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1 Introduction 

The report was funded through the Norwegian Nuclear Action plan with yearly allocations to DSA from the 

Norwegian ministry of Foreign Affairs. It gives knowledge about potential impact following scenarios 

affecting radioactive material in the Russian nuclear submarine Komsomolets. 

1.1 Komsomolets submarine 

The Russian nuclear submarine “Komsomolets” (K-278) sank on the 7th of April 1989 as a consequence of 

a fire onboard the vessel which now lies at 1673 m to the southwest of Bear Island in the Norwegian Sea 
(73°43′16″ N, 13°16′52″ E). The sinking resulted in the loss of 42 of the crew. The submarine was powered 

by one 190 MW OK-650b-3 PWR which was shut down early during the progression of the accident. The 

vessel had two nuclear torpedoes onboard at the time of the sinking (Gladkov et al., 1994). The total 

inventory of the reactor at the time of sinking is estimated to have been 29 PBq with 16 TBq of 239,240Pu 

contained within the two nuclear warheads (Gladkov et al., 1994; Høibraaten et al., 1997). As of 2019, the 

residual activity in the reactor (~3 PBq) is almost entirely due to the isotopes 137Cs and 90Sr. 

 

Figure 1: Map depicting the location of the sunken submarine ‘Komsomolets’ at 1673 m depth (Gwynn et al, 

2018) 

The status of the submarine and contamination of its environs have been investigated during several 

expeditions conducted between 1989 and 2019. These expeditions have been conducted by Soviet and, 

subsequently, Russian authorities and institutes with some investigations having been conducted by 

expeditions from Norway, Germany and the United Kingdom, details of which may be found in Sivintsev et 

al., (2005).  Damage to both outer and inner pressure hulls has been reported over the torpedo 

compartment, and it has been reported that the nuclear material of the warheads were exposed to 

seawater (Yablokov et al., 1993). Releases of radionuclides (60Co, 134Cs and 137Cs) from the submarine via a 

ventilation duct have been reported (see: Nejdanov, 1993; Gladkov et al., 1994 and Kazennov 2010). 

Reported concentrations of 137Cs in the duct (as of 1994) were of the order of 1 MBq/m3 with a decrease to 

4 kBq/m3 in the area around the ducts opening (Gladkov et al., 1994). Annual releases of 137Cs from the 

submarine were estimated to be of the order of 500 GBq/yr (Gladkov et al., 1994). By 2007, releases of 
137Cs from the duct were reported to have decreased (Kazennov, 2010), Vysotsky et al. (2014) providing 

estimates of 137Cs and 90Sr releases of 0.1 GBq/yr.  The most recent data for conditions at the wreck site 
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indicate that activity concentrations of 137Cs in seawater drawn from inside the duct range from <8.0 to 

857 Bq/l which provides indications that the reactor is still releasing radionuclides and that these releases 

exhibit variability with respect to the amount being released and the duration of those releases.  appear to 

vary in activity and duration (Heldal et al., 2019).  Previous studies (Høibraaten et al., 1997) have indicated a 

limited potential for significant long-range marine dispersal of contaminants from the Komsomolets 

submarine while admitting to several uncertainties in their approach.  

While the actual or potential impacts for the environment because of leakage and transport of radioactive 

contaminants from the Komsomolets submarine are in all probability very low at points distant from the 

wreck site, the ability to make predictions or estimates of dispersal is reliant on an understanding of the 

relevant environmental conditions. It is well established that the world’s oceans are vulnerable to climate 

change predictions in a number of ways and the potential exists for climate change impacts to have some 

influence on the dispersion of contamination from the submarine. In this context, the dispersal of 

contaminants from the submarine was investigated from a climate change standpoint with a view towards 

elucidating what implications such changes may have on dispersion of contamination from the submarine.  

1.1.1 Climate change 

While long-term increases in surface temperatures are a development that has been solidly projected by a 

number of climate models which contributed to the latest IPCC assessment report (IPCC, 2021), the 

internal variability of the Earth's climate system inevitably leads to a great deal of uncertainty in terms of 

developments when focusing on the next two decades, especially at the higher latitudes. The context of 

the present study is therefore to identify those changes in observed atmospheric conditions in recent 

decades that are attributable to climate change and particularly those that could affect vertical mixing 

properties. These changes are then assumed to continue to occur over the next two decades and form the 

basis for a series of sensitivity experiments to identify possible changes in the dispersion of a hypothetical 

release of contaminants from the submarine. As a start point, atmospheric changes that have occurred 

over the last 40 years are identified through statistical analysis of atmospheric reanalysis data from two 

reanalysis datasets: CFS-R/v2 (Saha et al., 2010, 2011) and ERA5 (Hersbach et al., 2020). The changes 

observed between the 1982-2001 and 2002-2021 periods, multiplied by a factor of 1 and 2, respectively, 

are then superimposed on the unperturbed forcing of the two periods to mimic the increasing atmospheric 

changes assumed to occur for these variables over the next two decades. The factors of 1 and 2 thereby 

stand for two intensities of change. This exercise was intentionally performed with each of the two time 

periods as a baseline to examine the impact of possible future climate change perturbations acting on 

conditions when the effects of climate change were not as pronounced as in recent years. 

