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a b s t r a c t

The spatial and temporal distributions of the anthropogenic radionuclides 137Cs and 90Sr, originating
from nuclear bomb testing, the Sellafield reprocessing plant in the Irish Sea (UK), and from the Ob and
Yenisey river discharges to the Arctic Ocean, have been simulated using the global version of the Miami
Isopycnic Coordinate Ocean Model (MICOM). The physical model is forced with daily atmospheric
re-analysis fields for the period of 1948–1999. Comparison of the temporal evolution of the observed and
the simulated concentrations of 90Sr has been performed in the Kara Sea. The relative contributions of
the different sources on the temporal and spatial distributions of the surface 90Sr are quantified over the
simulated period. It follows that the Ob river discharge dominated the surface 90Sr over most of the Arctic
Ocean and along the eastern and western coasts of Greenland before 1960. During the period of 1980–
1990, the atmospheric fallout and the Ob river discharge were equally important for the 90Sr distribution
in the Arctic Ocean. Furthermore, an attempt has been made to explore the possible dispersion of
accidental released 90Sr from the Ob and Yenisey rivers under a global warming scenario (2� CO2). The
difference between the present-day and the global warming scenario runs indicates that more of the
released 90Sr from the Ob and Yenisey rivers is confined to the Arctic Ocean in the global warming run,
particularly in the near coastal, non-European part of the Arctic Ocean.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Radioactive contamination of the Arctic environment has
received much attention over the last decades. This is caused by the
fact that there are many actual and potential radioactive sources
within and near the Arctic region, and that the Arctic food chains
are particularly vulnerable to radioactive exposure.

Accurate quantification of the temporal–spatial distributions of
the radionuclides can be achieved by combining precise source
functions of the radionuclides, available in situ observations, and 3-
dimensional simulation by Ocean General Circulation Models
(OGCMs). The main focus of this paper is on the latter.

It has been demonstrated that the OGCMs can be a powerful tool
to simulate the temporal and spatial distributions of man-made
radionuclides (e.g. Nies et al., 1998; Gerland et al., 2003; Tsumune

et al., 2003; Karcher et al., 2004; Gao et al., 2004, 2005; Orre et al.,
2007). For instance, Tsumune et al. (2003) performed a global
simulation of 137Cs and 239, 240Pu with the source from the atmo-
spheric fallout, and Gerland et al. (2003) performed a simulation of
99Tc with the source from the Sellafield reprocessing plant using
a regional OGCM. More recently, Gao et al. (2004) used a global
version of the MICOM (Nansen Environmental and Remote Sensing
Center version of MICOM; Bleck et al., 1992) to examine the
transport of the radionuclides 90Sr and 137Cs from the atmospheric
fallout and the Sellafield discharge in the Atlantic–Arctic Oceans.
The latter study showed that the simulated temporal evolutions of
surface 137Cs are in fairly good agreement with the observations to
east of Scotland, west of Norway and in the Barents Sea, and the
transit time for the radionuclides released from the Sellafield to the
Barents Sea is about 4–5 years, in accordance with the observations
by Kershaw and Baxter (1995). It was also shown that in the Atlantic
waters off the coast of Norway and in the southern Barents Sea, the
atmospheric fallout of 90Sr and 137Cs dominated over the Sellafield
release up to the mid1960s and after the early 1990s, whereas
Sellafield release was the main source for the two radionuclides in
the 1970s and 1980s.
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In the present study, the same global version of MICOM as in
Gao et al. (2004) is used to examine the spreading and the
concentrations of man-made 90Sr originating from nuclear bomb
testing, the Sellafield release in the Irish Sea, and transport from the
Ob and Yenisey rivers to the Arctic Ocean. The relative contributions
of the different sources on the spatial-temporal distributions of the
surface 90Sr over the period of 1948–1999 are assessed. It should be
mentioned that the Chernobyl accidental release in 1986 is not
included in this study.

