction 

The spallation reactions between cosmic rays and atmospheric atoms 

produce 23 different radioactive isotopes with varying half-lives ranging 
from minutes to over a million years. Cosmogenic isotopes are widely 
used as tracers in different scientific disciplines e.g. in glaciology, solar 
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activity, climate, biological and in hydrological studies. In atmospheric 
studies two commonly used cosmogenic isotopes are Beryllium-7 (T½ =

53.22 days) and Sodium-22 (T½ = 2.603 years). 
Cosmogenic isotopes are produced in spallation reactions caused by 

the energetic particles of cosmic ray cascades (mainly protons, neutrons 
and α-particles) interacting with atmospheric atoms (e.g. oxygen, ni-
trogen and argon). The production of the cosmogenic isotopes is highest 
in high altitude at high latitudes where the lines of Earth’s magnetic 
field are towards or outwards the Earth, and the geomagnetic shielding 
from incoming cosmic rays is minimal (Usoskin and Kovaltsov, 2008; 
Poluianov et al., 2016). Approximately 75% of 7Be is produced in the 
stratosphere and approximately 25% is produced in the upper tropo-
sphere, while 90–95% of 22Na is produced in the stratosphere and only 
5–10% in the upper troposphere (Johnson and Viezee, 1981; Usoskin 
and Kovaltsov, 2008; Poluianov et al., 2016). After formation, the iso-
topes quickly adsorb onto local sub-micron size sulfate aerosols, 
particularly to ammonium sulfate (El-Hussein and Ahmed, 1994; 
Papastefanou and Ioannidou, 1995; Ioannidou and Paatero, 2014; Nar-
azaki et al., 2021). After being attached to a carrier aerosol the dy-
namics, transport and removal processes of the carrier aerosol particles 
determine the fate of the cosmogenic isotopes. Hence, the concentra-
tions in ground-level air are dependent on four factors wet scavenging, 
stratosphere-to-troposphere exchange, vertical transfer in the tropo-
sphere and horizontal transfer between different latitudes (Feely et al., 
1989). 7Be is relatively abundant in ambient air, where the typical ac-
tivity concentration varies from few hundred to few thousand μBq/m3 

while the activity concentration of 22Na is roughly four orders of 
magnitude lower, typically below 1 μBq/m3 (Grabowska et al., 2003; 
Jasiulionis and Wershofen, 2005; Rulik et al., 2009; Weihua et al., 2018; 
Hoffman et al., 2018; Rodriguez-Perulero et al., 2019). The lower 
abundance of 22Na is mainly due to lower concentrations of the atmo-
spheric argon compared to oxygen and nitrogen and the higher spall-
ation threshold energy requiring higher energy of cosmic-ray-cascade 
particles with the intensity decreasing with energy above a few MeVs. 
The cosmogenic isotopes are not uniformly distributed in ambient air, 
but they have a latitudinal dependency where the concentrations peak at 
mid-latitudes (30–40◦ N) and decrease towards higher latitudes or to-
wards the equator (Kulan et al., 2006; Steinmann et al., 2013; Herna-
nandez-Ceballos et al., 2015; Terzi and Kalinowski, 2017). In Finland 
(latitudes 60-70◦ N) the concentrations are roughly half of those 
measured in mid-latitudes (Pham et al., 2011; Ioannidou et al., 2014; 
Piñero García et al., 2012). 

Many studies have linked meteorological factors e.g., relative hu-
midity, temperature, and wind speed/direction and 7Be concentrations 
(see e.g., Hernandez-Ceballos et al., 2017 or Zheng et al., 2021) and to 
large scale atmospheric dynamics (Chham et al., 2019; Hernandez-Ce-
ballos et al., 2022). To further study atmospheric dynamics and partic-
ularly the vertical air mass transport cosmogenic isotopes, the ratios of 
cosmogenic isotopes can used as a tracer or as a chronometer. The ratio 
of 10Be and 7Be has been used previously as a tracer but measurement of 
10Be is relatively expensive and time-consuming requiring accelerator 
mass spectrometry. Hence, the use of 10Be/7Be ratio as an atmospheric 
tracer is limited and not a very feasible method for continuous atmo-
spheric monitoring. In Finland regular particulate airborne radioactivity 
measurements are conducted as a civil protection measure to detect 
releases of anthropogenic radioactive substances. This monitoring pro-
duces 7Be and 22Na concentration data on a regular basis. Instead of 
using 10Be/7Be ratio, the use of 22Na and 7Be ratio is more feasible for 
atmospheric studies due to the simplicity of the measurement and the 
availability of the data. In addition, developments in measurement 
technology of aerosol samples have increased the detection capability of 
small traces of 22Na, thus enhancing the use of the 22Na/7Be ratio in 
atmospheric studies (Weihua et al., 2018). 

The 22Na/7Be ratio has been shown to have a seasonal cycle where in 
winter the ratios are typically at low values and begin to increase during 
the spring when the stratosphere-troposphere exchange (STE) mixes 

stratospheric air with the troposphere. During summer months, the 
increased Solar radiation causes convection and increased upward flows 
which mixes the upper troposphere with the lower troposphere (Lep-
pänen et al., 2012; Steinmann et al., 2013; Blazej and Mietelski, 2014; 
Weihua et al., 2018; Rodriguez-Perulero et al., 2019). However, it is still 
unclear how different atmospheric phenomena influence the ground 
level 22Na/7Be ratio. Previous studies have demonstrated that the 
22Na/7Be ratio can be used as an indicator for atmospheric studies but 
have concentrated on showing the seasonal cycle on a monthly level or 
the global circulation of these isotopes (Steinmann et al., 2013; Hoffman 
et al., 2018). This study focuses on such simultaneous observations of 
7Be and 22Na concentrations in aerosol samples in three locations in 
Finland. The data used here is weekly data of 22Na/7Be ratio covering 
almost three decades hence, allowing the observation of short- and 
long-term variations as well as events that are observed at a weekly 
level. First, we calculated the theoretical 22Na/7Be ratio at the produc-
tion as a function of atmospheric depth. This was needed to help to 
interpret the observed ratio. In the observations, the focus was put on 
events that were known to affect the ground level 7Be concentrations. 
The events affecting the ground level 22Na/7Be ratio were done at three 
different time scales: short-term events at a weekly level, seasonal cycle, 
and interannual variations. The short-term variations were related to 
intrusions of stratospheric air that take place at time scales of days to 
weeks causing rapid changes in the 22Na/7Be ratio. The seasonal cycle 
was studied in more detail in attempt to pinpoint the times when major 
changes in 22Na/7Be ratio occur. The large-scale atmospheric circula-
tions are known to affect ground level 7Be concentrations, but it is not 
known if they change the 22Na/7Be ratio which may bring new infor-
mation about the vertical atmospheric mixing. 

