remote sensing

Article

Remote Sensing Analysis of Erosion in Arctic Coastal Areas of
Alaska and Eastern Siberia

Juan Wang !, Dongling Li !, Wenting Cao 1%, Xiulin Lou !, Aiqin Shi ! and Huaguo Zhang ->*

check for
updates

Citation: Wang, J.; Li, D.; Cao, W.;
Lou, X; Shi, A.; Zhang, H. Remote
Sensing Analysis of Erosion in Arctic
Coastal Areas of Alaska and Eastern
Siberia. Remote Sens. 2022, 14, 589.
https://doi.org/10.3390/rs14030589

Academic Editors: Martin Gade and

Jorge Vazquez

Received: 4 December 2021
Accepted: 22 January 2022
Published: 26 January 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 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 (https://
creativecommons.org/licenses /by /
4.0/).

State Key Laboratory of Satellite Ocean Environment Dynamics, Second Institute of Oceanography, Ministry
of Natural Resources, Hangzhou 310012, China; wangjuan@sio.org.cn (J.W.); ldl@sio.org.cn (D.L.);
caowt@sio.org.cn (W.C.); Ixl@sio.org.cn (X.L.); aiginshi@sio.org.cn (A.S.)

School of Oceanography, Shanghai Jiao Tong University, Shanghai 200240, China

Correspondence: zhanghg@sio.org.cn

Abstract: In this study, remote sensing analysis of coastal erosion is conducted for three typical
regions of Alaska and Eastern Siberia based on remote sensing data collected between 1974 and 2017.
The comparative studies were made on the difference in coastal erosion at different latitudes and the
difference and influencing factors in coastal erosion at similar latitudes. The coastline retreatment is
used to indicate coastal erosion. It is found that the most extensive erosion occurred along Alaska’s
coast, followed by that of the Eastern Siberian coasts. Based on the analysis of the historical time series
of snow and ice as well as climate data, it is found that at similar latitudes, the erosion of the Arctic
coasts is closely related to the trend and fluctuations of the sea surface temperature (SST). Specifically,
it is found that in Alaska, coastal erosion is closely related to the fluctuation of the SST, while in
Eastern Siberia, it is related to the increasing or decreasing trend of the SST. A decreasing trend is
associated with low coastal erosion, whereas an increasing trend is associated with accelerated coastal
erosion. In the Arctic, the strong fluctuations of the SST, the continuous decline of the sea ice cover,
and the consequent increase of the significant wave height are the critical factors that cause changes
in coastal permafrost and coastal erosion.
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1. Introduction

The Arctic consists of the ice-covered Arctic Ocean, surrounded by a ring of frozen
land. The Arctic coastline is highly convoluted with many types of coastlines, including
steep cliffs, fjords, abrasions, lowlands, and delta coasts. Arctic coasts differ from low-
latitude coasts in that they are covered by snow and ice from rivers and oceans. Arctic
surface temperatures have risen more than twice as fast as the global average over the
past two decades. As a result, Arctic sea ice is retreating rapidly, raising prospects of a
future ice-free Arctic Ocean during summer [1,2]. Arctic coasts have been undergoing
continuous erosion, which is caused by the combined action of global warming—-induced
factors including the increase of ice melting, thermal erosion, and subsidence thawing
permafrost and sea-level rise (IPCC, 2021). At the same time, sediment from increased
snow melt is attributed to river discharge in continually changing estuarine coastlines [3,4].
On Canada’s northern coastline, rising temperatures and increased precipitation have been
documented, with the rate of sea ice decline ranging from 2.9% to 10.4% per decade. Storm
intensity and frequency is increasing, and permafrost is thawing across the region [5,6].

Arctic coastline erosion is caused by large-scale local and regional changes. The
average rate of coastal erosion in the Arctic is 0.2 m/yr, but it has accelerated during
the past decade [7-12]. Over the period 1950 to 2000, the mean Arctic coastal erosion
rate was 0.5 m/yr, with substantial variability among different regions. According to the
subdivisions of the Arctic Ocean, coastal erosion rates have historically been highest along
the Beaufort Sea (1.1 m/yr), the East Siberian Sea (0.9 m/yr), the Laptev Sea (0.7 m/yr),
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and the Kara Sea (0.7 m/yr). Sites that were historically at or below the mean Arctic-wide
coastal permafrost change rate were the Russian (0.3 m/yr) and US (0.5 m/yr) Chukchi
Seas, Barents Sea (0.4 m/yr), and Svalbard (0.02 m/yr) [10]. Many studies have used aerial
photography, remote sensing images, and topographic maps to monitor long-term changes
of the Russian and Canadian Arctic coastlines [11,13-15], by combining ice, wind, wave,
storm, and sediment data to analyze coastal erosion. Previous studies have focused on
the Arctic coast of Svalbard [15-17], the Canadian Arctic Archipelago [18,19], the coast of
Greenland [20-22], and the Arctic coast of Alaska [8], but fewer studies have examined the
changes along the Siberian Arctic coastlines.

