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Figure 25: Continuous whole column release. Graphs of surface layer tracer concentration near Lofoten
(top), Tromsg (middle) and Kirkenes (bottom) for period 1 (1982-2001, left) and period 2 (2002-2021, right).
Baseline simulation (blue), 1x climate change perturbation (magenta), 2x climate change perturbation
(orange) for period 1 (1982-2001, left) and period 2 (2002-2021, right). Monthly means (solid).

Surface concentrations at the selected locations are about one order of magnitude higher than for the

continuous bottom release. Also, for this case the climate change experiments show slightly lower surface
concentrations than the baseline simulation (Figure 25).
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Figure 26: Continuous whole column release. Maps of 300m tracer concentration 20 years after start in
period 1 (1982-2001, top row) and period 2 (2002-2021, bottom row). Baseline simulation (left), 1x climate
change perturbation (middle), 2x climate change perturbation (right).

For the continuous whole column release, we find only a small impact of climate change perturbation on

surface concentrations overall. The same holds for 300m water depth. Concentrations are slightly lower as
compared to the baseline simulation (Figure 26).
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2.6.3 Scenario experiments for instantaneous bottom release

An instantaneous release at the depth of the submarine is a scenario which evaluates a release of a large
amount of radionuclide because of a sudden rupture. An instantaneous release of 1 PBq was initiated at
the depth of the submarine (bottom release) for the period 1 from 1982 to 2001 and period 2 from 2002 to
2021 with unperturbed forcing to establish the baseline for the climate change scenario experiments.

The baseline experiment was driven with standard mixing parameterization and unmodified atmospheric
forcing from the CFS reanalysis (Figure 27 Baseline experiments)
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Figure 27: Baseline experiments - Instantaneous bottom release: Hovmoeller diagrams of integrated tracer

content versus depth in the model domain (Bg/m) for the release period 1 1982-2001 (top left), period 2
2002-2021 (top right) and difference between period 2 and period 1 (bottom).

The consequence of an instantaneous bottom release from the submarine shows a strong difference

between the two periods. The intense convection and mixing in the start of the period 1 leads to an early
upward dispersion of the tracer. (Figure 27).
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Figure 28: Climate change scenario experiments -

Instantaneous bottom release for 1x perturbation (top

left) and 2x perturbation (top right). Hovmoeller diagrams of integrated tracer content versus depth in the
model domain (Bg/m) for the release period 2 1982-2001 and difference between scenario and unperturbed

baseline experiment (bottom).

The climate change perturbation experiments for period 1 exhibit a reduction of the top 1000 m water
column’s tracer load for the entire 20 years in comparison to the baseline experiment. The reduction is
stronger for the factor 2 perturbation (Figure 28) due to reduced convection.
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Figure 29: Climate change scenario experiments - Instantaneous bottom release for 1x perturbation (top
left) and 2x perturbation (top right). Hovmoeller diagrams of integrated tracer content versus depth in the

model domain (Bg/m) for the release period 1 2002-2021 and difference between scenario and unperturbed
baseline experiment (bottom).

For period 2 we also find a reduction of the top 1000m tracer load in the domain relative to the baseline
experiment. The reduction is slightly stronger for the factor 2 perturbation (Figure 29).
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Figure 30: Instantaneous bottom release. Graphs of surface layer concentration near Lofoten (top),
Tromsg (middle) and Kirkenes (bottom) for period 1 (1982-2001, left) and period 2 (2002-2021, right).
Baseline simulation (blue), 1x climate change perturbation (magenta), 2x climate change perturbation
(orange) for period 1 (1982-2001, left) and period 2 (2002-2021, right). Monthly means (solid).

Basic temporal behaviour in surface at the selected locations are not very different from continuous
bottom release, but about 2 orders of magnitude higher concentrations are observed. Period 2 shows a
much slower increase of local concentrations with time, reaching less than half the concentrations in the
20 years of simulation than in period 1 (Figure 30).
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Figure 31: Instantaneous bottom release. Maps of surface layer tracer concentration 20 years after start in
period 1 (1982-2001, top row) and period 2 (2002-2021, bottom row). Baseline simulation (left), 1x climate
change perturbation (middle), 2x climate change perturbation (right).



unperturbed perturbed fac1 perturbed fac2

inst. bot. release 1982-2001 - year 2001 inst. bot. release 1982-2001 - year 2001 inst. bot, release 1982-2001 - year 2001

> <

OE+00 4E-02 BE-02 1E-01 OQE+00 4E-02 BE-02 1E-01 OE+00 4E-02 BE-02 1E-01

inst. bot, release 2002-2021 - year 2021 inst. bot. release 2002-2021 - year 2021 inst. bot. release 2002-2021 - year 2021

| S E— | SR E——— | g

0OE+00 4E-02 BE-02 1E-01 0QE+00 4E-02 BE-02 1E-01 OE+00 4E-02 BE-02 1E-01

Figure 32: Instantaneous bottom release. Maps of 300m tracer concentration 20 years after start in period
1 (1982-2001, top row) and period 2 (2002-2021, bottom row). Baseline simulation (left), 1x climate change
perturbation (middle), 2x climate change perturbation (right).

We find a slight reduction of surface concentrations in case of the climate change perturbations in
contrast to the baseline experiments, period 2 again shows stronger reductions (Figure 31). There is
smaller impact of climate change perturbation on concentrations at the 300 m level experiments than
found at the surface (Figure 32).