2. Materials and methods 

2.1. Sampling sites and methods 

2.1.1. Sample collection 
The Radiation and Nuclear Safety Authority (STUK) maintains and 

operates an aerosol sampler network of eight stations in Finland. Three 
of these stations, located in Kotka, Kajaani and Rovaniemi, are equipped 
with high-volume JL-900 ‘Snow White’ samplers where the nominal 
flow rate is 900 m3/h. The stations operate in continuous mode or in 3-h 
cycles, where the pump is on for 2 h and off for an hour. Air is pumped 
through a fiber glass filter, 46 × 57 cm2 in size, to catch aerosols and 
dust particles carrying radioactive isotopes. The filters are changed 
weekly when approximately 95 000–140 000 m3 of air is pumped 
through the filter. The air volume is dependent on sampling mode, larger 
air volumes are collected when the sampler operates in a continuous 
mode instead of 3-h cycles. The sampler in Rovaniemi has been on 
continuous mode since 2012, hence the higher air volume. The aerosol 
sampling started in Rovaniemi in 1987, in Kajaani in 1999 and in Kotka 
in 1993. The data containing 7Be and 22Na simultaneous observations 
cover only a shorter period due to deficiencies in the HPGe detectors 
systems used for measurements. The 7Be and 22Na data cover the period 
from the beginning of the sampling until the end of 2020 and the longest 
simultaneous observations of 7Be and 22Na are from Kotka starting in 
June 1993. Over the years the technology has developed and, with 
modern HPGe detectors, the detections of 22Na are more frequent. In 
addition, the measurement procedure has been changed, allowing more 
accurate determination of 22Na concentration. Table 1 shows the in-
formation on sampling stations, sampling volumes and intervals, 
whereas Fig. 1 shows their locations in Finland. 

2.1.2. Sample measurement 
The samples were measured at STUK laboratories that are accredited 

by the Finnish Accreditation Service according to the requirements of 
the EN ISO/IEC 17025:2005 standard for the competence of testing and 
calibration laboratories. Two measurement geometries have been used 
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over the years: either the filter was compressed into a cylindrical disc of 
42 mm × 10 mm2 in size or the filter was cut into circular pieces of 76 
mm in diameter. One filter consisted of 30 pieces that were stacked for 
measurement. The filter samples were then placed on top of an HPGe 
detector 30–100% in relative efficiency and measured for γ-emitting 
radionuclides. The detector was mounted inside a six-inch-thick lead 
shield for reduction of ambient background radiation. Before 2010, 
water solutions with a mixture of radioisotopes with energies ranging 
from 40 keV to 1836 keV in known geometries were used for calibra-
tions. Since 2010, the HPGe detectors were calibrated using a semi- 
empirical method where a solid source with known activities was used 
together with software based on the Monte Carlo method to simulate 
efficiency and total efficiency curves. For background subtraction, 
measurements with empty detector chambers were performed twice a 
year, lasting 1 week at a time. 

Measurement times have varied over the years from 2 to 90 h. In 
recent years, the typical measurement time has been 65–70 h to allow 

accurate detection of 22Na. The concentrations of 7Be and 22Na were 
determined based on their characteristic γ-ray energy at 477.6 keV and 
at 1274.6 keV, respectively. Typically, the relative 1σ statistical uncer-
tainty for 7Be was 2–5%, while the 22Na uncertainty varied between 5 
and 20% for ‘high’ activity samples and 20–50% for ‘low’ activity 
samples. In-house built Gamma-99 and Unisampo/Shaman analysis 
software have been used to analyze the activities of 7Be and 22Na in the 
air filter, both software corrected the result for true coincidence 
summing. 

2.1.3. Mathematical models 
In the analyses of the data, pre-existing mathematical models and 

methods were used. The production rates of 22Na and 7Be in the spall-
ation of atmospheric atoms were calculated according to the isotope 
production model of Poluianov et al. (2016). The model is based on full 
Monte Carlo simulations of cosmic-ray-induced cascades in the atmo-
sphere with the toolkit Geant4 v.10.0 (Agostinelli et al., 2003). The 
galactic cosmic-ray spectrum at the Earth’s orbit was derived from the 
one in the local interstellar medium (Vos and Potgieter, 2015) with the 
heliospheric modulation in the force-field approximation, particular 
values of the modulation potential are described below. The effect of 
geomagnetic cutoff of cosmic-ray particles was calculated using the 
Earth’s International Geomagnetic Reference Field IGRF-2015 
(Thébault et al., 2015). Wavelet analysis method was used to find pe-
riodicities in the 22Na/7Be ratio time series. In the wavelet analysis, a 
Morlet wavelet package with varying periodicities was fitted to the data. 
In the resulting figure, the U-shaped dark line indicates the 95% confi-
dence limit. In the wavelet coherence analysis, two time series are 
compared where common periodicities and phases were searched. The 
wavelet and wavelet analysis methods used are described in detail in 
Grinsted et al. (2004). The wavelet and wavelet coherence Matlab codes 
which use the method by Grinsted et al. (2004) are currently available at 
https://sites.google.com/a/glaciology.net/grinsted/wavelet-coherence 
. 

3. Data analysis 

3.1. Activity concentrations 

The raw data used in this study is presented in Fig. 2. The continuous 
22Na data from Kajaani and Rovaniemi are not available before 2006 
and 2008 respectively, due to low efficiency of the measurement 
equipment and too short measurement times. For these two stations, the 
continuous 22Na/7Be data was available several years after beginning of 
the airborne radioactivity monitoring. As shown in Table 1, the highest 
number of 22Na/7Be data was from the southernmost station located in 
Kotka. There, the concentrations of 7Be and 22Na are also the highest 
among these three stations and both isotopes are detected simulta-
neously almost throughout the year. As shown in Fig. 2, the seasonal 
cycle is very pronounced in all 7Be and in 22Na time series, with the 
difference in wintertime low and the summertime high concentrations 
being roughly tenfold. In Fig. 2 the data shows a sine wave like pattern 
where one wave corresponds to one year. The reason for the winter to 
summer variability is increased vertical atmospheric mixing during 
summer. At the annual level, the 7Be concentrations typically varied 
from some hundreds of μBq/m3 to some thousands of μBq/m3 while the 
22Na concentrations varied from 0.1 μBq/m3 to approximately 1 μBq/m3 

when observed. The observed activity concentrations of 7Be were 

Table 1 
The information on the sampling stations and sample collection.  