Furthermore, ocean circulation and mixing processes govern the
transport of all conservative substances in the ocean. Since the
global climate system changes as a result of increasing greenhouse
gases in the atmosphere, the dynamics and the thermodynamics of
the ocean will also change. The changed ocean climate will have
consequences for the transport and mixing of radionuclides in the
Atlantic–Arctic region. To assess the spreading and mixing char-
acteristics of accidentally released radionuclides under a global
warming scenario, in addition to the above-mentioned hind-cast
simulation, twin experiments with the OGCM have been performed
with present day forcing and with possible forcing resembling the
future climate in the 21st century. The differences in the transport
and mixing between the two climate situations provide a scenario
for possible changes in the transport routes and concentration
distributions of radionuclides.

The OGCM used in this work has been tested against observed
quantities in the region of interest (Nilsen et al., 2003; Gao et al.,
2003, 2004, 2005; Drange et al., 2005; Eldevik et al., 2005; Hatun
et al., 2005; Orre et al., 2007). In general, the model is able to
reproduce the ocean circulation and thermodynamics in a fairly
realistic way. It is therefore believed that the model system is an
useful and appropriate tool to simulate the advective transport and
dispersive mixing of radionuclides which behave conservatively in
sea water.

The paper is organized as follows: A description of the model
system is provided in Section 2. The radionuclides simulation is
described in Section 3. In Section 4, a brief overview of the ocean
circulation in the Atlantic–Arctic Ocean is given, together with the
observation-derived pathway of the Sellafield discharge. The
obtained results from the hind-cast and the future simulations are
given in Sections 5 and 6, respectively, and finally the paper is
summarized in Section 7.

2. Model description and configuration

The model system applied in this study has been used in
Gao et al. (2004) (hereafter G04). Some of the key features are
repeated here:

The model has 23 layers with fixed potential densities, and an
uppermost mixed layer (ML) with temporal and spatial varying
density. In the horizontal, the model is configured with a local
orthogonal grid mesh with one pole over North America and one
pole over western part of Asia (Bentsen et al., 1999), yielding a grid-
spacing of about 90–120 km in the North Atlantic–Arctic region.

The model was initialized by the January Levitus and Boyer
(1994) and Levitus et al. (1994) climatological temperature and
salinity fields, respectively, a 2 m thick sea-ice cover based on
climatological sea-ice extent, and an ocean at rest. The model was
first spin-up for 180 years with monthly-mean atmospheric forcing
fields derived from the NCEP/NCAR re-analysis (Kalnay et al., 1996),
and was then continued with daily NCEP/NCAR forcing, repeating
the period 1974–1978 twice. The period 1974–1978 was chosen
because of the relatively neutral North Atlantic Oscillation (NAO;
Hurrell, 1995) conditions of these years. Thereafter, for the hind-
cast simulation, the model was integrated with daily forcing for the
period 1948–1999.

For the simulation of 90Sr originating from accidental releases in
the Ob and Yenisey rivers, twin-integrations have been conducted.
The base-line integration is similar to the hind-cast simulation
described above, i.e., a simulation under present climate conditions
covering the time period from 1970 to 2000 with the daily NCEP/
NCAR forcing. For the global warming scenario, daily atmospheric
forcing fields were extracted from a 2� CO2 simulation performed
with the Bergen Climate Model (BCM; Furevik et al., 2003; Sorte-
berg et al., 2005). To ensure that the OGCM is driven by forcing
fields consistent with the NCAR/NCEP forcing, the following
procedure was adopted: In step one, the mean daily values of all of
the atmospheric forcing fields from the last 30 years of the 2� CO2

simulation were stored, and then the difference between these
daily forcing fields and the climatological mean of the same fields
from a control integration with BCM was computed. In this way, the
obtained product is the daily change in the atmospheric forcing
fields caused by increased concentration of atmospheric CO2 in
BCM. Finally, the daily forcing anomalies from the 2� CO2 BCM
simulation were added to the mean of the NCAR/NCEP re-analysis
fields for the period 1970–2000. For the 2� CO2 forcing, the inte-
gration has been performed twice with the same forcing to stabilize
the simulated surface water.