Figures 2, 3 and 4 show examples of projected changes in the atmosphere (globally and in the Arctic) as 

they are resulting from the CMIP6 model experiments for the IPCC’s sixth assessment (IPCC, 2021). The 

black curves show the historical development until 2015, and the coloured curves show the projected 

development for different climate change scenarios. While there are clearly distinguishable long-term 

trends for the different scenarios on century long time scales, the scenarios for the next two decades are 

not very clearly separated. Therefore, extrapolating the trends of the last decades is a reasonable estimate 

for the variables presented. 
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Figure 2. (from IPCC, 2021) Graphical depiction of selected indicators of global climate change from CMIP6 

historical and scenario simulations. (a) Global surface air temperature changes relative to the 1995–2014 

average (left axis) and relative to the 1850–1900 average. (b) Global land precipitation changes relative to 

the 1995–2014 average. (c) September mean Arctic sea ice area. In (a–c), the curves show averages over 

the CMIP6 simulations, the shadings around the SSP1 2.6 and SSP3 7.0 curves show 5–95% ranges, and 

the numbers near the top show the number of model simulations used. Results are derived from 

concentration-driven simulations. (Further details on data sources and processing are available in the 

chapter data table, in IPCC (2021) Table 4SM.1). 
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Figure 3 (from IPCC, 2021) Graphical depiction of CMIP6 annual mean precipitation changes (%) from 

historical and scenario simulations. (a) Northern Hemisphere extra-tropics (30°N–90°N). Changes are 

relative to 1995–2014 averages. Displayed are multi-model averages and, in parentheses, 5–95% ranges. 

The numbers inside each panel are the number of model simulations. Results are derived from 

concentration-driven simulations. (Further details on data sources and processing are available in the 

chapter data table, in IPCC (2021) Table 4.SM.1). 

 

Figure 4: (from IPCC, 2021) Maps of near-term change of seasonal mean surface temperature. Displayed 

are projected spatial patterns of CMIP6 multi-model mean change (°C) in (top) December –January–

February (DJF) and (bottom) June–July–August (JJA) near-surface air temperature for 2021–2040 from 
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SSP1 2.6 and SSP3 7.0 relative to 1995–2014. The number of models used is indicated in the top right of 

the maps. No overlay indicates regions where the change is robust and likely emerges from internal 

variability, that is, where at least 66% of the models show a change greater than the internal-variability 

threshold (IPCC, 2021, Section 4.2.6) and at least 80% of the models agree on the sign of change. Diagonal 

lines indicate regions with no change or no robust significant change, where fewer than 66% of the models 

show change greater than the internal-variability threshold. Crossed lines indicate areas of conflicting 

signals where at least 66% of the models show change greater than the internal-variability threshold but 

fewer than 80% of all models agree on the sign of change. Further details on data sources and processing 

are available in the chapter data table (IPCC, 2021, Table 4.SM.1). 

Targeted studies on the effects of climate change on vertical ocean mixing in the Arctic are sparse. To 

investigate the hypothesised increase in mixing in high northern latitudes, particularly under previously 

ice-covered parts of the ocean, Liang and Losch (2018) performed a series of sensitivity experiments with 

prescribed increased mixing. The rationale was that due to reduced sea ice cover, there would be increased 

mixing as a result of increased new ice formation in winter (promoting the release of brine) and increased 

wind stirring in the upper ocean in now ice-free areas. As expected, they found that an increased vertical 

mixing (artificially imposed) will enhance vertical heat and salinity exchange.  

Consequentially, the decreased vertical temperature and salinity gradients of the upper Arctic Ocean leads 

to a weaker stratification, which makes the heat of the Atlantic Water layer accessible to the surface layer, 

contributing to an increased melting of the sea ice. On the other hand, they identify stronger Arctic Ocean 

stratification due to increased freshwater input in the Eurasian Basin e.g. during melting of sea ice. In the 

Nordic Seas, at the location of the sunken submarine, convection is a key factor for the vertical mixing of 

water masses and thus impacting the vertical dispersion of potentially release radionuclides strongly. 

