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Abstract

:

Analyses of landfast ice in Arctic coastal areas provide a comprehensive understanding of the variations in Arctic sea ice and generate data for studies on the utilization of the Arctic passages. Based on our analysis, Arctic landfast ice mainly appears in January–June and is distributed within the narrow straits of the Canadian Archipelago (nearly 40%), the coastal areas of the East Siberian Sea, the Laptev Sea, and the Kara Sea. From 1976–2018, the landfast ice extent gradually decreased at an average rate of −1.1 ± 0.5 × 104 km2/yr (10.5% per decade), while the rate of decrease for entire Arctic sea ice was −6.0 ± 2.4 × 104 km2/yr (5.2% per decade). The annual maximum extent reached 2.3 × 106 km2 in the early 1980s, and by 2018, the maximum extent decreased by 0.6 × 106 km2, which is an area approximately equivalent the Laptev Sea. The mean duration of Arctic landfast ice is 44 weeks, which has gradually been reduced at a rate of −0.06 ± 0.03 weeks/yr. Regional landfast ice extent decreases in 16 of the 17 subregions except for the Bering Sea, making it the only subregion where both the extent and duration increases. The maximum mean landfast ice thickness appears in the northern Canadian Archipelago (>2.5 m), with the highest increasing trend (0.1 m/yr). In the Northeast Passage, the mean landfast ice thickness is 1.57 m, with a slight decreasing trend of −1.2 cm/yr, which is smaller than that for entire Arctic sea ice (−5.1 cm/yr). The smaller decreasing trend in the landfast ice extent and thickness suggests that the well-known Arctic sea ice decline largely occurred in the pack ice zone, while the larger relative extent loss indicates a faster ice free future in the landfast ice zone.
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1. Introduction


The Arctic is sensitive to global climate change. Sea ice is a crucial indicator of Arctic climate change, as it is an important part of the climate system [1,2]. Since the 1970s, the global temperature has continued to rise, which has had a profound impact on the Arctic region, leading to the gradual warming of the Arctic [3]. Since the 21st century, Arctic warming has been twice the mean global warming rate [4,5,6]. In 2012, the area covered by sea ice was 45% less than the average area covered by sea ice during the previous 30 years [7,8]. Similarly, observations show that the amount of multiyear ice decreased from 75% in the mid-1980s to 45% in 2011 [9]. The amount of multiyear ice has decreased dramatically and has been replaced by thinner first-year ice [10,11]. Models have shown that the decrease in Arctic sea ice not only occurs in the summer but also during other seasons [12,13]. As Arctic sea ice retreats to the north, the feasibility of shipping along the Arctic coast increases [14]. The possibility of ships passing through the Northeast Passage in September from 1979–2005 was 40%, but it has risen to 61–71% in 2006–2015 [15].



In the Arctic, landfast ice responses to the global warming. It is important to determine the future potential of Arctic passage navigation in the summer months. Unlike the large amount of pack ice in the Arctic Ocean, landfast ice is immobile and attached to the coastlines or icebergs. In some regions, landfast ice can be grounded to form stamukha [16]. Landfast ice generally covers the shallow continental shelves in high-latitude Arctic regions and seasonal sea-ice-covered areas, ranging from 2–3 km along the Baltic Sea to 100–200 km along the East Siberian Sea, the Laptev Sea, and the Kara Sea [17]. The growth and disappearance of landfast ice are mainly influenced by thermodynamics, and the increase in thickness in a given year usually reaches 1–2 m [18,19]. The area covered by landfast ice in the Arctic varies greatly with season. The annual duration of landfast ice is usually 7–9 months. Due to regional differences in the atmospheric and oceanic conditions, landfast ice may persist for the entire summer generating multiyear landfast ice such as that in the Canadian Archipelago, where landfast ice can persist for several years [20].



Due to the lack of observational data, few studies have focused on areas covered by landfast ice. Previous studies on the distribution of and variation in landfast ice have mainly been conducted on the local scale. For example, using sea ice analysis maps and satellite images of the Kara Sea, Divine et al. [21] concluded that landfast ice extent decreased by approximately 12% from 1953–1990. Polyakov et al. [11] found that the thickness of landfast ice on the coast of eastern Siberia decreased by approximately 0.3 m since the 1990s. Galley et al. [22] analyzed sea ice analysis maps of the Canadian Archipelago for the period from 1980–2009 and found that, in most areas, the landfast ice duration significantly decreased by 2–5 weeks/10a, while the duration in the Viscount Melville Sound, which is southwest of Cornwallis Island, the western part of the M’Clure Strait, and the Gulf of Boothia, increased at a rate of 1–3 weeks/10a. In the Chukchi Sea and Beaufort Sea, the duration was found to have decreased by 1 week/10a [23], while the southeastern Laptev Sea showed a significant decrease in the duration: up to 7 weeks/10a from 1999 to 2013 [24]. In the northern Queen Elizabeth Islands, the Robeson Channel, and the northeastern part of Smith Sound, the landfast ice duration decreased by 7–10 weeks/10a. Based on the sea ice analysis maps, Yu et al. [25] studied the variations in landfast ice in the Arctic and found that the landfast ice extent decreased at a rate of −12.3 ± 2.8 × 103 km2/yr from 1976 to 2007, with the most significant decrease occurring in the northern waters of the Canadian Archipelago. In recent years, Synthetic Aperture Radar (SAR) images have started to be used in the study of Arctic landfast ice, which may improve the accuracy of extent statistics [26,27].



