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Abstract

:

The sensitivity of seafloor temperature   T B   to the warming of surface air temperature   T a   is examined for 1850–2300, based on simulations with five models from the Coupled Models Intercomparison Project phase 6 ensemble and driven by a scenario with high anthropogenic emissions of greenhouse gases. In this historical period (until 2015), sensitivity coefficients   α = Δ  T B  / Δ  T a    ( Δ  indicates changes relative to the pre-industrial period) were typically ≤0.12 for annual means and up to 0.43 in summer. However, during the same period in the Barents Sea sector, the sensitivity coefficients were as large as 0.6 in summer. For summer, the obtained results are consistent with the limited measurements available for the Siberian shelf. In future, sensitivity coefficients will increase markedly, and   α ≥ 0.7   will become common for the part of the Arctic shelf that becomes ice-free in summer. Our results have implications for estimating the future thermal state of subsea sediments, as well as for oceanic biota.
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1. Introduction


In the Arctic, surface air temperature (SAT) increases at a rate which is two- or even four-fold faster than the global mean warming—a phenomenon that is referred to as Arctic amplification [1,2,3]. Despite this, knowledge about the respective temperature changes in the Arctic Ocean (in particular, over the shelf and near the seafloor) remains controversial.



On the one hand, one may argue that the near-floor temperature response to SAT variations would be damped markedly. A respective mechanism is due to the existence of a temperature point at which the water density is at the maximum. For typical Arctic Ocean salinities, from 28 to 34 practical salinity units, this temperature point is from −1 °C to −2 °C and is close to the freezing temperature. Cold and heavy water sinks to the bottom, maintaining a close-to-constant temperature near the seafloor. This might have been the reason for the very small (basically, ≤1 °C) temperature increase obtained in [4] for the yearly atmospheric   CO 2   content (   q  CO 2    ) doubling in the CMIP3 (Coupled Models Intercomparison Project, phase 3) simulations with a 1% of    q  CO 2     increase per year. A somewhat similar result was obtained for CMIP5 (CMIP, phase 5): under the Representative Concentration Pathway 8.5 (RCP8.5), despite very pronounced surface air warming over the Arctic shelf (about 10 °C in 2081–2100 relative to 1986–2005, see Figure 12.11 from [5]), where the near-floor oceanic temperature only increased by   2.3 ± 1.0   °C [6], which is four-fold smaller. Note, however, that the maximum density argument for close-to-constant temperature near the seafloor could be challenged by taking into account oceanic circulation and salinity changes.



On the other hand, it was noted in [7] that, based on oceanic reanalysis data and on the CMIP6 (CMIP, phase 6; see [8]) simulations, water in the Arctic Ocean warms markedly faster relative to the global mean oceanic temperature at the same depths. This warming could be as large as 6 °C in 2081–2100 relative to 1981–2000 in the layer 0–700 m. However, the most warming is exhibited in the Barents Sea, with smaller temperature changes in other Arctic shelf basins. In addition, sea water temperature changes in the more distant future are not considered in [7]. We note that, despite the oceanic layer from the surface down to the 150 m depth being studied explicitly in the latter paper, Shu et al. estimated the ratio between the temperature change in the Arctic Ocean relative to the globally averaged respective change at the same depth. Thus, the relationships between the warming at different depths in the Arctic Ocean were not considered explicitly in [7].



In addition, sparse measurements of seafloor temperature   T B   are available for the summers (from June to September) 1985–2009 [9]. According to the reported results, water in the coastal zone (defined in [9] as a part of the ocean with depths   ≤ 10  m  ) warmed by 2.1 °C in the Laptev Sea and by 2.2 °C in the East Siberian Sea. The corresponding surface air temperature,   T a  , increases were 2.6 °C and 2.8 °C. Thus, for this particular season and for this particular time interval,   Δ  T B  / Δ  T a  ≈ 0.8  , which is rather close to unity. Here,  Δ  stays for changes of both variables. At the inner shelf (defined in [9] as a part of the ocean with depths greater than   10  m   and less than   50  m  ), the Laptev Sea warming was only 0.8 °C and cooling by 0.25 °C was exhibited in the East Siberian Sea. Therefore,   Δ  T B  / Δ  T a  ≈ 0.4   in this part of the Laptev Sea, and the corresponding   Δ  T B  / Δ  T a    in the East Siberian Sea was negative. No measurements at the deeper oceanic regions, or in other parts of the Arctic shelf (neither European nor North American), or in other season were reported in [9].