Station Coordinates Elevation [m a.s.l] Data period Sample volume/week [m3 of air] Total number of22Na/7Be data points 

Kotka 60.48 ◦N, 26.92 ◦E 10 1993–2020 95 000–130 000 1287 
Kajaani 64.08 ◦N, 27.71 ◦E 250 1999–2020 95 000–110 000 697 
Rovaniemi 66.51 ◦N, 25.73 ◦E 159 1987–2020 95 000–150 000 555  

Fig. 1. The locations of the monitoring sites shown on a map of Finland. (map 
obtained from Google maps). 
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typically 4000–10 000 times higher than that of 22Na, the difference 
being larger in winter and lower in summer. The reason for large dif-
ferences in concentrations and in the isotopic variations is mainly due to 
the difference in the production and the altitude where the isotope is 
mainly produced. This is explained in more detail in Section 3.2. 

The 22Na/7Be ratios found in this study are lower compared to ratios 
of 8000–13 000 observed in Switzerland and in Spain (Steinmann et al., 
2013; Rodriguez-Perulero et al., 2019). Hoffman et al. (2018) studied 
the Comprehensive Nuclear-Test-Ban Treaty Organization’s (CTBTO) 
global 7Be and 22Na concentration data and noticed that 22Na/7Be ratio 
has a latitudinal dependence where highest 22Na/7Be ratios are observed 
at latitudes 40–60 ◦N. This latitudinal dependence of the 7Be and 22Na 
concentrations and the 22Na/7Be ratio has been attributed to the cell 
circulation of the atmosphere where highest concentrations are 
observed in the border region of the Hadley and the Ferrel cells. 

3.2. 22Na/7Be vertical production profile 

In Fig. 3, the global production rates of 22Na and 7Be are shown as a 
function of atmospheric depth with three different heliospheric modu-
lation potentials. The first curve corresponds to the modulation potential 
of 426 MV, which represents the condition for the deep Solar minima in 
2019. The second curve corresponds to the modulation potential of 650 
MV corresponding to medium Solar activity and the third curve to the 
modulation potential of 1200 MV corresponding to high Solar activity 
(Usoskin et al., 2017). The lower left panel shows that during Solar 
maxima slightly higher 22Na/7Be ratios are produced throughout the 
atmospheric column in correspondence with the strongest Solar modu-
lation. The top panels in Fig. 3 show that 22Na is produced roughly in 
1000 times lower quantities than 7Be and, due to the atmospheric 

attenuation of cosmic rays and the different energy thresholds, the peak 
production of 22Na is at a higher altitude compared to that of 7Be. 
Approximately 95% of the 22Na is produced higher than the atmospheric 
depth of 350 g/cm2 (~8.7 km) while 95% of the 7Be is being produced 
higher than 420 g/cm2 (~7.4 km) This is demonstrated in the lower 
panel of Fig. 3, where the theoretical 22Na/7Be ratio at the time of 
production is plotted as a function of atmospheric depth with the 
above-mentioned modulation potentials and as it can be seen, the ratio is 
not constant over the atmospheric column. The 22Na/7Be production 
ratio at the lower stratosphere/upper troposphere is approximately 
0.0007 and at the planetary boundary layer approximately 0.00045. 

3.2.1. Aerosol residence time estimation 
Due to the different half-lives of 22Na and 7Be the 22Na/7Be ratio 

changes as a function of time. Hence , rough estimations of the mean 
atmospheric transport time of the 22Na and 7Be carrying aerosols can be 
made by using the radioactive decay law. The transport time from the 
upper troposphere/lower stratosphere can be estimated if the initial 
22Na/7Be ratio at the upper atmosphere is known and the 22Na/7Be ratio 
at ground level can be determined. The transport times from the upper 
atmosphere to ground level can be significant compared to the half-lives 
of the isotopes. According to Yamagata et al. (2019), a typical aerosol 
residence time in the stratosphere is approximately 1–2 years, while in 
the upper troposphere it is 20–40 days and, inside the planetary 
boundary layer, only few days. 

The measured 22Na and 7Be activity concentrations (μBq/m3) were 
converted into number densities (atoms/m3) as the production ratios 
shown in Fig. 3 were calculated as number densities. The relationship 
between activity concentrations and number densities is given in Eq. (1). 

A= λN (1) 

Fig. 2. The raw data as time series of 7Be and 22Na concentrations from Kotka, Kajaani and Rovaniemi used in this study.  
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where A is the activity concentration, λ is the decay constant and N is the 
number density. 

The residence time (T) can be estimated by using the radioactive 
decay law, shown in the Eq. (2), if the initial 22Na/7Be ratio (obtained 
from calculations) and the final (observed) 22Na/7Be ratio are known.(2) 

Ni =N0ie− λT (2)  

where Ni is the number density of either 7Be or 22Na, λ is the decay 
constant and T is the transport time between the production and the 
observation. 

In this study we assumed the source region or the reservoir of 
cosmogenic isotopes at the lower stratosphere/upper troposphere, at the 
atmospheric depth of 250 g/cm2. where 22Na and 7Be are produced 
approximately at the ratio of 0.0007. At ground level, the measured 

Fig. 3. Theoretical vertical profiles of the cosmogenic 22Na (top left panel) and 7Be production (top right panel) rates, as well as 22Na/7Be ratio (bottom panel) right 
after production. The isotopes are produced by cosmic rays with modulation potential values shown in the legend. 

Fig. 4. The estimated aerosol transport times from tropopause to ground level. The histograms follow a Gaussian distribution (red line). The upper panel shows the 
Rovaniemi data and the lower panel Kotka data. The bin size in the figure was seven days. 
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22Na/7Be ratio in number densities varied between 0.0005 and 0.003. 
The residence time was considered as a bulk residence time and was not 
separated into stratospheric or tropospheric components as what e.g. 
Tokyama and Igarashi (1998) did. This estimation also assumed that air 
is transported as parcels i.e., radioactive decay is the only factor 
affecting 22Na/7Be ratio after production. The residence time was 
determined for each data point separately. Fig. 4 shows the distributions 
of the residence times from the formation to the observation at ground 
level. The residence times follow a Gaussian distribution as shown by the 
red line in Fig. 4. There are some differences between the Kotka and 
Rovaniemi data, the median residence time in Kotka was 91 days while 
in Rovaniemi it was 95 days. The 1σ standard deviation of the distri-
butions were ±19–20 days, hence making the distributions quite broad. 
The longer median residence time in Rovaniemi maybe caused by the 
longer transport time from upper atmosphere to ground level. Rova-
niemi is located some 800 km further north than Kotka where the at-
mospheric mixing height is lower. In addition, Rovaniemi is further 
away from mid-latitudes where stratrosphere-troposphere exchange 
takes place which is seen as high concentrations of cosmogenic isotopes 
at ground level. 