In this study, a dataset of weekly landfast ice extent for the entire Arctic from 1976 to 2018 was extracted based on Arctic ice charts provided by the U.S. National Ice Center (NIC). To our knowledge, this is the longest publicly available landfast ice dataset. Monthly sea ice thickness retrieved from the National Snow and Ice Data Center (NSIDC) CryoSat-2 dataset for the entire Arctic from 2010 to 2018 is used to analyze the landfast ice thickness. The analysis of the landfast ice extent is an extension to the study of Yu et al. [25] while the analysis of the landfast ice thickness was a new trial. This new analysis can provide insights on an Arctic landfast ice change in the recent ten years. The study area and subregions are introduced in Section 2.1, and the dataset used is introduced in Section 2.2. The seasonal, interannual, and interdecadal variations in the landfast ice extent and thickness of the entire Arctic and its subregions are analyzed in Section 3, and the discussion and conclusion are given in Section 4 and Section 5, respectively.




2. Study Area and Data


2.1. Study Area


The study area includes the Arctic and sub-Arctic waters north of 55° N, where landfast ice commonly appears in the winter. To further verify the regional differences in the landfast ice extent, the Arctic and sub-Arctic waters were divided into 17 subregions following the criterion used by Yu et al. [25] as shown in Figure 1. The main gulfs, straits, and bays are marked in the figure. The combination of subregion 3 (Barents Sea), subregion 4 (Kara Sea), subregion 5 (Laptev Sea), and subregion 6 (East Siberian Sea) was defined as the Northeast Passage, and the combination of subregion 8 (Beaufort Sea), subregion 9 (Canadian Archipelago), and subregion 10 (Northern Canadian Archipelago) was defined as the Northwest Passage.




2.2. Data


2.2.1. Landfast Ice Extent Dataset


Two sources of landfast ice extent data were used in this study. The first dataset was obtained from a weekly/biweekly gridded Arctic sea ice product stored as binary files [28]. This product was released by the U.S. National Ice Center (NIC) and includes data for 1976–2007. The second dataset was obtained by analyzing weekly/biweekly Arctic sea ice charts stored as image files. This product was also released by the NIC [29] and includes data for 2008–2018. These two datasets were produced by experienced sea ice experts from NIC by integrating and analyzing field observation data, satellite remote sensing data, and numerical simulations. Ice that remained motionless for the duration of the weekly/biweekly ice charts was marked as landfast ice. In this study, the processing technique introduced by Yu et al. [25] was used to process the image-formatted ice charts from the second dataset to obtain the same binary-formatted ice product as the first dataset for 2008–2018. A detailed description can be found in a paper by Li and Zhao [30].




2.2.2. Landfast Ice Thickness Dataset


The ice thickness datasets used in this study are archived at NSIDC [31], which was obtained based on the ESA CryoSat-2 Synthetic Aperture Interferometric Radar Altimeter. These products have ever been assessed with airborne observations [32] and would be further compared with NOAA’s Operation IceBridge data in the discussion part of this study. The datasets have a spatial resolution of 25 km × 25 km. We used 30-day averaged values. The data covers a period from January to April during 2011 to 2018.




2.2.3. ECMWF Air Temperature Reanalysis


In order to access the landfast sea ice mass balance, we used a simple analytical model forced by air temperature to calculate inter-annual ice thickness. The 2-m air temperature (T2M) reanalysis extracted from European Center for Medium-Range Weather Forecast (ECMWF) from 1976 to 2018 was used in this study. The time series includes three years (1976–1978) from the ERA-20C and 40 years (1979–2018) from the ERA-Interim. The ECWMF T2M is available with 6 h intervals and nested in a fixed grid of 0.125°. The overall ECWMF products are of comparatively high quality [33], while T2M often has a warm bias in high latitude [34,35]. For example, the daily mean warm bias for ERA-Interim and new ERA5 on Arctic sea ice was reported to be 3.4 and 5.4 °C, compared with in situ buoy observations [36].






3. Results


3.1. Landfast Ice Extent


The interannual variation of landfast ice extent is given in Figure 2. It was obtained based on the entire area covered by Arctic landfast ice. The Arctic landfast ice extent exhibits clear seasonal variations. The extent begins to increase in October and reaches its maximum in late April. The multiyear annual mean extent of landfast ice in the entire Arctic is 1.1 ± 0.7 × 106 km2, and the multiyear mean maximum extent in April is 1.8 × 106 km2. January–June are the significant months, when the landfast ice extent exceeded 1.0 million km2. Landfast ice decreases rapidly in July and disappears completely in most areas in September. The maximum extent exhibited significant interannual variations, with the peak extent occurring in 1982 (2.3 × 106 km2) and the minimum extent occurring in 2011 (1.5 × 106 km2).