3. Setup of the radionuclides simulation

3.1. The hind-cast simulation

The important sources of the radionuclides in the North
Atlantic–Arctic region are the nuclear bomb testing, the Chernobyl
accident and releases from the European reprocessing plants
Sellafield (UK) and Cap de La Hague (France) (Nies et al., 1998;
Strand et al., 2002). The Sellafield discharge has been dominant
over that of Cap de La Hague in terms of quantities and impact for
the majority of the northern waters (Kershaw and Baxter, 1995).
Therefore, the dispersion of the radionuclides released from Cap de
La Hague is not considered in this study. The time evolutions of
137Cs and 90Sr from the Sellafield release and from the nuclear
bomb testing were provided by S. Nielsen (personal communica-
tion, 2001; see also Fig. 3 in G04). The atmospheric fallout provides
the present background concentration of the surface and sub-
surface waters in the region, while the Sellafield discharge is one of
the major sources of radioactive contamination in the Arctic Ocean
since the 1970s (Strand et al., 1996).

Furthermore, radioactive contaminations have been discharged
from Russian nuclear facilities at the high northern latitudes.
Generally speaking, those discharges played less important roles
in the overall radioactive contamination. However, Russian nuclear
facilities that discharge into the Ob and Yenisey river systems and
eventually reach the Arctic Ocean need to be considered since
their discharges have been high historically (Strand et al., 1998).
There is concern about whether and how they have contaminated
the Arctic Ocean, and whether and how potential accidents can
lead to further contamination. To have the input flux of 90Sr
transported from the Ob and Yenisey rivers, the 1D river model
(Zheleznyak et al., 1992) and the 3D estuary model (Margvelashvili
et al., 1997) were used with the output from 1D river model as the
input of the 3D estuary model. Both the 1D river model and the 3D
estuary model have been validated against the available observa-
tions. Finally, the simulated temporal distribution of the 90Sr
concentration by the 3D estuary model is used as the source
function for the results presented here. Fig. 1 shows reconstructed
time evolutions of 90Sr caused by the river discharges at the
mouths of the Ob and Yenisey rivers in the Kara Sea for the past 50
years (Johannessen et al., 2003).
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Four tracers in the hind-cast simulation will be discussed later
on: the atmospheric fallout induced 90Sr, the Sellafield discharge
induced 90Sr and the 90Sr caused by the discharges from the Ob and
Yenisey rivers. The simulated dispersion of 137Cs caused by the
atmospheric fallout and the Sellafield discharge will be discussed
briefly since it is identical with that of G04. The initial fields of all
the radionuclides are set to zero and the integration starts from
1948 and ends in 1999.

3.2. Simulation on accidental releases

The hypothetical accidents were assumed for the simulation on
accidental releases. In the Ob river, the scenario assumes a sudden
and uncontrollable break-down of the dam of the reservior-11 at
Mayak. In the Yenisey river, the hypothetical accident at Mining
Combine (MCC) assumes an instantaneous release of 90Sr. The
river model is used to generate the time evolution of 90Sr
concentration at the Ob bay and at the Yenisey Gulf of the Kara
Sea. Fig. 2 shows the proposed accidental daily release of 90Sr from
the Ob and Yenisey rivers. The maximum accidental releases take
place in summer with the peak values of 116 Bq m�3 for the Ob
river and 302 Bq m�3 for the Yenisey river. The integration for the
accidental release scenario under present-day climate condition
starts from 1970 with zero concentrations in the sea water and
ends in 2000, whereas the integration under global warming
scenario starts from 2050 with zero concentrations in the sea
water and ends at 2080.