There are several studies where residence times of aerosols carrying 
cosmogenic isotopes have been estimated. Ioannidou and Paatero 
(2014) studied AMAD valued of 7Be carrying aerosols in Sodankylä, 
Finland and estimated a residence time of 4–11 days, which is signifi-
cantly lower compared to this study. However, that study applied 
different methods than the ones applied in this study, namely growth 
rate and size measurements which may lead to the observed difference. 
Yamagata et al. (2019) measured the isotopic ratio of 10Be/7Be and with 
the help of modelling concluded that the beryllium carrying aerosol 
transport time from the upper troposphere to ground level was 55–58 
days. This study was conducted in Japan in mid-latitudes close to border 
of the Hadley and Ferrel cells in a different climate region and hence, 
this is not directly comparable to this study which was carried out in the 
polar region. Delaygue et al. (2015) used atmospheric model simulations 
and obtained stratospheric beryllium budget where the ‘age of air’ at 
tropopause level at latitude 70o N was found to be 0.2 years, i.e., about 
70 days, which is relatively close to the results found in this study. 
Długosz-Lisiecka and Bem (2012) conducted studies in Poland and used 
the 7Be/22Na ratio measurements together with the measurements of 
radon progenies 210Pb, 210Bi and 210Po. They calculated that the aerosol 
residence time troposphere was 1–25 days and 103–205 days in the 
stratosphere. These results are of the same order as the results found in 
this study but conducted at significantly lower latitudes than our study. 
The aerosol residence times are summarized in Table 2 showing that the 
results obtained in this study are mainly comparable to the studies by 
Delaygue et al. (2015) and Długosz-Lisiecka and Bem (2012). One 
reason for the differences in residence time may be the different study 
locations. The vertical atmospheric mixing in high latitudes is not as 
strong in high latitudes than in mid-latitudes due to reduced Solar 
heating. In addition, the reduced humidity and precipitation typical of 

the high latitude regions may contribute to longer residence times of the 
carrier aerosols. It should also be noted that the median residence time 
estimation of this study is a very crude approximation, and the residence 
time distributions were quite wide. The estimation was based on the 
assumptions that air is transported as ‘parcels’ and that the air parcels 
originate from the tropopause region. In actuality air mixes and is not 
transported in parcels and secondly the cosmogenic isotopes are pro-
duced throughout the atmospheric column not just at tropopause and 
thirdly the tropopause is not static but also varies in altitude and thus the 
22Na/7Be ratio also varies at tropopause. In future studies, the residence 
time values presented here should be compared with the model results 
where a cosmogenic isotope production model has been coupled with an 
atmospheric transport model, as shown in (Usoskin et al., 2009; Heikkilä 
et al., 2009; Golubenko et al., 2021). 

3.3. Effect of the Sudden Stratospheric Warming events (SSW) 

An SSW is an event where the polar stratospheric temperature rises 
by several tens of degrees of Celsius (up to increases of about 50 ◦C) over 
the a few days in the middle- or upper stratosphere at the altitude of 
30–50 km. The SSWs can manifest themselves in different ways; the 
polar vortex can be displaced off the pole or be elongated, the vortex can 
be split into two smaller vortices or can be a combination of both (Butler 
et al., 2015). The SSWs occur about 6 times per decade in the Northern 
Hemisphere, and only about once in every 20–30 years in the Southern 
Hemisphere. The SSWs have been found to rapidly increase the 7Be 
concentrations at ground level. Pacini et al. (2015) observed increased 
7Be concentrations in Rio de Janeiro, Brazil and linked this to the SSW 
that occurred in September 2002 in the Southern Hemisphere. Bianchi 
et al. (2019) studied extreme outliers in the 7Be time series in Northern 
Europe and found three outliers outside the 3σ confidence level that 
occurred on January 23, 2006, January 19, 2009, and February 9, 2009, 
suggesting three SSW-induced intrusions of 7Be rich stratospheric air to 
ground level. Brattich et al. (2021) used the GEOS-Chem chemical 
transport model to simulate the air mass transport during the winter of 
2003, when the Arctic vortex was relatively unstable due to several 
SSWs. It was shown that the rapid increases in the ground level 7Be 
concentrations observed in Scandinavia during February 20–28, 2003, 
were caused by a fast downward transport of stratospheric air. As shown 
in Section 3.2 and discussed in more detail in Section 3.4, the 22Na/7Be 
ratio can act as an indicator for stratospheric air or as an indicator for 
strong vertical airmass transport. 

The Fig. 5 shows the 22Na and 7Be concentrations and the 22Na/7Be 
ratios observed in Rovaniemi, Kajaani and Kotkaduring January 27- 
March 31, 2003, when the SSW event took place during February 
18–21, 2003. The concentrations of both isotopes show a steep increase 
during the week of February 17–24, 2003 in Rovaniemi and in Kotka. 
Unfortunately, the sampling time in the Kajaani data was two weeks 
from February 11 until February 26, 2003 and therefore the increase in 
the 7Be concentration was not as strong as in the Rovaniemi and Kotka 
data. In Kotka, the 22Na concentration started to increase before the SSW 
and kept rising until March 10, 2003, after which both concentrations 
decreased while in Rovaniemie and Kajaani there was a rapid increase 
and a rapid decline. In Fig. 5 the 22Na/7Be ratios are marked with blue 
triangles and there was approximately a 30% increase from a typical 
wintertime value of 9 × 10− 5 to 1.2 × 10− 4 in Kotka and Kajaani during 
February 24 to March 10. However, at the same time the 7Be concen-
trations increased almost by 90% and the 22Na concentrations by 
approximately 100% and the increase in the concentrations was signif-
icantly larger than in the 22Na/7Be ratio. In Rovaniemi, the 22Na/7Be 
ratio, did not increase, but instead a small drop was observed to a value 
below 1 × 10− 4. The observed concentration increases agreed with the 
findings presented in Brattich et al. (2021) and were caused by a fast 
downward transport of stratospheric air to ground level. It should also 
be noted that in Kotka, the 22Na/7Be ratio increased over the 6-week 
period and continued to increase after the SSW. This is possibly due to 

Table 2 
Comparison of different beryllium carrying aerosol residence time.  

