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Abstract

The spatial and temporal distributions of the anthropogenic radionuclides '37Cs and °°Sr,
originating from nuclear bomb testing, the Sellafield reprocessing plants in the Irish Sea, the Ob
and Yenisey river discharges, are simulated using a global version of the Miami Isopycnic
Coordinate Ocean Model (MICOM). The physical model is forced with daily atmospheric
re-analyses fields for the period 1950 to present. It is shown that the radionuclides from the
Sellafield discharge reach the Barents Sea region after 4-5 years, in accordance with observations.
The simulation provides a detailed distribution and evolution of the radionuclides over the
integration time. For the Atlantic waters off the coast of Norway and in the southern Barents
Sea, the atmospheric fallout dominates over of Sellafield release up to the mid 1960s and from
the early 1990s, whereas Sellafield is the main source for the two radionuclides in the 1970s and
1980s. The Ob river discharge dominate the surface °°Sr over most of the Arctic Ocean and
along the eastern and western coasts of the Greenland before 1960. During the period of 1980 to
1990, the atmospheric fallout and the Ob river discharge are equally important in the %°Sr
distribution over the Arctic Ocean. It is furthermore argued that model systems like the one
presented here can be used for future prediction of radioactive contaminations in the Nordic Seas

and the Arctic Ocean, for instance under various global warming scenarios.



1 Introduction

A scientifically based description, understanding, quantification and potential prediction of the
spatial distribution, temporal evolution and biogeochemical consequences of human-generated
contamination of the environment require integrated use of observations and numerical
modeling. Here a 3-dimensional numerical ocean general circulation model (OGCM) is used to
demonstrate the usefulness, and also to point towards the limitations, of simulating pathways
and levels of trace compounds in the ocean environment. The trace compounds used in the
study are the anthropogenic radionuclides '37Cs and °Sr originating from nuclear bomb testing,
the Sellafield release to the Irish Sea, and transported with the Ob and Yenisey rivers to the
Arctic Ocean (only '*7Cs has been used for the Yenisey river, yielding a total of seven tracers).
The model system used in this work has been validated against observed chlorofluorocarbon
(CCI3F and CCl,F,) distributions in the North Atlantic Ocean for the period 1931 to present
(Gao et al., 2003), focussing on multi-annual to decadal scale ventilation and water mass
transformation processes in the region. In addition, mass transports in and out of the Nordic
Seas region have been validated based on observations and observational-based estimates for the
last 50 years (Nilsen et al., 2003). Both studies show that the model system is able to describe
most of the key observed quantities in a fairly realistic manner. It is therefore believed that the
model system is a potentially useful tool in simulating the advective transport and dispersive
mixing of radionuclides.

The objective of the study is to use *”Cs and ?°Sr to simulate the transport and dispersion of
coastal pollution from Europe (e.g., Dahlgaard, 1995; Nies et al., 1998)and the major Russian
rivers, and to assess the relative contribution from the nuclear bomb testing, the Sellafield
release and the Yenisey and Ob rivers in the northern North Atlantic-Arctic region. The
Chernobyl release in 1986 is not included in the present integration.

The simulation differs from the large scale OGCM simulation by Nies et al. (1998) in the
following ways: A fully on-line instead of off-line integration procedure is adopted; the model is
forced with synoptic (i.e., daily) atmospheric fields instead of climatological (i.e., monthly mean)
forcing fields; a truly global OGCM with a horizontally stretched grid system is used instead of a
regional North Atlantic-Arctic model set-up; both atmospheric fallout, the Sellafield discharge
and input from the Yenisey and Ob rivers are simulated in contrast to the Sellafield release only;
and the integration time period is 1950-1999 compared to 1965-1995.

The paper is organized as follows: A description of the model system is provided in Section 2. In
Section 3, a brief overview of the ocean circulation in the Atlantic-Arctic Ocean is given,
together with the observed distribution of the '37Cs and °°Sr radionuclides. The radionuclides
simulation is described in Section 4. The obtained results are given in Section 5, and the paper is

summarized in Section 6.

2 Model description

The model system applied in this study is the OGCM MICOM (Bleck et al., 1992), fully coupled

to a sea-ice module consisting of the Hibler (1979) rheology in the implementation of Harder



(1996), and the thermodynamics of Drange and Simonsen (1996).