2.6.4 Scenario experiments for instantaneous whole column release

An instantaneous release into the whole water column above the submarine is a scenario that might
evolved during a saving operation under convection or strong vertical mixing conditions in the region. An
instantaneous release of 1 PBq was initiated in the whole water column above the submarine (whole column
release) for the period 1 from 1982 to 2001 and period 2 from 2002 to 2021 with unperturbed forcing to
establish the baseline for the climate change scenario experiments.

The baseline experiment was driven with standard mixing parameterization and unmodified atmospheric
forcing from the CFS reanalysis (Figure 33 Baseline experiments).
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Figure 33: Baseline experiments - Instantaneous whole column release. Hovmoeller diagrams of integrated
tracer content versus depth in the model domain (Bg/m) for the release period 1 1982-2001 (top left),
period 2 2002-2021 (top right) and difference between period 2 and period 1 (bottom).

For an instantaneous release in the entire water column above the submarine there is a peak

concentration developing at the 300 m level. The period 2 shows a stronger reduction of 0-500m tracer
loads in the model domain in comparison to period 1 (Figure 33).
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Figure 34: Climate change scenario experiments - Instantaneous whole column release for 1x perturbation
(top left) and 2x perturbation (top right). Hovmoeller diagrams of integrated tracer content versus depth in

the model domain (Bg/m) for the release period 1
unperturbed baseline experiment (bottom).
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Figure 35: Climate change scenario experiments - Instantaneous whole column release for 1x perturbation
(top left) and 2x perturbation (top right): Hovmoeller diagrams of integrated tracer content versus depth in

the model domain (Bg/m) for the release period 2 2002-2021 and difference between scenario and
unperturbed baseline experiment (bottom).

We find the peak tracer concentration developing at the 300 m level for both periods and both climate

change perturbation scenarios as well. At intermediate levels between 200 and 1000 m depth the climate
change experiments show reduced concentrations compared to the baseline experiments.
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Figure 36: Instantaneous whole column release

. Graphs of surface layer concentration near Lofoten (top),
Tromsg (middle) and Kirkenes (bottom) for period 1 (1982-2001, left) and period 2 (2002-2021, right).
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Baseline simulation (blue), 1x climate change perturbation (magenta), 2x climate change perturbation
(orange) for period 1 (1982-2001, left) and period 2 (2002-2021, right). Monthly means (solid).

Little impact of climate change perturbation scenarios in case of whole column release (Figure 36).
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Figure 37: Instantaneous whole column release. Maps of surface layer tracer concentration 20 years after
start in period 1 (1982-2001, top row) and period 2 (2002-2021, bottom row). Baseline simulation (left), 1x
climate change perturbation (middle), 2x climate change perturbation (right).
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Figure 38: Instantaneous whole column release. Maps of 300m tracer concentration 20 years after start in
period 1 (1982-2001, top row) and period 2 (2002-2021, bottom row). Baseline simulation (left), 1x climate
change perturbation (middle), 2x climate change perturbation (right).

In the surface layer the bulk of the tracer after 20 years is still recirculating in the Nordic Seas, a light
contamination of the Barents Sea and the northern North Atlantic occur (Figure 37). At 300m depth a
widespread recirculation signal is found in the Arctic Ocean basins boundary current, in addition to highest
concentration in the Nordic Seas (Figure 38).
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3 Conclusions

Numerical dispersion experiments were made with hypothetical instantaneous (1PBq) and continuous
(1TBq/y) release of a soluble radionuclide tracer from the submarine Komsomolets at the bottom of the
Barents Sea slope in the Norwegian Sea. For both cases a bottom release and a whole water column
release were performed, respectively.

Climate change scenarios were investigated, motivated by observed long term trends in the atmosphere
over the past decades (1982-2021) which were identified in two atmospheric reanalysis data sets. The
identified significant long-term trends in 2m temperature, longwave downward radiation, and precipitation
in the high northern latitudes show increases in these variables. Then, the climate change scenario
experiments were forced with a 1x and 2x climate change perturbation (the previously determined trends)
added on the unperturbed forcing (= baseline experiments) for the periods 1982-2001 and 2002-2021.

In all climate change experiments reduced mixing and convection is obtained. The cause of the reduced
mixing and convection is an intensified density contrast between the upper layer and deeper regions in the
water column in the climate change scenarios, leading to a lower potential for deep water release to reach
surface waters. Consequently, the climate change perturbation experiments show a reduced vertical
mixing and convection in the Nordic Seas, thus reducing vertical mixing of the tracer, which leads to lower
surface tracer concentrations and lower upper-level tracer content in comparison to the unperturbed
baseline experiments.

Cases with a whole water column release ( already well mixed tracer in the vertical at the location of the
submarine) showed less sensitivity to climate change perturbations than the bottom release case.

The strongest impact of the climate change perturbations occurred for the period 1 (1982-2001) as this
period showed more vertical mixing and convection in the unperturbed phase, and thus offered more
potential for the suppression of mixing and convection.

The tracer concentrations for the selected locations in Kirkenes, Lofoten and Tromsg show an increasing
trend over the 20 years of the experiments for all release and forcing scenarios, which means they did not
reach equilibrium over the two decades.

The Lofoten location shows large fluctuations on seasonal and interannual time scale which is an indication
of changes in the source waters reaching Lofoten on time, such as water from the high concentrations in
the interior Nordic Seas to the west of Lofoten versus low concentrations in the Norwegian Coastal water
arriving from the south. Highest local concentrations typically occur in autumn.
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