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A B S T R A C T   

This paper provides a brief introduction to the Arctic atmospheric radioactivity monitoring network. A decade of monitoring results have shown the 137Cs back-
ground levels in Arctic air range from 0.05 to 1.50 μBq/m3. The monitoring stations have sufficient sensitivity to detect 137Cs brought to the atmosphere due to 
resuspension in local soil and reemissions from biomass burning in a daily temporal resolution. These observations can be used as tracers for atmospheric processes. 
The 133Xe measurements obtained at Yellowknife, Resolute and Spitsbergen could support other research into how air pollution problems arise across interconti-
nental distances. It will help develop and improve models capable of predicting the long-distance transport and deposition of trace gases in the Arctic. Rainwater 
monitoring data collected in Finnish Lapland since the 1960’s indicate that 3H radioactivity concentrations reached natural background levels in early 2000s, 
typically around 1–2 Bq/L monthly, with an annual seasonal variation cycle consistent with the observed of other cosmogenic radionuclides.   

1. Introduction 

Traces of radionuclide contamination are found throughout the 
Arctic environment (AMAP 2010). Anthropogenic radionuclides origi-
nate from industrial processes, nuclear accidents and nuclear weapons 
testing fallout. The radioactivity levels of anthropogenic radionuclides 
are lower than the atmospheric activity concentrations of natural ra-
dionuclides. The additional dose impact from exposure to these 
anthropogenic radionuclides was negligible. Due to the limited local 
sources within the Arctic, this area is considered an indicator zone for 
long range transported known and new pollutants used and discharged 
at lower latitudes. Researchers and authorities are concerned about high 
concentrations of certain types of pollutants in the Arctic. The atmo-
sphere is one of most important transportation routes for pollutants to 
the Arctic (Zhang et al., 2018) and monitoring anthropogenic 

radionuclide levels in the Arctic ambient atmosphere remains important 
for the Arctic nations. 

Trends in activity concentrations in the atmosphere provide infor-
mation on the spatiotemporal migration and distribution of radionu-
clides in the environment. Identifying those compartments that delay 
release into the atmosphere from secondary sources when conditions 
change is another major goal of the monitoring programs. In the event of 
any other contamination in the future, it is important to maintain up-to 
date understanding of the status of anthropogenic radionuclide 
contamination in the atmosphere. This article updates and expands on 
the information provided since 2013 on the sources of anthropogenic 
radionuclides in the Arctic atmosphere, such as 137Cs, 133Xe and 3H. The 
possibility of their atmospheric activity concentration as tracers is also 
discussed to provide information on air exchange between the Arctic 
and lower latitudes of the world. This will improve our understanding of 
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migration of pollutants to the Arctic and the impact of climate change on 
the Arctic. 

1.1. Arctic airborne radionuclide monitoring network 

A network of radionuclide aerosols monitoring stations, covering the 
most part of Arctic region, has long been established by the Arctic na-
tions. The network provides early warning of arriving airborne radio-
nuclides by analyzing of samples collected in air samplers to monitor 
radionuclides that have been emitted and rapidly dispersed into the air. 
Arctic nations work together collaboratively and share information 
within this network and applying modeling tools that can backtrack the 
plumes to the discharge point (AMAP 2010). The Kingdom of Denmark 
(including Denmark itself, Greenland and the Faroe Islands), are not 
involved in this research because they do not have any atmospheric 
radionuclide monitoring stations above the Arctic Circle. 

These monitoring stations have played an important role in 
measuring the radioactive dust produced by intensive nuclear weapons 
tests. Further, the monitoring stations were important through the ra-
diation monitoring of the Chernobyl nuclear power plant disaster in 
1986 and the Fukushima nuclear accident triggered by earthquake and 
tsunami in 2011. 

Since 1996, an international monitoring system with stations for 
daily monitoring of radionuclide aerosols, and in some cases also 
radioactive noble gases, has been established for the Comprehensive 
Nuclear-Test-Ban Treaty (CTBT). Some of these stations are located in 
the Arctic and the detection capabilities of the Arctic radiation moni-
toring network have thus been greatly enhanced in terms of time reso-
lution and noble gas monitoring. Monitoring stations included in this 
paper are listed in Table 1. 