The model has 23 layers with fixed potential densities, and an uppermost mixed layer (ML) with
temporal and spatial varying density. The specified potential densities of the sub-surface layers
were chosen to ensure a realistic representation of the major water masses in the North
Atlantic-Nordic Sea region. The densities of the isopycnic layers (in og-units) are 24.12, 24.70,
25.28, 25.77, 26.18, 26.52, 26.80, 27.03, 27.22, 27.38, 27.52, 27.63, 27.71, 27.77, 27.82, 27.86,
27.90, 27.94, 27.98, 28.01, 28.04, 28.07 and 28.10. 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-Nordic Seas region.

The vertically homogeneous ML utilises the Gaspar (1988) bulk parameterization for the
dissipation of turbulent kinetic energy, and has temperature, salinity and layer thickness as the
prognostic variables. In the isopycnic layers below the ML, temperature and layer thickness are
the prognostic variables, whereas salinity is diagnostically determined by means of the simplified
equation of state of (Friedrich & Levitus, 1972). The bathymetry is computed as the
arithmetic-mean value based on the ETOPO-5 data base (Data Announcement 88-MGG-02,
Digital relief of the Surface of the Earth, NOAA, National Geophysical Data Center, Boulder,
Colorado, 1988).

The continuity, momentum and tracer equations are discretised on an Arakawa C-grid stencil
(Arakawa & Lamb, 1977). The diffusive velocities (diffusivities divided by the size of the grid
cell) for layer interface diffusion, momentum dissipation, and tracer dispersion are 0.015 m s—!,
0.015 m s~! and 0.005 m s~!, respectively. A flux corrected transport scheme (Zalesak, 1979;
Smolarkiewicz & Clark, 1986) is used to advect the model layer thickness and the tracer
quantities.

The diapycnal mixing coefficient K; (m? s™!) is parameterized according to the Gargett (1984)
expression Ky = 3 x 1077/N, where N (s~!) is the Brunt-Viisili frequency. The numerical
implementation of the diapycnal mixing follows the scheme of McDougall and Dewar (1998).
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 reanalysis
(Kalnay et al., 1996). In this spin-up, both sea surface salinity (SSS) and sea surface
temperature (SST) was relaxed towards monthly mean surface climatology. The relaxation was
carried out by applying fluxes of heat and salt proportional to the SSS and SST differences
between model and climatology, respectively, with an e-folding time scale of 30 days for a ML of
50 m or less, decreasing linearly with thicker ML depths. The spin-up was then continued with
daily NCEP/NCAR forcing, repeating the period 1974-1978 twice. Ouly salinity relaxation was
applied in these two integrations, and the deduced salinity adjustment flux was stored from the
latter integration to produce seasonal averaged restoring fluxes for salt. The period 1974-1978
was chosen because of the relatively neutral North Atlantic Oscillation (NAO; Hurrell, 1995)

conditions of these years (see below). Finally, the model was integrated with daily forcing for the



period 1948-1999 with no relaxation but with the diagnosed restoring fluxes for salt.

2.1 The tracer module

The transport and mixing of the radionuclides follow the equation (Bleck et al., 1992)

0 9dp _0p 9 .0p _ op _
5150 T Ve T, O+ 535,00 = Ve g Va0t de, dig M)
advection mass transfer diffusion source/sink  decay

Here p is the interface pressure of the isopycnals, C' is the concentrations of the tracers, ¢ is the
isopycnal velocity, s is the vertical coordinate, v is the diffusive velocity for the tracers, and A
denotes the decay of C. Both '*"Cs and ?°Sr are soluble in sea water and can be considered as

passive tracers with a half-life of 30.1 and 29 years, respectively.

3 Observed distribution of water masses and radionuclides

The Ocean circulation in the region of interest is complex and is characterized by warm and
saline surface Atlantic Water (AW) flowing through the Denmark Strait, passing the ridge
between Iceland and the Faroes, and entering east of the Faroes (Hansen & @sterhus, 2000).
Observational based estimates of the transport of AW through these openings are 1 Sv (Hansen
& Osterhus, 2000), 3.3 Sv (Hansen & Osterhus, 2000) and 4.3 Sv (Turrell et al., 2002),
respectively (1 Sv = 10 m? s™'). The Atlantic Water (AW) continues northward along the
Norwegian coast as the Norwegian Atlantic Current (NAC). One branch of the AW enters the
Barents Sea (2.3 Sv; Ingvaldsen et al., 2002), whereas the remaining AW continues to the Fram
Strait as the West, Spitsbergen Current (WSC). Here a fraction of the AW subducts and enters
the Arctic Ocean, whereas the rest recirculates and flows southward.

