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Abstract

:

Using multisource sea ice fusion data, the spatiotemporal characteristics of sea ice cover were analyzed for the marginal seas of East Asia for the period 2005–2021. The results show that there were obvious differences in the beginning and end dates of the sea ice in the different sea areas. The northern Sea of Japan had the longest ice period, and Laizhou Bay and Bohai Bay in the Bohai Sea had the shortest ice period. The time when the largest sea ice extent appeared was relatively stable and mostly concentrated in late January to mid-February. There were obvious spatial differences in the duration of the sea ice cover in the marginal seas of East Asia. The duration of the sea ice cover gradually decreased from high latitude to low latitude and from nearshore to open seas. The annual average duration of the sea ice cover was more than 100 days in most of the Sea of Japan and approximately 20 days in most of Laizhou Bay and Bohai Bay. The melting speed was significantly faster than the freezing speed in the Bohai Sea and Yellow Sea, resulting in asymmetric changes in the daily sea ice extent in the two seas. The increasing trends in the maximum sea ice extent and total sea ice extent were 0.912 × 105 km2/10 yr and 0.722 × 107 km2/10 yr, respectively, from 2005 to 2013, both of which passed the significance test at the 0.05 level.
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1. Introduction


The marginal seas of East Asia include the Bohai Sea, the Yellow Sea and the Sea of Japan. There are frequent economic and trade activities among the coastal countries in this sea area, and sea ice disaster is one of the major marine disasters in winter. The huge destructive power of sea ice seriously threatens marine transportation, offshore oil exploration, offshore engineering construction and marine fishery [1,2,3]. Under the background of global climate change, there are obvious interannual and interdecadal variations in sea ice in the marginal seas of East Asia in winter [4,5,6,7,8,9,10,11]. The research on the characteristics of intra-annual, interannual and long-term changes in the sea ice of the marginal seas of East Asia has important theoretical and practical significance. It will help to accurately and comprehensively reveal the temporal and spatial patterns of sea ice formation, development and ablation, and it will be useful for understanding the mechanism and impact of climate change in the northern region, improving the prediction and prevention of sea ice disaster in the marginal seas of East Asia.



The trend in the extent of sea ice in the marginal seas of East Asia has received extensive attention. Using a variety of satellite data, Wang et al. [12] analyzed the temporal and spatial distribution of sea ice in the Bohai Sea from 1996 to 2011, where the maximum value of the annual maximum sea ice extent exceeded 3.0 × 104 km2, and the minimum value of the annual maximum sea ice extent was less than 1.0 × 104 km2. Using moderate resolution imaging spectroradiometer (MODIS) sea ice data, Ouyang et al. [13] found that the average maximum sea ice extent in the Bohai Sea was 2.3 × 104 ± 0.8 × 104 km2 during the period 2000–2016. Using the reconstructed daily sea ice extent data, Yu et al. [14] showed that the trends in the annual maximum sea ice extent and the annual average sea ice extent were −0.33 ± 0.18% yr−1 and −0.51 ± 0.16% yr−1 from 1958 to 2015 in the Bohai Sea. Based on the daily sea ice data of the National Snow and Ice Data Center (NSIDC) in the United States, Liu et al. [15] showed that the period with the largest sea ice extent in the Bohai Sea and Yellow Sea was from late January to late February each year. The interannual oscillation of the ice extent was obvious, showing a trend of first increasing and then decreasing over 2007–2018, and there was a significant negative correlation with the coastal temperature of the Bohai Sea and Yellow Sea during the same period. According to Ken and Takuya [16], the sea ice in the Sea of Japan is mainly located in the Tatar Strait in the northwest of the Sea of Japan and the coast of Siberia. The changes in the sea ice in the Sea of Japan are not consistent with global climate change, which may be affected by local climatic factors. The change in the sea ice extent in the marginal seas of East Asia may be closely related to the warming of Northeast Asia.