One of the possible reasons for such controversy in model outputs is the too-coarse resolution of oceanic compartments employed in the previous (CMIP5 and older) generations of Earth system models. In particular, the Arctic shelf has a number of narrow channels, which are important for oceanic circulation. Among them are channels between the north Russian coast and nearby islands and the channels in the Canadian Archipelago. The typical width of these channels is up to several tens of kilometers. Moreover, the oceanic Rossby radius, which determines the horizontal eddy scale, is ≤10 km at the Arctic shelf [10]. All this necessitates a very high resolution for the oceanic module in the Arctic. Ideally, this resolution should be as fine as a few kilometers [11], but such a resolution remains unfeasible for centennial- and millennial-scale simulations with Earth system models (ESMs).



The above-mentioned seafloor warming in the Laptev Sea in the last decades was reproduced in a numerical experiment using a high-resolution Arctic Ocean model and taking into account heat transport by the Lena River [12]. In this simulation, an enhanced vertical mixing in the coastal zone over the Arctic shelf was obtained, which led to the penetration of heat down to the seafloor.



In turn, knowledge of the seafloor temperature   T B   is necessary to assess possible responses of the thermophysical properties of the subsea sediments to ongoing and future warming. Among these properties are the dynamics of the permafrost in the Arctic shelf [13] and the permafrost-associated methane hydrates [14,15]. Both are formed during the Pleistocene glaciations, when the shelf top (or the contemporary seafloor) was exposed to a cold atmosphere. In turn, during oceanic transgressions, the thermal regime of permafrost in the shallow Arctic shelves is mainly determined by the temperature of the overlying water layer. Thus, the measured methane release from the Arctic Ocean shelf to the atmosphere [16] allows one to assume that permafrost degrades and that methane hydrates dissociate. At present, a marked impact of the ongoing, mostly anthropogenically induced, climate warming on this release is unlikely, because of the long, multi-millennium scales of the response of the above-mentioned properties to   T B   changes [17,18,19,20,21]. However, one could not exclude such impacts in the future, as the ongoing, mostly anthropogenically–induced, climate warming will likely progress further.



Furthermore, the fate of the methane, which is released into the oceanic water, depends on the solubility of this gas. This solubility, in turn, depends on water temperature. For instance, it was measured that the seasonal warming of the oceanic mixed layer leads to the suppression of the methane storage capacity in water [22]. The latter suppression may increase the amount methane that is eventually emitted from the Arctic Ocean into the atmosphere.



In addition, oceanic warming over the Arctic shelf could impact Arctic ecosystems, which became more productive during recent decades [23]. Temperature changes may impact this production via two mechanisms. The first mechanism is an enhanced plankton metabolism in warmer water. The second mechanism is due to the associated changes in the oceanic stratification: an increased stratification suppresses the nutrient input for oceanic plankton, and a decreased stratification enhances it. It is clear that relative changes of the seafloor and oceanic surface temperatures might contribute to both these mechanisms.



Again, while the spatial resolution of the contemporary generation of Earth system models (ESMs) is still insufficient to resolve small-scale oceanic circulation at the Arctic shelf, this resolution has become markedly finer during the last years. In particular, it increased several fold from the CMIP3 ESMs to CMIP6 (cf. Table 8.1 in [24] and Table AnII.5 in [8]). The CMIP6 models are able to resolve the major channels in the Arctic. Thus, it is at least instructive to relate changes of the seafloor temperature to changes in surface air temperature for this ESM generation.



Long-term observations of   T B   are rare or even do not exist, except those reported in [9] (V.V. Ivanov, personal communication). Thus, at present, the only way to estimate such relationships is by employing climate models. One has to take into account that, in order to make the results “climatically relevant”, the simulations to be studied should fulfill the following criteria: (i) their length should be at least century scale, (ii) they should characterize climate states that are sufficiently different from the present day state, and (iii) they should be non-stationary to represent climate inertia owing to the above-mentioned dependence of the ratio between surface air and seafloor temperature changes.