The mean simulated surface current field from our model study in the Atlantic-Arctic region is
displayed in Fig. 1. The circulation field is, in general, in accordance with observations. The
most pronounced exception is the too northenly separation of the Gulf Stream off the North
American coast. This is a classical problem for OGCMs; a properly resolved Gulf Stream
requires a horizontal resolution one order of magnitude higher than in the present integration
(Bleck et al., 1995).

Furthermore, the general surface ocean circulation in the Arctic Ocean is dominated by the
Beaufort Gyre and the Transpolar Drift (TPD). As already stated, volume exchanges between
the Arctic Ocean and the North Atlantic takes place via the Barents Sea and through the Fram
Strait. The cold and fresh Polar Water leaves the Arctic with the East Greenland Current
(EGC) on the western side of the Fram Strait. This water continues southward along the coast
of Greenland. Most of the polar water flows through the Denmark Strait and enters the
sub-polar gyre. A branch of the cold and fresh Arctic water flows eastward north of the
Denmark Strait and is trapped in the cyclonically directed circulation in the Nordic Seas.

The pathway of the soluble radionuclides '37Cs and °°Sr from Sellafield to the Arctic has been
summarized by Kershaw and Baxter (1995) (see Fig. 2): Initially the tracer is carried northward

from the Irish Sea as a plume-like structure via the North Channel, and it then flows along the



Figure 1: The simulated mean circulation field in the upper 100 m of the water column for the
period 1950 to 1999.

coast of Scotland into the North Sea. The tracer is transported northward before branching off
northern Norway: One branch passes eastwards into the Barents Sea; the other passes through
the Fram Strait with the WSC. The main surface water return flow occurs with the EGC. In
case the tracer is mixed into sub-surface waters, the return flow will also include the Denmark
Strait overflow, the overflow across the Iceland-Faroe Ridge and the Faroe-Bank Channel
overflow (Hansen & (sterhus, 2000).

Figure 2 also provides estimated transit times for the Sellafield release. It follows that the signal
enters the Barents Sea after about 4 years. In the Fram Strait, the transit time is about 5 years
for the AW and 6-10 years for the southward flowing Arctic waters. After additional two years,
the Sellafield signal passes the Denmark Strait, and continues cyclonically along the periphery of
the sub-polar gyre. It is further speculated that a part of the signal from the sub-polar gyre

re-enters the northward flowing AW after a total transit time of 14-17 years.

4 The radionuclides simulation

Nuclear bomb testing, the Chernobyl accident and release from the European reprocessing plants
Sellafield (the UK) and Cap de La Hague (France) are the most important sources for the
radionuclides in the North Atlantic-Arctic region (Nies et al., 1998). The time evolution of 37Cs
and ?°Sr from the Sellafield release, from the nuclear bomb testing and from the chernobyl
accident in 1986 over Denmark (S. Nilsen, pers. comm., 2001) is shown in Fig. 3. The
atmospheric fallout provides the present background concentration of the surface and sub-surface

waters of the region, while the Sellafield discharge is one of the major sources of radioactive
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Figure 2: Estimated pathway and transit time (yr) of the Sellafield signal, adapted from Dahlgaard
(1995).
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Figure 3: The time evolution of *"Cs (bars) and ?°Sr (line) from (a) the Sellafield release (unit:
102 Bq y 1) and (b) the atmospheric fallout (unit: Bq m~2 y~!) over Denmark. (S. Nilsen, pers.
comm., 2001).

contamination in the Arctic Ocean since the seventies (Strand et al., 1996). The Sellafield signal
has been observed over the last two decades, making model-evaluation of in particular *7Cs
distributions possible.

The latitudinal distribution of the atmospheric *°Sr deposition (UNSCEAR, 1982, see Fig. 4)
makes it feasible to construct the latitudional distribution of the atmospheric fallout of 137Cs,
with the fallout of 137Cs a factor 1.6 higher than that of *°Sr (AMAP, 1998).