At present, studies on sea ice mainly use satellite remote data, including visible, infrared, passive microwave and active microwave remote sensing [8,17,18]. Visible remote sensing has a high resolution, but it cannot be applied for monitoring at night. In addition, clouds have a great influence on visible and infrared remote sensing [19]. The microwave data are not limited by day and night, are less affected by clouds and fog, and have high spatiotemporal continuity, but passive microwave remote sensing currently has a low resolution [20,21,22]. Active microwave remote sensing has a high resolution but has shortcomings such as a long revisit time and high cost [23]. Therefore, the visible, infrared, passive microwave, and active microwave sensors for monitoring sea ice have their own advantages and disadvantages. The multisource fusion data combine the advantages of the above sensor data to form high-resolution sea ice cover fusion data [24,25,26]. In the marginal seas of East Asia, high-resolution fusion sea ice data are used to conduct sea ice cover research, and the high-resolution continuous monitoring of sea ice in the marginal seas of East Asia can be realized, which can clearly and continuously display the variation characteristics of sea ice in the marginal seas of East Asia. At present, research on sea ice cover has yet to be carried out in the marginal seas of East Asia using high-resolution fusion sea ice data.



Based on the high-resolution daily sea ice cover data from 2005 to 2021, which was developed using multisource data, this study analyzed the temporal and spatial characteristics of the sea ice cover and sea ice extent in the marginal seas of East Asia and estimated the trends in the sea ice extent in the sea areas over the last 17 years.




2. Materials and Methods


The IMS (interactive multisensory snow and ice mapping system) sea ice cover data used in this study were from the National Ice Center (NIC) [27,28]. The spatial resolution of the IMS data is 4 km, and the time resolution is 1 day. The NIC sea ice products have an ideal spatiotemporal resolution and high confidence relative to other single-source sea ice extent data [29]. The NIC sea ice product contains daily sea ice cover data from March 2004 to June 2021, with a total of only 8 missing days.



The value of the sea ice extent (SIE) in this study was the sum of the extent of all ice pixels. The annual SIE was the sea ice cover from November of the previous year to May of the current year. For example, the SIE from November 2006 to May 2007 was defined as the annual SIE in 2007. For the missing sea ice data, the values of the previous day and the next day were used to fill in by means of linear interpolation. The maximum value of the SIE in the marginal seas of East Asia in a year is defined as the maximum sea ice extent (MSIE) in that year, and the total sea ice extent (TSIE) in that year is represented by the daily cumulative amount of the SIE. In the marginal seas of East Asia, there are only SIE values from November to May of the following year. The trend in the SIE was estimated using the least squares method, and the significance level of the linear trend was judged by the t-test method.



The study area (117–142.3° E, 35–52° N) was the Bohai Sea, the central and northern Yellow Sea, and the Sea of Japan (Figure 1). The six areas where sea ice frequently occurs include Liaodong Bay in the northern Bohai Sea, Bohai Bay in the western Bohai Sea, Laizhou Bay in the southern Bohai Sea, Korea Bay in the northern Yellow Sea, Peter the Great Bay in the western Sea of Japan, and the northern Sea of Japan. The latitudes of the northern Sea of Japan and the Laizhou Bay are the highest and the lowest, respectively.




3. Results


3.1. Temporal Characteristics of Sea Ice Extent


Table 1 shows the multiyear average first ice date and last ice date of the sea ice in the major sea areas of the marginal seas of East Asia from 2005 to 2021, as well as the occurrence time of the MSIE. There were obvious differences in the first and last ice dates of the sea ice in the different sea areas of the marginal seas of East Asia, but the time of the MSIE in each sea area was concentrated from late January to mid-February. As the latitude of the northern Sea of Japan is the highest, the average freezing time was the earliest in this area, which was 13 November. The average melting time of the sea ice was the latest in the northern Sea of Japan, which was May 16. The ice period lasted for approximately 184 days in the northern Sea of Japan, which was significantly longer than the other sea areas. Liaodong Bay, Korea Bay and Peter the Great Bay had similar first ice dates, with sea ice appearing in mid-to-late December, but the ice period in the Peter the Great Bay was longer than that of the other sea areas. The freezing times of Bohai Bay and Laizhou Bay were the latest, the melting time was the earliest, and the ice period was the shortest of all of the areas.