Since 1972, the U.S. Landsat series satellites, the European Space Agency’s (ESA) Earth
remote-sensing satellites (ERS), and the Chinese Gaofen series satellites have continuously
acquired space-based images of Earth’s surface. These long-time satellite images and laser
scanning data have been used to detect, analyze, and assess spatiotemporal coastal changes
at the regional [23-29], national [30-34], and global [35] levels. However, comparative
studies of different coastal regions of the Arctic are still lacking, especially the analysis of the
impact of different latitudes on coastal erosion. The relationship between coastal erosion
and temperature, waves, and sea ice at similar latitudes in the Arctic requires further
research. The coastline retreatment is used to indicate coastal erosion, when satellites
monitor the coast. In this study, multiple remote sensing images from 1974 to 2017 were
used to monitor the coastal erosion (shoreline retreatment) in three typical regions of Alaska
and Siberia on both sides of the Bering Strait. The driving factors of coastal erosion are
analyzed with sea surface temperature, significant wave height, and ice cover data to gain
a deeper understanding of the temporal and spatial characteristics and influencing factors
of Arctic coastal erosion.

2. Data and Methodology
2.1. Study Area

In this study, the remote sensing analysis of coastal erosion is carried out in three
typical areas of the Arctic located on both sides of the Bering Strait, namely the coast
of Drew Point in Alaska, the coast of Nutepel’'men on the Chukchi Peninsula in Eastern
Siberia, and the coast of Ozero Mogotoyevo in the Kolyma Lowland in Eastern Siberia
(shown in Figure 1).

Drew Point (70.8° N, 153.0° W) is located along the Beaufort Sea coast. This study area
is covered by a large number of lakes of different sizes that freeze in winter and thaw in
the summer. The coastal slope of the Drew Point reaches an elevation of three to four m
and consists of ice-wedge bounded blocks of fine-grained sediments cemented by ice-rich
permafrost and capped with a thin organic layer.

Nutepel'men (67.2° N, 174.5° W) is located on the Northern shore of the Chukchi
Peninsula in the Chukchi Sea. The study area includes the Kolyuchin Bay and its coasts
on both sides. The coastal area of Kolyuchin bay is extended for about 100 km. The river
mouth is extended for about 2.8 km and islands and spit separate it from the Arctic Ocean.
Kolyuchin Bay is seven to 14 m in depth and is covered with ice most of the year. The
Ioniveyem and the Ulyuveyem Riversflow into the bay from the south.

Ozero Mogotoyevo (72.0° N, 148.0° W) is located in the northern end part of the
Yana-Indigirka Lowland, and is named after the famous Lake Mogotoyevo. This area
borders the Khroma Bay in the west and the Indigirka River in the east, which drains into
the East Siberian Sea. The lowland seashores are covered with moss and shrub tundra.
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Figure 1. Map of study area locations. (The red rectangles indicate the study areas).

2.2. Data Resources

The information used in the study is obtained from (a) Landsat, (b) the ESA’s ERS,
(c) Gaofen-1 remote sensing data, (d) the European Centre for Medium-Range Weather
Forecasts (ECMWEF) reanalysis data, and (e) the National Snow and Ice Data Center (NSIDC)
sea ice cover data.

The dataset used in this study consists of data from the Landsat satellite series
(16 scenes collected since 1974), ESA’s ERS-1 (two scenes), and China’s Gaofen-1 (one
scene) remote sensing imagery, as listed in Table 1. As the Arctic region is covered with
snow and ice all year round, the satellite optical images without snow cover from June to
September were selected to extract the coastline.

Landsat satellites are a series of satellites used by the United States since 1972 to
continuously observe land resources. Landsat-1 operated from 1972 to 1978, and Landsat-2
operated from 1975 to 1983. Their images had a resolution of 60 m. Landsat-5 operated
from 1984 to 2013 and had an image resolution of 30 m. Landsat-8 was launched in 2013
and had an image resolution of 15 m [36].