4. Ocean circulation and radionuclides

The ocean circulation in the North Atlantic–Arctic region is
mainly governed by the northward-flowing warm and saline
Atlantic Water (AW) and the southward-flowing cold and fresh
Polar Water (PW). The AW enters the Greenland–Iceland–Norwe-
gian Seas (Nordic Seas) mainly over the ridges between Iceland and
Scotland (Hansen and Østerhus, 2000), and continues northward
along the Norwegian coast as the Norwegian Atlantic Current
(NAC). One branch of the AW enters the Barents Sea (2.3 Sv,
1 Sv¼ 106 m3 s�1; Ingvaldsen et al., 2002), and the other flows
towards the Fram Strait as the West Spitsbergen Current (WSC). A
part of the AW carried with WSC flows into the Arctic Ocean,
whereas the rest recirculates and flows southward. In the Arctic
Ocean, the surface ocean circulation is characterized by the Beau-
fort Gyre and the Transpolar Drift (TPD). The PW leaves the Arctic
with the East Greenland Current (EGC) on the western side of the
Fram Strait, continuing southward along the coast of Greenland.
Most of PW flows through the Denmark Strait and enters the sub-
polar gyre.

The mean simulated surface current in the Atlantic–Arctic
region is, in general, in accordance with observations (G04).

Summarized by Kershaw and Baxter (1995), the pathway of the
soluble radionuclides 137Cs and 90Sr from Sellafield to the Arctic
follows: Initially the tracer is carried northward from the Irish Sea
through the North Channel, and then flows along the coast of
Scotland into the North Sea. The tracer is transported northward
before branching off northern Norway: One branch passes east-
wards into the Barents Sea; the other passes through the Fram
Strait with the WSC. The simulated pathway of radionuclides 137Cs
from Sellafield discharge to the Arctic is in fairly good agreement
with the observation (G04).

5. Results from the hind-cast simulation

Figs. 3–8 show the simulated spatial and temporal distributions
of surface 90Sr concentrations and the relative contributions from
the atmospheric fallout, the Sellafield release and the Ob river
discharge from 1955 to 1999, respectively.