All these monitoring sites are equipped with high-volume aerosol 

samplers, and the sampling interval is daily or weekly depending on the 
operation mode of the monitoring station. The collected samples are 
measured by high-resolution gamma spectroscopy on High-purity 
Germanium (HPGe) detectors. For the weekly sampling stations, the 
weekly collected aerosol samples were shipped to the central laboratory 
for measurement with the HPGe detector, and they yield a minimum 
detectable concentration (MDC) of 137Cs of approximately 0.1 μBq/m3. 
The CTBT daily sampling station has a field laboratory and an onsite 
HPGe detector. In the remote locations, electrically cooled HPGe de-
tector are used. The MDC of 137Cs is approximately 1 μBq/m3. 

Some of these particulate stations are also equipped with gas sampler 
for monitoring of noble gases. The air sampling time is about 24 h, and 
then activated charcoal and carbon molecular sieves are used to purify 
radioxenon from 222Rn and 220Rn. In the final stage, each isotope 
(131mXe, 133Xe, 133mXe and 135Xe) is determined by low background 
HPGe detector or beta-gamma coincidence counting system, and the 
counting time is about 22 h. 

The tritium measurements were performed using a Quantulus liquid 
scintillation counter. One liter of rain water is collected monthly from 
which 500 ml is further prepared by distilling. The first 100 ml of this 
distilled water was discarded and the rest was retained. Place 8 ml of the 
distilled sample into the measuring vial along with 12 ml of scintillation 
fluid Ultima Gold uLLT. The vials were placed in the measurement 
chamber for two days before measurement to avoid chemiluminescence. 
The measurement time for each sample was 600 min. The obtained 
measurement results are then converted back to Bq/l values. 

1.2. Low-level 137Cs signals found in the Arctic 

During the atmospheric nuclear testing from the 1940s to the 1980s, 
nearly 1018 Bq of 137Cs were released globally. The United Nations 
Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) 
estimates that an integrated deposition density of 137Cs in the 60–70◦N 
latitude belt is about 3 kBq/m2 (UNSCEAR, 1993). The Chernobyl ac-
cident released another 1017 Bq of 137Cs in 1986 (UNSCEAR, 2000b) 
leading to a ground deposition of about 1–2 kBq/m2 in the northern 
parts of Scandinavia and Finland, which was similar to that due to global 
fallout from nuclear weapons testing. In the Russian Arctic, ground 
deposition of Chernobyl 137Cs fallout in the Kola Peninsula was up to 1 
kBq/m2. At sites further to the east, 137Cs deposition declined; in the 
region of Arkhangelsk about 220 Bq/m2 were deposited, whereas in the 
northern part of the Ural Mountains the level was about 40 Bq/m2 

(AMAP, 1998). 
The 1963 Partial Test Ban Treaty went into effect banning nuclear 

weapon tests in the atmosphere. The 137Cs content of the atmosphere 
started to decrease and reached a level of 1–10 μBq/m3 in the mid- 
1980s. In addition to the global fallout, airborne radioactivity obser-
vations related to leaking underground nuclear tests were made (Sal-
minen-Paatero et al., 2019). Thirty-five years later, the atmospheric 
137Cs released by the Chernobyl accident gradually decayed and trans-
ferred into aquatic and terrestrial ecosystems. According to the decay 
calculation method (UNSCEAR, 2000a), there was still about 1 kBq/m2 

of 137Cs in the 60–70◦N latitude belt in 2013. Their resuspension became 
major source of observed 137Cs. 

Table 2 summarizes the monitoring data of 137Cs in the air at 17 
stations from 2013 to 2020. As can be seen from the table, the detection 
rate of 137Cs at the weekly sampling station was high. Their percentage 
of aerosol samples (PAS) ranged from 17.0% to 95.1%, with the 
exception of the high latitude station Hornsund. Due to the smaller air 
sample and the location less affected by the Chernobyl nuclear accident, 
the PAS is typically below 1% at daily sampling stations, with the 
exception of Yellowknife. Its high PAS can be attributed to wildfires, 
which will be discussed later. Fig. 1a show the 137Cs airborne radioac-
tivity monitoring data of ten stations with PAS greater than zero 
(Table 2). The airborne 137Cs level in countries with weekly sampling 
devices are very close to the background level (0.05 μBq/m3). 

Table 1 
Atmospheric radioactivity monitoring stations which provided data for this 
evaluation.  

