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Abstract


We used a satellite-derived global daily sea surface temperature (SST) dataset with resolution 0.25 × 0.25   ∘   to analyze interannual changes in the Arctic Shelf seas from 2000 to 2020 and to reveal extreme events in SST distribution. Results show that the second decade of the 21st century for the Siberian Arctic seas turned significantly warmer than the first decade, and the increase in SST in the Arctic seas could be considered in terms of marine heatwaves. Analyzing the spatial distribution of heatwaves and their characteristics, we showed that from 2018 to 2020, the surface warming extended to the northern deep-water region of the Laptev Sea 75   ∘   to 81   ∘  N. To reveal the most important forcing for the northward extension of the marine heatwaves, we used three-dimensional numerical modeling of the Arctic Ocean based on a sea-ice and ocean model forced by the NCEP/NCAR Reanalysis. The simulation of the Arctic Ocean variability from 2000 to 2020 showed marine heatwaves and their increasing intensity in the northern region of the Kara and Laptev seas, closely connected to the disappearance of ice cover. A series of numerical experiments on the sensitivity of the model showed that the main factors affecting the Arctic sea-ice loss and the formation of anomalous temperature north of the Siberian Arctic seas are equally the thermal and dynamic effects of the atmosphere. Numerical modeling allows us to examine the impact of other physical mechanisms as well. Among them were the state of the ocean and winter sea ice, the formation of fast ice polynias and riverine heat influx.
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1. Introduction


The prolonged periods of abnormally high water temperatures in some regions of the oceans and seas known as marine heatwaves (MHWs) [1] are currently referred to as extreme manifestations of climatic variability [2]. Disrupting the usual seasonal course of the warming and cooling of sea surface water layers and their exchange with deep waters, they create favorable conditions for some marine lives and lead to the death of others [3]. Research shows that the frequency, intensity, and duration of MHWs have increased in recent decades [4]. Besides, MHWs are expected to become even more intense and long-lasting [5]. The most numerous studies of MHWs and their drivers (see [6] for review) focus on these events in tropical and subtropical regions where MHWs have the most damaging effects on the marine environment and, therefore, affect the fishing industry [7].



The processes in the polar regions are among the most discussed topics today. More intense warming in the Arctic than over the rest of the globe, known as Arctic amplification [8], is closely connected with the sea ice loss [9,10,11]. Since 1978, the start of satellite monitoring of sea ice growth and retreat, the Arctic sea ice showed a declining trend in all months and regions. The declining trend for the summer minimum extent was evaluated as 13.1% per decade relative to the 1981–2010 average [12]. The sea ice reduction is accompanied by a shift from multiyear to first-year ice, which is more sensitive to the variability of the atmospheric forcing. During 1999–2017, the multiyear Arctic ice extent decreased by more than 50% [11]. The extended ice-free period in the Arctic seas creates favorable conditions for heating the ocean’s surface layer due to the incoming radiation and air–sea interaction.



Since the end of the twentieth century, the warming of Arctic seawater has been reported by many researchers [2,13,14,15,16]. The Arctic Report Card https://arctic.noaa.gov/Report-Card (accessed on 3 November 2021), updated annually, publishes Arctic Essays, one of which analyses seawater temperature variability and shows extreme temperature anomalies in different parts of the Arctic Ocean (see, for example, [17]). Warming of the surface waters of the Arctic seas will undoubtedly impact the Arctic marine ecosystems (see, for example, [18] for review). Nevertheless, compared to investigation in the low and middle latitudes, many fewer works define seawater temperature anomalies in the Arctic Ocean as MHWs [19,20,21,22].



One of the few studies devoted to the analysis of MHWs in the Arctic Ocean is the work [21]. By analyzing the surface temperature in the Arctic Ocean and the ice cover distribution, the authors showed significant annual growth in MHW frequency, duration, and intensity in the region of first-year ice. The intensity composite index (ICI) of MHWs in the Arctic marginal seas increased sharply during 1988–2017. The authors showed that a significant increase in ICI occurred mainly in the area south of 80   ∘  N after 2005. The area affected by strong heatwaves has been continuously expanding northward, gradually reaching the central Arctic. As shown in the space-time characteristics, seasonal northward expansion mainly occurs in the East Siberian Sea, the Chukchi Sea, and the Beaufort Sea on the border of the Pacific sector. The area affected by severe events reaches a northern territorial maximum in August and grows interannually, while the Atlantic sector is mainly subject to only seasonal changes in ICI values.



In this work, we extend the analyzed period to 2020 and focus on the Siberian Arctic seas, including the Kara, Laptev, East Siberian, and Chukchi seas (Figure 1). Analysis of surface air temperature changes using observations from meteorological stations, moorings, drifting ice stations and buoys are presented in [23]. Air temperature anomalies were calculated as deviations from the 1961–1990 averaged values in 60–85, 60–70, and 70–85   ∘  N latitudinal bands. Table 1 presents the annual anomaly values provided by data analysis in [23]. Based on these observational data, we can conclude that the most intense heat accumulation in the surface layer of the Siberian Arctic shelf waters occurred over the past five years, 2016–2020. In Arctic, 2016 became the first in the rank of warm years since the beginning of observations in 1936 [23]. Besides, the analysis of land observations north of 60   ∘  N carried out in [24] confirms that the mean annual surface air temperature anomaly reached 2.0    ∘  C relative to the 1981–2010 mean value and this value was the highest in the observations starting in 1900 (see Figure 1.1 in [24]).



The above zero air temperature anomaly persisted in the next two years, although it was lower in amplitude than in 2016 (Table 1). In 2019, the average annual air temperature anomaly in the latitudinal zone of 70–85   ∘  N turned out to be equal to 3.4    ∘  C, and in the 60–70   ∘  N zone, it was 2.4    ∘  C [23]. These values were the second-highest record. However, in 2020, the amplitude of the annual air temperature anomaly in the northern polar region was 3.2    ∘  C, and 2020 pushed 2019 from the second position among the warmest years since 1936. The mean annual air temperature anomaly in the latitudinal zone of 70–85   ∘  N was equal to 3.6    ∘  C, and in the 60–70   ∘  N zone, it was 2.9    ∘  C. Accordingly, in the 70–85   ∘  N latitudinal zone, 2020 became the second and even the warmest in the latitudinal zone 60–70   ∘  N in the series of years ordered by decreasing temperatures. The spatially averaged air temperature anomaly in the Kara Sea area was 8.4    ∘  C, and in the Laptev Sea area it was 8.2    ∘  C. Autumn 2020 became the warmest in the Eurasian sector since 1936 [23].



Significant changes have taken place in the upper layer of the Arctic Ocean. The progression of anomalously warm water from the Atlantic sector of sub-Arctic seas into the Arctic Ocean (also known as atlantification) first occurred in the Barents Sea [27] and north of Spitsbergen [28]. According to measurements, this process has been actively moving eastward in the last decade [29,30].



Compared to 1981–1995, in 2006–2017, the entire Arctic Ocean basin experienced a substantial temperature increase in the Atlantic Water (AW) layer [30], which is often defined as the layer between the 0    ∘  C isotherms [31]. In the early 2010s, the AW layer in the eastern part of the Eurasian Basin began to warm, and the most significant temperature changes occurred at the upper layer of the ocean [32]. Thus, the AW temperature was on average 0.5–0.7    ∘  C higher in 2018 relative to 2011, and the temperature increase at a depth of 150 m exceeded 1.5    ∘  C during this period. The authors associate this warming, observed at depths of 150–750 m, with the rising of the halocline upper boundary and a significant increase in the thickness of the AW layer. The associated shoaling of the upper AW boundary occurred across the entire Arctic Ocean except for the eastern part of the Chukchi Sea and the Fram Strait. Winter 2017/18 observations indicated that this shallowing reached 80 m in the eastern Eurasian Basin, the lowest depth of the AW upper boundary in this region over the 15 years of mooring records [30].



An analysis of 2003–2015 observations [29,33] revealed a weakening stratification in the eastern Eurasian Basin halocline, which isolates the surface ocean layers from AW heat. Observational data for the later period (2015–2018) showed that this weakening continued at an increasing rate [32]. As a result, heat flux from the AW layer to the ice cover increased in winter from 3–4 W/m   2   in 2007–2008 up to >10 W/m   2   in 2016–2018. It corresponds to more than a twofold reduction in winter ice growth over the past decade and indicates the increased importance of ocean heat for this region in recent years.