The landfast ice extent was averaged every ten years to analyze the interdecadal variation, as shown in Figure 2a. In the 1976–1985 interval, the maximum extent was 2.1 × 106 km2, which decreased to 1.9 × 106 km2 in the 1986–1995 interval, to 1.74 × 106 km2 in the 1996–2005 interval and to 1.66 × 106 km2 in the 2006–2018 interval, which showed that the winter extent suffered a continuous decrease in the last decade compared to the study period (1976–2007) of Yu et al. [25]. The maximum extent for 2008–2018 interval in the Figure 2b was 15% smaller than that for 1976–2007 interval. Every single year in the extended time series during 2008–2018 showed a smaller extent than the mean for 1976–2007 interval, both in winter and summer. The occurrence of almost landfast ice free summers were becoming regular, and the decrease trend indicated that landfast ice may disappear in the next half century during summer and autumn.



As Table 1 shows, a significant area loss occurred in early winter, November and December, when 13.87~17.92 × 103 km2 (17–24% per decade) disappeared every year, approximately 1.5–2 times the area of Iceland. In October, the area lost every year was smaller (3.87× 103 km2), while the percentage was large and significant (about 24% per decade). From January to July, the area lost every year remained at a high level of approximately 10 × 103 km2, but the percentage was small because of the larger base extent.



Figure 3 shows the occurrence of landfast ice in the Arctic during January to December from 1976 to 2018. The occurrence for one single month was defined as the ratio of the number of months landfast ice existed and the number of total months in the time series. The results show that landfast ice is mainly distributed along the inner edge of the continental shelf around the Arctic Basin, such as the region in the Russian coastal areas (the Northeast Passage) and the waterways of the Canadian Archipelago (the Northwest Passage) during January–June, while occupying only narrow straits in the Canadian Archipelago during August–October.



As shown in Figure 4, the monthly mean landfast ice extent remained relatively vast from the late 1970s to the mid-1980s, and the maximum monthly extent occurred in April 1982 (2.3 × 106 km2). The trend since 2008 in the extended time series after Yu et al. [25] showed a continuation decreasing trend, both for Arctic sea ice extent and landfast ice extent. The annual mean landfast ice extent had more interannual variability compared with that of sea ice extent, which was lined with the subregional variation. During 1976–2018, the monthly mean extent of the landfast ice in the Arctic showed a significant decreasing trend at a rate of −1.1 ± 0.5 × 104 km2/yr (10.5% per decade), while the monthly mean extent of all sea ice in the Arctic showed a much larger decreasing trend at a rate of −6.0 ± 2.4 × 104 km2/yr (5.2% per decade). Considering the fact that the extent of all Arctic sea ice is approximately ten times that of landfast ice, and the relative change in the landfast ice is approximately double that in the Arctic sea ice, which indicates that the landfast ice located in the lower latitude is more sensitive to global warming and suffers a faster change.




3.2. Regional Landfast Ice


The landfast ice interannual variabilities in various sub-regions are large. Figure 5 shows the statistical analysis of the annual mean extent of landfast ice in the subregions. Of the 17 subregions, the landfast ice extent in the Canadian Archipelago is the largest, about 347 × 103 km2, accounting for approximately 30% of the entire Arctic landfast ice. As Table 2 shows, the landfast ice extent decreases in 16 of the 17 subregions, except for the Bering Sea. The annual rate of decrease in the East Siberian Sea is the largest (−20.3 ± 9.4 × 102 km2/yr), and the annual rate of decrease for the Barents Sea is the smallest (−0.4 ± 0.6 × 102 km2/yr). For those regional seas, like Baltic Sea, Hudson Bay, Labrador Sea, Kara Sea, and the Canadian Archipelago, which connect with coastal inlets or with rich confined coastal lines, the interannual variabilities are large because the coastal climate conditions may be subject to large variabilities, especially for the Baltic Sea that is surrounded by the Nordic countries. For those subregions that connect with open oceans, the interannual variability is reduced because the landfast ice in those regions is more closed linked with the climate changes of Arctic oceans.



For the comparisons to the Jan–May trend during 1976–2007 from Yu et al. [25], we calculated the Jan–May trend and the Jan–Dec trend during 1976–2018. Thirteen of the 17 subregions in this study showed the same decreasing trend as that observed by Yu et al. [25]. However, in the Kara Sea and Baffin Bay, the decreasing trend was twice that observed by Yu el at. [25], and in the Canadian Archipelago and northern Canadian Archipelago, the decreasing trend was half that observed by Yu el at. [25], which indicates that the decrease experienced an intense change from 2008–2018. One of the 17 subregions (the Bering Sea) showed the same increasing trend, but the amount decreased by half. A significant decrease trend up to −7.5 × 103 km2/yr in the Bering Sea was obtained for the extended time series 2008–2018, which was responsible for the weakening of an increasing trend. Two of the 17 subregions (the Barents Sea and the Okhotsk Sea) shifted the trend from increasing to decreasing, suggesting a significant extent reduction in the last ten years.