Location Lat dec Log dec Sampling 
time 

Total air Volume 
collected, ( × 1000 
m3) 

Whitehorse, Canada 60.73N 135.10W weekly 14 
aYellowknife, Canada 62.48N 114.47W daily 24 
Coral Harbour, 

Canada 
64.19N 83.35W weekly 27 

Inuvik, Canada 68.32N 133.53W weekly 13 
aResolute, Canada 74.71N 94.97W daily 19 
Alert, Canada 82.50N 62.34W weekly 16 
Rovaniemi, Finland 66.50N 25.76E weekly 140 
Ivalo, Finland 68.64N 27.58E weekly 25 
Oulanka, Finland 66.32N 29.40E weekly 4 
Rovaniemi, Finland 66.57N 25.83E weekly 1 
Sodankylä, Finland 67.37N 26.65E daily 3.3 
Utsjoki, Kevo, 

Finland 
69.75N 27.02E weekly 4 

bReykjavik, Iceland 64.10N 21.90W daily 15 
cSpitsbergen, Norway 78.20N 15.40E daily 16 
Skibotn, Norway 69.36N 20.32E weekly 130 
Svanhovd, Norway 69.45N 30.04E weekly 130 
Viksjøfjell, Norway 69.62N 30.67E weekly 80 
damp;Hornsund, 

Spitsbergen, 
Norway 

77.00N 15.55E weekly 75 

eKiruna, Sweden 67.84N 20.42E weekly 110 
Anchorage, USA 61.18N 149.78W Sporadic daily sampling 

measurements Fairbanks, USA 64.86N 147.85W 
Juneau, USA 58.39N 137.57W  

a Station included in the CTBT aerosol and noble gas monitoring network. 
b Station included in the CTBT aerosol monitoring network. 
c Station included in the CTBT noble gas monitoring network. 
d Station operated by the Institute of Geophysics, Polish Academy of Sciences 

and National Centre for Nuclear Research, Poland (Burakowska et al., 2021). 
e Station operated by the Swedish Defence Research Agency. 
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Observations from all these stations are characterized by random small 
137Cs signals. The observed concentration typically ranges from 0.05 to 
3.87 μBq/m3 and does not follow any seasonal changes, as shown in 
Fig. 1a. 

However, during the week April 8–15, 2013 (Fig. 1a), higher con-
centrations of 137Cs were observed at monitoring stations in Sweden, 
Iceland, Finland and Norway. Among these stations, the highest 
observed value in this period was 13.6 μBq/m3 on April 8 in Kiruna, 
Sweden. The maximum 137Cs activity levels at other stations were 2.38 
μBq/m3 (Reykjavik, Iceland, April 14), 2.08 μBq/m3 (Rovaniemi, 
Finland, April 11), 1.50 μBq/m3 (Ivalo, Finland, April 15), and 1.19 
μBq/m3 (Skibotn, Norway, April 08). Elevated 137Cs concentrations 

observed in Sweden, Finland and Norway have been reported to be 
caused by a source melt event in the town of Elektrostal, 50 km east of 
Moscow (FOI, 2013; Møller and Dyve, 2014). Although the abnormally 
high concentrations of 137Cs observed in Iceland during this period were 
not included in these reports, it is reasonable to assume that the 
observed abnormal concentrations may be related to the same event. 

The data collected by Yellowknife, Resolute and Reykjavik stations 
are daily data, and the observed activity concentration is generally 
higher than the data from weekly sampling stations. This is due to the 
sample dilution effect caused by air mass movement and aerosol depo-
sition. During a week’s sampling period several different air masses can 
prevail at the station. Thus, one sample can represent several source 
areas of air masses with a varying 137Cs content. 

Interestingly, the 137Cs activities observed in Yellowknife have an 
obvious seasonal variation pattern with higher levels found in the 
summer. The detection events start in May and continue until the end of 
August. During the rest of the year, 137Cs is rarely detected. The 
observed concentrations vary from 1 to 23 μBq/m3, with the highest 
value occurred in the summer of 2014 (Fig. 1a-c). These peaks tightly 
match the occurrence of fire plumes at the station location as predicted 
by IS4FIRES-SILAM fire plume forecasting system (Fig. 1b). These ob-
servations indicate that the 137Cs deposited worldwide in past nuclear 
tests can be reinjected into the atmosphere to a large extent and on a 
large scale through combustion, and then transported over long dis-
tances. In contrast, randomly observed small 137Cs signals (less than 3 
μBq/m3) has no seasonal patterns and is the result of local resuspensions 
of soil in summer or dust in winter. 