3.2. Spatial Characteristics of Sea Ice Extent


Figure 2 shows the spatial distribution of the annual average duration of sea ice cover in the marginal seas of East Asia from 2005 to 2021. The area with the longest duration of sea ice cover was the northern Sea of Japan. The annual average duration of the sea ice cover was more than 100 days in most of the Sea of Japan. The areas with the shortest duration of sea ice cover were Laizhou Bay and Bohai Bay. The annual average duration of the sea ice cover was approximately 20 days in most of Laizhou Bay and Bohai Bay. The duration of the sea ice cover reached 60 days in most of Liaodong Bay and Korea Bay. The duration of the sea ice cover in the nearshore waters was significantly longer than that in the open sea, and it gradually decreased from the coast to the open sea. The main reasons for the spatial differences of the sea ice were that the latitude of the northern Sea of Japan is higher, and the temperature is lower in winter, while the latitude of the Bohai Sea and Yellow Sea is lower, and the temperature is relatively higher in winter.



Large-scale sea ice appeared in 2013, and this year was selected as the typical year to analyze the intraseasonal variation characteristics of the sea ice in the whole marginal seas of East Asia (Figure 3). In the starting stage (Figure 3a), the sea ice first appeared in the northern Sea of Japan. In the increasing stage (Figure 3b), the sea ice appeared in the Bohai Sea, Yellow Sea and Peter the Great Bay, and the sea ice extent in the northern Sea of Japan continued to increase. In the peak stage (Figure 3c), the northwest coast of the Sea of Japan was covered by long and narrow sea ice, and there was a large amount of sea ice in Peter the Great Bay and on the coast of the Bohai Sea and northern Yellow Sea. In the decreasing stage (Figure 3d), the sea ice in the Yellow Sea and the Bohai Sea was mainly concentrated in Liaodong Bay and Korea Bay, and the sea ice in the Sea of Japan was distributed in the northern Sea of Japan and Peter the Great Bay. In the disappearing stage (Figure 3e), the extent of the sea ice in the areas with sea ice continuously decreased, and this was mainly limited to the northern Sea of Japan.




3.3. Variation Characteristics of Sea Ice Extent


Figure 4 shows the intraseasonal variation of the daily mean sea ice extent in the Bohai Sea, Yellow Sea, Peter the Great Bay and the northern Sea of Japan from 2005 to 2021. The maximum sea ice extent occurred from late January to mid-February, when the sea ice extent in the seas reached the maximum value in one year. The melting speed of the sea ice was significantly faster than the freezing speed, resulting in the asymmetry of the daily sea ice extent variations in the Bohai Sea and Yellow Sea (Figure 4a). The freezing and melting times of the sea ice were similar the Peter the Great Bay and the northern Sea of Japan. The ice period in the northern Sea of Japan was significantly longer than that of the Bohai Sea, Yellow Sea and Peter the Great Bay.



Figure 5a shows the interannual fluctuations of the MSIE in the marginal seas of East Asia from 2005 to 2021. The interannual fluctuations of the MSIE were large, with a maximum value of 17.4 × 104 km2 in 2016 and a minimum value of 7.6 × 104 km2 in 2007. Figure 5b shows the changes in the total sea ice extent of the marginal seas of East Asia over the past 17 years. The maximum value of 11.7 × 106 km2 occurred in 2013, and the minimum value of 5.42 × 106 km2 occurred in 2006 and 2007. In the past 17 years, the minimum value was less than half of the maximum value.



From 2005 to 2021, the trends in the MSIE (Figure 5a) and the total sea ice extent (Figure 5b) in the marginal seas of East Asia were not significant, but there were significant differences in the trends in each of the 9 years before and after 2013. This shows the change characteristic of increasing first and then decreasing over the past 17 years. From 2005 to 2013, the MSIE (Figure 5a) and the total sea ice extent (Figure 5b) both showed increasing trends, which were 0.912 × 105 km2/10 yr and 0.722 × 107 km2/10 yr, respectively, and both passed the significance test at the 0.05 level. From 2013 to 2021, the MSIE (Figure 5a) and the total sea ice extent (Figure 5b) both showed decreasing trends of −0.409 × 105 km2/10 yr and −0.370 × 107 km2/10 yr, respectively, but neither passed the significance test at the 0.05 level. From Table 2, it can be seen that the total sea ice extent for each month from 2005 to 2013 showed an increasing trend, and the increase was most obvious in January and February, with the trends of 0.286 × 107 km2/10 yr and 0.221 × 107 km2/10 yr, both of which passed the significance test at the 0.05 level. The total sea ice extent in each month from 2013 to 2021 showed a decreasing trend, with the most obvious decrease in January at −0.124 × 107 km2/10 yr, which passed the significance test at the 0.1 level.