Based on a simplified mathematical model and comparison with observational data, the authors in [34] show that seasonal fluctuations in the AW temperature create prerequisites favorable for the formation of negative ice area anomalies in winter in the Nansen Basin. In recent years, the accelerated reduction of the Arctic summer ice has led to increased heat accumulation in the upper ocean layer in summer. It creates favorable conditions for winter thermohaline convection in the ocean and heat transfer from the AW layer to the ice cover [34].



The two main objectives of the work we present are: (1) to analyze the interannual change in sea surface temperature based on the satellite-derived global daily sea surface temperature (SST) dataset in order to reveal the most prominent processes and areas of most changes in 2000–2020; (2) to find the most important physical processes for this change applying the numerical modeling.



To solve the first task, we used the method described in [1], which allows us to identify and analyze the spatial distribution of the extreme SST warmings and their characteristics, including the time, trends, and cumulative intensity, in terms of MHW. To solve the second task, we firstly simulated the Arctic Ocean state in 2000–2020, based on a three-dimensional coupled ice-ocean model. Applying the method of MHW to the numerical monthly temperature, we show that the model reflects extreme events in SST distributions obtained in the first task. The most interesting for us was the extent of SST warming from the shelf region of the Siberian Arctic seas to the northern deep-water area. To examine the contribution of some physical mechanism into the northward extent of the Arctic Ocean warming, we carried out a series of numerical experiments, consisting of disabling some physical processes, which, as we assumed, could have affected the state of sea ice and the sea surface temperature in addition to the abnormally high air temperature. Among them, we have highlighted the following: (1) riverine heat influx, as one of the sources of heat for the Arctic seas [35,36]; (2) the formation of fast ice polynyas [37], the region of open water surrounded by sea ice where intensive air–ocean heat and moisture exchange leads to the early warming of surface waters in spring [38]. The contribution of lower atmosphere dynamics to sea ice compared to the thermal effect is analyzed assuming that the ice cover is at rest and only air–ice and ocean–ice heat fluxes can change the ice state. Knowing that there has been a significant reduction in ice cover and an increase in the temperature of the ocean’s surface layer over the past decade, we also experimented with the model’s sensitivity to the initial state of the ocean and sea ice.



The paper is organized as follows: Section 2 describes analyzed data, the method of MHW identification, a numerical model used for the Arctic Ocean simulation and sensitivity study experiments. In Section 3, we show the results of MHWs analysis in the Siberian Arctic seas based on observations (Section 3.1) and numerical modeling (Section 3.2). The results of sensitivity study numerical experiments to the physical processes forming the sea ice and surface temperature state are represented in Section 3.3. In the following two Section 4 and Section 5, we discuss our findings and conclusions.




2. Data and Methods


2.1. Data


To analyze annual change and detect the extreme events over the Siberian Arctic seas and adjacent regions of the Arctic Ocean, we consider changes in sea surface temperature. For this purpose, we used SST daily data on 0.25   ∘   global grid provided by the National Oceanic and Atmospheric Administration (NOAA High-resolution Blended Analysis of Daily SST and Ice [39]). It is an analysis constructed by combining observations from different platforms (satellites, ships, buoys, and Argo floats). The product uses the Advanced Very High-Resolution Radiometer (AVHRR) infrared satellite SST data. The AVHRR-only product uses Pathfinder AVHRR data (currently available from January 1985 to December 2005) and operational AVHRR data for 2006–2020. The AVHRR Pathfinder Version 5.3 (PFV53) level 3 collated Sea Surface Temperature dataset is a collection of global, twice-daily (Day and Night) 4 km SST data produced by the NOAA National Centers for Environmental Information (NCEI). PFV53 was computed with data from the AVHRR instruments onboard NOAA’s polar-orbiting satellite series using an entirely modernized system based on SeaDAS (version 6.4). Details can be found in [40]. Data used in the study cover the period from January 1982 to December 2020.



The sea ice extent was obtained using polygon shapefiles derived from publicly available satellite data collected for the period 1981–2020 (National Snow and Ice Data Center; NSIDC [12]). The GIS shapefiles were created at NSIDC and are distributed in a geographic projection with WGS84 (World Geodetic System 1984) datum [41]. Each row in a data file contains coordinates in sequence specifying points along the ice edge.



To simulate the interannual variability of the Arctic Ocean state, we used NCEP/NCAR atmospheric reanalysis data [42] to define air-ice and air-ocean exchange. Model experiments used monthly averaged river runoff data for the largest Arctic rivers (Lena, Yenisei, Ob, Pur, Kolyma, Yana, Indigirka, Olenek, Northern Dvina, Pechora, Mackenzie) from ArcticGRO (Arctic Great Rivers Observatory) Discharge Dataset [43] in the period from 2000 to June 2020. The ArcticGRO Discharge Dataset combines data from estuarine station measurements carried out in several Arctic countries simultaneously and following a unified sampling protocol. Data for each river are provided by national services: Roshydromet (13 Russian rivers), Water Survey of Canada (Mackenzie River), and US Geological Survey (Yukon River). Monthly average discharge temperatures for Eurasian rivers were obtained from Arctic River Discharge and Temperature (ARDAT) dataset [35].




2.2. Method of MHW Identification


We have analyzed sea daily SST data [39] in the Siberian Arctic seas using a standard method of MHW identification [1] imbodied in Matlab software (https://github.com/ZijieZhaoMMHW/m_mhw1.0, accessed on 3 November 2021). The method helps find ‘anomalously warm’ events—positive temperature anomalies in some water regions that exist at least five days with a magnitude exceeding a threshold value above the daily climatology. The daily climatology was calculated based on the baseline 30-years period (1982–2010 in the present study):


   T clim   ( j )  =  ∑  y =  y s    y e    ∑  d = j − 5   j + 5     T ( y , d )   11 · (  y e  −  y s  + 1 )   ,  



(1)




where j is the day of the year, and   y s  ,   y e   are the start and end of the baseline period respectively,   T ( y , d )   is the daily SST on the day d of the year y. The threshold for j-th day of the year is derived from the daily ocean temperature distribution, as an upper limit covering 90% of all years daily values:


   T 90   ( j )  =  P 90   ( X )  ,  



(2)




where X is a statistical sampling of the daily SST value:


  X =  T  ( y , d )  :  y s  ≤ y ≤  y e  ,   j − 5 ≤ d ≤ j + 5  ,  








and    P 90   ( X )    is the 90th percentile of its distribution.



The MHW method defines some metrics. The MHW duration is the time between the start   t s   and end date   t e   when the temperature exceeds the 90% threshold. An intensity of MHW is defined as the temperature deviation value   Δ T   relative to the climate temperature in a selected day. Maximum intensity is the highest temperature anomaly relative to the climate temperature in the period of the event:


   I  max   =  max   T  ( t )  −  T clim   ( j )   ,  








where t is time corresponding to any year y and day d and    t s  ≤ t ≤  t e   , and j is corresponding day of the year. Also,   t s   is the time, where   T  ( t )  >  T 90   ( j )    and   T  ( t − 1 )  <  T 90   ( j )   , and   t e   is the time    t e  >  t s   , where   T  ( t )  <  T 90   ( j )    and   T  ( t − 1 )  >  T 90   ( j )   .



The mean intensity of MHW is the average temperature anomaly for the considered event, that is,


   I  mean   =   T  ( t )  −  T  clim    ( j )   ¯  ,   for    t s  ≤ t ≤  t e  .  











As a third metric, we will also use the total duration of MHWs, while understanding the total number of days of existence of MHWs during each year.



To analyze the marine heatwaves, we carried out our calculations of these metrics from 2000 to 2020. Then linear trends were calculated for each characteristic with a confidence interval of 95%.



To summarize MHWs characteristics such as total duration and intensity of heatwaves, the intensity composite index (ICI) was calculated [21]:


  ICI =  ∑  i = 1  n   ∑  d = 1   d i   Δ T  ( i , d )  ,  



(3)




where   i = 1 , ⋯ , n   numbers the heatwave events,   d i   is the duration of i-th event in days,   Δ T ( i , d )   is the intensity of i-th event on its d-th day.



We calculated this index separately for three time periods: 2000–2010, 2011–2015, 2016–2020. Initially, we divided the entire period into two decades, but later we found that in the second decade, the processes are progressing too fast compared to the first decade. Therefore, we divided the second decade into two equal periods. All characteristics were calculated for four Arctic seas: Kara, Laptev, East Siberian, and Chukchi seas.