This inference can be further proved by comparing the 137Cs detected 
in air samples at the Yellowknife station in 2020 and 2021. 2020 is a 
relatively calm wildfire year in western Canada. The number of fires was 
32% below the 10-year average (Canada Report, 2020). The total area 
burned is 92% smaller than the 10-year average. Accordingly, 137Cs is 
rarely observed in Yellowknife in 2020, as shown in Fig. 1a and b. After 
the calm 2020 wildfire year, 2021 was one of Canada’s busiest fire 
seasons in recent years. According to the NRC report (National Wildland 
Fire Situation Report, September 1, 2021), 6224 fires occurred in the 
first 8 month of 2021 compared to 3665 at the same time of 2020. The 
total burned area exceeded 4.18 million hectares while the area lost at 
the same time of 2020 was 236,956 ha. The 10-year average of burned 
area in the same time period was slightly higher than 2.59 million 

Table 2 
The percentage of aerosol samples (PAS) with detectable137Cs activity concen-
trations from 2013 to 2020. Arithmetic mean (±SD), Minimum, Maximum and 
Median calculated based on the137Cs activity reported by each station (μBq/m3). 
The detection limits varies from station to station, with daily stations generally 
having higher detection limits due to the low volume of air sampling.  

Station PAS, % arithmetic 
mean 

min. – max. median 

Yellowknife, Canada 4.43 3.67 ± 3.86 0.24–23.1 2.21 
Resolute, Canada 0.55 1.65 ± 0.61 0.53–2.85 1.59 
Whitehorse, Canada 0 – – – 
Coral Harbour, 

Canada 
0 – – – 

Inuvik, Canada 0 – – – 
Alert, Canada 0 – – – 
Rovaniemi, Finland 95.1 0.28 ± 0.21 0.05–2.08 0.41 
Ivalo, Finland 45.1 0.40 ± 0.21 0.12–1.50 0.34 
Skibotn, Norway 33.9 0.18 ± 0.08 0.06–1.19 0.14 
Svanhovd, Norway 45.9 0.23 ± 0.26 0.05–2.30 0.17 
Viksjøfjell, Norway 16.3 0.31 ± 0.51 0.06–3.00 0.17 
Hornsund, 

Spitsbergen 
3.83 0.64 ± 0.87 0.09–3.87 0.37 

Kiruna, Sweden 35.8 0.32 ± 1.11 0.05–13.6 0.20 
Reykjavik, Iceland 0.34 1.86 ± 0.38 1.40–2.38 1.84 
Anchorage, USA 0.15 ±

0.03 
0.12–0.17 0.15  

Fairbanks, USA 0.15 ±
0.06 

0.09–0.23 0.14  

Juneau, USA 0.14 ±
0.08 

0.06–0.20 0.17   

Fig. 1a. Cs-137 observed at 10 Arctic atmospheric monitoring stations from 2013 to 2020.  
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hectares. Coincidentally, the seasonal observed peaks of 137Cs appeared 
again in Yellowknife at the same time as the fire-induced fine aerosols, 
as shown in Fig. 1a and b. 

In addition, the summer 137Cs activity peak observed in Yellowknife 
varies year by year, which cannot be explained by local resuspension 
alone. However, nearby forest fire may explain the variations. A study 
showed that combustion activities through the north suspended and 
redistributed about 1% of all 137Cs that is fully available in the com-
bustion zone (Wotawa et al., 2006). In October 2020, the daily moni-
toring station in Reykjavik, observed continuous presence of 137Cs in the 
air, and this station also shows sporadic detections at activity 

concentrations above 1.34 μBq/m3 back in time (Fig. 1a). These events 
in Iceland are usually caused by re-suspended soil in the central high-
lands of Iceland during stormy weather (K. Gudnason, private commu-
nication, October 28, 2021). According to a study by Sigurgeirsson et al. 
(2005), the amount of radiocaesium present in this central highlands 
was about 2–3 kBq/m2. 