High concentrations of 90Sr with values between several
hundreds to three thousands of Bq m�3 were found in the area
close to the mouth of the Ob river in the Kara Sea in 1955.
Concentrations below 5 Bq m�3 were found on the eastern and
western sides of the North Atlantic and in the coastal waters off
western Norway (Fig. 3a). The atmospheric fallout dominated the
90Sr distribution in the North Atlantic and in the coastal waters off
western Norway (Fig. 3b), whereas the Ob river discharge domi-
nated the 90Sr distribution in the Arctic Ocean and the western
side of the Nordic Seas (Fig. 3d). The Sellafield discharge mainly
influenced the North Sea (Fig. 3c). From 1955 to 1960, the radio-
activity increased in the central Arctic Ocean, the North Atlantic
and the Nordic Seas (Fig. 4a). The increased activity in the eastern
North Atlantic and the eastern Nordic Seas was mainly caused by
the atmospheric fallout (Fig. 4b), whereas the Ob river discharge
was responsible for the increased activity in the central Arctic
Ocean and in the coastal waters of the south-eastern Greenland
(Fig. 4d). Furthermore, a fraction of the 90Sr that was transported
by the EGC could also be found north of Iceland. Note that the
Sellafield signal had branched into two parts with one entering
the Barents Sea and the other heading towards the Fram Strait
(Fig. 4c). In early 1970s, the relatively high radioactivity could be
found from the northern Kara Sea to the Fram Strait (Fig. 5a). The
atmospheric fallout was the main contributor to the 90Sr distri-
bution in the North Atlantic, in the eastern Nordic Seas, and to
a less extent, in the western Nordic Seas (Fig. 5b), whereas the Ob
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Fig. 1. The temporal evolution of 90Sr concentration (Bq m�3) at the mouth of Yenisey
(solid line) and Ob rivers (dashed line) in the Kara Sea caused by the river discharge
(monthly data from 1949 to 1993 for Ob river and from 1958 to 1995 for Yenisey river).
Data from Johannessen et al. (2003).
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Fig. 2. Proposed accidental release of 90Sr (Bq m�3) from the Ob river (dashed line) and
the Yenisey river (solid line) (Johannessen et al., 2003). The x-axes indicate the time for
the simulation with the present day (lower x-axis) and the 2� CO2 (upper x-axis)
climate forcing.
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Fig. 3. Simulated total surface concentration of 90Sr (Bq m�3) in 1955 (a), the ratio of atmospheric fallout induced 90Sr to total 90Sr (b), the ratio of Sellafield release induced 90Sr to
total 90Sr (c) and the ratio of Ob river discharge induced 90Sr to total 90Sr (d). The cut off value of the 90Sr concentration is 1 Bq m�3.
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Fig. 3. (continued).
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Fig. 4. As Fig. 3, but for year 1960.
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Fig. 4. (continued).
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Fig. 5. As Fig. 3, but for year 1970.
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Fig. 5. (continued).
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Fig. 6. As Fig. 3, but for year 1980.
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Fig. 6. (continued).
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Fig. 7. As Fig. 3, but for year 1990.
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Fig. 7. (continued).
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Fig. 8. As Fig. 3, but for year 1999.
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Fig. 8. (continued).
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river discharge was still a dominant factor in the central Arctic
(Fig. 5d). The Sellafield release is mainly confined to the coastal
waters of the western Norway (Fig. 5c). During the period
between 1970 and 1980, the atmospheric fallout was the domi-
nant source for 90Sr in the central Arctic Ocean, the North Atlantic
and the western Nordic Seas (Fig. 6b). Further south, the Sellafield
release was responsible for a major part of the 90Sr in the North
Sea, along the coast of Norway, and in the southern Barents Sea
(Fig. 6c). The Ob river discharge played a less important role in the
90Sr distribution in the central Arctic Ocean (Fig. 6d). In early 1990,
the radioactivity of 90Sr was typically lower than 5 Bq m�3 in the
North Atlantic and the Arctic Ocean (Fig. 7a). The relatively high
activity took place in the Kara Sea. The 90Sr distribution in the
North Atlantic and the Arctic Ocean was dominant by the atmo-
spheric fallout. The Ob river discharge played a second important
role in the 90Sr distribution in the central Arctic Ocean (Fig. 7d). In
the Nordic Seas, the distribution of 90Sr was firstly governed by
the atmospheric fallout and secondly by the Ob river discharge
and the Sellafield release. Towards 1999, the radioactivity was
much weaker and the atmospheric fallout dominated over the Ob
river discharge and the Sellafield release in both the Arctic Ocean
and the Nordic Seas.

The spatial and temporal distributions of 90Sr also indicated
the pathways of the spreading from the different sources. The
transport of 90Sr from the Sellafield release was similar with the
simulated 137Cs (G04) and with the observed estimate (Kershaw
and Baxter, 1995). The radionuclide originating from the Ob river
spreaded westward towards the Fram Strait, thereafter was
branched into two parts with one flowing southward with EGC
and the other continuously flowing westward following the
northern coast of the Greenland. The Yenisey river discharge was
mainly confined to the Kara Sea throughout the integration (figure
not shown).

In general, the radioactivity of 90Sr has been drastically declined
from 1950 to 1999. The Ob river discharge had strong influence to
the Arctic Ocean during 1950s and 1960s. However, the atmo-
spheric fallout is presently the dominant factor in the North
Atlantic and Arctic region.

The simulated time evolution of surface 90Sr concentration in
the Kara Sea reproduces the observed concentrations in a fairy
realistic way (Fig. 9). It follows that the Ob river discharge domi-
nated the 90Sr concentration before 1970 despite the atmospheric
fallout induced 90Sr reached its peak value in late 1960s. Between
mid-1980 and mid-1990, the atmospheric fallout, the Ob river
discharge and the Sellafield release were nearly equal responsible
for the surface concentration of 90Sr. It was also evident that the

Yenisey river discharge played a minor role in the radioactivity of
90Sr in the Kara Sea region.