There was similar interannual variability in the Northeast Passage and Northwest Passage, but the former declined a bit faster than the latter, especially in recent years (Figure 5f). The annual mean extent in the entire Northeast Passage is 4.3 × 105 km2, with a rate of decrease of 4.8 × 103 km2/yr, and the entire Northwest Passage had a similar extent of 4.8 × 105 km2, but with a smaller rate of decrease of 3.0 × 103 km2/yr. The larger decrease rate of landfast ice in the Northeast Passage may be related to its open boundary next to the vast pan-Arctic ocean, while landfast ice in the Northwest Passage was mainly located in the narrow straits of Canadian Archipelago [37]. The faster decline of landfast ice extent in the Northeast Passage made it more attractive for maritime shipping. For examples, China have carried out 31 Arctic commercial cruises through Northeast Passage to Europe during the summer since 2013.




3.3. Landfast Ice Duration


Long-term decreases in the thickness and area of sea ice are usually accompanied by a shortening of the duration of sea ice [38,39]. Similar changes are observed in the Arctic landfast ice. According to the method proposed by Yu et al. [25], the onset of the ice freeze-up period was regarded as the time when the area covered by landfast ice exceeded 15% of the peak area for that year. The end of the breakup period was regarded as the time when the area covered by landfast ice was lower than 15% of the peak area for that year. As such, the time between the two thresholds represents the duration of landfast ice for that year.



In the 1980s, the ice freeze-up period began in the 42nd week (mid-October). Since the 1990s, the freeze-up period has been delayed and occurs in the 45th week (early November). Over the past 43 years, the onset of ice freeze-up has been delayed by nearly three weeks, which corresponds to a rate of 0.07 weeks/yr (0.5 days/yr) (Figure 6). The duration of extents exceeding 1.0 million km2 was approximately 30 weeks in the early 1980s, while it decreased to approximately 25 weeks in the past ten years.



Influenced by local large-scale weather and climatic conditions, the time of formation and duration of sea ice varies in different regions of the Arctic. The results of the statistical analysis of the duration of landfast ice in the Arctic, and its subregions are shown in Table 3. The mean duration of landfast ice in the Arctic subregions is 41 weeks, which varies from the lowest value in the Svalbard Islands (34 weeks) to the highest value in the northern Canadian Archipelago (48 weeks). There are significant regional differences in the duration of landfast ice. Because the onset of ice freeze-up in these two areas occurs earlier in the autumn at a rate of 0.15 weeks/yr and 0.17 weeks/yr, respectively, in the Barents Sea and Baltic Sea, the duration of landfast ice is increasing (Figure 7).



Since landfast ice freezes near the coast, and the water depth is usually shallow, so the atmosphere boundary layer condition dominates the duration of landfast ice. Model experiments showed that the albedo, oceanic heat flux, air temperature, and snow accumulation affected the date of ice breakup in summer [40]. The increase of air temperature by 1 °C may reduce the ice duration of 13 days [41]. The dynamic breakup can change the duration of landfast ice, and usually occurs for landfast ice between 0.5 m and 1 m [42], highly related to the local weather processes, like cyclones and strong wind [43].



Due to the significant delay in the onset of ice freeze-up, the landfast ice duration in the Svalbard Islands, Franz Josef Land, Laptev Sea, East Siberian Sea, Chukchi Sea, Baffin Bay, and the Labrador Sea has decreased significantly. For example, the duration of landfast ice in the Svalbard Islands decreased significantly at a rate of −0.26 weeks/yr because the onset of ice freeze-up in Svalbard was delayed 0.26 weeks/yr. Compared to the mean duration results of Yu et al. [25], 16 of 17 subregions showed the same trend direction, except for the Okhotsk Sea, which shifted its duration trend from positive to negative.




3.4. Landfast Ice Thickness


The NSIDC CryoSat-2 monthly ice thickness dataset covers January to April from 2011 to 2018. The mean landfast ice thickness during January to April is illustrated in Figure 8a. The landfast ice thickness in the Northeast Passage showed clear spatial variations and is thicker (1.5~2.0 m) in the Laptev Sea and East Siberian Sea, and thinner (1.0–1.5 m) in the Kara Sea. In the northern Canadian Archipelago and the coast of the Beaufort Sea, the large ice thickness, up to 2.0–2.5 m, corresponded to multi-year ice and showed an obvious increasing trend from 2011 to 2018 (Figure 8b). The trend in the January–April mean ice thickness in the Northeast Passage along the Russian coast was dominated by a decreasing trend. Considering the fact that sea surface temperature in the Northeast Passage experienced a cooling trend in the past 30 years [44], the gradual warming of surface air temperature should be responsible for the decreasing trend of landfast ice thickness.



The change in the mean ice thickness in 9 of the 17 subregions was analyzed and illustrated in Figure 9. The subregions of the Northeast Passage, such as the Barents Sea, Kara Sea, Laptev Sea, and East Siberian Sea, showed a decreasing trend (−0.7~−1.5 cm/yr), and only the Chukchi Sea showed a slight increasing trend (0.06 cm/yr). For the entire Northeast Passage, the mean landfast ice thickness for Jan–Apr from 2011 to 2018 was 1.57 m and had a slight decreasing trend of −1.2 cm/yr. The ice thickness in Svalbard and the Beaufort Sea showed a significant increasing trend, up to 6.9 cm/yr. The mean Arctic sea ice thickness for Jan–Apr from 2014 to 2018 showed a decreasing trend of −5.1 cm/yr, much larger than the decreasing trend shown in the Northeast Passage, indicating that a much more drastic change occurred in the pack ice area.