Climate change impacting convection events, e.g. due to increased stratification in regions not covered by 

sea ice (anymore), could modify the frequency, location, and depth of convection events. The recent 

observed sea ice retreat in the northern ocean is shown to impact convection already nowadays (Moore et 

al. 2015; Våge et al. 2018; Latarius and Quadfasel 2016; Lique et al. 2015, 2018).   

Wu et al. (2021) use a coupled climate model to investigate the changes in ocean convection in the Nordic 

Seas which are initiated by climate change. They identify differing response in regions which had 

previously been covered by sea ice and originally open ocean regions. Regions of sea ice retreat exhibit an 

increase of vertical mixing in the upper ocean. The cause is a higher heat loss to the atmosphere in the 

now exposed areas and an enhanced impact of the wind stress now that the ice does not shield the ocean 

anymore. They claim that this is particularly vivid in case of sudden cold weather event (Papritz and 

Spengler, 2017). Furthermore, they identify intensified brine rejection to the ocean in regions which can 

now form new sea ice in winter as a source of reducing stability of the water column. The most pronounced 

effect they find, though, is away from the region of sea ice retreat, toward the Greenland Sea Gyre where 

obviously sea ice production is not an important driver for convection (Brakstad et al. 2019). Here the 

convective depth is slightly reduced as sea ice retreats, but climate warming significantly amplifies this 

This remarkable shoaling is due to increased ocean stratification from considerable warming of the upper 

ocean in agreement with observations (Latarius and Quadfasel 2010; Lauvset et al. 2018; Selyuzhenok et 

al. 2020). 

As sea ice continues to retreat under global warming, we may expect to see a reduction of water mass 

modification in the central Greenland Sea, because of reduced atmospheric forcing of dense water 

production (Moore et al. 2015) and considerable upper-ocean warming. This would decrease the production 

of Greenland Sea Intermediate Water, which had become the main product of convection in the Greenland 

Sea in the recent past (Karstensen et al. 2005; Jeansson et al. 2017).  

Mulwijk et al. (2022) investigate the changes in stratification in selected regions of the northern 

hemisphere projected by the IPCC set of CMIP6 models. They state that observations and simulations 
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agree that the Arctic Ocean is becoming warmer and that there is ongoing freshening in the Amerasian 

Basins. The simulations also agree that the observed weakening of the stratification in the Eurasian Basin 

does not spread eastward into the Amerasian Basin. There is a strong warming of the Atlantic Water layer 

in the projections. This is consistent with the so-called ‘Atlantification’ (Polyakov et al., 2020. The authors 
suggest using Δ𝑃𝑃𝑃𝑃 as new indicator of stratification strength. It is defined as an integral measure of the 

potential energy needed to fully mix the water column from the surface down to a previously determined 

depth. They state that ‘Temporal change and regional contrasts observed by more traditional stratification 

definitions (e.g. Polyakov et al. 2020) are captured well by this new parameter, whose definition is not 

sensitive to model biases.’.  

Their analysis of the CMIP6 ensemble of models reveals that there is no unanimous trend of stratification 

that can be derived from the models in the selected four Arctic regions they investigated (Figure 5). An 

exception is the Beaufort Sea which is projected to increase its stratification in the coming decades. 

In the present report Δ𝑃𝑃𝑃𝑃 is used as an indicator for the intensity of stratification in the for this study 

performed model sensitivity experiments with NAOSIM. It thus serves as a measure of the strength of the 

impacts of the climate change response experiments on the potential for enhanced or reduced 

stratification and thus convection induced vertical mixing. 

 

Figure 5: Time series of four regions in the Arctic Ocean (standardized anomalies relative to 1970–2014 

mean) of stratification strength, Δ𝑃𝑃𝑃𝑃 [MJ/m2], for 14 CMIP6 models investigated in Mulwijk et al. (2022). 

More positive values indicate a stronger stratification, i.e. more energy would be needed to mix the water 

column. All-time series are low-pass filtered with a five year cut-off frequency. Note the different y-axes for 

the two basins. For comparison, the observed stratification over the period 1970-2017 is plotted in with 

thick black lines. (Figure from Mulwijk et al. 2022). 
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2 Model experiments 

 

2.1 Rationale for the scenario constructions 

The rationale and design of the model experiments performed for this study is as follows: 

• There is a large uncertainty in the predicted atmospheric conditions for the next 2 decades (due 

to model biases and superposition of long-term trend and internal variability) (IPCC, 2021)  

• The report refrains from using IPCC ensemble members to force the experiments, instead trends 

are identified in the following variables for the past 4 decades from two atmospheric reanalysis 

datasets: 2m temperature, specific humidity/dew-point temperature, 2m relative humidity, 

downward longwave radiation, downward shortwave radiation, precipitation, 10-m windspeed.  

• Those variables are selected which show a significant trend over this timespan. These are 2m 

temperature, downward longwave radiation and precipitation. 