2.3. Method of Numerical Simulation of the Arctic Ocean and Sea Ice State


To examine the most relevant physical mechanisms forcing the MHW phenomena, we used a three-dimensional numerical model of the ocean and sea ice SibCIOM (Siberian coupled ice-ocean model) [44,45]. The ocean model is based on Reynolds-averaged primitive equations using hydrostatic and Boussinesq approximations. The equations represented the conservation laws for heat, salt, and momentum are written in the orthogonal curvilinear coordinates and physical z-vertical coordinate system. Some physical processes which numerical model can not resolve adequately we described using parameterizations such as parameterization of vertical convective and turbulent mixing, formation of slope flows, or cascading [46].



The ocean circulation model has been coupled with sea ice model CICE v.3 [47]. The model simulates the rheology and multi-category sea-ice thermodynamics [48] and sea-ice advection based on a semi-lagrangian scheme [49]. The existence of fast ice, which is a stationary ice mass for an extended period (about eight months a year), is a characteristic of the ice cover of the Arctic seas [37]. We assumed the fast ice in the model when ice thickness was over 10% of the sea depth. In this case, we set the ice drift velocity to be zero at this point of the grid. The simulated fast ice in the summer became free moving when the melting rate at the ice bottom was over 0.1 cm/day.



The modeling area included the Atlantic Ocean from the 20   ∘  S northward and the Arctic Ocean, bounded by the Bering Strait. A model numerical grid is three-polar with 0.5   ∘   resolution in the Atlantic Ocean. The horizontal grid size varies from 10 to 25 km in the Arctic and about 15 km in the Siberian Arctic seas. We used the International Bathymetric Chart of the Arctic Ocean (IBCAO) [25] to build model bathymetry. The vertical grid includes 38 levels. The minimum shelf depth is 12.5 m. In the case of shallower depths, depending on the geometry of the coastline, the depth was assumed to be zero (land) or equal to the minimum value (ocean).



NCEP/NCAR atmospheric reanalysis data [42] are used to set forcing at the ocean and sea ice surfaces. The initial fields of temperature, salinity, current velocity, and sea ice distribution were taken for 2000 from the results of our previous calculations using the SibCIOM model [50,51], started from 1948.



On the lateral boundaries corresponding to the coast of continents and islands, the boundary conditions correspond to the absence of heat and salt fluxes and zero current velocity. Water inflow at open boundaries has a prescribed transport, temperature, and salinity. The incoming Bering Strait water has characteristics recommended by climatology data from [52]. The river runoff temperature is equal to one obtained in [35] and its salinity is zero. The river discharge corresponds to the [53] database. For Arctic rivers, we used ArcticGRO Discharge Dataset [43].



Previously the model passed some tests in coordinated experiments of international project FAMOS (Forum for Arctic Modeling and Observational Synthesis, [54]) and comparisons with observational data [55,56,57].





3. Results


3.1. Marine Heatwaves: Data Analysis


Following the above definition of MHWs [1] and Equations (1)–(3), we have determined the characteristics of MHWs obtained according to this approach. The ICI index, which characterizes the accumulation of heat in the surface layer of the sea over a certain period, was calculated for the Siberian Arctic seas and adjacent waters. Figure 2 shows the spatial distribution of the index over the periods of 2000–2010, 2011–2015, and 2016–2020. The comparison of results shows that 2011–2020 was much warmer than the previous period 2000–2010 for the Siberian Arctic seas. In 2000–2010, a significant accumulation of heat (up to 1000    ∘  C·days) was seen only in the Chukchi Sea and the eastern part of the East Siberian Sea (see Figure S1 of Supplementary Materials). We can see the same ICI value at the river mouths in the Kara Sea and the Laptev Sea.



In 2011–2015, the maximum ICI temperature anomaly (2000    ∘  C·days) for the Kara Sea shifted to the northwest and ran along the Novaya Zemlya. Analysis of the data for this period showed that 2012 was the foremost year of intense heat accumulation. In February of this year, large-scale atmospheric circulation changed its mode in this region and entailed restructuring the ice drift field [23]. Heat advection to the western region of the Russian sector of the Arctic led to the preservation of the negative ice extent anomaly in the Kara Sea. Two large ice-free areas were formed (east of Novaya Zemlya and north of 76   ∘  N), remaining until late February. This phenomenon has not been operationally observed since 2007. The second important region of heat accumulation in 2011–2015 is the Laptev Sea, where the ICI belt of more than 1000    ∘  C·days spreads from the Taimyr Peninsula to the New Siberian Islands. The maximum ICI value (1500    ∘  C·days) is concentrated near the Taimyr Peninsula.



According to Figure 2, the heat accumulation in the Chukchi and East Siberian Seas decreased in 2011–2015 compared to 2000–2010. Primarily, this is because the positive SST anomalies observed in this region during 2011–2015 did not reach the record values of 2007 [58,59,60,61,62]. Analysis of observations carried out in [23] has shown a downward trend in the time series of summer mean air temperature anomalies over the areas of the Chukchi and East Siberian Seas during the period 2007–2015, while the trend for other seas of the Russian Arctic was upward for the same period. As shown in [61], August 2007 showed the maximum positive SST anomalies in the Chukchi and East Siberian Seas for 1982–2014, which were up to 5    ∘  C. In August 2015, low sea ice extent and exposure of surface waters to direct solar heating resulted in an anomalous SST increase in the Chukchi Sea (up to 3    ∘  C relative to 1982–2010), which also did not exceed the 2007 anomalies [62]. Moreover, there were periods of cold anomalies for these seas during 2011–2015. In August 2012 and August 2013, the lower SST in both seas was caused by the later and less intense retreat of sea ice in the region [59,60]. In August 2015, the below-average air temperature over the East Siberian Sea also influenced the SST decrease relative to 1982–2010 [62].



In the last considered period, 2016–2020, ICI shows significantly higher values than in previous 2011–2015 and 2000–2010 periods in all Siberian Arctic seas. In the Kara and Laptev seas, the heat accumulation in the surface layer is most intense in 2016–2020 (by 500–1000    ∘  C·days exceeds ICI in 2011–2015 and by 1500–2000    ∘  C·days in 2000–2010). The ICI index for the East Siberian Sea also shows the highest heat accumulation in the coastal zone in 2016–2020. The ICI index for the Chukchi Sea shows an increase in heat input throughout the sea area, especially in its central and northern parts and along the coast of Alaska.



In addition to the spatial distribution of ICI, we show the time-series of surface temperature in some points and mark the periods of MHWs detected based on the method from [1] (Figure 2 and Figures S1 and S2 of Supplementary Materials). Analysis of the obtained MHWs shows positive temperature anomalies lasting 2–3 months over the years 2018–2020 on the Siberian Arctic shelf. Geographically, we can track MHWs throughout the entire water area, not only in the shelf zone but also in the deep-water part of the seas. The selected point in the Laptev Sea is located on the outer shelf, an area extending to the northern border of the sea where data analysis shows intense heat accumulation from 2011 to 2020. At this point, the time series of temperature shows intense warming in 2018–2020, with 2020 being the extreme year with the largest amplitude and duration of an MHW. A similar picture of intensive MHWs is observed in the Kara Sea; moreover, MHWs are recorded even in winter. Analysis of the surface temperature in the East Siberian Sea revealed less intense and prolonged MHWs in summer, but according to the analyzed data, MHWs are present in winter. At the selected point of the Chukchi Sea, the MHWs are the least intense of all the selected points. The temperature value for 2020 is higher than the average climatic for 1980–2010 but does not go beyond the threshold value.



Analysis of the mean and maximum intensity for the Kara and Laptev seas shows their positive trends (Figure 3a,b) over the water area in the last 20 years. The maximum values are in estuarine and coastal areas. Trends in the total duration of MHWs (Figure 3c) indicate their intensive increase over the shelf zone, not only at river mouths. On average, the total duration of MHWs in two seas increased by 10–12 days per year. For the East Siberian Sea, the maximum and average intensity trends for the 20 years turned out to be reliable (within 95% confidence interval) only for the southwestern coast. The maximum rate of growth of intensity was 0.2    ∘  C per year. The duration of MHWs showed growth throughout the sea area, with a maximum growth of 11 days per year in the southwestern coastal zone. The trends in the intensity of MHWs for the Chukchi Sea demonstrated an increase in the temperature anomaly in the Alaska Current with a maximum rate of 0.15    ∘  C per year. On average, the total duration of MHWs in the Chukchi Sea increased by about 6–10 days every year.