Figure 6 shows the annual-pentad profile of the sea ice extent in the marginal seas of East Asia from 2005 to 2021. The years 2008, 2012, 2016 and 2018 can be classified as the unimodal type, with the peaks appearing from the 1st pentad in February to the 3rd pentad in February. There were two relatively obvious peaks in 2010, which were characterized by the sea ice extent increasing first, then slightly decreasing, and then increasing once again, with peaks appearing on the 4th pentad in January and the 3rd and 4th pentads in February, respectively. There was no obvious peak in the sea ice extent in 2006 and 2007. The sea ice extent of the marginal seas of East Asia was always relatively large from the 6th pentad in January to the 1st pentad in March, resulting in the total sea ice extent in 2013 being the maximum over the past 17 years.





4. Discussion


The research shows that the longest duration of sea ice cover in the marginal seas of East Asia was in the northern coast of the Sea of Japan, and the duration of the sea ice cover in the coastal waters of all regions was significantly longer than that in the open sea. The phenomenon that the duration of the sea ice decreased from the seashore to the deep sea in Liaodong Bay was also pointed out by Wang et al. [12] and Baoleerqimuge [30]. The trend in the sea ice extent in the Bohai Sea and Yellow Sea showed to increase first and then decrease from 2005 to 2021. Liu et al. [15] found that the sea ice extent increased at first and then reduced in the Yellow Sea and Bohai Sea in 2007–2018. The results are similar to previous studies [12,15,30].



The different studies used different kinds of data in determining the first and last ice dates of the sea ice in the marginal seas of East Asia. Due to the differences in resolution, temporal and spatial coverage, cloud cover and data processing methods among the different studies, the results of the first and last ice dates in the different studies are, to a certain extent, different [12,24,26,31].



Influenced by atmospheric and marine environments, ice conditions have obvious interannual and interdecadal variabilities in the marginal seas of East Asia [32]. The interannual variability of sea ice in this area is obviously related to atmospheric factors, such as the intensity of the East Asia winter monsoon and the atmospheric circulation at 500 hPa [33]. The formation and evolution of the sea ice are not only affected by atmospheric conditions but also restricted by factors such as ocean circulation conditions, sea temperature and salinity structure [6]. The marginal seas of East Asia are relatively closed, and the changes in the sea ice are also controlled by local climatic factors [16].



The long-term change in the sea ice extent in the marginal seas of East Asia may be related to the overall trend of climate warming in East Asia and North China [34]. However, the time scale of the data in this study was short, and climate warming in Northeast Asia slowed down during the analysis period [35], which may be the main reason for the insignificant long-term trends of some sea ice indicators. Obtaining a longer series of high-resolution sea ice extent data and discussing the response mechanism of the long-term changes and variations in the sea ice extent in the marginal seas of East Asia to climate warming and natural climate variability are work that needs to be strengthened in the future.




5. Conclusions


Using high-resolution IMS multisource sea ice fusion data, the climatological characteristics and the trends in the sea ice cover in the marginal seas of East Asia were analyzed from 2005 to 2021, and the following conclusions were obtained.



(1) There were obvious differences in the first and last ice dates of the sea ice in the different sea areas of the marginal seas of East Asia, but the date of the maximum sea ice extent was relatively concentrated from 2005 to 2021. As the latitude of the northern Sea of Japan is the highest, the earliest freezing time, the latest melting time and the longest ice period were in this area. Laizhou Bay and Bohai Bay had the latest freezing time, the earliest melting time and the shortest ice period. The occurrence time of the largest sea ice extent was relatively stable in the marginal seas of East Asia and mostly concentrated in late January to mid-February.