In summary, under normal conditions, the level of 137Cs in the air of 
the Arctic area varies from 0.05 to 1.50 μBq/m3, as shown in Fig. 1a. The 
higher concentrations of 137Cs observed by the daily monitoring stations 
is due to its sufficiently high sensitivity and time resolution to detect the 
137Cs re-suspended in the local soil and the 137Cs re-emitted form the 

Fig. 1b. Fire smoke concentrations at Yellowknife, 2013–2021. Parameter: concentration fine-particulate matter (PM) with dry diameter less than 2.5 μm, released 
by fires. Emission is assumed to be proportional to Fire Radiative Power FRP registered by MODIS satellite instruments. Unit [kg m− 3]. 

Fig. 1c. Fire smoke concentration over Northern America, screenshot on 14.07.2014, 00:00 UTC.  
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combustion of biomass. These observations can also treat 137Cs in the 
atmosphere as a tracer of atmospheric processes, such as the resus-
pension and re-emission of biomass combustion. This allows us to 
explain the peaks observed in the summer of 2013–2021. Therefore, the 
summer 137Cs signal detected in Yellowknife needs further investigation. 

1.3. Fire information and atmospheric composition modelling systems 

In this investigation, global fire information on PM2.5 emissions 
from vegetation fires was produced by the Integrated Monitoring and 
Modelling System for Wildland Fires (IS4FIRES, http://is4fires.fmi.fi; 
Sofiev et al., 2009). The system utilizes the fire radiative power (FRP) 
(Kaufman et al., 1998) observations of the Moderate Resolution Imaging 
Spectroradiometer (MODIS) instruments onboard the Aqua and Terra 
research satellites of NASA. FRP is assumed to be proportional to the dry 
biomass burning rate, which is converted to PM2.5 emission using 
land-use dependent empirical emission factors of IS4FIRESv2 (Soares 
et al., 2015; Sofiev et al., 2012). 

Atmospheric transport of the vegetation fire–originated PM2.5 was 
modeled using the System for Integrated modeling of Atmospheric 
coMposition (SILAM) chemical transport model (http://silam.fmi.fi; 
Sofiev et al., 2015). The model was driven by the European Centre for 
Medium-Range Weather Forecasts meteorological re-analysis ERA5. 

Temporal anomalities of activity concentrations in the Arctic 
(Fig. 1a) show a relatively uniform pattern, with most stations reporting 
<1 μBq/m3 throughout the whole period. However, two stations showed 
peculiar patterns: regular 10–100 times peaks were observed in Yel-
lowknife, and Resolute, shown in a few μBq/m3 in several episodes 
almost each year. One can also note a couple of high episodes in 
Hornsund. These events (at least a significant portion of them) can be 
attributed to vegetation fires, elevation activity into the air and facili-
tating its long-distance transport along with fire smoke. 

The reason why the Yellowknife station is an outlier is that it is 
located in the middle of fire-prone northern region that experiences 
major fires almost every year (Fig. 1b, c). The fire season of 2014 was 
particularly extensive and long, which was also evident in the activity 
time series (Fig. 1a). 

One can also note that the activity concentrations in Yellowknife 
follow the fire smoke concentrations. In particular, low fire seasons after 
2017 correspond to low activity anomalies. On a larger scale, fire smoke 
typically spreads regionally, but events like July 2014 were elevated the 
concentrations in large parts of the Arctic. Fig. 1c depicts the moment 
when smoke from mainland Canada arrives at the Resolute site. This fire 
season brought smoke all the way to Spitsbergen, which corresponds to 
one of the highest active concentrations reported by Hornsund. How-
ever, the polluted air masses were quite well diluted on the way, 
essentially affecting most of Canadian Arctic areas and Northern 
Atlantic. 

The transport of fire smoke does not explain all activity concentra-
tion anomalities. For instance, the highest level of activity in Hornsund 
was reached in October–November 2015 (Fig. 1a), which is outside the 
northern hemisphere fire season. Most Resolute activity peaks also 
appear to be unrelated to fire smoke. 