The interannual variation of mean ice extent shown in Figure 9 was larger than that of mean ice thickness. The trend in Kara Sea, Laptev Sea, and East Siberian Sea was positive during 2011–2018, different to the results for 1976–2018, which indicated that the calculated trend for a short time series may be misleading when the temporal variation was large. Two of the nine subregions (Barents Sea and Bering Sea) showed decreasing trends both for ice thickness and extent, while seven of the nine subregions showed trends with opposite directions.




3.5. Stefan’s Law Calculation


Stefan’s law was applied in this study to investigate the long-term trend in the Arctic landfast ice thickness, dating back to 1976. Assuming a linear ice temperature profile and no heat flux conducted from the ocean, the ice growth rate can be considered a function of the conductive flux at the ice base. The ice growth rate can be calculated by


   ρ i   L f  dH / dt =  k i   (   T f  −  T o   )  / H .  



(1)







This equation is the traditional version of Stefan’s law [45]. Because of a lack of direct measurements of the snow/ice surface temperature, the air temperature was primarily used as the ice surface temperature, as in the previous thermodynamic modeling study [46,47]. Given the initial condition H = H0 at t = 0, the analytical solution can be expressed as


  H =    H 0 2  +  a 2  S   ,  



(2)




where


   S =   ∫  0 t   (   T f  −  T o   )  dt   ,    a 2  = 2  k i  /  ρ i   L f    .   



(3)







Here, S is the freezing degree days (°C  · day  ), and the time interval in this study is one day.    ρ i    is the sea ice density at the basal layer (910 kg/m3) [48];    L f    is the sea ice latent heat of freezing (0.33 × 106 J/kg) [49],  H  is the ice thickness,   dH / dt   is the ice growth rate,    k i    is the thermal conductivity of sea ice (2.03 W/m K) [43],    T f    is the seawater freezing point (−1.9 °C) [48,49], and    T o    is the ice surface temperature and is read as external forcing.



The calculations started with October 1 of each year in 1976–2018 and covered one year. The initial ice thickness was set to 0.01 m according to the thermodynamic ice model setup in the Kara Sea by Cheng et al. [50], who indicated that these calculations only referred to seasonal first-year landfast ice. The ECMWF daily T2M shown in Figure 10a was used as atmospheric forcing (   T o   ). From 1976–2018, the monthly T2M in the landfast ice grid cells increased by 112.2 ± 76.2 × 10−3 K/yr, slightly larger than the trend in the sea ice grid cells in the entire Arctic (99.8 ± 73.4 × 10−3 K/yr). The calculated ice thickness, ranging from 1.3–1.8 m increased from Oct 1 and reached a maximum in April, which was consistent with the study results in the Kara Sea [50]. Here we compared mean ice thickness in April. From 1976 to 2018, mean ice thickness calculated by Stefan’s law decreased by −0.75 cm/yr using T2M as forcing (Figure 10b, black line with stars), A similar trend can be obtained from NSIDC CS2 products during 2011–2018 (−0.87 cm/a). However, the mean ice thickness was systematically underestimated by 0.2 m probably due to the warm bias of T2M over sea ice in the Arctic [36]. A new calculation was made using an offset of 3 °C on T2M as forcing. The results (red line with stars in Figure 10b) are in good agreement with NSIDC CS2 products. The Stefan’s law calculation captured the magnitude and trend of the landfast ice thickness evolution.





4. Discussion


4.1. Uncertainty in the Landfast Ice Extent


The landfast ice datasets used in this paper were originally derived from Arctic sea ice charts, which may include uncertainties from at least three factors: the mixture of different data sources, human error from each skilled analyst and the transformation of charts to gridded binary files [51,52,53]. Yu et al. [25] compared the landfast ice extent from the first datasets with SAR imagery along the Beaufort Sea coast and concluded that the entire mean bias of the chart-derived landfast ice edge was 6.5 ± 13.6 km, and the extent uncertainty ranged from 5% to 25%. We try to evaluate the uncertainty by comparing the chart-derived landfast ice extent with that from MODIS imagery (Figure 11). The comparison in the different subregions showed that the gridded data captured the landfast ice coverage very well. The mean bias of the landfast ice boundary between the gridded data and MODIS imagery was 5.3 ± 3.6 km, and the uncertainty in the extent was 2–13%. Both comparisons mentioned above for the SAR and MODIS images suggested that the mean bias of chart-derived landfast ice extent was within one grid size of 25 km. Considering the uncertainty in the datasets, the landfast ice extent was averaged over space and time in this paper to analyze the large-scale patterns and the long-term trend to minimize the effect of the uncertainty.




4.2. Uncertainty in the Landfast Ice Thickness


The CryoSat-2 sea ice thickness product had ever been assessed. In [54], the performance of the CryoSat-2 sea ice thickness product was assessed using sea ice thicknesses derived from multiple sources. Another independent comparison of the CryoSat-2 sea ice thickness product with BGEP ULS moorings showed a higher correlation (R = 0.886) and a similar mean difference in the ice draft (−8.2 ± 23.7 cm) [1].