Figure 5 shows the reconstructed time evolution of **”Cs and ?°Sr caused by the river discharges
at the mouths of the Ob and Yenisey rivers in the Kara Sea (Dziuba et al., 2002).

A total of seven tracers are included in the simulation; the atmospheric fallout of '37Cs and ?°Sr,
the Sellafield discharge of *"Cs and °°Sr, the *°Sr caused by the discharges of the Ob and
Yenisey rivers and ®*7Cs caused by the Yenisey river discharge only. The Chernobyl release in
1986, seen as the isolated peak in the atmospheric fallout in Fig. 3b, is not included in the
present integration.

The initial fields of all of the radionuclides are set to zero. The simulation starts in 1950 and
ends in 1999.

5 Results

5.1 Atmospheric fallout and the Sellafield release

Before extending northward with the NAC, the simulated Sellafield radionuclides circulate
cyclonically in the North Sea (see Figs. 1 and 6a). One branch enters the Barents Sea, and one
branch heads towards the Fram Strait following the WSC. The simulated pathway of the
Sellafield release to the Barents Sea is in general agreement with observations (Kershaw &
Baxter, 1995, and Fig. 2). In the Barents Sea, the Sellafield signal spreads towards north-east,

and one branch enters the northern Kara Sea. The simulated Sellafield signal has passed the
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Figure 5: (a) The time evolution of !37Cs concentration (Bq m~2) (monthly data from 1958 to
1995) at the mouth of Yenisey river in the Kara Sea caused by the river discharge, and (b) the
time evolution of *°Sr concentration (Bq m~?) at the mouth of Yenisey (red line) and Ob rivers
(black 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 data). Data from Dziuba et al. (2002).



Denmark Strait by the EGC in year 1975 and is found in the Labrador Sea in the early 1980s. It
should be noted that the simulated Sellafield signal does not extend eastward of the Kara Sea,
instead, the signal propagates westward following the Canadian Archipelago in the 1980s. It is
also seen that the surface 137Cs concentration is quickly decreasing in the late 1990s.

Figures 7 and 8 display the evolution of the vertically integrated inventory of '3"Cs and the ratio
of the vertically integrated inventory from Sellafield to that from atmospheric fallout,
respectively. Generally, the inventory in the central Arctic Ocean is low due to the rather weak
intrusion of the radioactive signal from the AW. In the Barents Sea and west of Norway, the
Sellafield contribution plays the dominant role in the inventory in the 1970s and 1980s. In the
central Nordic Seas, the Sellafield source dominates the inventory from the mid 1980s.

The distribution of the Sellafield signal is closely associated with the simulated circulation field in
the region. In Fig. 9, the circulation anomalies associated with years with high (1957, 61, 73, 75,
76, 81, 83, 84, 89, 90, 92, 93, 94, 95, 99) and low (1958, 60, 62, 63, 64, 65, 66, 68, 69, 70, 71, 77,
79, 87, 96) North Atlantic Oscillation index (NAO; Hurrell, 1995) are displayed. The high and
low NAO anomalies are associated with the most profound atmospheric winter time anomalies in
the region (Visbeck et al., 2002), and therefore illustrate the degree of long-term (i.e.,
multi-annual) variability in the surface circulation field. It should be mentioned that short-term
variability occurring on time scales of days to months will far exceed the variability depicted in
Fig. 9. The robust long-term changes, however, are expected to follow the changes in Fig. 9.

For high NAO-forcing (i.e., for fairly persistent and strong westerlies in the North Atlantic),
there is an enhanced northward transport of water east of the Faroes and southward transport
through the Denmark Strait (Fig. 9a). This result is in general accordance with observational
based estimates (Nilsen et al., 2003). There are also enhanced surface transports into the Barents
Sea and of Arctic waters out of the Arctic Ocean through the Fram Strait. For years with low
NAO-forcing, the anomalies oppositely mirror those of the high NAO-forcing closely (Fig. 9a).
The temporal variability of the simulated volume transports over the uppermost 100 m of the
water column for some of the major openings in the Nordic Seas-Arctic region is provided in
Fig. 10. The trend seen in these panels are in general agreement with the gradually increasing
NAO-index over the time period from the early 1960s to the mid 1990s (Hurrell, 1995), and
points toward the need for using synoptic rather than climatological forcing fields for tracer
simulations.

