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Fig. 1  Overview of the Bohai Sea
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Fig. 2 Flowchart of sea ice detection algorithm
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Fig. 5 Spectral comparison of ice and water at different SPM concentration
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Table 4 MODIS-based sea ice accuracy evaluation table

MODIS#f&  0A/% Kappa

Commission/%  Omission/%

2017-01-27 95.80 0.746 3.41 36.17
2017-01-30 96.28 0.829 2.18 24.88
2018-02-01 91.99 0.767 7.79 23.66
2018-02-03 91.62 0.788 13.75 16.99
2018-02-04 91.42 0.794 8.91 19.4
2018-02-06 91.23 0.807 15.15 9.58
2018-02-12 91.56 0.742 7.19 20.9
2019-01-17 94.91 0.788 2.96 19.2
2019-01-20 95.23 0.653 16.14 43.12
2019-01-22 98.24 0.811 17.52 18.31
2019-01-23 98.61 0.829 6.65 24.19
2019-01-26 96.81 0.700 11.34 39.83
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Fig. 9  Results of MODIS—based sea ice detection
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Fig. 10 Sea ice detection results from different sensors
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Table 5 Accuracy verification table of different sensor images

A4 0A/% Kappa UA PA
Sentinel-2 97 0.93 0.96 0.93
GF-1 94 0.88 0.96 0.8
Sentinel-3 93 0.86 0.87 0.94
MODIS 92 0.85 0.82 0.98
GOCI 90 0.77 0.86 0.89
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Abstract: Annual sea ice is an important indicator of climate change in mid-latitudes, especially the thin ice with a thickness of less than

10 cm has a more significant response to climate. The Bohai Sea, as a marine system with special research value in the temperate monsoon

climate zone and even globally, shows a high degree of sensitivity in its natural ecological and socio-economic systems, and there is a

significant bidirectional feedback effect between the sea ice dynamics and the regional climate and human activities. The Bohai Sea is

affected by forty runoffs from the Yellow River, Liao River, and Hai River, and the concentration of Suspended Particulate Matter (SPM) in
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seawater is much higher than that in other sea areas, and the high dynamics of suspended sediment also leads to the complexity of the
spectra of sea ice and seawater, which increases the difficulty of accurately detecting the extent of sea ice in the Bohai Sea.

In this study, a segmented processing strategy was employed. Initially, sea ice with a thickness greater than 10 cm was extracted by
means of a simple threshold segmentation method. Secondly, in order to address the challenges posed by the high spectral volatility of sea
ice and the difficulty in detecting thin ice in the highly dynamic suspended sediment sea area of the Bohai Sea, this study proposes an
adaptive partitioning method based on spectral shapes by deeply analysing the spectral characteristics of ice and water in this region. The
method is predicated on the dynamic division of the Bohai Sea into regions characterised by low and high suspended particulate matter
concentrations. Following this treatment, the spatial heterogeneity of SPM concentration in the region is significantly reduced, thereby
effectively improving the detectability of thin ice with a thickness of less than 10 cm. Subsequently, an analysis was conducted on the four
bands most commonly employed in optical images, with a view to ascertaining their degree of separability and identifying the preferred
segmentation features. The analysis results demonstrate that the blue band and the near-infrared band are the most effective segmentation
bands for low and high SPM concentration regions, respectively. The segmentation threshold is determined automatically based on the
preferred features using the single-peak threshold method, and the image edge features are fused to enhance the robustness of the algorithm.

The present method is applied to five optical images, MODIS, Sentinel-2, GF-1, Sentinel-3 and GOCI, and the accuracy is verified by
using the 12 views of sea ice interpretation maps and sample points of high-resolution remote sensing images for the years 2017—2019
released by the North Sea Forecasting Centre of the Ministry of Natural Resources. The results show that the accuracy of this algorithm can
reach more than 90% and is applicable to a variety of optical images; simulation experiments using the spectral linearity mixing model
demonstrate that this algorithm is capable of identifying annual sea ice with densities of more than 30% in highly dynamic suspended
sediment sea areas.

This method can automatically, stably, efficiently and accurately extract annual sea ice, which can be applied to multi-source sensors,
and also provides data support for researching climate change by giving full play to the advantages of multi-source remote sensing data for
more comprehensive and fine sea ice monitoring.

Key words: Bohai sea, annual sea ice, multiple optical sensors, suspended particulate matter concentration, concave convex index, adaptive
marine zoning, single-peak threshold method, automatic detection algorithm
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