The goal of the present paper was to estimate the relationship between SAT and   T B   changes from the CMIP6 output for the high-emission scenario. This output fulfills all the previously mentioned criteria, and considering the previously unexamined relationships between temperature changes in the atmosphere over the Arctic shelf and near the seafloor at the same shelf.



We note that, to date, the models belonging to the CMIP6 generation have not been examined for the relationship between surface air temperature changes and the associated temperature changes near the seafloor (see above). Thus, taking into account the increased horizontal resolution of this model generation relative to the previous ones and a general interest in studying changes in the Arctic, it was appropriate to pursue the above-mentioned goals. In addition, we used simulations extended till the year 2300, which is potentially important for studying changes of the ocean—an inertial component of the Earth system.




2. Materials and Methods


We based our analysis on two variables in the CMIP annual mean output: the surface air temperature (CMIP variable tas) and seafloor oceanic temperature (CMIP variable tob). Hereafter, these two variables are denoted as   T a   and   T B  , correspondingly. As it is beneficial from a statistical point of view to study “large” changes, we limited ourselves to the CMIP6 historical simulations and to simulations following the Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5) scenario, which is a simulation with a high   CO 2   atmospheric content and is similar to the RCP8.5 scenario [25]. In addition, because our analysis was focused on very long-term applications, we limited our analysis to only the models that provide simulations until the year 2300. These models are listed in Table 1. Below, the model names are shortened, leaving only the major parts of the names, for brevity.



Before the analysis, both variables were reprojected onto a Cartesian    1 °  ×  1 °    grid. The interpolation weights were made proportional to   exp ( − ρ /  ρ  ( 0 )   )  , where  ρ  is a horizontal distance (in units of degrees of latitude and longitude) between points at two grids, and only four neighboring grid points are employed in the interpolation routine. The constant   ρ  ( 0 )    is spatially dependent, but in the Arctic it is close to   0.36 °  . Then, both   T a   and   T B   were averaged over the calendar years 1850–1900, 2005–2015, 2090–2100, and 2290–2300. Hereafter, these four time intervals are denoted as   I 0  ,   I 1  ,   I 2  , and   I 3  , correspondingly. Furthermore, we use the term "transition" to refer to changes of   T a   and   T B   between these time intervals. The relationship between changes in surface air temperature and near-floor oceanic temperature is quantified via a unit-less coefficient:


   α j  =    T  B , j   −  T  B , 0      T  a , j   −  T  a , 0     ,  



(1)




where subscript   0 ≤ j ≤ 3   indicates the mean over the respective time interval   I j  . The statistical significance of our estimate was estimated using the two-tailed Student criterion [32]. All calculated values of  α  appeared to be statistically significant. Therefore, the issue of this significance is not discussed thereafter. Below, the subscript j may be dropped, provided this does not lead to confusion.



We also calculated  α  for   T B   and   T a   averaged over large shelf regions: the Barents Sea (BS), the rest of Eurasia (RoE), and North America (NA), see Appendix A. Such a subdivision of Arctic shelves is somewhat untypical; basically, the Barents and Kara Seas are combined into the same sector [33,34,35,36,37,38,39,40]. We chose to average over the Barents Sea individually, because the sensitivity coefficients over this sea are very different from those over other Arctic shelves (see below). While these coefficients over the Kara Sea stand out somewhat from those over other Arctic shelves, this difference is not so pronounced relative to that exhibited over the Barents Sea. Thus, to keep the presentation compact, we merged the Kara, Laptev, and East Siberian Sea shelves into a single region for averaging.



In the latter averaging, we tried two threshold depths to mark the shelf boundaries: 200 and 500 m. The former is a typical definition of the shelf [41]. However, thus defined, the shelf appears too narrow in its meridional extent for the Barents Sea. This is the reason why we deliberately selected the latter value as well. The calculated sensitivity coefficients were very close to each other (with maximum differences of few per cents) for the two above-mentioned threshold depths for all shelves, except for the Barents Sea. Thereafter, we only present the  α  values, which were calculated from the averaged   T B   and   T a   for a threshold depth of 500 m.