To qualitatively and quantitatively evaluate the simulated transport and mixing of the Sellafield
discharge, time series of the observed and simulated surface 37Cs concentration east of Scotland
(57.0-57.5°N, 1.5-2.0°W), west of Norway (59-61°N, 3.5-5.0°E) and in the south-western Barents
Sea region (71-72°N, 20-30°E) are shown in Fig. 18. The simulated ?°Sr signal is also shown in
the figure. Superimposed on the panels, there is a histogram of the annual mean Sellafield
discharge rates.

Clearly, the atmospheric fallout dominates the surface '37Cs and °°Sr distributions in mid 1960s
in the three regions. However, from the late 1970s to the late 1980s, the Sellafield discharge
heavily dominates the surface concentrations. For the last 5-10 years of the simulation, the

surface concentrations of '*”Cs and ?°Sr are mainly governed by the atmospheric fallout.
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Figure 6: Simulated surface distribution of !3"Cs (Bq m™3) in December 1970 to December 1999

caused by the Sellafield release. Concentration scale in (h), with a cut-off value of 1 Bq m™3.
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(g) December 1999 (h) Inventory scale

Figure 7: Simulated vertically integrated inventory of *”Cs (Bq m~2) in December 1970 to De-
cember 1999 caused by the Sellafield release and atmospheric fallout. Inventory scale in (h), with
a cut-off value of 2000 Bq m—2.

12



0
lI\

7
7

7

A

| B——
—

N
X
)

N

(g) December 1999

Figure 8: Simulated ratio of the vertically integrated inventory of the Sellafield release to that of
the atmospheric fallout in December 1970 to December 1999. Ratio scale in (h), with a cut-off
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Figure 10: Simulated time series of the volume transports (in Sv) over the upper 100 m for (a) the
northward transport through the Faroe-Shetland Chanel, (b) the northward transport through the
Barents Opening, (c) the southward transport through the Fram Strait, and (d) the southward
transport through the Denmark Strait. The thick solid lines indicate the averaged surface transport
over the period from 1950 to 1999 (2.2 Sv, 1.8 Sv, 2.1 Sv and 2.2 Sv, respectively).
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The temporal and spatial evolution of the surface '37Cs concentrations are in broad agreement
with observations (Fig. 18a, c, e). However, the simulated surface 137Cs concentrations are
generally lower than the observed values. For instance, the maximum concentration in the
Barents Sea is about 75% of the observed value. This finding, at least up to the Chernobyl
accident in 1986, may indicate that the applied model resolution is too coarse. It is also likely
that reduced diapycnal and isopycnal mixing rates of a factor 2-4 would maintain higher peak
tracer concentrations (cfr. Gao et al., 2003).

Based on the simulated '37Cs concentration fields, the time for the Sellafield release to reach
eastern Scotland is 2 years, 4 years for western Norway and 4-5 years for south-western Barents
Sea. The transit time is here defined as the difference in time when the maximum concentration
occurs in the specific region and when the maximum Sellafield release occurred. The simulated
transit times are in accodance with earlier studies (Kershaw & Baxter, 1995; Livingston et al.,
1984; and Fig. 2).

5.2 %Sr from the Ob and Yenisey discharges

Figures 11 to 16 show the surface distribution of °Sr from the Ob and Yenisey rivers, and the
ratio of the atmospheric fallout, the Sellafield release, and the Ob and Yenisey discharges to the
total ?°Sr inventory in December of 1955, 1960, 1970, 1980, 1990 and 1999, respectively.

In 1955, high concentrations of °°Sr are found in the Kara Sea with values between several
hundred to three thousand Bq m ™2 close the mouth of the Ob river. The river discharges spread

towards the Fram Strait with values up to 60 Bq m—3. Concentrations below 5 Bq m™3

are
found on the eastern and western sides of the North Atlantic and in the coastal waters off
western Norway. The highest concentration of *°Sr is mainly governed by the Ob river release,
whereas the low concentration is mainly governed by the atmospheric fallout. The Sellafield
release is responsible for the elevated ?°Sr concentrations in the Irish Sea and in the Atlantic
waters in the North Sea.

In 1960, the Ob river signal dominates the °°Sr distribution in the Kara Sea, over most of the
Arctic Ocean, and along the eastern and western coasts of Greenland. Furthermore, a fraction of
the %OSr that is transported by the Eastern Greenland Currents (EGC) is also found north of
Iceland. The atmospheric fallout signal dominates over most of the North Atlantic, whereas one
branch of the Sellafield signal is about to enter the Barents Sea, whereas another branch heads
towards the Fram Strait.