(2) There were obvious spatial differences in the duration of the sea ice cover in the marginal seas of East Asia. The duration of the sea ice cover gradually decreased from the high latitudes to low latitudes and from near-shore waters to open seas in the marginal seas of East Asia over the past 17 years. The area with the longest duration of sea ice cover was the northern Sea of Japan. The areas with the shortest duration of sea ice cover were Laizhou Bay and Bohai Bay. The annual average duration of the sea ice cover was more than 100 days in most of the Sea of Japan and approximately 20 days in most of Laizhou Bay and Bohai Bay, reaching 60 days in most of Liaodong Bay and Korea Bay. The duration of the sea ice cover in the coastal waters was significantly longer than that in the open seas, and there were high-value bands of duration of sea ice cover along the coastline.



(3) The melting speed was significantly faster than the freezing speed in Bohai Sea and Yellow Sea, resulting in the asymmetric changes in the daily sea ice extent in the Bohai Sea and Yellow Sea. According to the number of occurrences of sea ice extent peaks, the style of the sea ice extents could be divided into single peak, double peak and stable.



(4) Over the past 17 years, the maximum sea ice extent in the marginal seas of East Asia reached a maximum value of 17.4 × 104 km2 in 2016 and a minimum value of 7.6 × 104 km2 in 2007. The sea ice extent of the marginal seas of East Asia from the 6th pentad in January to the 1st pentad in March was relatively large, resulting in the maximum of the total sea ice extent in 2013. The maximum sea ice extent and the total sea ice extent over the past 17 years had obvious differences in the change trend for the first and second halves of the period, and they all showed the change characteristics of first increasing and then decreasing. From 2005 to 2013, the trends in the maximum sea ice extent and the total sea ice extent were, respectively, 0.912 × 105 km2/10 yr and 0.722 × 107 km2/10 yr, which passed the significance test at the 0.05 level.
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Figure 1. The study region. 
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Figure 2. Annual average duration of sea ice cover in the marginal seas of East Asia from 2005 to 2021. 
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Figure 3. Spatial distribution of sea ice extents in the different stages of a start (a), increase (b), peak (c), decrease (d) and disappearance (e) in the marginal seas of East Asia. 
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Figure 4. Daily mean sea ice extent (black, solid line) and standard deviation (blue area) in the Bohai Sea and Yellow Sea (a), Peter the Great Bay (b) and the northern Sea of Japan (c) from 2005 to 2021. 
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Figure 5. Annual maximum sea ice extent (a) and total sea ice extent (b) in the marginal seas of East Asia from 2005 to 2021. 
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Figure 6. Sea ice extent of the marginal seas of East Asia in 2005–2021 (unit: 104 km2). 
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Table 1. The statistics for the first ice date, last ice date, the date of the MSIE and the ice period in the different regions of the marginal seas of East Asia from 2005 to 2021.
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	Region
	First Ice Date
	Last Ice Date
	The Date of MSIE
	Ice Period and Standard Deviation (Days)





	Liaodong Bay
	8 December
	12 March
	8 February
	94 ± 19



	Bohai Bay
	19 December
	6 March
	29 January
	77 ± 30



	Laizhou Bay
	25 December
	2 March
	28 January
	67 ± 34



	Korea Bay
	10 December
	10 March
	9 February
	90 ± 20



	Peter the Great Bay
	9 December
	11 April
	13 February
	123 ± 27



	Northern Sea of Japan
	13 November
	16 May
	10 February
	184 ± 7







MSIE: maximum sea ice extent.
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Table 2. Trends in the total sea ice extent in the marginal seas of East Asia (unit: 107 km2/10 yr).






Table 2. Trends in the total sea ice extent in the marginal seas of East Asia (unit: 107 km2/10 yr).














	
	Dec
	Jan
	Feb
	Mar
	Apr
	Year





	2005–2021
	0.015
	0.039
	0.012
	−0.005
	−0.002
	−0.058



	2005–2013
	0.098 **
	0.286 **
	0.221 **
	0.058
	0.056 **
	0.722 **



	2013–2021
	−0.049
	−0.124 *
	−0.101
	−0.058
	−0.032
	−0.370 *







* Passed the significance test at the 0.1 level; ** passed the significance test at the 0.05 level.
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