6. Spreading of accidentally released 90Sr under present-day
and a 2 3 CO2 warming scenario

Fig. 10 shows the first 5-yr surface spreading of the accidentally
released 90Sr from the Ob river for both the present-day and the
2� CO2 warming scenario runs. It shows that the 90Sr spreads
eastwards following the coast of Siberia and a large amount of
accidentally released 90Sr is confined to the Arctic Ocean in the
2� CO2 warming scenario run, instead of being advected westward
towards the Fram Strait under present day climate situation. This
finding indicates that the high latitude circulation pattern is quite
different between the two forcing situations.

In a similar way, spreading of the accidentally released 90Sr from
the Yenisey river (figure not shown) follows that of the Ob
discharge: The transport is confined to the Arctic Ocean and the
Nordic Seas is radio-waste free in the 2� CO2 warming scenario run
within the first 5 years.

For both the Ob and Yenisey discharges, the maximum surface
90Sr concentrations move out of the Kara Sea in the 2� CO2

warming scenario run, instead of being blocked in the Kara Sea
under the present-day forcing. Consequently, the vulnerable
regions for a potential accidental release of 90Sr in the Ob and
Yenisey rivers in a future climate is along the coast of the Siberia.
The long-term concentration characteristic is provided in Fig. 11. It
follows that more of the released 90Sr is confined to the Arctic
Ocean in the global warming run, and that the distribution is
different in the Arctic Ocean with a change in the location of the
90Sr-enriched waters from the Kara Sea region at the present-day
forcing to the coastal, non-European sector in the global warming
run. It should be stressed that although large local differences in the
spatial distribution of the tracers, the displayed concentration
levels are very low.

The reason for the obtained differences in the spatial distribu-
tions of the Ob and Yenisey releases of 90Sr follows from Fig. 12. It is
clear that the surface circulation in the Artic Ocean features with
the clockwise Beaufort Gyre and the Transpolar Drift towards the
Fram Strait under present day climate, whereas the clockwise
Beaufort Gyre circulation is drastically weakened and the Trans-
polar Drift disappears under global warming. In fact, the difference
between the present-day and the global warming simulations
shown in Fig. 12 exceeds the difference between years with high
and low NAO forcing at the present-day climate (Fig. 8 in G04).
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Fig. 9. The temporal evolution of surface concentration of 90Sr (Bq m�3) in the Kara Sea. The red line shows the total 90Sr concentration, the black/green/dashed/blue line denotes
the Ob river/the atmospheric fallout/the Yenisey river/the Sellafield discharge induced 90Sr. The filled red circles are observed concentration from Strand et al. (1998). Note the
logarithm scale used for the concentrations.
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Fig. 10. Spreading of accidental released 90Sr (Bq m�3) from Ob river at yr 5 under present climate condition (left panel) and under the global warming scenario (double CO2;
right panel).

Y. Gao et al. / Journal of Environmental Radioactivity 100 (2009) 375–395 391



Author's personal copy

Fig. 11. As Fig. 10, but for yr 20. Note the unit for the contour is 10�4 Bq m�3.
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Fig. 12. The simulated surface circulation between 1970 and 2000 (a), between 2050 and 2080 under the global warming scenario (b) and the difference (present-day minus global
warming) between the two periods (c).
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7. Discussion and conclusion

A synoptic-forced, global version of MICOM has been used to
examine the transport of the conservative radionuclide 90Sr origi-
nating from the nuclear bomb testing, the Sellafield release and the
Ob and Yenisey river discharges. The relative importance of the
different sources on the spatial–temporal distributions of the surface
90Sr over the period of 1948–1999 is assessed. Furthermore, the
spreading of the potential accident release of 90Sr from the Ob and
Yenisey rivers has been simulated under the present-day climate and
for the first time under the global warming scenario (2� CO2).