Source Location Method Aerosol residence time 

Ioannidou& 
Paatero 

Sodankylä, 
Finland 

Aerosol growth 
rate 

4–11 days 

Yamagata et al. Fukuoka & 
Tokyo, Japan 

10Be/7Be ratio 55 in troposphere, 3 
days below the 
boundary layer 

Delaygue et al. ~latitude 70◦ N model 
simulation 

0.2 years from the 
tropopause to ground 
level 

Długosz- 
Lisiecka and 
Bem 

Lodz, Poland 
(latitude 51◦ N) 

7Be/22Na +
radon 
progenies 

1-25 in troposphere, 
103–205 in lower 
stratosphere 

this study Finland (latitude 
60-66◦ N) 

22Na/7Be ratio 91–95 days  
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Fig. 5. The 22Na/7Be ratio (blue triangles), 22Na (red circles) and 7Be concentrations (black squares) from January 27 to March 31, 2003. The graphs show data from 
Rovaniemi (top left panel), Kajaani (top right panel) and from Kotka (lower panel) stations. In the panels 22Na/7Be ratio is indicated with blue triangles, 22Na with 
red circles and 7Be with black squares. The symbols are placed at the end dates of the sampling periods. The dashed line indicates February 18, 2003, the start date of 
the SSW event. 

Fig. 6. Panel A: 22Na/7Be ratio, 22Na and 7Be concentration from Rovaniemi during the winter of 2006 and the dashed line the central date of the SSW from January 
21, 2006. Panel B: 22Na/7Be ratio, 22Na and 7Be concentration from Rovaniemi during the winter of 2009. The dashed line indicates January 24, 2009, the central 
date of the SSW. Panel C: The 22Na/7Be ratio, 22Na and 7Be concentration from Kotka during the winter and spring of 2010. The dashed lines indicate the central 
dates of the February 9, 2010 and March 24, 2010 SSW events. 
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coming of the spring and increasing stratosphere-troposphere transport 
(STT) in general. Surprisingly, the expected clear and strong increases in 
the 22Na/7Be ratio due to SSW were not observed. The reason for this is 
unclear, but one possible explanation may be that the increase in 
cosmogenic isotope concentrations were caused by not only vertical but 
also by horizontal transport of air from the mid-latitudes where the 
concentrations of cosmogenic isotopes are typically higher. As shown in 
Brattich et al. (2021), the 2003 SSW event increased stratospheric 7Be 
south and southwest of Finland over the British Isles and Central Europe. 
If the air from stratosphere descended over Central Europe and the 
British Isles, it may have pushed lower altitude air, containing high 
concentrations but relatively low 22Na/7Be ratio, into Finland. 

Butler et al. (2017) lists Northern Hemisphere SSWs that have been 
detected in the reanalysis since 1958 until 2010. From 2000 to 2010 
there were several SSWs that might have caused an increase in the 
cosmgenic isotope concentrations. We observed only a few possible 
cases where there were increases in the 7Be and 22Na concentrations 
simultaneously with the reported SSW. Fig. 6 shows data from the 
winters of 2006, 2009 and 2010 when sharp increases in the 7Be and 
22Na concentrations were observed during the time of known SSWs 
indicating a downward transport of stratospheric air.. In Fig. 6, panel A 
shows Rovaniemi data from the winter of 2006 when the 7Be and 22Na 
concentrations showed a clear increase, approximately 100% and 25% 
respectively, while the 22Na/7Be ratio did not increase during January 
16–23, 2006. The central date of the SSW was January 21, 2006 indi-
cated by the dashed line. A second strong increase in concentrations 
occurred during February 20–27, 2006 when also the 22Na/7Be ratio 
increased from 4 × 10− 5 to 2.4 × 10− 4. This increase was caused by the 
strong, about 9-fold, increase in the 22Na concentration compared to the 
previous week, while the 7Be concentrations remained steady. This is 
possibly an indication of stratospheric air reaching ground level which is 
rich in 22Na but depleted in 7Be due to radioactive decay and shorter 

half-life. This agrees with Ajtić et al. (2018), where a sudden drop in the 
7Be could also indicate stratospheric air which is depleted in 7Be due to 
long transport time and radioactive decay. Panel B shows Rovaniemi 
data from the winter of 2009 when an SSW occurred with a central date 
of January 24, 2009. In Rovaniemi an increase was observed some time 
later on February 9, 2009. The increase in both 7Be and 22Na concen-
trations was clear by a factor of 2.5–2.6 but there was no clear increase 
in the 22Na/7Be ratio which remained rather steady. The panel C shows 
the Kotka data from the winter of 2010 when two SSW events occurred 
during the same winter which central dates are marked by the dashed 
lines (Butler et al., 2017). The first and possibly the stronger one had a 
central date on February 9, 2010, and the second, and possibly the 
weaker one, had a central date on March 24, 2010. In Fig. 6 panel C the 
first increase was observed at the time of the SSW on February 9, 2010, 
where the 7Be and 22Na concentrations increased by a factor of 2.3 and 
2.0, respectively. The increase lasted for two weeks but no significant 
change in the 22Na/7Be ratio was observed. The second increase in the 
concentrations was observed March 30-April 6, 2010, a week after the 
SSW central date. In this case there was an increase in the 7Be and 22Na 
concentrations by a factor of 2.0 and 2.3, respectively, but a drop in the 
22Na/7Be ratio occurred in the previous week to a value of 8 × 10− 5 and 
then in the next week an increase to 1.5 × 10− 4 which may indicate the 
presence of stratospheric air. 

3.4. The seasonal cycle in the 22Na/7Be ratio 

Fig. 7 shows box plots of the observed weekly 7Be concentration, 
22Na concentration and 22Na/7Be ratio data from the Kotka station. The 
Kajaani and Rovaniemi data are not shown here since the distributions 
are practically similar to the Kotka data. The 7Be and 22Na concentra-
tions show a clear seasonal cycle where higher concentrations are 
observed during summer and lower ones during winter. The observed 