Basically, the selected models reasonably reproduced surface air temperature   T a   over the Arctic shelf in comparison to the reanalyses of the NCEP–DOE (National Center for Atmospheric Research–Department of Energy) [42] and ERA5 (European Centre for Medium-Range Weather Forecast Reanalysis 5) [43], with an error which is within a few degrees centigrade (Figure 1; see also Figure A2 which zooms the years 1950–2020). Thus, these models could be used for our purpose. However, because of the almost two-fold differences in their climate sensitivities (Table 1), they projected quite different regional scale SAT increases in the 21st–23rd centuries. We consider the latter as an additional benefit of our ensemble, because our models sample one of the major uncertainties in climate studies—the uncertainty due to the climate sensitivity to external forcing.




3. Results


For the annual mean temperature and transition    I 0  →  I 1   , the sensitivity coefficient  α  was from 0.2 to 0.9 in the Barents Sea for all models (Figure 2). The model with the maximum sensitivity coefficient was CanESM and that with the smallest was CESM. In the other shelf basins,   α ≤ 0.2  . The latter is consistent with the common wisdom that   T B   is close-to-constant.



The coefficients  α  for the annual mean temperature increased markedly for    I 0  →  I 2   . In particular, the difference in the surface air and near-seafloor temperatures in CanESM and MRI was above unity near Scandinavia. Over other Arctic shelves, the   α 2   was from 0.1 to 0.5 in all models.



The sensitivity coefficients for the annual mean temperatures increased further for the transition    I 0  →  I 3   . Here, three out of five models exhibited an    α 3  > 1   over the Barents Sea. This coefficient was above 0.5 over the Kara Sea. CanESM also simulated    α 3  > 0.5   over most of the Arctic shelf area. The other models simulated the values of this coefficient, which were slightly smaller over the East Siberian and North American shelves.



For the annual mean temperatures averaged over the Barents Sea region, the   α 1   was from 0.14 to 0.44, depending on the model. The respective range for   α 2   was from 0.32 to 0.68, and for   α 3   it was from 0.62 to 0.97 (Figure 3). Over other shelf regions, the corresponding   α 1   was from 0 to 0.12,   α 2   was from 0.16 to 0.33, and   α 3   was from 0.34 to 0.61.



For the summer (from June to September; this definition is identical to that used in [9]), the sensitivity coefficients were even larger than those obtained for the annual means (Figure 3 and Figure 4). For the transition    I 0  →  I 1   , the maximum values of   α 1   were similar to those obtained for the annual mean temperatures and were again located in the Barents Sea. However, the region with    α 1  ≤ 0.7   was markedly larger than was found for the annual mean temperatures. Moreover, for all models except IPSL, regions with such large  α  were found over the rest of Eurasia. These regions were most pronounced in the CanESM model.



When averaged over large shelf regions, the   α 1  , depending on model, was from 0.28 to 0.62 in the Barents Sea sector, from 0.18 to 0.43 over RoE, and ≤0.30 over NA. The Barents Sea sector values were basically consistent with those derived for the inner shelf from [9].



For transitions    I 0  →  I 2    and, especially for    I 0  →  I 3   , the sensitivity coefficients became much larger relative to those for the historical period    I 0  →  I 1   . In particular, for    I 0  →  I 2   , 3 out of 5 models simulated   α > 0.7   over vast areas of the Eurasian (both BS and RoE) shelf. This was especially marked for CanESM. Interestingly, with the ACCESS and CESM models,   α 2   in the Laptev and East Siberian Seas was even larger than its counterpart in the Barents Sea. The sensitivity coefficients increased further for the transition    I 0  →  I 3   . Here, all 5 models simulated   α > 0.5   everywhere over the Arctic shelf.



For the transitions    I 0  →  I 2    and    I 0  →  I 3   , in this season, the Barents Sea sector was not so much different from the other two sectors. For example, the area-averaged values of   α 2   were from 0.51 to 0.80 in the Barents Sea sector, from 0.35 to 0.72 in RoE, and from 0.26 to 0.49 in the North American sector. The values of   α 3   were from 0.65 to 1.03, from 0.57 to 0.84, and from 0.47 to 0.96, correspondingly (Figure 3).