1.4. Radioactive xenon isotopes monitoring 

Research in the early 2000s first reported the presence of radioactive 
xenon in the Arctic atmosphere (Saey et al., 2006). It has been proven 
that radioactive xenon isotopes in the environment mainly originate 
from production of fission isotopes, and to a lesser extent come from 
nuclear power generation and the operation of research reactors (Mat-
thews and Saey, 2012). Xenon noble gases are a byproduct of the pro-
duction of 99Mo and can be released into the atmosphere. 99Mo is used 
worldwide to produce the medical isotope Tc-99m through decay. 
Multiple studies have shown that the average emission level of radio-
active xenon from nuclear power plants is about 109 Bq/day. In contrast, 

the emission levels for fission-based isotope production vary between 
approximately 109 and 1013 Bq/day, depending on many factors such as 
the dissolution chemistry, amount of 99Mo produced, off-gas treatment 
technology and procedures, and other factors (Bowyer, 2020). The 
radioactive xenon isotope most detected in the surrounding air sample is 
133Xe. Its half-life is 5.24 days, and its large cumulative fission yield is 
6.7–7.0%. All of the above factors contribute to the high detectability of 
133Xe. Fig. 2 shows the daily activity concentration of 133Xe observed at 
Yellowknife (62.5◦N), Resolute (74.7◦N) and Spitsbergen (78◦N) sta-
tions from 2013 to 2020. 

The 133Xe observed at two stations in the North America’s Arctic 
region indicate that there are higher activity concentration peaks in 
winter and spring. During the same year, the peaks observed in Resolute 
were earlier than the peaks of Yellowknife. Consistent with the obser-
vations of Yellowknife and Resolute, 133Xe activity concentrations are 
indeed higher in winter than in summer in Spitsbergen, Norway (Fig. 2), 
and the values observed in Spitsbergen in winter are about 10 times 
higher than that observed by Yellowknife and Resolute. There is some 
time lag between the 133Xe observations in Canada and Spitsbergen. 
Even after the complete shutdown of Chalk River’s National Research 
Universal reactor in March 2018, this pattern remained. The data sug-
gest that the 133Xe observed in Canada and Spitsbergen have the same 
origin and that they are affected by the same transportation model. 

The locations of Yellowknife, Resolute and Spitsbergen stations are 
far away from these radioactive xenon emission areas. Therefore, these 
observations can be interpreted as the result of long-distance transport 
of air mass. In winter, in the absence of solar radiation, that could cause 
convective flows, the Arctic atmosphere becomes stratified. The xenon 
emissions thus remain close to the ground as they are not transported to 
higher altitudes. Interestingly, in winter and spring, large-scale haze 
layers are also observed in the Arctic (Saey et al., 2006). However, 133Xe, 
being a noble gas, is not subject to air chemistry and deposition pro-
cesses like the aerosol particles forming the Arctic haze. 

As mentioned above, the global background of radioxenon is mainly 
dominated by radiopharmaceutical productions facilities. Currently, the 
133Xe emissions of some major 99Mo and other medical isotope pro-
duction plants are one order of magnitude higher than all the approxi-
mately 450 nuclear power reactors worldwide. These productions 
facilities are located in the limited areas around the world, such as in 
Canada (MDS Nordion, ceased production of 99Mo on March 31, 2018), 
the Netherlands (Tyco healthcare), Belgium (IRE), South Africa (NTP), 
and other regions. They are responsible for 38%, 26%,16%, 16%, and 
4% of the total production of 99Mo worldwide, respectively (Zahringer 
et al., 2009). 

The 133Xe measurements obtained at these monitoring stations sup-
port other research on how air pollution problems can arise between 
intercontinental distance (Paatero et al., 2012). It will help develop and 
improve models that can predict the long-distance transportation and 
deposition of polluting gases in the Arctic. In principle, these models can 
more accurately simulate and predict the migration of pollutants be-
tween specific emission sites and the Arctic. This is because its emission 
locations are clear, and the transportation in the atmosphere should 
behave like an inert gas similarly to other pollution gases without the air 
chemistry, e.g. the transformation of gaseous sulfur dioxide into 
particle-bound sulfate. 