Fig. 7. Box plots statistics of weekly 7Be concentrations (top left), 22Na concentrations (top right) and 22Na/7Be ratio values (bottom left) observed at Kotka. Green 
boxes indicate the first and the third quartiles, whiskers correspond to the range from minimum to maximum and the black dots the outliers. 
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22Na/7Be ratios show similar annual behavior where higher ratios 
observed during summer and lower ones during winter. The statistics of 
the weekly mean 22Na/7Be ratio are summarized in Table 3. The weekly 
mean varied with a range from 8.8 × 10− 5 to 1.68 × 10− 4. The 22Na/7Be 
seasonal cycle can be compared with the seasonal cycle of ozone which 
also formed in stratosphere. The tropospheric ozone concentration is 
affected by three factors: transport from the ozone layer in the strato-
sphere, losses in chemical reactions in the troposphere, and photo-
chemical production from atmospheric hydrocarbons and nitrogen 
oxides closer to the ground (Salminen-Paatero et al., 2019). The Finnish 
Meteorological Institute monitors the ozone concentration in the 
troposphere with balloon soundings at Sodankylä, about 130 km north 
of Rovaniemi. The seasonal cycle in the ozone concentration is shown in 
Fig. 8, panel A where a clear increase in the ground level ozone was 
observed during March–May (Christiansen et al., 2017; Kivi et al., 
2007). This seasonal cycle resembles that of 22Na/7Be. Fig. 8, panel B 
shows the number of cases as a function of time when the potential 
vorticity exceeded the values of 3 PVU at 290 hPa level i.e., the tropo-
pause. Details of this calculation can be viewed from Salminen-Paatero 
et al. (2019). The graph shows increased transport of stratospheric air 
into the troposphere during January–March and a significant drop in 
July–August. The Brewer-Dobson circulation includes rising motion in 
the tropics and descending motion in the extratropics. This downward 
transport in the extratropics through the tropopause transports air and 
atmospheric constituents across the tropopause and is an important 
source of tropospheric ozone and cosmogenic isotopes. This is even more 
important in the case of 22Na since 90–95% of 22Na is produced in the 
stratosphere compared to approximately 75% 7Be. Panel C shows the 
mixing height together with 210Pb concentrations measured at 
Sodankylä, Finland (Paatero et al., 1998). The 210Pb is a222Rn progeny 
where the source is the ground and during winter months there is 
reduced atmospheric mixing causing the 210Pb concentrations to in-
crease in the ground level air. The opposite can be observed during 
summer months when the atmospheric mixing is enhanced reducing 
210Pb concentrations in ground level air. This is opposite to 22Na/7Be 
ratio where low atmospheric mixing causes the ratio to drop in the 
ground level air and enhanced vertical mixing brings air from higher 
altitude with a higher 22Na/7Be ratio. The ground level 22Na/7Be sea-
sonal cycle is strongly dependent on stratospheric air entering into 
troposphere and also on the mixing conditions in the troposphere. 

The seasonal cycle in the 22Na/7Be ratio can be described as follows. 
During the first 10 weeks of the year, the air is stratified and the 
22Na/7Be ratios are at low level typically below 1 × 10− 4. After week 10 
in mid-March, Stratosphere-Troposphere Exchange (STE) starts to have 
an effect when more and more stratosphere air mixies with ground level 
air and the 22Na/7Be ratio began to increase. A steady increase 
continued for about 10 weeks until the end of May (approximately week 
20). The 22Na/7Be ratio has now increased to a value of about 1.5–1.6 ×
10− 4. From approximately the week 20 onwards, the 22Na/7Be ratio 
remained at a relatively high and steady level when the thermal con-
vection caused by the Solar heating mixed the lower and upper tropo-
sphere efficiently. This phase also lasted approximately 10 weeks until 
the week 30 in late July. After the week 30 the 22Na/7Be ratio started a 
rather steady 10 week decrease from a value of about 1.5 × 10− 4 until 
week 40 at the end of September to a value of 1.0 × 10− 4. After week 40, 
the 22Na/7Be ratio remained at a low value of 1.0 × 10− 4 or below. 

During this time the vertical mixing of troposphere was limited, and 
stratospheric or upper tropospheric air did not reach the ground level. 
The 22Na/7Be values remained at a low and steady level for the next 20 
weeks, until the next spring. The seasonal cycle observed here agrees 
well with the 22Na/7Be seasonal cycle found in Tokuyama and Igarashi 
(1998); Grabowska et al. (2003); Leppänen et al. (2012); Steinmann 
et al. (2013); Blazej and Mietelski (2014); Weihua et al. (2018); Rodri-
guez-Perulero et al. (2019). Steinmann et al. (2013) identified four 
different phases in the 22Na/7Be seasonal cycle: 1) limited mixing during 
the winter months from December to February when air is stratified and 
the 22Na/7Be ratio remain at low value, 2) input of cosmogenic isotopes 
to the troposphere via the STE during the spring months of March–May 
leading to increasing 22Na/7Be ratios during spring, 3) downward mix-
ing of upper tropospheric air during summer months June–July leading 
to high 22Na/7Be ratio values, 4) lowering of the mixing altitude during 
August–October, as shown in Fig. 8, panel C, leading to a steady 
decrease in 22Na/7Be ratio. 

Interestingly, similar seasonal cycle have been observed in the ratio 
of cosmogenic 10Be and 7Be which has been proposed as a tracer for 
atmospheric dynamics (Raisbeck et al., 1981; Jordan et al., 2003; Zanis 
et al., 2003; Yamagata et al., 2019). At seasonal level both 22Na/7Be and 
10Be/7Be ratios tend to behave similarly where both ratios increased 
approximately 50% from the wintertime to the summertime values. 
According to Jordan et al. (2003) and Zanis et al. (2003) the seasonality 
and strong increases in the 10Be/7Be ratio are indications of the STT. 
Hence, the seasonal cycle in the 22Na/7Be ratio observed in this study 
was largely determined by the transport of stratospheric air mixing with 
the ground level air. The 22Na/7Be and 10Be/7Be ratios appeared to 
respond to similar atmospheric phenomena and can therefore be 
considered as complimentary methods to trace atmospheric dynamics. 