In winter (from December to March), the sensitivity coefficients were much smaller than in summer for all models and for all time intervals (Figure 5). These coefficients were from 0.5 to 1.2 in the Barents Sea sector and always below 0.5 over the other Arctic shelves (Figure 5). Nonetheless, they still markedly increased for the transition    I 0  →  I 3    relative to    I 0  →  I 1    and    I 0  →  I 2   .



One may consider   T B   as a function of   T a  . It is clear that this function should depend on the region, on the season, on the calendar year, and on the model. However, for the shelf region-averaged values, the slope of this function showed features that were basically independent from all the above mentioned factors. Namely, this slope was very flat for temperatures below the freezing temperature of the oceanic water and it became much steeper above this temperature (see Figure 6 for annual mean values as an example). In the latter case, this slope stayed close to unity for all the models studied here. Thus, we may hypothesize that the marked increase of our sensitivity coefficients occurred when the shelf region became ice-free in the summer.



Therefore, the largest sensitivity coefficient values were found in the Barents Sea. Here, they could be even larger then unity, as this was exhibited for a number of models. In other regions, the values were smaller, and sometimes they were negative. Another important feature of the calculated sensitivity coefficients was that their magnitude generally increased as time progressed.



We note that for the deep Arctic basins, there were regions with negative values of  α , which were most pronounced for the ACCESS and MRI models (Figure 2, Figure 4 and Figure 5). The area of these regions for a given model was basically independent of season. When time progressed, both their areas and the respective spatial negative extrema diminished. While we lack a solid explanation for the occurrence of such regions, we speculate that this cooling was a manifestation of the incompletely equilibrated initial conditions for the employed model simulations. This incomplete equilibration was absent at the oceanic surface, but it was still visible at greater oceanic depths, which required infeasibly long control runs to equilibrate. The impact of the non-equailibrated initial conditions might have been additionally exacerbated by the sinking of cold water to the seafloor. Our speculation could be either proved or disproved by studying control pre-industrial runs with the same models, but this task is beyond the scope of the present paper.




4. Discussion and Conclusions


In this paper, the sensitivity of the sea-floor temperature to global warming was examined for 1850–2300, based on five CMIP6 models. This sensitivity was quantified via the ratio of changes of oceanic temperature near the seafloor,   Δ  T B   , and the surface air temperature,   Δ  T a   :   α = Δ  T B  / Δ  T a   . Both changes were calculated as differences of the means of the respective variable between pre-chosen time intervals. These intervals characterized the pre-industrial state (1850–1900), the present day (2005–2015), the late 21st century (2090–2100), and the late 23rd century (2290–2300). We limited ourselves by studying scenario SSP5-8.5 (Shared Socio-economic Pathways 5-8.5) with high anthropogenic emissions of greenhouse gases.



We found that, in the historical period (from 1850 to 2015), the sensitivity coefficients were rather small (typically, depending on model, ≤0.12 for annual means and up to 0.43 in summer). This was found irrespective of which part of the annual cycle was explored: annual means, summer means (from June to September), or winter means (from December to February). The only exception was in the Barents Sea sector, where the  α  was 0.14 to 0.44 for annual means, and it was from 0.28 to 0.62 for the summer means. For summer, the obtained results consistent with the limited measurements at the Siberian shelf.



For the future, sensitivity coefficients increased markedly. This was most visible in summer over the RoE sector, where the area-averaged values of sensitivity coefficients were up to 0.72, depending on model for the state change from the pre-industrial to the late 21st century, and up to 0.84 for the state change from the pre-industrial to the late 23rd century. For the latter state change, the summer sensitivity coefficient in the Barents Sea sector was very close to unity.



The most unexpected result of our paper was that sensitivity coefficient values markedly larger than 0.5 were not uncommon for this and the next few centuries. We found that such large values of  α  spatially coincided with the areas of most marked sea ice retreat under climate warming. In particular, during the satellite era (since 1979), the sea ice concentration in the Barents Sea has typically been below 20%, with a rapid loss in spring (see Figure 9.13 from [8]). This was accompanied by large values of  α  during the historical period. In late summer, the whole Arctic shelf is projected to be free of ice from approximately mid-21st century ([44] and Figure 9.13 from [8]). Thus, despite an elaborate study of Arctic sea ice being beyond the scope of the present paper, we still could conclude that our large values of  α  were co-incident with ice-free areas and seasons.