An independent assessment was carried out in this study. A longer time series dataset from NOAA’s Operation IceBridge from the Unified Sea Ice Thickness Climate Data Record of NSIDC was used as the baseline data [55]. In total, 1523 pairs of IceBridge data over March and April from 2011 to 2015 was available, as shown in Figure 12a. The corresponding sea ice thickness from CryoSat-2 was retrieved from the nearest grid cell to the IceBridge footprint. The mean bias was 0.16 ± 0.69 m, and the correlation coefficient was 0.73. For ice thinner than 2 m, which is the typical maximum thickness for landfast ice, the mean bias was 0.10 ± 0.48 m. The comparison in this study indicated that the CryoSat-2 data agreed well with IceBridge data, especially for the typical thickness of landfast ice (Figure 12b).




4.3. Relationship of Extent and Thickness Trends


Landfast ice extent in all the subregions, expect for Bering Sea, showed a decrease trend (Figure 5). The increase trend of landfast ice extent in the Bering Sea during 1976–2018 in this study was half of that during 1976–2007 in Yu et al. [25], suggesting a significant decrease trend in the last decade (Figure 5 and Figure 9). Combined with the fact that the mean landfast ice thickness in the Bering Sea showed an obvious decrease trend during 2011–2018, we concluded that landfast ice there suffered a drastic change in the last ten years. The positive trend of landfast ice extent during 2011–2018 for three of the nine subregions shown in Figure 9 indicated that landfast ice changes had large regional and interannual variations.



The trend of landfast ice thickness showed obvious regional differences (Figure 8), where a decrease trend dominated the Northeast Passage, while an increase trend dominated the coast of Northwest Passage (coast of Northern Canada Archipelago and Beaufort Sea). In the Northeast Passage, ice melted or broke up in the summer and refroze from October to be the first-year ice and the maximum ice thickness was tightly related to freezing degree days, which was significantly affected by surface air temperature. The surface air temperature increased, leading to the freezing degree days decreased, and then the first-year ice thickness decreased.





5. Conclusions


In this paper, the landfast ice extent in the Arctic during 1976–2018 was analyzed as a continuation of the study (1976–2007) by Yu et al. [25]; in particular, the landfast ice thickness from 2011–2018 was retrieved from ESA CryoSat-2 satellite products to systematically evaluate changes under the background of global warming. The results show that Arctic landfast ice mainly exists in January–June and is mainly present in the Canadian Archipelago, East Siberian Sea, East Siberian Islands, Severnaya Zemlya, and Laptev Sea. The annual mean extent of landfast ice in the Arctic is 1.1 ± 0.7 × 106 km2. The maximum extent usually occurs in late April (1.8 × 106 km2), and landfast ice almost disappears in the summer. The Arctic landfast ice extent has significantly decreased at a rate of −1.1 ± 0.5 × 104 km2/yr (significance level of 99%). The mean maximum extent in the 1976–1985 interval was 2.1 × 106 km2, and it decreased to 1.66 × 106 km2 in the 2006–2018 interval.



Of the 17 subregions, the landfast ice extent in the Canadian Archipelago is the largest, accounting for approximately 30% of entire Arctic landfast ice. Landfast ice extent decreases in 16 of 17 subregions, except for the Bering Sea, similar to the results of Yu et al. [25]. The rate of decrease in the East Siberian Sea is the largest (−20.3 ± 9.4 × 102 km2/yr). The annual mean extent in the Northeast Passage is 4.3 × 105 km2, similar to that in the Northwest Passage (4.8 × 105 km2). However, the rate of decrease in the Northeast Passage is -4.8 × 103 km2/yr, 60% larger than that in the Northwest Passage (−3.0 × 103 km2/yr), which indicates a more promising future for summer navigation in the Northeast Passage. The decreasing trend in this paper was twice the trend observed during 1976–2007 of by Yu et al. [25] in the Kara Sea and Baffin Bay and was half the trend observed during 1976–2007 of by Yu et al. [25] in the Canadian Archipelago and the northern Canadian Archipelago, which indicates that the decrease experienced an intense change from 2008–2018. Two of the 17 subregions (the Barents Sea and Okhotsk Sea) experienced a trend shift from increasing to decreasing, suggesting a significant reduction in the last ten years.



The duration of landfast ice in the Arctic exhibits clear spatial variations. The duration of landfast ice decreased in 14 of the 17 subregions, except for the Barents Sea, Baltic Sea, and Bering Sea. The reduction in the landfast ice duration was the greatest in Svalbard, reaching a rate of −0.26 ± 0.19 weeks/yr. In some marginal waters, e.g., the Barents Sea, Baltic Sea, and Bering Sea, the duration of landfast ice increased, with the highest rate of increase in the Baltic Sea at 0.17 ± 0.12 weeks/yr. The duration of landfast ice in the entire Arctic decreased at a rate of −0.06 ± 0.03 weeks/yr. A new algorithm based on high resolution satellite data will provide us with more accurate knowledge on landfast ice extent and duration in the future [56].