3.5. Interannual variations in the 22Na/7Be time series 

Fig. 9 shows the time series of the annual mean 7Be and 22Na con-
centrations (upper panels) and the 22Na/7Be ratios (bottom panel) 
observed at the Kotka and Rovaniemi stations. The 7Be and 22Na con-
centrations have been decreasing until 2015, after which the annual 
mean concentrations have been slowly increasing. The decreasing trend 
ground level 7Be concentrations has been reported previously and it has 
been determined to be a Global phenomenon (Jiwen et al., 2013). By 
examining the top left and right panels in Fig. 8, the annual means of 7Be 
and 22Na concentrations both present similar overall long-term 
behavior, but there are variations in the relative increase/decrease be-
tween different years. The lower left panel shows the time series of the 
annual mean 22Na/7Be ratio from Kotka and Rovaniemi, the dashed line 
represents the long-term annual average value of 1.19 × 10− 4 calculated 
from the Kotka data covering the time period from 1994 to 2020. From 
1994 to 2008, the 22Na/7Be annual mean was typically below the 
long-term average, whereas from 2009 to 2015 the 22Na/7Be ratio was 
typically above the long-term average, and from 2016 onwards the ratio 
has been varying above or slightly below the long-term average. There 
are two possible reasons for below average values during 1994–2008 or 
above average ratios during 2009–2015: 1) changes in atmospheric 
mixing. The vertical mixing was reduced during 1994–2008 or increased 
during 2009–2015 causing less/more stratospheric to reach ground level 
and 2) shifts in cosmic ray energy spectrum. If the cosmic rays bom-
barding the upper atmosphere contain more energy, this would favor 
higher production of 22Na compared to 7Be and vice versa. The annual 
mean 22Na/7Be ratios did not show significant variation between the 
southern station in Kotka and northernmost station in Rovaniemi. There 
were differences between individual years but the general behavior in 
both locations were similar, with high 22Na/7Be ratios observed during 
2010–2015, and clear decrease in 2016–2017 and a recovery during 
2018–2019. As shown in Fig. 3, slightly lower 22Na/7Be ratios are pro-
duced during the Solar minimum and higher ones during the Solar 
maximum. There were three Solar minima during the study period in 

Table 3 
Statistics of the weekly22Na/7Be.  

Station Annual mean 
range [x10− 4] 

Week of the 
lowest mean 

Week of the 
highest mean 

Long-term 
average 
[x10− 4] 

Kotka 0.88–1.53 52 22 1.19 
Kajaani 0.88–1.68 44 23 1.22 
Rovaniemi 0.86–1.62 51 15 1.24  

A.-P. Leppänen and S. Poluianov                                                                                                                                                                                                            



Journal of Atmospheric and Solar-Terrestrial Physics 236 (2022) 105918

10

1996, 2008 and 2019, and two maxima in 2001 and 2014. From Fig. 9, 
lower left panel, it is difficult to spot any clear minima/maxima during 
these years. However, in Kotka, higher 22Na/7Be ratios were observed 
during 1997–1998 and during 2009–2013, which are in the ascending 
phases of the Solar cycles 23 and 24 respectively. In Rovaniemi, higher 
ratios were observed during 2009–2012 and 2018–2019. The 
2009-2012 is the ascending phase and the 2018-2019 is the very end of 
the Solar cycle 24, the reason for higher 22Na/7Be ratios during 
2018-2019 is unknown and needs further research. Most likely, the 
reason is in the atmospheric circulation, but Solar influence cannot be 
ruled out. It is known that the Solar cycle affects atmospheric circulation 
in the Arctic region (Maliniemi et al., 2019). Baldwin and Dunkerton 
(2005) showed how the Solar cycle/ozone coupling affects upper 
stratosphere Rossby waves which, in turn, affect lower stratospheric 
circulation via stratosphere-troposphere circulation. This is important 
since the ground level 7Be and 22Na concentrations are dependent on the 
STT and vertical atmospheric mixing. 

In order to find possible interannual periodicities in the 22Na/7Be 
time series we applied wavelet transform method, described in Section 
2.1.3. We used the Kotka 22Na/7Be time series since it was the longest 
time series available. In Fig. 10, the top left panel shows the results of the 
wavelet transform analysis where an intermittent 3–4 -year periodicity 
could be observed from 2005 onwards, and an 11-year continuous 
periodicity indicated by enclosed black lines. Unfortunately, the 11-year 
cycle is outside the U-shaped cone of influence which depicts the 95% 
confidence limit. The 11-year periodicity is commonly observed in 
cosmogenic isotope time series and is typically assigned to the 11-year 
Solar cycle. The 3–4 -year periodicity has been reported before in Lep-
pänen et al. (2012). This periodicity was intermittent and appeared first 
during 2004–2011 and again from 2015 onwards whereas during 
2012–2014, the periodicity was weaker and could not be detected. 

In Northern Hemisphere there are large atmospheric circulation 

patterns that control air mass movements, precipitation and atmo-
spheric mixing e.g. in Scandinavia. NAO/AO describes the circulation in 
the Arctic region and in the North Atlantic and it controls the track of 
low-pressure systems from the Atlantic to Europe. During the negative 
phase of the NAO/AO high pressure systems are dominant over Scan-
dinavia enhancing the vertical atmospheric mixing. In the Scandinavian 
Pattern (SCAND) the primary circulation center is over Scandinavia and 
in positive phase below average precipitation over Scandinavia is ex-
pected. The Quasi-Biennal Oscillation (QBO) is a tropical, lower 
stratospheric, downward propagating zonal wind variation, with an 
average period of ~28 months. QBO is known to affect the polar vortex 
during wintertime via the Holton-Tan mechanism and hence possible to 
the air masses transporting cosmogenic isotopes from upper atmosphere 
to ground level (Holton and Tan, 1980; Baldwin et al., 2001). Southern 
Oscillation (SO) is the atmospheric component of El Niño (Climate 
Prediction Center, 2019). SO is known to be connected to NAO/AO and 
hence the coherence with 22Na/7Be ratio could be expected (Jevrejeva 
et al., 2003). The teleconnection indices used in this study were obtained 
from the Climate Prediction Center website (Climate Prediction Center, 
2019). The possible mechanism in which way teleconnections effect the 
22Na/7Be ratio is via high/low pressure system which transport 
cosmogenic isotopes from upper atmosphere or via increased precipi-
tation which washout aerosols that carry cosmogenic isotopes. In liter-
ature the NAO, AO, SCAND, QBO and SO indices have been found to 
correlate with the ground level cosmogenic isotope concentrations 
(Leppänen et al., 2012, Sarvan et al., 2017, Ajtić et al., 2018; Chham 
et al., 2019). To study the possible coherences between the tele-
connection indices and the 22Na/7Be ratio time series we applied the 
wavelet coherence method described in Section 2.1.3. The top right, 
middle row and the bottom row in Fig. 10 show the results of the wavelet 
coherence analyses. The NAO index (top right panel) has a weak 
anti-phase coherence at 4-6-year scale indicated by the closed black line 