We might speculate that the complete melting of the sea ice in summer in a given region would lead to some freshening of the oceanic water, thus disturbing the stratification and, plausibly, enhancing the vertical mixing. The shoaling of the mixing depth is likely to be largest in early autumn. Then, such a thick mixing layer would persist for a part of the winter, providing heat transport to the shelf seafloor. This is consistent with the results reported in [12,45]. In the former paper, it was found that, in a high-resolution coupled model, the strong increase of   CO 2   content in the atmosphere leads to very deep mixing in the Arctic Ocean, including the shelf regions.



An additional possible mechanism could be the warming of the water column by solar radiation, which is absorbed directly by the water under ice-free conditions.



We may compare our results with the previous CMIP5 generation of models which participated in the Coupled Models Intercomparison Project and were driven using the Representative Concentration Pathways (RCP) 8.5 scenario until the year 2100 [6]. This scenario is quite similar to that employed in the present paper, SSP5-8.5. Using the values for   Δ  T a    and   Δ  T B   , which are listed in Introduction, we estimated   α ≈   0.2–0.3 for the transition from 2081–2100 to 1986–2005. This value is comparable to our   α 2  , despite the difference in the threshold depth (500 m in our paper and 1000 m in [6]). Moreover, the CMIP5-simulated change of   T B   was largest in the Barents Sea sector, which is consistent with our results.



We may highlight possible applications of our results. The first application is related to changes of the thermophysical properties in the shelf sediments. If the warming at the oceanic surface leads to a non-negligible warming at the seafloor, the temperature signal has the potential to propagate into the sediment interior. After some delay (which, however, could be as long as several kiloyears [17,19,20]), this temperature signal leads to the thawing of the permafrost, which was submerged after the last glacial maximum. Furthermore, this propagating signal may lead to the dissociation of the permafrost-associated methane hydrates with a respective release of methane from the sediments to the oceanic water. In addition, the warming of the whole oceanic column over the shelf might suppress the solubility of methane in the water [22] and, therefore, increase further the release of   CH 4   from the Arctic Ocean into the atmosphere.



The second application is due to the aforementioned impact of the Arctic climate changes on oceanic plankton productivity. Our cases with the close-to-unity values of  α  correspond to the small contribution of the temperature changes to the oceanic stratification. Thus, in these cases, this mechanism does not markedly affect the availability of nutrients for the oceanic plankton over the Arctic shelf. However, this is different for the cases with values of  α  that are markedly smaller than unity. In summer, when plankton blooms, the oceanic surface is generally warmer than the water near the seafloor, and the oceanic stratification is stable. Thus,   α < 1   further enhances this stability. In principle, the latter improves the availability of nutrients for plankton and, therefore, contributes to the observed amplification of the summer plankton bloom. However, our results show that this contribution could cease when the ongoing summer ice loss has progressed sufficiently. We note, however, that both mechanisms—an increase of nutrient availability until the sea ice loss has sufficiently progressed and a negligible impact when this progression has occurred—are likely to be modified by salinity effects.



Our paper has some limitations. The first is due to the coarse horizontal resolution of the employed CMIP6 models, which still cannot resolve individual eddies in the Arctic Ocean. Thus, small-scale circulations in the ocean, which have the potential to transport sensible heat downward in the water column, are lacking in the CMIP6 model generation.



Another limitation is due to the small size of the employed ensemble. This size was determined by the availability of simulations. As our sensitivity coefficients depend on the model, we acknowledge that any additional models would change our results to some extent. However, the summer sea ice loss in the 21st century is common to all CMIP6 models and even to all CMIP6 scenarios [44]. Thus, one may safely state that close-to-unity sensitivity coefficients would be exhibited over the Arctic shelf provided that warming has sufficiently progressed and the summer sea ice has melted in a region of interest.