The largest landfast ice thickness appeared in the northern Canadian Archipelago, reaching 2.5 m, and had the largest increasing trend, up to 10 cm/yr, which may be attributed to the transport and accumulation of multiyear ice in this region. The mean landfast ice thickness in the Northeast Passage is 1.57 m with a clear spatial variation: the mean thickness is thicker in the Laptev Sea and East Siberian Sea (1.60 m) and thinner in the Kara Sea (1.47 m). A slight decrease trend of −1.2 cm/yr was apparent in the Northeast Passage and is approximately four times smaller than that in the entire Arctic sea ice (−5.1 cm/yr).



Considering the motionlessness of landfast ice, thermodynamic processes dominate its growth, and the melt and air temperature are some of the main external forces in the upper boundary of landfast ice. A long-term trend of the landfast ice thickness from 1976 to 2018 was calculated by Stefan’s law with the ECMWF T2M as external forcing. The calculated trend of −0.75 cm/yr was consistent with the observed trend obtained from the CryoSat-2 dataset and suggested an averaged 25% loss of landfast ice thickness during 1976–2018.



Compared to the entire sea ice in the Arctic, the decreasing trend of monthly extent for coastal landfast ice was five times smaller, but the relative change was double. Therefore, a landfast ice zone suffered a larger area loss in the past 40 years and the landfast ice free summer will become more regular, while landfast ice suffered little thickness reduction based on this study and occupied the main coastal seas, islands, and straits, making the observation of landfast ice increasingly important for passage navigation in the future.
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Figure 1. Map showing the locations mentioned in this paper. The criteria for the 17 subregions is from Yu et al. [25]. 
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Figure 2. The interannual variation of the landfast ice extent during the entire time series 1976–2018 (a) and the new extended time series 2008–2018 (b) for the entire Arctic. 
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Figure 3. Monthly landfast ice occurrence from January to December. The different colors represent the percentage of the number of yearly landfast ice existing during the 43-year time series from 1976–2018. 
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Figure 4. Comparison of long-term trends in the Arctic sea ice extent and landfast ice extent. 
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Figure 5. Long-term trend of landfast ice extent in the 17 subregions (a–e), Northeast Passage and Northwest Passage (f) during 1976–2018. 
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Figure 6. The duration of Arctic landfast ice during 1976–2018. 
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Figure 7. The decadal changes of the landfast ice duration in the 17 subregions. 
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Figure 8. (a) multiyear mean landfast ice thickness (m) for January–April from 2011 to 2018 and (b) its trend (m/yr). These data are derived from the NSIDC CryoSat-2 products. The edge of landfast ice was defined by the corresponding 10% of occurrence in Figure 3. 
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Figure 9. The January–April mean landfast ice thickness for the nine subregions (black triangles) and its linear trend (black dashed line) during 2011–2018. The red stars and dashed line represented the annual mean landfast ice extent and its linear trend for the corresponding period. 
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Figure 10. (a) T2M averaged in the landfast ice grid cells and the (b) mean April landfast ice thickness calculated by Stefan’s law with T2M (black stars), by Stefan’s law with corrected T2M (cT2M) (red stars) and obtained from the NSIDC CS2 product (blue circles). The lines represent the linear trends. 
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Figure 11. Comparison of the landfast ice extent between the gridded data (pink points) and the MODIS images, which were modified from [30]. The yellow lines represent the boundary of landfast ice detected from the MODIS images. 
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Figure 12. The distribution of the IceBridge data over March and April from 2011 to 2015 (a) and the comparison between the IceBridge and satellite data (b). 
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Table 1. Monthly landfast ice extent for the period from 1976 to 2018. The F-test is used to determine the significance of the trend independent of the statistical data, and bold numbers indicate that the trends are significant at the 0.01 level.
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	Month
	Mean (103 km2)
	Trend (103 km2/yr)
	% Decade−1





	Jan
	1386 ± 228.04
	−11.98 ± 4.31
	−8.64 ± 3.11



	Feb
	1650 ± 245.49
	−13.79 ± 4.37
	−8.36 ± 2.65



	Mar
	1794 ± 218.70
	−11.42 ± 4.15
	−6.37 ± 2.31



	Apr
	1833 ± 202.55
	−12.05 ± 3.38
	−6.57 ± 1.84



	May
	1758 ± 189.59
	−10.79 ± 3.33
	−6.14 ± 1.89



	Jun
	1495 ± 183.79
	−10 ± 3.37
	−6.69 ± 2.25



	Jul
	708 ± 261.44
	−9.56 ± 5.84
	−13.50 ± 8.25



	Aug
	143.37 ± 118.64
	−3.39 ± 2.78
	−23.65 ± 19.39



	Sep
	52.31 ± 46.53
	−1.07 ± 1.12
	−20.45 ± 21.41



	Oct
	161.30 ± 80.44
	−3.87 ± 1.61
	−23.99 ± 9.98



	Nov
	579.62 ± 212.12
	−13.87 ± 3.3
	−23.93 ± 5.69



	Dec
	1020 ± 271.07
	−17.92 ± 4.13
	−17.57 ± 4.05
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Table 2. Annual trend (103 km2/yr) of the landfast ice extent in the 17 subregions. The F-test is used to estimate the significance of the trend independent of the statistical data, and bold numbers indicate that the trends are significant at the 0.01 level. Note that the trend reported by Yu et al. [25] was based on the time series from 1976 to 2007, while the trend in our study was based on the time series from 1976 to 2018. The subregions highlighted in gray represent trends with obvious changes.
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	No.
	Subregion
	Jan–May Trend