During the 1960s, the “°Sr signal generally weakens compared with the concentration
distributions in 1955 and 1960. The Ob river signal still dominates in the Kara Sea, most of the
Arctic Ocean and in the region of the EGC, whereas the atmospheric fallout dominates west
coast of Norway. The contribution from the Sellafield release is minor and is confined to the Irish
Sea.

3 is found in the Irish Sea, and this is caused by

In 1970, a peak concentration of about 100 Bq ~
the Sellafield plant. The total signal of *°Sr is generally weakened in the Arctic-Nordic Seas
region. The atmospheric fallout dominates over the Ob river discharge in the Nordic Seas, with

the exception of the coastal waters off Norway that is influenced by the Sellafield release.

16
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Figure 11: Simulated total surface concentration of °Sr (Bq m~2) in December, 1955 (a), the
ratio of atmospheric fallout induced ?°Sr to total °Sr (b), the ratio of Sellafield release induced
98r to total ?°Sr (c) and the ratio of Ob river discharge induced ?°Sr to total ?°Sr (d). The

concentration and the ratio legends are displayed in (e) and (f) respectively. The cut off value of
the °°Sr concentration is 1 Bq m™3.
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Figure 12: As Fig. 11, but for year 1960.
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Figure 13: As Fig. 11, but for year 1970.
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Figure 14: As Fig. 13, but for year 1980.
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In the period between 1970 to 1980, the Ob river discharge is the dominant source for ?°Sr in the
Kara Sea and in the Canadian Basin of the Arctic Ocean. The Yenisey discharge is low, and the
effect of this discharge is confined to the Kara Sea. Further south, the Sellafield release is
responsible for a major part of the °Sr in the North Sea, along the coast of Norway, and in the
southern Barents Sea. Atmospheric fallout dominates in the northern part of the Atlantic Ocean
and in the central and western part of the Nordic Seas.

In the following decade, the atmospheric fallout and the Ob river discharge are about equally
important for the %°Sr distribution in the Arctic Ocean. In the Nordic Seas, the distribution of
908r is about equally governed by the atmospheric fallout, the Ob river discharge and the
Sellafield release.

Towards 1999, the concentration of ?°Sr is low (typically below 2 Bq m3) and atmospheric
fallout dominates over the Ob river discharge and the Sellafield release in both the Arctic Ocean
and in the Nordic Seas. The Yenisey river signal is mainly confined to the Kara Sea through the

simulated period.

6 Discussion and conclusion

The quality or realism of simulated tracer distributions is by necessity constrained by the
simulated water mass transport and transformation rates. The classical way to validate an
OGCM is to perform some base-line integrations, and thereafter compare the simulated fields
(temperature, salinity, velocity, and derived parameters thereof) with observations. Based on
this comparison, model parameters can be tuned, parameterization schemes changed or the
numerics improved. In addition, inherent model deficiencies can be uncovered.
Unfortunately, the temporal-spatial distribution of hydrodynamic and dynamic in situ ocean
observations are sparse. In addition, apparently realistic simulated hydrography can lead to
erroneous current fields as demonstrated by e.g. Toggweiler et al. (1989). For this reason,
validation of OGCMs based on well-documented tracer distributions with well-defined source
functions (e.g., chlorofluorocarbons and natural and bomb-produced radiocarbon), in addition to
the conventional hydrographic and transport validations, represent a powerful and cost-efficient
OGCM validation strategy (England & Holloway, 1998; England & Maier-Reimer, 2001).