Although the highest values of the ICI index and MHW trends were obtained in the coastal area of the Siberian Arctic seas, the expansion of the area of heat accumulation in the northern direction will be our next focus. For further research, we considered an area from 60   ∘  E to 180   ∘  E and 70   ∘  N to 81   ∘  N. It includes the Kara, Laptev, and East Siberian seas and part of the deep-water basin. To examine the last events in the domain, we calculated and analyzed some MHW characteristics in every sea point from 2016 to 2020, namely: the mean and maximum MHW intensity during the year and the total duration of the MHW. Figure 4 shows that the most intense MHWs in the Laptev Sea have occurred in the last three years (2018–2020). The duration of MHWs could reach 250–300 days. In 2019, MHWs lasted less by days but were more intense in temperature than in 2020. Moreover, during these three years, the warming of the surface layer of the Laptev Sea gradually spread beyond the northern boundary of the sea.




3.2. Marine Heatwaves: Climate Tendency Elimination


The tendencies presented in Figure 2, Figure 3 and Figure 4 may partly be associated with the general climatic tendency of the SST rise. Usually, the definition of climate considers the long-term average state of the climate system, which is assumed to be a constant cycle, including seasonal changes. However, if we assume that the climate has a systematic tendency, and consider temperature anomalies developing against the background of this trend as MHWs, then the definition of MHWs given in [1] requires modification. In this case, the analysis of the data, carried out according to the Formulas (1)–(3), must be preceded by the elimination of the climate trend. As a result of such elimination, extreme manifestations will be analyzed relative to the current state of the climate. Earlier in [63], the authors presented similar analysis of MHWs, but in Southern California Bight. We believe, that to a greater extent than in previous section, this analysis will characterize short-period changes in the state. Accordingly, the conclusions made earlier can also change regarding the intensity of MHWs and their localization.



In particular, the increasing trend of MHW activity could be partly due to the long-term ocean warming effect. Assuming that the existing trend can be represented as a linear growth, instead of the original series of temperature values, we considered its deviation from the linear trend, namely    T ′   (  t k  )  = T  (  t k  )  −  ( A  t k  + B )  ,   where   t k   is time corresponding to k-th member of the time series. Coefficients A and B are minimizing mean squared error, that is,   A =     t k  T  (  t k  )   ¯  −   t k  ¯    T (  t k  )  ¯   /    t k 2  ¯  −    t k  ¯  2     and   B =   T (  t k  )  ¯  − A   t k  ¯   .



Figure 5 presents the resulting linear trend (coefficient A of the above notation). Among the important features, one should note a significant linear growth of SST in the western and central parts of the Kara Sea (0.4–0.5    ∘  C/decade), in the shallow southern part of the Laptev Sea (∼0.3    ∘  C/decade), and in the Chukchi Sea at a latitude of 70–75   ∘  N (∼0.4    ∘  C/decade). There is also a slight increase in the coastal strip of the East Siberian Sea (0.2–0.3    ∘  C/decade). The presence of an ice-free ocean surface during the boreal summer unites all of these areas.



After eliminating the linear trend, the new    T ′   (  t k  )    series was used to estimate MHWs in the same way as the original   T (  t k  )   series in accordance with Equations (1)–(3). Figure 6 represents the resulting index ICI.



The main features presented in this figure are qualitatively the same as those of Figure 2 (see also Figures S3–S5 of Supplementary Materials for corresponding time series at the selected points shown in Figure 2). However, the quantitative values of the index decreased by about 40%. Thus, we can conclude that the obtained changes in the intensity of MHWs by 40% are a direct result of climatic trends associated with an increase in surface temperature. It can be assumed that the remaining 60% are also the result of climatic changes but related to them by more complex mechanisms. To find out their nature, we carried out several numerical experiments, the results of which are described in the following Section 3.4.



The analysis shows that in 2016–2020, even with the exclusion of climatic warming, there is a gradual increase in the area occupied by MHWs in the Laptev Sea and the adjacent deep-water area (Figure 7). The combination of the three metrics presented in the Figure shows that, in 2020, MHWs were the most intense and most prolonged in 75–80   ∘  N latitudes. (Figures S3–S5 of Supplementary Materials show the time series of MHWs for detrended SST at the points highlighted in Figure 2). Figure 7 also shows the maximum values of the total duration of MHWs in the East Siberian Sea and the adjacent deep-water part of the ocean in 2016–2019. However, the average and maximum intensity of MHWs in this area do not exceed 1    ∘  C.



Tendency analysis in the mean and maximum intensity and total duration of MHWs shows (Figure 8) that in general, the area in which the presence or absence of a trend is observed with certainty (within 95% confidence interval) has decreased compared to the previous analysis. The MHW intensity (both mean and maximum) grows in the vicinity of the Taimyr Peninsula at a rate of 0.15–0.20    ∘  C/year. This area includes the eastern part of the Kara Sea and the deep and coastal parts west of the Laptev Sea. Comparing Figure 3a,b and Figure 8a,b, we note that, in contrast to the previous analysis, there is no reliable trend in the whole shallow part of the Laptev Sea, except for the coastal line of the western part. This fact suggests that the temperature rise in this area has a long-term character. In remote areas of this sea, short-term changes become more intense in the region of 75–80   ∘  N. Their intensity grows here at a rate of 0.10–0.15    ∘  C/year.



As before, in the northern part of the East Siberian and Chukchi seas, we can reliably observe the zero trends on the border with the deep ocean. In the shallow southern part of these seas, it is impossible to reliably say about the presence or absence of a trend based on the data used.



As for the total duration of MHWs (Figure 8c), it has a noticeable growth trend in the western part of the East Siberian Sea, which is about 7 days per year. A noticeable increase in the duration of the periods of warming in the Kara and Laptev Seas, 10–12 days/year, is to a greater extent associated with the climatic trend, and in its absence, the growth is only 2–3 days per year.




3.3. Marine Heatwaves: Model Simulation


In order to identify the most effective processes among the possible physical mechanisms contributing to the formation of MHWs in the Siberian Arctic seas, we relied on the method of three-dimensional numerical modeling, which makes it possible to trace the process in dynamics. We used the experimental design described in Section 2.3 and Table 2 and carried out the control experiment (hereafter A0) simulated seasonal variability of the Arctic Ocean from 2000 to December 2020.



A significant reduction in the area of ice cover in the summer, in this century, as well as warming in the layer of Atlantic Waters in the Arctic Ocean, which began in the late 1980s, simulated in numerical experiments, were presented in our previous works [45,50]. The numerical calculations continued until 2020 show that the numerical model reproduces the continuing process of sea ice reduction. Figure 9 illustrates the intensive ice-freeing of the Siberian Arctic seas and the adjacent water area in summer 2018–2020 resulted from the model simulation. In September 2020, the ice concentration field showed a vast area of open water extending up to 83   ∘  N in the Eurasian sector. Moreover, the distribution for October 2020 shows the persistence of an ice-free area north of the New Siberian Islands.



The numerical experiment shows a significant increase in the summer temperature of the surface layer in the Siberian Arctic seas. Analyzing the simulated change in the ocean thermohaline structure we found that, on average, in the 75–81   ∘  N region, the ocean heat content in numerical results increased by 1.3·10   8   J/m   2   from the beginning of 2000s to 2017. To determine the regions with the most significant positive temperature deviations in the model fields, we used the method of MHW definition [1]. In contrast to the original method, we analyzed the monthly average fields saved during the numerical experiment instead of daily ones. Although we cannot show individual short-term MHW, we can show areas of long-lasting high-temperature anomalies. Figure 10 presents the fields of mean monthly temperature excess above the 90% threshold in summer, which can be classified as MHWs [1].



These fields show the increasing intensity of MHW in the Siberian Arctic seas in 2018–2020. Our calculated fields show that the most significant temperature anomalies are located on the boundary of the shallow-water and the deep-water regions in the northwestern part of the Laptev Sea. Besides the growing intensity of anomalies, we can note an increase in the area occupied by the heatwave in the northern direction. In September 2020, this area extended beyond 80   ∘  N.



An increase of intensity and the total duration of MHWs over most of the global ocean [5] is related to both the rising of atmospheric temperature and climate change. Nevertheless, in the Arctic Ocean, these events could also be influenced by other physical processes and the state of the ocean and sea ice.




3.4. Sensitivity Tests


In this work, we tried to understand whether the increase in atmospheric temperature in the northern polar regions is the main climatic factor affecting the summer state of the sea ice and SST. The numerical simulation method allows us to carry out the sensitivity study of the simulated state of the ocean and sea ice to some physical processes under conditions of a given atmospheric forcing. To clarify the most critical climatic processes that can affect the formation of temperature anomalies and the reduction of ice cover, we performed a series of numerical experiments. Table 2 contains a list of them.