A deeper analysis of these monitoring data will strengthen our un-
derstanding of the dispersal of radioxenon released in European nuclear 
facilities. As between North America and Europe, the 133Xe detected in 
the Arctic is far away from its emission and can be used as a tracer to 
study inter-continental transport air pollution. Although not analyzed 
further here, these monitoring results show obvious seasonal changes, 
and their seasonal variations coincides with high phase of the North 
Atlantic Oscillation (NAO), which makes these results complementary 
for the NAO study. The NAO is a weather phenomenon, which is 
measured by changes in the north-south atmospheric pressure gradient 
over the North Atlantic Ocean. It causes periodic climatic differences, 
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such as air temperature, wind direction and precipitation distributions. 
The living part of the ecosystems responded to the change by trans-
porting more European pollution to the Arctic during the high phases of 
NAO. A study on the long-term variations of the 210Pb concentrations in 
the surface air of Finland showed that there is a significant negative 
correlation between the winter-time NAO index and the winter average 
(December–March) 210Pb activity concentration in the surface air in the 
Arctic area (Paatero et al., 2000). 

1.5. Tritium in rainwater 

Tritium (3H) is a radioactive isotope with a half-life of 12.3 years and 
is present in the nature from natural sources but also from anthropo-
genic releases. In nature, 3H is mainly produced by the interaction of 
galactic cosmic rays and atmospheric atoms, mainly by thermalized 
neutrons in the 14N(n,3H)12C reaction, and a small portion by solar flares 
or directly input from solar wind (Geyh and Schleicher, 1990; Nir et al., 
1966). 

The natural production rate of tritium in the atmosphere is 72 PBq 
a− 1 (0.2 kg/y), which causes a global inventory of 3.6 kg (UNSCEAR 
2000). In nature, 3H replaces one hydrogen atom in water molecule 
forming hydrogen-tritium-oxygen (HTO) water molecule are formed. 
Chemically HTO is water and hence participates in the global water 
cycle. During the atmospheric nuclear weapons tests conducted from 
1950s to 1980s, 3H was released in large quantities into the atmosphere. 
A total of about 650 kg of 3H were released into the atmosphere and the 
atmospheric nuclear weapons tests led to a large increase of 3H in 
rainwater. Today, 3H is released to the nature typically as licensed and 
controlled liquid discharges from nuclear power plants, nuclear fuel 
reprocessing plants and nuclear medical facilities. 

For the past 60 years, Radiation and Nuclear Safety Authority (STUK) 
has been monitoring tritium in rainwater in Finnish Lapland at Nellim, 
Pelkosenniemi, Rovaniemi Apukka and Rovaniemi city center (Outola 
and Saxén, 2012). Today, only one station at Rovaniemi center is still 
operating and collecting monthly rainwater samples. The tritium 
monitoring in Lapland started in 1961 has continued until today. The 
longest time series was Rovaniemi Apukka research station where 

monitoring was conducted from 1972 to 2006. Tritium is measured from 
the rainwater samples with a liquid scintillation counter (ISO 
9698:2019). In the combined time series shown in Fig. 3 the data before 
November 1972 was from the measurements conducted at Pelko-
senniemi and from November 1972 to the end of 2006 was from 
Rovaniemi Apukka research station and from 2006 onwards from the 
station located at Rovaniemi city center. Nominal sample collection 
times was one month, but in 1965 Pelkosenniemi only sampled every 
other month, likewise, in 1993–2006 at Rovaniemi Apukka only 

Fig. 2. Xe-133 observed at Canada and Norway atmospheric noble gas monitoring stations from 2014 to 2020. The MDC of 133Xe is about 0.1 mBq/m.3.  

Fig. 3. 3H concentration in rainwater where black curve (upper) represents 
values measured in Vienna, Austria and the red curve (lower) the combined 
time-series measured in Lapland, Finland. The Vienna data was obtained from 
the Global Network on Isotopes in Precipitation database hosted by the Inter-
national Atomic Energy Agency (Global Network on Isotopes, 2022). The inset 
graph shows the scatter plot between data from Lapland, Finland (x-axis) and 
Vienna, Austria (y-axis). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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sampled every other month. In Fig. 3 the combined time series of tritium 
concentration in rainwater referred to as Lapland, Finland and in 
Vienna, Austria which is the reference data set provided by International 
Atomic Energy Agency (IAEA). The concentrations measured in Vienna 
were systematically higher than the values found in Lapland, although 
the shape of the curves are very similar. A scatter plot was drawn be-
tween these two datasets using the data measured simultaneously at 
both locations. The scatter plot is shown as an inset in Fig. 3, with 
Lapland data shown on the x-axis and values measured in Vienna on the 
y-axis. A linear fit was performed on the data points with an R2 = 0.903 
and the Pearsson’s r = 0.95 indicating very good agreement between 
these time series. A linear fit was fitted to the data points of the scatter 
plot showing that the tritium concentrations in Vienna were systemati-
cally about 7.9 times higher than the values found in Finnish Lapland. 