• Trends are constructed for these variables as the means over time periods of two decades for 

each of the two atmospheric reanalysis datasets employed. 

• The forcing for the model experiments (‘our’ climate change scenarios) is constructed by 

superposition of the original atmospheric reanalysis data for each of the two periods with the 

observed trends, extrapolated into the ‘future’ with 1x or 2x the amplitude of the observed trend. 

2.2 Decadal trends of atmospheric conditions in the Arctic 1982-2021 

In the following the results of the statistical analysis of the reanalysis datasets are presented. Only results 

for those variables which show a statistically significant trend in the two investigated periods (1982-2001 

and 2002-2021) are shown. These are: 

• 2m temp 

• downward longwave radiation 

• precipitation 
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Figure 6: Maps depicting seasonal means of 2 m temperature differences between period 2 (2002-2021) 

and period 1 (1982-2021) for CFS (top row) and ERA5 (bottom row). 

 

Figure 7: Maps depicting seasonal means of longwave downwelling radiation differences between period 2 

(2002-2021) and period 1 (1982-2021) for CFS (top row) and ERA5 (bottom row). 
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Figure 8: Maps depicting seasonal means of precipitation differences between period 2 (2002-2021) and 

period 1 (1982-2021) for CFS (top row) and ERA5 (bottom row). 

For 2-m temperature (Figure 6) both reanalysis datasets (CFS and ERA5) show a strong warming trend of 

up to 5 °C in September, October, November (SON) and in December, January, February (DJF) seasons in 

the Barents Sea, the Siberian Arctic Ocean and the Canadian Arctic Basin. This is mirrored by the 

downward longwave radiation (Figure 7) showing positive trends up to 20 W/m2 in those regions. For 

precipitation (Figure 8) the two reanalysis datasets agree on an increase in SON in most of the central 

Arctic basin and the Nordic Seas 
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Figure 9: Graphs depicting zonal means of differences between period 2 (2002-2021) and period 1 (1982-

2001) and period 2 (2002-2021) for 2m temperature, longwave radiation downward (denoted thermal 

radiation in the plots), and precipitation rate for forcing dataset CFS (dash-dots), ERA (dash) and mean of 

the two (solid). 

The zonal mean differences for the three variables for each of the four seasons and the two reanalysis 

datasets between the two periods (Figure 9) show a large similarity of the latitudinal dependency in most 

cases. The solid thick lines show the mean of the two reanalysis datasets which have been used to force 

the model experiments. 
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Figure 10: Graphs of surface response to the climate change experiments: SST in the ice-free model 

domain (top) and Arctic Sea ice volume (bottom). Left: period 1 (1982-2001), right period 2 (2002-2021). 

Each panel shows monthly means for an unperturbed experiment, an experiment with 1xclimate change 

perturbation and 2x climate change perturbation, respectively. 

The surface response in terms of SST in the ice-free domain and the Arctic Sea ice volume (Figure 10) for 

two decades of unperturbed forcing and climate with 2m-temperature (2mt), surface thermal radiation 

downwards (strd) and total precipitation (tp) 1 x climate change perturbation and 2 x climate change 

perturbation superposed, shows an overall increased SST and reduced sea ice volume for both of the 

periods. 

 

2.3 Climate change scenario: experimental design 

Experiments with perturbations of the atmospheric forcing motivated by climate change signals were 

performed. 

The patterns of change for the variables which had exhibited significant trends between period 1 (1982-

2001) and period 2 (2002-2021) - 2m temperature, downward longwave radiation and precipitation - were 

superposed on the respective unperturbed variables in each of the two time periods. The goal is to 

investigate the response to a climate change signal in the atmospheric forcing that continues the 

observed trends. Tests were made for the response to perturbations on each single variable as well as on 

combinations of all three variables. For the main part of the climate change experiments a modified forcing 

was applied that consisted of a single (1x) perturbation and a doubled (2x) perturbation jointly for all three 
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atmospheric variables, i.e.: 1 x perturbation of 2m temperature, downward longwave radiation, and 

precipitation; 2 x perturbation of 2m temperature, downward longwave radiation, and precipitation 

 

 

Figure 11: Maps of stratification strength (Δ𝑃𝑃𝑃𝑃, MJ/m2) for baseline experiments (unperturbed forcing) for 

period 1 (1982-2001) (left), period 2 (2002-2021) (middle), and difference between period 2 and period1 

(right, bottom with zoom into Nordic Seas), see section 3 for explanation of Δ𝑃𝑃𝑃𝑃. 