3.4.1. Analysis of Atmospheric Forcing


The simulated state of the ocean and sea ice in this experimental design responds to changing atmospheric forcing. To assess the variability of the thermal and dynamic state of the atmosphere in the period under study, we analyzed the surface characteristics, which in our simulations do not depend on the quality of the numerical ocean model. Among them are surface air temperature and sea level pressure. Figure 11 shows the change in the average monthly surface air temperature used in our simulations from the NCEP/NCAR atmospheric reanalysis data [42]. Averaging the atmospheric temperature over each sea, we can show that, for the last five years, from 2016 to 2020, except for 2017, there was anomalous warming in summer over the Siberian Arctic seas. The increase in the average monthly temperature is most pronounced in September and October.



The dynamic state of the lower atmosphere is also an essential component of atmospheric forcing. It determines the intensity of ice drift and the transfer of warm or cold air and sea waters. Figure 12 combines the atmospheric sea surface pressure from the NCEP/NCAR Reanalysis [42], and the ice edge position [12] from June to October in 2016–2020.



The isobars in Figure 12 show that in the summer of 2018–2020, the winds in the Siberian Arctic seas were mainly favorable to contribute to the transport of water masses and sea ice toward the deeper Arctic area. In order to clarify the information on the dynamic state of the atmosphere presented in Figure 13, we analyzed the eastern component of the pressure gradient at latitude 75   ∘  N, which characterizes the meridional component of airflows. Figure 13 shows that the dynamic state of the atmosphere in the summer of 2018–2020 was significantly different from 2016–2017. In the Kara and Laptev Seas, most of the summer months show a positive value of the component of the pressure gradient, which reflects the northward direction in the air mass transfer. In the Kara Sea, a negative value of the component in summer was obtained only in July 2018 and 2019. Except for July 2019, the component of the pressure gradient is positive in the Laptev Sea. The picture is not as straightforward in the East Siberian Sea as in the Kara and Laptev seas. In the pressure gradient field, the most prominent are the positive values of the eastern component in October in 2018–2020, which is significantly different from 2016–2017 and the rest of the summer months of 2018–2020. We should also note that the pressure gradient in the Laptev Sea in both September and October indicates the transfer of air masses to the polar region of the Arctic. The transport of water masses and sea ice toward the deeper Arctic area resulted in the delay in the formation of ice cover in the autumn, not only over the shelf area but also in the adjacent deep-water area. Figure 12 also shows that most of the Siberian Arctic seas and the adjacent water area up to 80   ∘  N are ice-free in October 2018–2020.




3.4.2. Sensitivity to Fast Ice Parameterization


The maps of ice distribution from June to July (Figure 12, see also [64]) show the vast polynya regions surrounded by sea ice. Analyzing the changing of ice-free water extent and MHW location based on satellite data analysis and results of our simulations, we have revealed that the areas with anomalous surface temperature coincide with the ice polynyas’ location along the continental slope. The polynya formation is determined by the offshore wind [37] and fast ice existence in the shallow part of the Siberian Arctic seas [64].



In the real ocean, polynyas could arise even in winter [64]. In our model with the coarse numerical grid, we can reveal them basically in June–July. On the average monthly calculated ice fields in June, the polynya area looks firstly like a narrow strip with an ice thickness of less than 10 cm and an ice concentration of less than 15% (not shown). In July, under forcing of the offshore wind, the area of polynya gradually expands, contributing to further warming of surface waters (Figure 14). An increase in the water surface temperature is observed directly in the same place compared to the rest of the water area occupied by ice, including the coastal zone. Riverine heat also contributes to creating an ice-free area in the vicinity of the river mouth.



Later in summer, an increase in air temperature leads to a gradual reduction in ice thickness and the destruction of fast ice. The dynamic state of the atmosphere contributes to the rapid removal of ice outside the shelf area [65], which leads to intense heating of the surface layer of both the shelf area and the ice-free deep-water part.



To examine the contribution of early warming of surface waters in the polynya to MHWs forming, we carried out a new numerical experiment A1 (Table 2), which did not include the parameterization of fast ice formation and destruction. In this formulation, the ice is in continuous motion under wind force and ocean circulation. Thus polynia cannot appear. The experiment was carried out for the same period from 2000 to 2020.



In June–July, when the ice had already ceased to freeze, the results from A1 show ice removal beyond the shelf area and a significant warming of shallow water areas. Sea surface temperature simulated under such conditions in the shallow Laptev and East Siberian seas was 2–6    ∘  C higher in A1 than that in the A0 (Figure 15a). On the contrary, in the continental slope area, SST in the A1 is 2–4    ∘  C lower than in the A0 experiment where polynya exists. In August-September, the difference in the SST in A0 and A1 decreases (Figure 15b). In August, the maximum differences are about 1    ∘  C, while in the shelf part in A1, the warming up remains higher than 4    ∘  C. In September, the difference between the calculated fields is further reduced and mostly does not exceed 0.5    ∘  C in the water area north from 75   ∘  N. Also, in our experiment, there were no essential differences in sea ice volume and the timing of the establishment of ice cover in the water area adjacent to the shelf of the Siberian Arctic seas in October.




3.4.3. Sensitivity to Riverine Heat Inflow


To assess the contribution of the riverine heat inflow of the Siberian rivers to the process of sea ice reduction and sea surface warming in the deep-water part of the Laptev Sea, we carried out a numerical experiment A2 (Table 2), which is, unlike experiment A0, not taking into account the temperature of the river waters. In this case, in terms of salinity, the freshwater runoff of Siberian rivers was taken into account similarly to experiment A0. However, we assumed that the temperature of the river water entering the sea is equal to the temperature of the sea. Thus, the rivers carried no extra heat. The numerical experiment simulated the time interval of 2000–2020. Comparison of the results A0 and A2 shows that accounting for the thermal runoff of rivers most affects the ice state in the area adjacent to the river mouths. The difference in sea ice volume relative to the annual mean is on average 3.5 % for the shallowest part of the sea (the time-series not shown) and could reach 15% in June. In winter, the impact of riverine heat on this region is about 2%. The deep part of the region of our interest shows the difference less 2% (Figure 16). In winter 2018 and 2019, the relative difference reached its maximum values. However, even in these years, its value did not exceed 4%.



In our previous works [66,67,68], we analyzed this process for the shelf area of the Laptev Sea. According to our calculations, the contribution of heat flow from rivers to extensive ice reduction and the formation of temperature anomalies outside the shelf area is not essential.




3.4.4. Sensitivity to Ice Drift


To study the sensitivity of the simulated ice cover to the dynamic state of the atmosphere, we performed the numerical experiment, D1 (Table 2), where the ice drift velocity was assumed to be zero. The experiment was carried out from January to December 2020 using data obtained at the very beginning of January 2020 in the A0 experiment for initialization. We choose 2020 as the year of the warmest summer. An analysis of ice characteristics shows that the two experiments’ most significant differences in ice distribution appeared in June. As illustrated in Figure 17, even the thermal effect of anomalously warm atmosphere in the spring-summer season, with no ice removal due to its drift, is not enough to melt all the ice formed in winter in the deep-water part of the basin. In September, the ice thickness in D1 exceeds 40 cm in most regions in the 75–81   ∘  N latitudinal zone. The ice compactness is higher than 70%, so ice cover isolates the ocean from surface heat fluxes. It explains the significant surface temperature deviations of 1 to 6    ∘  C in the 75–81   ∘  N latitudinal zone from the values of the A0 experiment (Figure 17). In October, the monthly average distribution showed an increase in ice compactness up to 80% in the deep-water area. The simulated ice thickness in the shelf part of the Laptev and East Siberian seas in this experiment varied within 1–10 cm with the compactness of 15–20% (figure not shown).




3.4.5. Sensitivity to Initial State of the Ocean and Sea Ice


The model’s sensitivity to the initial state of the ocean and sea ice was considered at two temporal intervals: one and five years. In experiments B1, B2, and B3 (Table 2), the calculations were carried out for the time interval from November 2019 to December 2020. We examined the sensitivity of summer ice distribution and SST to the initial ice and ocean state. Figure 18 illustrates the deviation in the ice thickness and SST obtained in these experiments from A0 in September 2020.



In the B1, the initial state of the oceanic fields corresponded to November 2019 from the A0 experiment. As the initial fields for sea ice, we used the calculated data from the A0 experiment, but in November 2003, characterized by thicker ice. The resulting distribution of the September 2020 ice thickness (Figure 18a) and concentration differs from similar A0 fields in the Canadian Basin and along the continental slope of the Eurasian Basin. The region north of 75   ∘  N in the East Siberian and Chukchi seas and from 77   ∘  N in the Laptev Sea turned ice-covered. Deviations in the ice field range from 10 cm to 1.5 m. Deviations in the temperature field in the specified region are 1–4    ∘  C (Figure 18b).