Fig. 8. Panel A: Seasonal cycle in the tropospheric ozone in Northern Finland. Figure adopted from Kivi et al. (2007), Christiansen et al. (2017). Panel B: Number of 
cases when potential vorticity (PV) was above 3 PVU (1 PVU = 1 × 10− 6 m2 K s− 1 kg− 2). Figure adopted from Salminen-Paatero et al. (2019). Panel C: Vertical mixing 
height and ground level 210Pb concentrations measured at Sodankylä, Finland. Figure adopted from Paatero et al. (1998). 
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and the arrows pointing left. The AO index also a weak anti-phase 
coherence at ~6-year scale indicated by the arrows ponting left. How-
ever, since this is not enclosed by the black line the confidence is less 
than 95%.The SOI index (bottom left panel) has an in-phase coherence 
at ~4-year range starting from 2012 onwards indicated by arrows 
pointing right. It should be noted that in the earlier study by Leppänen 
et al. (2012) the coherences between Kotka 22Na/7Be ratio and AO, NAO 
and SO indices were not found. The reason for this is the increased 
amount of data when the time series is now 10 years longer than in 
previous study. Another reason is that some coherences, e.g., the SO 
index, only started after the Leppänen et al. (2012) study was published. 
The anti-phase coherences with the NAO/AO and SO indices are un-
derstandable. The AO, NAO and SO affect the atmospheric circulation 
and rain patterns in Northern Europe (Hurrel et al., 2003). In Finland, 
the negative NAO phase means more high-pressure air from continental 
Europe which is well mixed and typically has high 7Be and 22Na con-
centrations and high 22Na/7Be ratio. During the positive NAO phase low 
pressure systems and maritime are common over Scandinavia. Maritime 
air from the Atlantic typically contain low 7Be and 22Na concentrations 
(Paatero and Hatakka, 2000). Over the Atlantic, the air is not mixed as 
efficiently as over the continents leading to a low 22Na/7Be ratio. No 
coherences were found with the SCAND or QBO indices (middle left and 
bottom left panels). This is surprising, since Ajtić et al. (2018) found 
correlations between short-term 7Be concentration variations and the 
SCAND index in data gathered in Scandinavia. The Scandinavian Pattern 
probably causes short-term variations in the 7Be concentrations, but no 
major variations in the 22Na/7Be ratio at interannual level. 

The 22Na/7Be long-term variations is a sum of many different factors, 
where the Sun can affect in few different ways. The Solar cycle modu-
lates the production of the cosmogenic isotopes, but recent studies have 

shown that the Sun also affects the climate also via Solar wind and en-
ergetic electron precipitation (EPP) into the Earth’s atmosphere. During 
different Solar phase, Solar wind and EPP is enhanced, and this has an 
impact on the polar vortex and large-scale atmospheric circulation over 
the Atlantic affecting the weather conditions in Scandinavia (Maliniemi 
et al., 2019; Asikainen et al., 2020; Salminen et al., 2020). Hence, the 
large-scale atmospheric circulation such as NAO and AO are affected by 
Solar behavior. This, in turn, has an impact on the transport of cosmo-
genic isotopes from upper atmosphere to ground level and possibly 
affecting the observed 22Na/7Be ratio. 

4. Conclusions 

This study investigated two cosmogenic isotopes 7Be and 22Na con-
centration ratios in three airborne radioactivity monitoring stations in 
Finland located at the cities of Rovaniemi, Kajaani and Kotka. . The 
theoretical calculations showed the production of 7Be and 22Na have 
different profiles over the atmospheric column leading to 22Na/7Be ratio 
to change as a function of atmospheric depth where the ratio increases 
with increasing altitude. Hence, the 22Na/7Be ratio can be used as an 
indicator of atmospheric dynamics.. If the initial 22Na/7Be ratio is 
known and the ground level 22Na/7Be ratio is measured the transport 
time can be estimated using the radioactive decay law. We assumed the 
tropopause as the main source for 7Be and 22Na and after radioactive 
decay corrections obtained a median transport time of 91–95 days 
tropopause to ground level. We also used the 22Na/7Be ratio to observe 
SSW events, especially the 2003 event which is known to increase the 
ground level 7Be and 22Na concentrations in Scandinavia. The SSW 
events did increase the 7Be and 22Na concentrations significantly but the 
effect on 22Na/7Be ratio was smaller. The seasonal cycle in the 22Na/7Be 

Fig. 9. Relative change of the annual mean 7Be and 22Na concentrations from Kotka and Rovaniemi (top left and right, respectively). Annual mean 22Na/7Be ratio 
from Kotka and Rovaniemi (bottom). The long-term annual mean obtained from the Kotka time series is shown as the dashed line in the bottom panel. 
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ratio was studied in more detail where four different phases were 
identified 1) stratified boundary layer during winter (October-March), 
2) spring input of stratospheric air into the troposphere (mid-March -end 
of May), 3) increased mixing of the troposphere during summer (June- 
July), 4) lowering of mixing height during late summer and fall (August- 
September). In Finland, the first phase (stratified boundary layer) lasted 
about 20 weeks (October to March) while the duration of the phases 2,3 
and 4 were about ten weeks each. The Kotka station has provided data 
since June 1993 and the data set covered 27 full calendar years which 
provided an opportunity to study the interannual variability. In climate 
science 30 years of data is required to obtain long-term averages and the 
Kotka data set nearly fulfills this requirement. The long-term annual 
average 22Na/7Be ratio was determined as 1.2 × 10− 4. From 1994 to 
2020 the annual average 22Na/7Be ratio has shown significant variation; 
from 1994 to 2008 the ratio was typically below the long-term average 
and from 2009 onwards the ratio has typically been above the average. 
The interannual periodicities were studied in more detail by applying 
wavelet transform method showing showing intermittent 3-4 -year and a 
constant 11-year periodicities. Wavelet coherence analyses showed 
coherence between the 22Na/7Be ratio and NAO/AO and SO indices at 4- 
6 -year scale. These analyses showed that 22Na/7Be ratio is affected by 
the changes in the large-scale atmospheric circulation and the Solar 
cycle. 

This study has shown that the 22Na/7Be ratio can be used to study 
atmospheric dynamics. The 22Na/7Be ratio can used as a complimentary 
indicator to the 10Be/7Be ratio which has been suggested as a tracer for 
atmospheric dynamics in the literature. 
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Fig. 10. Results of wavelet transform (top left) and wavelet coherence (other panels) analyses of Kotka 22Na/7Be time series and NAO, AO, SCAND, SO and QBO 
teleconnection indices. 
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Heikkilä, U., Beer, J., Feichter, J., 2009. Meridional transport and deposition of 
atmospheric 10Be. Atmos. Chem. Phys. 9, 515–527. 

Hernanandez-Ceballos, M., Cinelli, G., Marin Ferrer, M., Tollefsen, T., De Felice, L., 
Nweke, E., Tognoli, P., Vanzo, S., De Cort, M., 2015. A climatology of 7Be in surface 
air in European Union. J. Environ. Radioact. 141, 62–70. 
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