For the unperturbed baseline experiments (Figure 11) we find an intensified stratification (increased Δ𝑃𝑃𝑃𝑃) 

comparing period 2 with period 1 in the Northern North Atlantic, most of the Nordic Seas and parts of the 

Canadian Arctic Basin. We identify intensified stratification in the region of the submarine location at the 

slope of the Barents Sea in the Norwegian Sea. 
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Figure 12: Maps showing the difference in stratification strength (Δ𝑃𝑃𝑃𝑃, MJ/m2) between 1x climate 

perturbation experiment (top row) and 2x climate change perturbation experiment (bottom row) for period 

1 (1982-2001) (right hand side with zoom into Nordic Seas). 

Both the 1x climate change perturbation and 2x climate change perturbation applied to period 1 lead to 

widespread intensification of stratification strength (Figure 12). An exception is the western Nordic Seas, 

Davis Strait and the Amundsen Basin. 
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Figure 13: Maps showing the difference in stratification strength (Δ𝑃𝑃𝑃𝑃, MJ/m2) between 1x climate 

perturbation experiment (top row) and 2x climate change perturbation experiment (bottom row) for period 

2 (2002-2021) (right hand side with zoom into Nordic Seas). 

For both the 1x climate change perturbation and 2x climate change perturbation applied to period 2 also 

lead to widespread intensification of stratification strength (Figure 13) except in the western Nordic Seas, 

Eurasian Basin and Beaufort Sea. In the eastern Nordic Seas, the intensification of the stratification is 

more intense than for period 1. 

 

2.4 Release scenarios 

The release scenarios encompass continuous releases of 1 TBq/year (Experiments C1 - C15) and 

instantaneous releases of 1 PBq (Experiments I1 - I12) (Table 1). For each of these release scenarios, 

experiments were performed with a bottom release at the depth of the submarine and those with a whole 

column release, respectively. Releases are performed for two periods of 2 decades duration:  

• Period 1: 1982-2001 

• Period 2: 2002-2021 

Each of those experiments has been performed with an unperturbed atmospheric forcing as a baseline, 

and the climate change scenarios as described in the following. 
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List of experiments Period Release Climatic perturbation Mixing 