In the B2 experiment, in contrast to B1, to determine the initial oceanic fields, we used the previous ocean state in November 2003 from A0 characterized by the less warm upper layer of the Arctic Ocean and initial ice state from November 2019 obtained in the A0 experiment. The most critical differences in ice thickness are located north of the Barents Sea, Greenland, and Canadian Straits (Figure 18c). Although the most significant deviations in the ice field are off Greenland, this did not affect the change in surface temperature since thick ice was also present in this area in A0. The colder ocean’s upper layer has led to an increase in ice thickness along the continental slope of the Eurasian Basin. The area of change corresponds to the path of the Atlantic waters in the Arctic. The changes in ice thickness are not as dramatic as in the B1 experiment. However, the persistence of ice cover in summer, in contrast to A0, in the northern regions of the Kara and Laptev seas limited the penetration of solar heat into the surface layer of the sea. In the northwestern part of the Laptev Sea, ice is preserved with a thickness from 15 to 50 cm. In the same area, temperature deviations from the base experiment are negative (Figure 18d).



Experiment B3 combined the previous two and used the initial state most different from the A0 experiment: we took both ice and ocean states from November 2003 in A0 for initialization. For the September distribution (Figure 18e), the calculation results show the most significant deviation from the A0 experiment in the simulated ice thickness and compactness along the Eurasian Basin’s continental slope, the northern region of the Kara Sea, and the Laptev Sea’s deep-water area. Due to summer ice in B3, the model does not reproduce the extreme heating of the surface layer, which was present in A0. The deviations in the surface water temperature from the A0 experiment reached 6    ∘  C (Figure 18f). The most negligible differences of the analyzed fields from the A0 experiment were obtained to the northeast of the New Siberian Islands. All the experiments show a positive difference in ice thickness and a negative difference in SST compared to the A0 experiment in the study region.



In our next two experiments, B11 and B33 (Table 2), we increased the duration of the experiment to five years. The starting point for these experiments and atmospheric forcing was January 2016. Accordingly, in B11, the initial distribution for oceanic fields was taken from experiment A0 for this period. We also took the A0 ice distribution of January 2004 for initialization. Analyzing the results obtained (Figure 19a), we found that the rate of the difference decreasing between ice volume time-series in B11 and A0 is the same for the three 75–81   ∘  N regions: in the Kara Sea, the Laptev Sea, and the East Siberian Sea. Figure 19a illustrates that the sensitivity of the ice volume to its initial state is most pronounced in the first year of the experiment and decreases evenly in the second and subsequent years.



In experiment B33, which additionally includes sensitivity to the initial state of the ocean as in the B3, deviations caused by an additional change in the initial state of the ocean appear gradually. Starting from the summer period of the first year of the calculation, the ice thickness difference between B11 and B33 increases, significantly exceeding the difference between B11 and A0. In contrast to the B11, in B33, the difference decreasing between the curves is more dependent on the region. In the northern part of the Kara Sea, the most considerable deviations appear from July to December in the first and second years of the calculation. For the northern region, including the Laptev Sea, the most significant deviations are formed in the winter period of the second and third years of the experiment. In the third year, the deviations are much more significant than in the second. For the region, including the East Siberian Sea, the attenuation of the deviations is more uniform. The influence of the ocean in experiment B33 is most pronounced in the winter of the second year of the experiment and gradually disappears in the subsequent period. After three years, there are practically no differences between experiments.



The spatial distribution of the ice thickness and concentration fields in the B33 experiment shows that the most significant deviations from the A0 distribution appeared in the third year of the calculation. Our previous analysis (Figure 19a) gives the same time interval. Deviations in ice thickness gradually disappeared later on. Nevertheless, they persisted in the Eurasian Basin. In the fifth year of the calculation, in September 2020, there were negative surface temperature anomalies in the field of deviations from experiment A0 in the northern part of the Kara Sea (−3    ∘  C) and the Laptev Sea (−4    ∘  C) (see Supplementary Materials, Figure S6). In experiment B11, a negative anomaly to A0 exists after five years in the northern part of the Kara Sea (up to −1.8    ∘  C), and there were no anomalies in the Laptev Sea (not shown).



A comparison of the results of numerical experiments B11, B33, and A0 showed that, due to thicker ice and a colder ocean, there was a decrease in the rate of ice melting at its lower interface with seawater. Figure 19b presents an estimate of the difference in accumulated ice thickness due to the reduction in the melting rate at the ice-ocean interface in summer for experiments B11 and B33 compared to experiment A0. The figure shows that the change in the upper ocean state causes corresponding changes in the ice cover state of the Siberian Arctic seas over the period from one to three years. The change in the thickness of the ice cover due to the initial thick ice and cold ocean (B33) reaches, on average, 40 cm. Numerical experiments show that the model’s sensitivity to an increase in the initial ice thickness without changing the state of the ocean (B11) is significantly lower in the Kara Sea and the Laptev Sea (up to 5 cm). In the northern part of the East Siberian Sea, the model’s sensitivity to changes in ice thickness is more significant than for the other two regions (up to 18 cm); however, here, the ocean’s influence makes a significant contribution.



A similar study based on changes in the melting rate on the upper ice surface shows that changes in ice thickness are the least pronounced in the Kara Sea. The accumulation of ice due to a decrease in the melting rate in the third year of calculation in the Kara Sea does not exceed 2 cm, in the Laptev Sea about 10 cm, in the East Siberian Sea—about 15 cm. The differences between experiments B11 and B33 are less expressed quantitatively, and according to the obtained distribution, we cannot conclude about the prevailing contribution of one of the processes.






4. Discussion


We used a satellite-derived global daily sea surface temperature (SST) dataset with resolution 0.25    ∘    ×   0.25   ∘   [39] to analyze interannual changes in the Arctic Shelf seas from 2000 to 2020. Using the method of the marine heatwave (MHW) definition by [1], we reveal anomalously warm events in the Arctic Ocean, which we considered in terms of MHWs. From our analysis of the spatial distribution of MHWs and their characteristics: intensity, total duration, linear trends, and intensity composite index (ICI) during 2000–2020, we showed that last ten years, the Siberian Arctic seas experienced anomalous warming. Results show that the second decade of the 21st century for the Siberian Arctic seas turned significantly warmer than the first decade. The previous study [21] analyzed the SST in the Arctic ocean from 1982 to 2017. It was found that MHWs increased remarkably after 2005. The Arctic marginal seas were the primary region of MHWs existence and northward spreading of MHWs. In contrast to our results, the authors indicated the water area of most severe events in the seas of the Pacific sector, namely: the East Siberian Sea, the Chukchi Sea, and the Beaufort Sea on the border of the Pacific sector.



Our study shows that, from 2018 to 2020, the most anomalous events occurred in the Siberian Arctic seas. The most severe MHWs appeared near the coastline, but the warming extended to the northern deep-water region and approached 80   ∘  N. Linear trends in the total duration of MHWs indicate their intensive increase over the shelf zone, not only at river mouths. On average, the duration of MHWs in the Kara, Laptev, and East Siberian seas increased by 10–12 days per year.



Additional analysis showed that a significant part (about 40%) of these trends is explained by the climatic warming trend in the Arctic seas. In this regard, we slightly modified the analysis of MHWs, considering significant deviations from the current climate as MHWs, taking into account its linear trend. With this approach, we were able to identify trends in the short-term variability of the SST. In this case, it turned out that the trends identified earlier are undergoing significant changes. A similar study by MHW in [63] for the Southern California Bight showed that detrended temperature data does not offer any long-term trend in the number of MHWs days. These results support the conclusion made in [4] that the warming of the ocean primarily drives the increasing frequency of MHWs. As a result of our analysis, it turned out that the increase in the intensity of MHWs (after the removal of the climatic trend) in the eastern part of the Kara Sea and the coastal western and deep-water parts of the Laptev Sea was 0.15–0.20    ∘  C/year. The shallow part of the Laptev Sea does not have any reliable trend. With this approach, the total duration of MHWs has the most significant growth tendency in the western part of the East Siberian Sea up to 7 days/year, while in the Kara and Laptev Seas, the growth rate was found to be 2–3 days/year.