A well-tested and validated numerical model system can be used to provide guidance of the
short-term (days) to long-term (decadal) transport and spreading of trace compounds for
prescribed source functions. This can be done by performing a series of integrations with the
OGCM forced with atmospheric fields provided by an atmospheric forecast system with
predictable skill of typically 4-6 days, by forcing a series of OGCM simulations with
combinations of observed reanalyses fields available for the last 50 years (e.g. from the
NCAR/NCEP re-analyses project, Kalnay et al., 1996) or, for a global warming scenario, by
adopting forcing fields from a fully coupled climate model. For all types of experiments, the
ensemble mean pathway and concentration level, together with statistics describing the
spreading of the ensemble members, yield information about the likely spatial-temporal

evolution of the tracers. These results are valuable as input for optimizing the observational
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Figure 15: As Fig. 14, but for year 1990.
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Figure 16: As Fig. 14, but for year 1999.
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Figure 17: Time evolution of surface concentration of *°Sr (Bq m™2) in the Kara Sea. The red
line represents the time evolutions of the total °Sr concentration, the black line the Ob river
induced ?°Sr, the green line the atmospheric fallout induced %°Sr, the dashed line the Yenisey
river induced °°Sr, and the blue line the Sellafield release induced *°Sr. The filled red circles are

observed concentration from AMAP (1998). Note the logarithm scale used for the concentrations.

strategy and to assess transit times and possible transport routes of the tracers.

In addition, the circulation field and water mass transformation rates from an OGCM can be
used to identify possible source locations of various trace compounds based on isolated
observations. The use of such an inverse modeling approach is a powerful tool for guiding an
observational network to monitor the origin and the spatial-temporal evolution of the tracers.

In the model study of Nies et al. (1998), monthly mean climatological forcing fields were used,
yielding a simulated transport time from Seallafield to the Barents Sea of 6 years. In the
simulation presented here, the corresponding time is 4-5 years, or approximately the transit time
based on observations. The difference highlights the importance of using the more energetic
synoptic forcing fields to drive the model. In addition, synoptic forcing fields will, in general,
result in year-to-year variations in the simulated current fields (Figs. 9 and 10), and thereby
influence the simulated speed and pathway of the tracers. For instance, the spreading of the
Sellafield signal in the Arctic Ocean in this study is quite different from that in Nies et al.
(1998). In the latter study, peak values of the Sellafield signal were obtained in 1985 and 1990 at
the North Pole, whereas mainly found on the Atlantic side of the Pole in this study (Fig. 6). It is
hard to assess which model realisation is the most realistic. It is well known, however, that the
sea ice and surface water circulation in the Arctic Ocean are highly determined by the natural
variability modes of the atmospheric circulation, notably the NAO and the closely associated
Arctic Oscillation (AO; Mysak, 2001). It is therefore of particular importance to use realistic
atmospheric forcing fields when simulating transport and mixing of tracers in the Arctic Ocean.

The synoptic-forced integration presented here shows some of the features that can be deduced
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from an OGCM tracer simulation. It is, as an example, interesting to note that in the AW off
the coast of Norway, the atmospheric fallout of '37C's and ?°Sr dominates over the Sellafield
release from the early 1990s and onwards (see Fig. 8f and g). The degree of realism of this
finding highly depends on the quality of the simulated transport and mixing processes, and the
representativeness of the applied time history of the Seallafield release and the atmospheric
fallout. It is also interesting to note how the radionuclides signal first builds up and thereafter
diminishes in the Nordic Seas-Arctic Ocean region. This shift is most clearly seen in the 1980s
when a substantial fraction of the radionuclides is transported southward across the
Greenland-Scotland Ridge, before continuing southward in the Atlantic Ocean as a part of the
geostrophocally-controlled Deep Western Boundary Current off the coast North America
(particularly Figs. 7e-g).

The simulated time evolution of *°Sr in the Kara Sea matches the observed concentrations quite
well (Fig. 17). It follows that the Ob river discharge dominates the “°Sr concentration before
1970 despite the atmospheric fallout induced 2°Sr reaches its peak value in the late 1960s

(Fig. 3b). Between mid-1980 and mid-1990, the atmospheric fallout, the Ob river discharge and
the Sellafield release are equally important for the concentration of *°Sr. It is also evident that
the Yenisey river discharge plays a relatively minor role in the total concentration of °°Sr in the
Kara Sea region.

It is also worth mentioned that for the Arctic Ocean ?°Sr, the Ob river discharge highly
dominates in the 1950s and 1960s (Figs. 11-12), and that the Ob river is equally or more
important than the atmospheric fallout in the 1970s and 1980s (Figs. 13-14). In the Arctic, the
contribution from the Seallafield *°Sr release is very small throughout the integration

(Figs. 11-16).

7 Future plan

The simulation on the accidental release under present climate condition has been implemented
and tested. The integration has been finished at the end of February 2003.
The simulation on the accidental release under global warming condition is currently being

implemented.
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