The overall radioactivity of 90Sr has been reduced from 1950 to
1999. However, it is interesting to note that the Ob river discharge
was dominant in the Arctic Ocean and in the coastal waters
following the eastern and south-eastern coast of Greenland from
1950s to 1960s, whereas the atmospheric fallout was dominant in
the North Atlantic Ocean and off coast of western Norway during
the same period. The Sellafield release was dominant off the coast
of the western Norway in the 1980s. For the late 1990s, the atmo-
spheric fallout was the main contributor for the radioactivity of 90Sr
in the North Atlantic and the Arctic Ocean.

As a passive tracer in sea water, the transport of 90Sr is deter-
mined by the ocean circulation and the mixing. The simulated
pathway of the Sellafield release to the Arctic Ocean is fairly real-
istic (also see G04). For the applied source functions of Ob and
Yenisey river discharges, the spreading of the Ob river discharge
was branched into two parts with one part circulating in the Arctic
Ocean and the other flowing southward with the EGC, whereas the
Yenisey river discharge was mainly confined to the Kara Sea over
the simulated period of 1948–1999.

Without sufficient observation, it is impossible to judge whether
the spreading of the radionuclide from the various sources is
realistic in the Arctic Ocean. For instance, Nies et al. (1998) found
that the peak values of the Sellafield release induced 137Cs were
obtained in 1985 and 1990 at the North Pole using a regional model
forced by the climatological fields, whereas the peak values were
mainly found on the Atlantic side of the Pole (G04). However, it is
well known that the sea-ice drift and the surface water circulation
in the Arctic Ocean are closely associated with the natural vari-
ability modes of the atmospheric circulation, namely NAO and AO
(Arctic Oscillation; Thompson and Wallace, 1998). Therefore, it is
important to use realistic atmospheric forcing fields to simulate the
transport of the tracers in the Arctic Ocean (G04).

It is shown that the simulated time evolutions of 137Cs are in
fairly good agreement with the observations in the coastal waters
of eastern Scotland, west of Norway, and in the Barents Sea (G04).
Furthermore, the simulated time evolution of the surface 90Sr in the
Kara Sea matches the observed concentrations quite well (Fig. 9). It
follows that the Ob river discharge dominated the 90Sr concentra-
tion before 1970 despite the atmospheric fallout induced 90Sr
reached its peak value in the late 1960s. Between mid-1980 and
mid-1990, the atmospheric fallout, the Ob river discharge and the
Sellafield release are equally important for the 90Sr surface
concentration. It is also evident that the Yenisey river discharge
played a minor role in the distribution of 90Sr concentration in the
Kara Sea region.

It is also worth mentioning that for the 90Sr in the Arctic Ocean,
the Ob river discharge highly dominated in the 1950s and 1960s
(Figs. 3 and 4), that the Ob river was equally important with the
atmospheric fallout in the 1970s (Fig. 5), and that the atmospheric

Fig. 12. (continued).

Y. Gao et al. / Journal of Environmental Radioactivity 100 (2009) 375–395394



Author's personal copy

fallout was more dominant from 1980 to 1999 (Figs. 6–8). In the
Arctic, the contribution from the Sellafield 90Sr release is very small
throughout the integration (Figs. 3–8).

The difference between the present-day and the 2� CO2

warming scenario runs for the accidental releases of 90Sr in the Ob
and Yenisey rivers is illustrated in Figs. 10 and 11. The results
indicate that more of the released 90Sr is confined to the Arctic
Ocean in the global warming run, particularly in the near coastal,
non-European part of the Arctic Ocean. It shows that a global
warming scenario may change the surface circulation more than
the changes between persistent low and high NAO forcing in the
region.

It should be emphasized that the spreading under the global
warming scenario is highly dependent on the applied 21st century
forcing, and by that hypothetical. Nevertheless, the proposed and
performed twin experiments are a powerful – and consistent –
method to assess future spreading of radionuclides for specific
release scenarios. For more reliable prediction, the ensemble and
multi-model simulations should be performed.
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