Nevertheless, even after excluding the climatic warming trend, we found a gradual extension of the area occupied by MHWs in the Laptev Sea and the adjacent deep-water area in 2016–2020. Our results show that in 2018–2020 the Laptev Sea experienced warming above climate temperature trend. All three metrics, namely mean intensive, maximum intensive, and total duration, indicate that 2020 was extremely warm for the Laptev sea. A shift of the most intense and most prolonged MHWs northward to the 75–80   ∘  N latitudinal band is even more evident in the detrended analysis results.



Both of the above approaches in determining MHW make sense and help us to consider various aspects related to changes in the state of the ocean’s upper layer. For example, when considering the biological activity, the most useful is the first approach, which accounts for the intensity and duration of warming in absolute terms. The life cycle of various organisms and plankton depends on this. The duration of an event may be used to measure the chronic stress that an MHW may inflict upon a target species or ecosystem and the intensity of the event estimates the acute stresses [7,69]. The second approach makes it possible to estimate the parameters of short-term variability, which do not directly depend on the climatic trend.



To reveal the most efficient forcing for the northward extension of the MHWs, we used three-dimensional numerical modeling of the Arctic Ocean. Based on a coupled sea-ice and ocean model, we simulated the Arctic Ocean variability from 2000 to 2020. The model was forced by the NCEP/NCAR Reanalysis [42]. The simulation showed the accelerated reduction in the sea ice and the increasing SST in the Siberian Arctic seas to the end of 2011–2020. We also obtained MHWs and their increasing intensity in the northern region of the Laptev Sea. Analysis of the simulated characteristics showed a direct connection between the formation of areas of anomalously high temperature and the disappearance of the ice cover in summer. A series of sensitivity tests showed that the main factors affecting the Arctic sea-ice loss and the formation of anomalous temperature north of the Siberian Arctic seas are equally the thermal and dynamic state of the lower atmosphere. Supposing motionless sea ice in 2020 in the numerical run shows that even an extremely warm summer atmosphere could not melt one-year sea ice frozen in winter in the deep-water regions. Ice drift helps in sea ice removal and opens the vast water regions for heat input.



Another effect of the wind is associated with the fast ice on the shelf of the Arctic seas. Polynia is an open water area formed between fast ice and drifting ice under offshore wind [37]. It usually works as an ice factory where new ice is formed under negative temperatures in winter [37,70]. Earlier investigations [71,72,73,74] discussed a noticeable polynia’s impact on the heat transfer between the ocean and the atmosphere in winter. Analyzing the ice cover maps, we found out that in 2018–2020 there was an extension of open water on the border of the Siberian shelf seas in the spring period, which began with the formation of a fast ice polynia. Assuming that the open water in these polynias receives additional heat in summer, we carried out a numerical experiment to investigate the sensitivity of the surface temperature field to the parameterization of fast ice. The results showed a significant increase in SST in the polynya in early summer; however, we did not obtain vastly extended polynia in our simulation. Consequently, the total contribution to the SST and sea ice concentration in the northern regions was small. We realize that our coarse numerical grid does not permit the reproduction of many physical processes. This question needs additional investigations because the contribution at the local and short-term scale could be essential and deserve consideration based on the model with a more acceptable resolution. Nonetheless, the result of this experiment shows that fast ice and polynia formed by offshore winds at the edge of fast ice are essential contributors to the propagation of MHWs towards the deep-water ocean areas.



Numerical modeling allows us to examine the impact of other physical mechanisms as well. Among them were the state of the ocean and winter sea ice, and riverine heat influx. In the investigation [36], the authors claim that the impact of riverine heat influx from the six major rivers has an essential effect on the state of Arctic sea ice and, more generally, the ocean–sea ice–atmosphere system. A detailed examination of the results obtained in [36] shows that the main effect concentrated near river mouths. Our previous studies [66] also showed that the Lena River heat impact mainly contributes to increasing the water temperature of the shallowest part of the Laptev Sea, particularly the near-bottom water temperature. In the present study, we argue that the impact of riverine heat on the ice volume decrease in the area north of 75   ∘  N, which interested us most in this work, does not exceed 2% relative to the annual mean from 2000 to 2017. In addition, we have received a further decrease in ice volume due to riverine heat input of about 4% in the following two years. The increased discharge of rivers during this period may be one of the possible reasons for this process. However, since the total contribution to the reduction of summer ice cover remains small, we did not consider the reasons for such an increase, leaving this question for future research. As to the riverine heat impact on MHWs looks small in 2018–2020 according to our model results.



It follows from the experiments carried out that, on the scale of one year, the state of sea ice that has developed in the winter season is one of the determining factors, along with the thermal and dynamic effects of the atmosphere. The model’s sensitivity to changes in the state of oceanic fields on a scale of one year is less significant. However, the combination of both factors significantly increases the sensitivity of the model. When choosing more extended study periods (5 years), the model shows that deviations due to differences in the initial ice field attenuate in the first three years. The deviations in the ice field caused by differences in the initial thermohaline oceanic fields, on the contrary, increase within 2–3 years and then gradually decrease to a level of 15%–20% relative to the average annual distribution. The numerical model shows that the sensitivity of the model surface temperature fields to changes in the initial state of the ocean and sea ice persists for five years. Reducing the ice bottom melting in summer due to the colder state of the ocean contributes to the persisting ice cover. The presence of ice in summer prevents the absorption of atmospheric heat and the formation of areas of anomalously warm surface waters even with an extremely warm state of the region’s atmosphere. Thus, numerical experiments show that the state of the ocean and sea ice are essential prerequisites for the formation of intense MHWs in the Arctic, if there was thicker ice in 2018–2020 as in 2004 or a colder ocean as in 2004, the strengthening of MHWs in this period would hardly have taken place.



Summarizing, we can say that numerical modeling showed that the formation of the MHWs in the Siberian Arctic seas is due to the thermal and dynamic atmospheric impact under the conditions of the current state of the Arctic Ocean and thin sea ice state. In our experiments on the sensitivity of the model, each of these factors, being excluded or weakened, contributed to preserving the ice cover in the summer, which reduced the heat flux into the ocean and prevented the formation of areas of anomalously high temperature in the surface layer. Under the climate trend conditions, a weakened polar vortex contributes to an increase in local wave activity [75,76] and, consequently, an increase in meridional flows between the continent and the ocean. Given the current state of the ocean and sea ice, we can argue that MHWs will occur more frequently in the Arctic regions.




5. Conclusions


Analyzing a satellite-derived global daily sea surface temperature (SST) dataset [39] from 2000 to 2020, we examined the anomalous warming of Arctic Siberian seas in terms of two possible definitions of the marine heatwave (MHW): including and excluding the climatic SST trend. The first definition allows using the analysis results by researchers interested in the absolute values of anomalous increases in surface water temperature. The second provides help to the researchers interested in analyzing the short-period variability characteristics of these anomalies.



Using the first definition, we showed that in 2010–2020, the Arctic Siberian seas experienced anomalous warming, which could be considered as one of the dangerous climatic phenomena, namely MHW [1]. Our analysis showed that the extent of SST warming from the shelf region of the Siberian Seas to the northern deep-water area occurred after the extremely warm Arctic year 2016.



Based on the second definition, we showed that the intensity of MHWs developing over the background of the climatic trend of SST turned out to be about 40% less, and the fastest increase in the intensity of MHWs was found in the east of the Kara Sea and the west of the Laptev Sea. Nevertheless, the extent of MHWs in the area to the northern deep-water part of the Laptev Sea and the adjacent region that occurred after 2016 persists and is more evident after the long-term SST trend elimination. In agreement with earlier findings [4], the long-term trend in the total MHW duration in the original SST is dominant due to the climate warming trend. After eliminating this trend, the tendency of total MHW events’ duration essentially decreased to 2–3 days/year. The duration of MHW events most rapidly grows in the western part of the East Siberian Sea (up to 7 days/year), but the intensity of these MHWs is very low.



Using numerical modeling based on a three-dimensional ice-ocean model and the NCEP/NCAR reanalysis data, we examine the impact of the physical mechanisms on the disappearance of the ice cover and the formation of anomalously high surface temperatures of the Siberian seas and adjacent waters north of 75   ∘  N. Among these physical mechanisms, we considered the state of the ocean and sea ice, the contribution of the dynamical state of the atmosphere, and riverine heat influx.



Based on a series of sensitivity study experiments, we show that the occurrence of marine heatwaves in the Siberian Arctic seas is closely related to freeing the water area from ice in the summer. Our results demonstrated that the main factors affecting the Arctic sea-ice loss and the formation of anomalous temperature north of the Siberian Arctic seas are equally the thermal and dynamic states of the atmosphere. Ice drift caused by wind stress is one of the essential processes in freeing the water area from ice coupled with atmospheric heating.