Furthermore, we only studied the model output in the simulations forced by the SSP5-8.5 scenario. Certainly, for our preselected time intervals, the sensitivity coefficients for other scenarios would be different. However, the major point of our paper was the strong increase of such coefficients in the regions that are ice-free in summer. In this respect, the most important point is whether a given climate scenario would lead to a complete melting of ice in summer in the region under study. We believe that this result is applicable to other scenarios as well, provided that the respective warming is strong enough to lead to such melting.



Next, despite claiming a strong dependence of the sensitivity coefficient on the state of sea ice, we did not make an attempt to construct an explicit relationship for  α  with ice concentration. We chose this approach because such a relationship is likely to be non-local (due to the influence of oceanic circulation on   T B  ). The response of near-floor temperature at the shelf is likely to be delayed with respect to sea ice changes, which complicates a construction of this relationship. Moreover, our principal interest in future applications of the results of the present paper is to study the thermophysics of the shelf sediments at millennium and multi-millennium scales. Since, again, the Arctic shelf is expected to become ice-free in summer from the middle of the 21st century until the warming is sufficiently reversed for the ice cover to be recovered, the majority of the respective simulations could be performed under ice-free conditions in summer and, therefore, with “asimptotically high” (in terms of vanishing sea ice concentration) sensitivity coefficients.



Finally, we note the results for the end of this century and for longer periods should be considered with caution, since small changes in the variables may provide varied results at the end of extended periods. However, the major result that the sensitivity coefficients  α  will become close to unity when the Arctic becomes seasonally ice-free is model independent. Thus, it may be considered reliable.



Despite all the above-mentioned limitations, we conclude that it is not unrealistic to assume, for millennium- and multi-millennium–scale projections of the thermophysical state of the Arctic shelf sediments, that the near-floor warming will be of the same order of magnitude as the warming of the near-surface air, provided that the latter warming is accompanied by sea ice loss.
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Appendix A. Regions Used for Spatial Averaging
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Figure A1. Mask of regions with the threshold oceanic depth of 500 m for temperature averaging. 






Figure A1. Mask of regions with the threshold oceanic depth of 500 m for temperature averaging.
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Appendix B. Comparison of the Modeled Ta with the Reanalyses Data
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Figure A2. Similar to Figure 1 but only for 1950–2020. 






Figure A2. Similar to Figure 1 but only for 1950–2020.
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Figure 1. The shelf region-averaged surface air temperature in CMIP6 models in comparison to the NCEP–DOE and ERA5 reanalysis. The threshold depth (see text) is 500 m. 
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Figure 2. Coefficients  α  (unit-less) for annual mean temperatures and for the indicated time intervals. 
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Figure 3. Coefficients  α  (unit-less) for annual mean temperatures (left) and mean June–September temperatures (right) averaged over the Arctic regions indicated in Figure A1. 
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Figure 4. Similar to Figure 2, but for temperature averaged over June–September. 
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Figure 5. Similar to Figure 2, but for temperature averaged over December–March. 
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Figure 6. Annual mean   T B   averaged over Arctic shelf regions as a function of the respective   T a  . The threshold depth (see text) is 500 m. 
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Table 1. CMIP6 models employed in this study.
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	Model
	Oceanic Module
	Sea Ice Module
	Oceanic Resolution
	ECS, °C
	Reference





	ACCESS-ESM1-5
	ACCESS-OM2
	CICE4.1
	17 km, L50
	3.9
	[26]



	CanESM5
	NEMO 3.4.1
	LIM2
	17 km, L45
	5.6
	[27]



	CESM2-WACCM
	POP2
	CICE5.1
	15 km, L60
	4.8
	[28]



	IPSL-CM6A-LR
	NEMO 3.6
	NEMO–LIM3
	17 km, L30
	4.6
	[29]



	MRI-ESM2-0
	MRI.COM4.4
	MRI.COM4.4
	15 km, L61
	3.2
	[30]







In the “oceanic resolution” column, the first value corresponds to horizontal resolution, and the second signifies the number of vertical levels. Horizontal resolution is based on Table AII.5 from [8] but recalculated for the Arctic shelf by multiplying the values by   cos  (  80 °  )  / cos  (  45 °  )   . ECS is an equilibrium climate sensitivity. ECS values were obtained from [31].
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