1 
Cfs-start-1982-opt5-3-

Ans_kappa_h-cont 
1982-
2001 

Bottom, 1 PBq/yr, 
continuous 

- - 

2 
Cfs-start-1982-opt5-3-

Ans_kappa_h-
t2m_strd_tp_pert_fac1- cont 

1982-
2001 

Bottom, 1 PBq/yr, 
continuous 

2m temperature, long-wave 
down and precipitation, 

instant 
- 

3 
Cfs-start-1982-opt5-3-

Ans_kappa_h-
t2m_strd_tp_pert_fac2- cont 

1982-
2001 

Bottom, 1 PBq/yr, 
continuous 

2 times  2m temperature, 
long-wave down and 
precipitation, instant 

- 

4 
Cfs-start-2002-opt5-3-

Ans_kappa_h- cont 
2002-
2021 

Bottom, 1 PBq/yr, 
continuous 

- - 

5 
Cfs-start-2002-opt5-3-

Ans_kappa_h-t2m_pert_fac1- 
cont 

2002-
2021 

Bottom, 1 PBq/yr, 
continuous 

2m temperature, instant - 

6 
Cfs-start-2002-opt5-3-

Ans_kappa_h-
t2m_strd_pert_fac1-inst 

2002-
2021 

Bottom, 1 PBq/yr, 
continuous 

2m temperature, long-wave 
down, instant 

- 

7 
Cfs-start-2002-opt5-3-

Ans_kappa_h-
tp_pert_fac1_cont 

2002-
2021 

Bottom, 1 PBq/yr, 
continuous 

Precipitation, instant - 

8 
Cfs-start-2002-opt5-3-

Ans_kappa_h-
t2m_strd_tp_pert_fac1-cont 

2002-
2021 

Bottom, 1 PBq/yr, 
continuous 

2m temperature, long-wave 
down and precipitation, 

instant 
- 

9 
Cfs-start-2002-opt5-3-

Ans_kappa_h-
t2m_strd_tp_pert_fac2-cont 

2002-
2021 

Bottom, 1 PBq/yr, 
continuous 

2 times  2m temperature, 
long-wave down and 
precipitation, instant 

- 

10 
Cfs-start-1982-opt5-3-

Ans_kappa_h-cont_column 
1982-
2001 

Whole column, 1 
PBq/yr , continuous 

- - 

11 
Cfs-start-1982-opt5-3-

Ans_kappa_h-
t2m_strd_tp_pert_fac1-

cont_column 

1982-
2001 

Whole column, 1 
PBq/yr, continuous 

2m temperature, long-wave 
down and precipitation, 

instant 
- 

12 
Cfs-start-1982-opt5-3-

Ans_kappa_h-
t2m_strd_tp_pert_fac2-

cont_column 

1982-
2001 

Whole column, 1 
PBq/yr, continuous 

2 times  2m temperature, 
long-wave down and 
precipitation, instant 

- 

13 
Cfs-start-2002-opt5-3-

Ans_kappa_h-cont_Column 
2002-
2021 

Whole column, 1 
PBq/yr, continuous 

- - 

14 
Cfs-start-2002-opt5-3-

Ans_kappa_h-
t2m_strd_tp_pert_fac1-

cont_column 

2002-
2021 

Whole column, 1 
PBq/yr, continuous 

2m temperature, long-wave 
down and precipitation, 

instant 
- 

15 
Cfs-start-2002-opt5-3-

Ans_kappa_h-
t2m_strd_tp_pert_fac2-

cont_column 

2002-
2021 

Whole column, 1 
PBq/yr , continuous 

2 times  2m temperature, 
long-wave down and 
precipitation, instant 

- 

 

Table 1: (a) Continuous release experiments 
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List of experiments Period Release Climatic perturbation Mixing 

1 
Cfs-start-1982-opt5-3-Ans_kappa_h-

inst 
1982-2001 

Bottom, 1 Bq, 
instant 

- - 

2 
Cfs-start-1982-opt5-3-Ans_kappa_h-

t2m_strd_to_pert_fac1-inst 
1982-2001 

Bottom, 1 Bq, 
instant 

2m temperature, long-wave 
down and precipitation, 

instant 
- 

3 
Cfs-start-1982-opt5-3-Ans_kappa_h-

t2m_strd_to_pert_fac2-inst 
1982-2001 

Bottom, 1 Bq, 
instant 

2 times  2m temperature, 
long-wave down and 
precipitation, instant 

- 

4 
Cfs-start-2002-opt5-3-Ans_kappa_h-

inst 
2002-2021 

Bottom, 1 Bq, 
instant 

- - 

5 
Cfs-start-2002-opt5-3-Ans_kappa_h-

t2m_strd_to_pert_fac1-inst 
2002-2021 

Bottom, 1 Bq, 
instant 

2m temperature, long-wave 
down and precipitation, 

instant 
- 

6 
Cfs-start-2002-opt5-3-Ans_kappa_h-

t2m_strd_to_pert_fac2-inst 
2002-2021 

Bottom, 1 Bq, 
instant 

2 times  2m temperature, 
long-wave down and 
precipitation, instant 

- 

7 
Cfs-start-1982-opt5-3-Ans_kappa_h-

inst_Column 
1982-2001 

Whole column, 
1 Bq, instant 

- - 

8 
Cfs-start-1982-opt5-3-Ans_kappa_h-
t2m_strd_to_pert_fac1-inst_column 

1982-2001 
Whole column, 
1 Bq, instant 

2m temperature, long-wave 
down and precipitation, 

instant 
- 

9 
Cfs-start-1982-opt5-3-Ans_kappa_h-
t2m_strd_to_pert_fac2-inst_column 

1982-2001 
Whole column, 
1 Bq, instant 

2 times  2m temperature, 
long-wave down and 
precipitation, instant 

- 

10 
Cfs-start-2002-opt5-3-Ans_kappa_h-

inst_Column 
2002-2021 

Whole column, 
1 Bq, instant 

- - 

11 
Cfs-start-2002-opt5-3-Ans_kappa_h-
t2m_strd_to_pert_fac1-inst_column 

2002-2021 
Whole column, 
1 Bq, instant 

2m temperature, long-wave 
down and precipitation, 

instant 
- 

12 
Cfs-start-2002-opt5-3-Ans_kappa_h-
t2m_strd_to_pert_fac2-inst_column 

2002-2021 
Whole column, 
1 Bq, instant 

2 times  2m temperature, 
long-wave down and 
precipitation, instant 

- 

 

Table 1: (b) Instantaneous release experiments. 

2.5 Model description 

The model experiments are performed with NAOSIM (North Atlantic-Arctic Ocean-Sea Ice Model), a 

regional, coupled sea ice-ocean model. It has been developed at the Alfred Wegener Institute for Polar and 

Marine Research (Köberle and Gerdes, 2003). It is derived from the Geophysical Fluid Dynamics Laboratory 

modular ocean model MOM-2 (Pacanowski, 1995) and a dynamic-thermodynamic sea ice model with a 

viscous-plastic rheology (Hibler, 1979). NAOSIM has been used for numerous studies on the dynamics of 

the Arctic Ocean and the Nordic Seas (e.g., Gerdes et al., 2003; Kauker et al., 2003; Karcher et al., 2003). It 
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has also been previously applied to studies of the dispersion of tracers (Brown et al., 2016; Gerdes et al., 