The formation of fast ice polynyas, also associated with wind action, contributes to the early warming of surface waters in early summer but does not make a significant contribution to the subsequent summer warming of waters. The impact of riverine heat influx on the ice volume is essential in the shelf region and decreases in the area north of 75   ∘  N where it does not exceed 4% relative to the annual mean.



One of the most important findings from our sensitivity study is the following: the current state of the ocean and sea ice is an essential factor in the formation of summer ice cover and the appearance of temperature anomalies in the surface layer of the seas. The sensitivity of summer ice fields to an increase in the initial ice thickness is most remarkable during the first year. The additional inclusion of a colder ocean state significantly increases the sensitivity of the model fields and delays the adaptation in five years. By reducing the rate of ice bottom melting in the model, the amplitude of surface temperature anomalies is reduced even with the 2020 extremely warm state of the atmosphere.
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Figure 1. The map of the Siberian Arctic seas and the Arctic rivers. Colors represent the Arctic Ocean bathymetry (in m) [25]; red line shows the isobath of 45 m. The borders of the seas was taken from [26]. 
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Figure 2. Intensity composite index ICI (   ∘  C·days) for the Siberian Arctic seas in 2000–2010, 2011–2015 and 2016–2020, based on original data series. Temperature time series (black line) in the selected points (black stars) illustrate marine heatwaves, marked as pink shading between black and green lines. Blue line shows baseline temperature climatology and green line—threshold values defined based on the 90th percentile value for each day of the year. 
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Figure 3. Linear trends of MHW characteristics in the Siberian Arctic seas: (a) mean intensity (in    ∘  C), (b) maximum intensity (in    ∘  C) and (c) total duration (in days) per year. White spaces denote areas lying beyond 95% confidence interval. 
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Figure 4. MHWs in the Laptev and East Siberian seas in 2016–2020. Left column shows annual mean intensity (in    ∘  C), central column—annual maximum intensity (in    ∘  C), right column—total duration (in days) of the MHW during the year. 
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Figure 5. Climate trend based on SST data [39] analysis (   ∘  C/decade). 
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Figure 6. Intensity composite index ICI (   ∘  C·days) for the Siberian Arctic seas in 2000–2010, 2011–2015 and 2016–2020, based on detrended time series. 
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Figure 7. MHWs after climate trend elimination in the Laptev and East Siberian seas in 2016–2020. Left column shows annual mean intensity (in    ∘  C), central column—annual maximum intensity (in    ∘  C), right column—total duration (in days) of the MHW during the year. 
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Figure 8. Linear trends of MHW characteristics in the Siberian Arctic seas based on data with eliminated linear trend: (a) mean intensity (in    ∘  C), (b) maximum intensity (in    ∘  C) and (c) total duration (in days) per year. White spaces denote areas lying beyond 95% confidence interval. 
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Figure 9. A0 simulated sea ice compactness (%) in Arctic averaged over the summers of 2018–2020. White areas present ice with compactness exceeding 50%. 
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Figure 10. MHWs presented in terms of mean monthly temperature excess above the 90% threshold (in    ∘  C) in summer 2018–2020 obtained from the results of a numerical experiment. Contour lines are from 1 to 6    ∘  C with 1    ∘  C intervals. 
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Figure 11. Changes in the mean monthly air temperature (in    ∘  C) over the Siberian Arctic seas from July (J) to October (O): (a)—Kara Sea, (b)—East Siberian Sea, (c)—Chukchi Sea; (d)—Laptev Sea (70–75   ∘  N), (e)—Laptev Sea (75–80   ∘  N). 
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Figure 12. Ice edge position from June to October 2018–2020 from [12] (bold blue lines) and the corresponding NCEP/NCAR sea level pressure (hPa) distribution [42] (colors are according to colobar, extra shading represents ice-free area). Contour lines represent isobars from 995 to 1025 hPa with 2.5 hPa interval. 
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Figure 13. The eastern component of the monthly (from June (j) to October (o)) mean sea level pressure gradient (NCEP/NCAR [42]) averaged along a circle of 75   ∘  N latitude over the Siberian Arctic seas (hPa/km). 
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Figure 14. Simulated monthly average (a) ice concentration (%), (b) and sea surface temperature (   ∘  C) in July 2020 in control experiment A0. 
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Figure 15. Sensitivity SST to fast ice parameterization: difference in monthly sea surface temperature SST(A1)-SST(A0) (in    ∘  C) for July (a) and September (b). 
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Figure 16. Impact of riverine heat inflow to the sea ice in 75–81   ∘  N in the Kara Sea (60–100   ∘  E), Laptev Sea (90–140   ∘  E), and East Siberian Sea (140–180   ∘  E) and adjacent water area. Kara sea (a), Laptev Sea (b), East Siberian Sea (c). Time-series of sea ice volume difference (A2-A0) relative to the annual mean of A0 (in %). 
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Figure 17. Sensitivity of ice state and SST to removal of ice drift from consideration. Difference (D1-A0) in simulated ice thickness (a), (in m); SST (b), (in    ∘  C) in September. 
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Figure 18. Sensitivity to initial state of sea ice and ocean during one year. Difference in simulated fields in September 2020. (B1-A0)-(a,b); (B2-A0)-(c,d); (B3-A0)-(e,f) in ice thickness (in m)-(a,c,e) and SST (in    ∘  C)-(b,d,f) distributions. 
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Figure 19. Sensitivity of sea ice volume to initial state of sea ice and ocean during five year in the region 75–81   ∘  N: (a) time series of sea ice volume (km   3  ) (b) estimate of the difference in accumulated ice thickness due to the reduction in the melting rate at the ice-ocean interface in summer for experiments B11 and B33 compared to experiment A0. Upper panels represent Kara Sea (60–100   ∘  E), middle panels—Laptev Sea (90–140   ∘  E), lower panels—East Siberian Sea (140–180   ∘  E). Red line—A0 experiment, blue line—B11, black line—B33. 
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Table 1. Annual mean surface air temperature anomalies averaged over latitude ranges of 60–70, 70–85, and 60–85   ∘  N, relative to the average for the period 1961–1990 based on the results of the analysis of observations [23].
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	2007
	2008
	2009
	2010
	2011
	2012
	2013
	2014
	2015
	2016
	2017
	2018
	2019
	2020





	60–70   ∘  N
	1.5
	1.3
	0.4
	1.0
	1.6
	1.5
	1.0
	1.7
	1.9
	2.7
	1.8
	2.1
	2.4
	2.9



	70–85   ∘  N
	2.4
	2.1
	2.6
	1.9
	3.1
	2.9
	1.9
	2.6
	2.5
	3.9
	2.7
	3.0
	3.4
	3.6



	60–85   ∘  N
	
	
	1.5
	1.6
	2.3
	2.2
	1.4
	2.2
	2.2
	3.3
	2.2
	2.5
	2.8
	3.2










 





Table 2. Specifications of numerical experiments.
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Exps.

	
Peculiarity of

	
Period of

	
Initial Ice State

	
Initial Ocean




	

	
Experiment

	
Simulation

	

	
State






	
A0

	
Control experiment

	
Jan 2000–Dec 2020

	
Jan 2000    1  

	
Jan 2000    1  




	
A1

	
No fast ice

	
Jan 2000–Dec 2020

	
Jan 2000    1  

	
Jan 2000    1  




	
A2

	
No riverine heat

	
Jan 2000–Dec 2020

	
Jan 2000    1  

	
Jan 2000    1  




	
D1

	
No ice drift

	
Jan 2020–Dec 2020

	
Jan 2020    2  

	
Jan 2020    2  




	
Sensitivity to initial ocean and ice state




	
1 year




	
B1

	
Thick ice

	
Nov 2019–Dec 2020

	
Nov 2003    2  

	
Nov 2019    2  




	
B2

	
Cold ocean

	
Nov 2019–Dec 2020

	
Nov 2019    2  

	
Nov 2003    2  




	
B3

	
Thick ice, cold ocean

	
Nov 2019–Dec 2020

	
Nov 2003    2  

	
Nov 2003    2  




	
5 years




	
B11

	
Thick ice

	
Jan 2016–Dec 2020

	
Jan 2004    2  

	
Jan 2016    2  




	
B33

	
Thick ice, cold ocean

	
Jan 2016–Dec 2020

	
Jan 2004    2  

	
Jan 2004    2  








   1   results of 1948–2000 model run [50,51].    2   results of the A0 experiment.
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