The 3H concentrations were very high in the early 1960s and began a 
decline after 1965. The decline rate of tritium in rainwater from 1965 
to1995 is very close to the three physical half-lives of tritium. In the late 
1990s or early 2000s, 3H concentration reached natural background 
levels, which are influence by annual cycle and the changes in cosmic- 
ray flux (Fourré et al., 2018; Palcsu et al., 2018). Today, 3H concen-
trations typically detected in rainwater are between 1 and 2 Bq/l. 
Typically, higher concentrations were detected during summer and 
lower concentrations are detected during winter. The seasonal cycles 
caused by annual rain and solar irradiation pattern, are consistent with 
those of other radionuclides produced by cosmic rays, such as 7Be. 
However, unlike aerosol-bound radionuclides tritium participates in 
various hydrological and meteorological processes that can affect its 
activity concentration in precipitation (Ehhalt et al., 1963), and its 
regular monitoring will help detect unreported anthropogenic tritium 
releases. 

In addition to tritium in rainwater, tritium concentrations in surface 
waters were monitored from 1968 to 1987 from Lake Inarijärvi at Nel-
lim, Inari and the river Kemijoki at Isohaara, Keminmaa. Lake Inarijärvi 
is a large lake in the northernmost part of Finland. The Kemijoki is 
Finland’s largest river and its watershed covers the eastern part of 
Lapland. It should be mentioned that lake Inarijärvi does not discharge 
into river Kemijoki so these water bodies are not directly connected. In 
1968, Lake Inarijärvi had the highest concentration at 70 Bq/l and the 
Kemijoki had a concentration of 40 Bq/l, and the concentration in lake 
water was systematically higher than in river water. An interesting in-
crease in the tritium concentrations were found between 1973 and 1974, 
as shown in Fig. 4. A study from lake sediments in northern Finland 
showed that the 137Cs and 241Am concentrations peaked in 1970 but not 
during 1973–1974 (Haltia et al., 2021). The 137Cs and 241Am peaks 
appeared about 3 years earlier compared to the increase in the surface 
water tritium concentrations found in this study. The reason for this is 
most likely the different deposition mechanism of tritium and 137Cs or 
241Am or the built of the nuclear weapons exploded were different and 
the tests conducted in 1973–1974 produced significantly more tritium 
compared to 137Cs or 241Am. By the end of sampling in 1987, the tritium 
concentration had dropped to about 4 Bq/l. 

2. Conclusions 

The capabilities of the Arctic nations to monitor atmospheric ra-
dionuclides have grown considerably over the past years. As basic 
safeguard, member states regularly monitor the background radiation 
levels of anthropogenic radionuclides in the atmosphere over the Arctic. 
If there are any changes, the experts can analyze and report whether the 
enhanced level is due to radioactive release caused by nuclear accidents 
or natural disasters. 

Over a decade of monitoring results have shown normal levels of 
137Cs in Arctic air ranging from 0.05 to 1.50 μBq/m3. The 133Xe mea-
surements obtained at Yellowknife, Resolute and Spitsbergen could 
support other research into how air pollution problems arise across 
intercontinental distances. It will help develop and improve models 

capable of predicting the long-distance transport and deposition of trace 
gases in the Arctic. The 3H concentrations were at elevated level due to 
releases from atmospheric nuclear weapons tests during the 1960s. In 
the mid-1990s the 3H reached a steady state level and the monthly 
concentrations in rainwater were, typically between 1 and 2 Bq/l. The 
historical dataset showed smaller concentrations of tritium observed in 
Lapland compared to the reference dataset measured in Vienna, Austria. 

There are still many gaps that require further work in order to pro-
vide a broad picture of abnormally enhanced radiation levels in the at-
mosphere and to support decision makers. This paper indicates that it is 
important to establish an integration of different monitoring stations 
and technologies for the best assessment of anthropogenic radionuclide 
levels. The integrated platform can also share knowledge and experience 
with the international community to assist other Arctic Monitoring 
Assessment Programme (AMAP) panels to more effectively use our data 
for Arctic climate change and pollution research. 
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