2001, 2005; Karcher et al., 2004, 2012, 2017; Kauker et al., 2016; Smith et al., 2021). Here we use a version 

with 30 levels in the vertical, which are unevenly spaced. The surface levels have a thickness of 20 m. The 

model domain encompasses the Arctic Ocean, the Nordic Seas and the Northern Atlantic Ocean North of 

approximately 50°N. At the open Bering Strait receives a net volume inflow from the Pacific Ocean of 0.8 

Sv. At the Southern boundary and in the Bering Strait, open boundary conditions have been implemented 

following Stevens (1991), thereby allowing the outflow of tracers and the radiation of waves. The initial 

hydrography in January 1948 is adopted from the PHC winter climatology (Steele et al., 2001), while a 

yearly mean climatology is used as a reference for surface salinity restoring on a time scale of 180 days. 

The restoring of sea surface salinity is a common method used to prevent the ocean salinity from 

drastically drifting away from the observed ocean state (Steele et al., 2001). Sea surface salinity restoring 

compensates for a mismatch between freshwater forcing data (e.g., precipitation and runoff) and model 

physics. In the absence of restoring the model drift is arbitrary, depending on the combination of forcing 

data set and model physics. The model is driven with daily atmospheric forcing from 1948 to 1979 

(NCEP/NCAR reanalysis (Kalnay et al., 1996)) and continued to 1981 with CFS-R/v2 (Saha et al., 2010, 2011). 

From 1982 to 2021 two forcing datasets were used, a continuation with CFS-R/v2 and one with ERA5 

(Hersbach et al., 2020).  

 

2.6 Scenario experiments 

2.6.1 Scenario experiments for continuous bottom release 

A release of 1 TBq/year was initiated at the depth of the submarine (bottom release) for the period 1 from 

1982 to 2001 and for 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 14 Baseline experiment) 
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Figure 14: Baseline experiment - Continuous bottom release: Hovmoeller diagrams of the model domain 

mean tracer content versus depth (Bq/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 difference in the dispersion between the two periods (Figure 14) reflects the combined effect of 

decadal variability and the long-term trends present in the atmospheric forcing. Period 1 (1982-2001) 

shows a much more intense vertical mixing compared to period 2 (2002-2021), reaching down to the depth 

of the submarine. The more intense mixing occurs sporadically and is due to deep reaching convection 

events occurring in period 1 (most prominently in 1987) that are almost absent in period 2 or at least much 

weaker. The mixing/convection events in period 1 in comparison to period 2 lead to an offset of the vertical 

distribution of the tracer once they occurred. In period 2 the top 500 m of the water column show lower 

concentrations of the tracer at the expense of the depth range 800-1500 m which exhibit higher 

concentrations 
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Figure 15: Graph of the mean surface layer concentration of tracer for 20 years in the model domain 

(monthly means). Continuous bottom release. Baseline simulation for period 1 (1982-2001, black) and 

period 2 (2002-2021, red) and climate change simulation with 1x climate change perturbations for single 

forcing parameters: precipitation (blue), 2m temperature (turquoise), and for combinations of perturbed 

forcing parameters: 2m temperature plus downward longwave radiation (magenta), 2m temperature plus 

downward longwave radiation plus precipitation (yellow). 

The overall effect of the climate change induced perturbations for the surface layer tracer concentrations 

(model domain mean) is small in contrast to the decadal change between the two periods (Figure 15, red 

compared to black). The effect of 1x climate change perturbations has about the same size in terms of 

model domain mean surface tracer concentration for each of the perturbed variables: 2m temperature, 

downward longwave radiation and precipitation, respectively. 
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Figure 16: Climate change scenario experiments - Continuous bottom release for 1x perturbation (top left) 

and 2x perturbation (top right). Hovmoeller diagrams of the tracer content versus depth (model domain 

mean, Bq/m) for the release period 1 1982-2001 and the difference between scenario and unperturbed 

baseline experiment (bottom panels). 

 

Figure 17: Climate change scenario experiments - Continuous bottom release for 1x perturbation (top left) 

and 2x perturbation (top right). Hovmoeller diagrams of the integrated tracer content versus depth in the 
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model domain (Bq/m) for the release period 2 2002-2021 and difference between scenario and unperturbed 

baseline experiment (bottom). 

 

The combined climate change perturbations reduce the vertical exchange in the water column above the 

depth of the submarine for both periods. Imposing the 2x climate change perturbation increases the effect 

of a reduced vertical exchange considerably and leads to lower tracer content in the top 1000 m of the 

water column for both periods. The effect is very strong for the period 1 for which the more intense vertical 

mixing in the baseline (unperturbed) experiment is effectively diminished by the 2x climate change 

perturbation. The 2x climate change signal imposed on the surface forcing stabilizes the water column and 

stops almost all deep reaching convection events. But even for period 2 which had a lower vertical mixing 

in the unperturbed state, a 2x cli-mate change perturbation reduced the tracer content in the top 1000 m 

of the water column (Figure 17). 