in Yu et al. [25]
	Jan–May Trend

in This Study
	Jan–Dec Trend

in This Study





	1
	Svalbard
	−0.28 ± 0.09
	−0.26 ± 0.11
	−0.18 ± 0.05



	2
	Franz Josef Land
	−0.19 ± 0.10
	−0.25 ± 0.11
	−0.27 ± 0.07



	3
	Barents Sea
	0.24 ± 0.10
	−0.04 ± 0.12
	−0.04 ± 0.06



	4
	Kara Sea
	−0.91 ± 0.49
	−1.91 ± 0.68
	−1.46 ± 0.55



	5
	Laptev Sea
	−1.88 ± 0.31
	−1.95 ± 0.39
	−1.70 ± 0.64



	6
	East Siberian Sea
	−2.36 ± 0.87
	−2.02 ± 0.46
	−2.03 ± 0.94



	7
	Chukchi Sea
	−0.60 ± 0.11
	−0.53 ± 0.14
	−0.37 ± 0.09



	8
	Beaufort Sea
	−0.39 ± 0.16
	−0.35 ± 0.20
	−0.27 ± 0.16



	9
	Canadian Archipelago
	−2.12 ± 1.14
	−0.96 ± 1.41
	−1.82 ± 1.48



	10
	Northern Canadian Archipelago
	−2.48 ± 0.59
	−1.32 ± 0.73
	−1.07 ± 0.29



	11
	Baffin Bay
	−0.35 ± 0.33
	−0.77 ± 0.41
	−0.53 ± 0.23



	12
	Greenland Sea
	−0.04 ± 0.37
	0.06 ± 0.44
	−0.09 ± 0.20



	13
	Hudson Bay
	−1.34 ± 0.53
	−1.25 ± 0.65
	−0.67 ± 0.42



	14
	Labrador Sea
	−0.17 ± 0.17
	−0.26 ± 0.24
	−0.17 ± 0.13



	15
	Baltic Sea
	−0.25 ± 0.21
	−0.25 ± 0.30
	−0.12 ± 0.10



	16
	Sea of Okhotsk
	0.11 ± 0.06
	−0.10 ± 0.07
	−0.06 ± 0.04



	17
	Bering Sea
	0.22 ± 0.12
	0.10 ± 0.15
	0.03 ± 0.07



	
	Arctic
	−12.27 ± 2.71
	−12.01 ± 3.47
	−10.67 ± 4.78
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Table 3. Landfast ice duration in 17 regions and the entire Arctic during 1976–2018. The F-test is used to determine the significance of the trend independent of the statistical data, and bold numbers indicate that the trends are significant at the 0.01 level.
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	No.
	Region
	Mean (week)
	Trend(Weeks/Decade) (%Decade−1)
	F





	1
	Svalbard
	34.1
	−2.6 ± 1.9 (−7.7 ± 5.7)
	7.4



	2
	Franz Josef Land
	41.4
	−0.8 ± 1.6 (−2.0 ± 3.9)
	1.1



	3
	Barents Sea
	37.2
	1.5 ± 1.2 (3.9 ± 3.1)
	6.4



	4
	Kara Sea
	43.1
	−0.2 ± 0.5 (−0.5 ± 1.1)
	1.0



	5
	Laptev Sea
	42.3
	−1.0 ± 0.4 (−2.3 ± 1.0)
	22.4



	6
	East Siberian Sea
	43.1
	−0.9 ± 0.3 (−2.1 ± 0.7)
	39.2



	7
	Chukchi Sea
	42.6
	−1.2 ± 0.5 (−2.7 ± 1.1)
	24.3



	8
	Beaufort Sea
	43.7
	−0.5 ± 0.5 (−1.2 ± 1.1)
	5.0



	9
	Canadian Archipelago
	44.6
	−0.7 ± 0.4 (−1.5 ± 0.9)
	12.3



	10
	N. Canadian Archipelago
	48.4
	−0.0008 ± 0.4 (−0.002 ± 0.009)
	1.6 × 10−5



	11
	Baffin Bay
	41.2
	−1.0 ± 0.6 (−2.5 ± 1.4)
	12.9



	12
	Greenland Sea
	43.7
	−0.5 ± 2.8 (−1.1 ± 6.3)
	0.1



	13
	Hudson Bay
	38.8
	−0.2 ± 0.5 (−0.6 ± 1.3)
	0.9



	14
	Labrador Sea
	37.7
	−0.8 ± 0.5 (−2.1 ± 1.2)
	13.0



	15
	Baltic Sea
	37.3
	1.7 ± 1.2 (4.7 ± 3.3)
	8.0



	16
	Sea of Okhotsk
	39.1
	−0.1 ± 0.5 (−0.2 ± 1.2)
	0.2



	17
	Bering Sea
	39.5
	0.4 ± 0.5 (1.1 ± 1.3)
	2.9



	
	Arctic
	44.0
	−0.6 ± 0.3 (−1.4 ± 0.6)
	23.0











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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