 

Figure 18: Continuous bottom release. Graphs of surface layer tracer concentration near Lofoten (top), 

Tromsø (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). Monthly means (solid). 

 

We find a reduction of the surface concentrations in all three shown locations (Figure 18) for both periods 

in experiments with 1x and 2x climate change perturbations. 

 

 

Figure 19: Continuous 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). 
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Figure 20: Continuous bottom release. Maps depicting 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). 

Maps of surface concentrations for year 20 after start of release for the unperturbed baseline experiment 

and both climate change perturbations show the previously found reduction of the surface concentration 

in climate change scenarios is widespread (Figure 19). The highest surface concentrations occur in western 

Nordic Sea, a recirculation of the contaminant with the offshore branch of NAC and outflow to Denmark 

Strait and Fram Strait, as well as a weak entry to Barents Sea take place. At 300m a strong intrusion to the 

Eurasian Basin of the Arctic and outflow through Denmark Strait take place. We find some reduction of 

concentrations in the climate change perturbation experiments, as less contaminant reaches 300m level 

from below (Figure 20). 
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2.6.2 Scenario experiments for continuous whole column release 

The continuous release over the entire water column above the submarine is a very conservative worst-

case scenario, as a fully mixed water column with continuous supply of tracer over a period of 20 years is 

not realistic. However, it can provide an insight into the dispersion characteristics for a continuously well 

mixed water close to the source. 

A release of 1 TBq/year was initiated in the water column above the submarine (whole column release) for 

the period 1 from 1982 to 2001 and period 2 from 2002 to 2021 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 21 Baseline experiments). 

 

Figure 21: Baseline experiments - Continuous water column release: Hovmoeller diagrams of integrated 

tracer content versus depth in the model domain (Bq/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 both periods the baseline experiment of release in the whole column shows an increase of the overall 

tracer content with time at all depths, but highest tracer content in the depth range of 200-1000m (Figure 

21). This somewhat surprising result is due to a combination of higher advection speeds at the surface and 

down mixing of higher concentrations at the surface layer in regions away from the source location. As 

expected, the difference between the two periods reflects the lower vertical exchange in the top 500 m of 

the water column for period 2, leading to reduced tracer content there. 
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Figure 22: Climate change scenario experiments - Continuous water column release for 1x perturbation 

(top left) and 2x perturbation (top right). Hovmoeller diagrams of integrated tracer content versus depth in 

the model domain (Bq/m) for the release period 1 1982-2001 and difference between scenario and 

unperturbed baseline experiment (bottom). 

Even though the release into the full column is continuous, the two climate change perturbation 

experiments show a reduction of the tracer content in the top 800 m (Figure 22) in period 1, reducing the 

tracer load being mixed upwards to the upper layers. 
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Figure 23: Climate change scenario experiments - Continuous water column release for 1x perturbation 

(top left) and 2x perturbation (top right). Hovmoeller diagrams of integrated tracer content versus depth in 

the model domain (Bq/m) for the release period 1 1982-2001 and difference between scenario and 

unperturbed baseline experiment (bottom). 

Even though the release into the full column is continuous, the two climate change perturbation 

experiments show a reduction of the tracer content in the top 800 m (Figure 23) in period 1, reducing the 

tracer load being mixed upwards to the upper layers. 
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Figure 24: Climate change scenario experiments - Continuous water column release for 1x perturbation 

(top left) and 2x perturbation (top right). Hovmoeller diagrams of integrated tracer content versus depth in 

the model domain (Bq/m) for the release period 2 2002-2021 and difference between scenario and 

unperturbed baseline experiment (bottom). 

In contrast to period 1, in period 2 the very surface layers of the top few hundred meters are experiencing 

a slightly enhanced tracer load in the case of the climate change perturbations, the layers below, down to 

about 1000m show a reduced load. (Figure 24). 



DSA Report 32 

 

 

Figure 25: Continuous whole column release. Graphs of surface layer tracer concentration near Lofoten 

(top), Tromsø (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) 

 

 

Figure 27: Baseline experiments - Instantaneous bottom release: Hovmoeller diagrams of integrated tracer 

content versus depth in the model domain (Bq/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). 

 



16.12.2025, Number 06 35 

 

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 (Bq/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 (Bq/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), 

Tromsø (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). 
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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 (Bq/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 (Bq/m) for the release period 1 1982-2001 and difference between scenario and 

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 (Bq/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. 

 

 

 

Figure 36: Instantaneous whole column release. Graphs of surface layer concentration near Lofoten (top), 

Tromsø (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). 

 

 

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 Tromsø 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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