The ERS-1, with a payload that included a synthetic-aperture radar (SAR), was
launched in 1991. The on-board SAR when operated in image mode obtained strips
of 12.5-m pixel spacing imagery 100 km in width to one side of the satellite.

Gaofen-1 is the first satellite of China’s high-resolution earth observation system. It
was launched in 2013. The wide multispectral camera has a width of 800 km with 16-m
resolution.

The historical Sea Surface Temperature (SST) and Significant Wave Height (SWH) data
used in this study are from the ECMWEF’s ERA-Interim reanalysis datasets. Its resolution is
0.75° and 6 h.
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Table 1. Remote sensing data with coverage of the studied areas.

No. Satellite Acquisition Date Resolution (m) Area

1 Landsat-1 1974-8-22 60 Alaska

2 Landsat-2 1975-8-19 60 Eastern Siberia (Nutepel’'men)

3 Landsat-5 1985-7-22 30 Alaska

4 ERS-1 1992-4-30 25 Eastern Siberia (Ozero Mogotoyevo)
5 Landsat-4 1992-7-26 30 Alaska

6 ERS-1 1993-4-21 25 Eastern Siberia (Ozero Mogotoyevo)
7 Landsat-5 1995-9-26 30 Eastern Siberia (Nutepel’'men)

8 Landsat-7 2000-8-3 15 (panchromatic band) Eastern Siberia (Ozero Mogotoyevo)
9 Landsat-7 2001-7-3 15 (panchromatic band) Alaska

10 Landsat-7 2002-6-1 15 (panchromatic band) Eastern Siberia (Nutepel’'men)

11 Landsat-5 2009-6-12 30 Eastern Siberia (Nutepel’'men)

12 Landsat-5 2009-6-15 30 Eastern Siberia (Ozero Mogotoyevo)
13 Landsat-5 2009-7-15 30 Alaska

14 Landsat-5 2009-8-2 30 Alaska

15 Landsat-5 2009-9-7 30 Eastern Siberia (Ozero Mogotoyevo)
16 Landsat-8 2017-6-18 15 (panchromatic band) Eastern Siberia (Nutepel’'men)

17 Landsat-8 2017-7-14 15 (panchromatic band) Alaska

18 Gaofen-1 2017-7-14 16 Alaska

19 Landsat-8 2017-7-25 15 (panchromatic band) Eastern Siberia (Ozero Mogotoyevo)

The historical ice cover data is from the NSIDC. The data contains average monthly sea
ice extent and area, and lowest to highest monthly extent rankings for 1978 to the present,
in square kilometers, by region of the Arctic Ocean. The ice-free period in the study areas is
usually from mid-June to mid-September. Therefore, the average SST, SWH and ice cover
in August of the past year are selected for coastal erosion analysis.

2.3. Methodology

The Landsat images have been orthorectified. The ERS-1 SAR and Gaofen-1 images
were geometrically corrected based on the Landsat images. The accuracy of geometric
correction is less than two pixels.

Due to lack of tide data, the coastline cannot be obtained through tide correction. So
in this study, the waterline is used instead of the coastline for coast erosion analysis. First,
RGB color images were composed using band 6 (R), band 5(G), band 4(B) of Landsat-1/2/4,
band 3(R), band 2(G), band 1(B) of Landsat-5/7, band 4(R), band 3(G), band 2(B) of Landsat-
8, and band 3(R), band 2(G), and band 1(B) of Gaofen-1. The waterline was then extracted
by visual interpretation based on spectral feature segmentation from the RGB color images
in the geographic information system (GIS) software. The spectrum of water and land
is significantly different. The waterline was digitized manually on screen at a consistent
zoom level equivalent to a scale of 1:5000, with error of less than 0.5 pixels.

First, the waterlines of each period were extracted from the remote sensing images.
Then the waterline in 2017 (the red line in Figure 2) was set as the baseline. And the normal
line (the black line in Figure 2) was drawn in the vertical direction along the baseline. So
the intersection points (P1-P5 in Figure 2) of the normal line and the waterlines of each
period were determined. Finally, the coastal changes were obtained by measuring the
length between the intersection points.

The SST data of the study area are taken from the nearest points to the shoreline. In
terms of time, the average SST comes from the mean of temperature every 6 h in August
between 1979 and 2017. The SWH data is also processed in the same way.

The ice cover data are taken from the nearest marginal sea between 1979 and 2017.
The ice cover data of the Beaufort Sea are used in the change studies of Alaska. The ice
cover data of the Chukchi Sea are used in the change studies of Nutepel’'men in Eastern
Siberia. The ice cover data of the East Siberian Sea are used in the change studies of Ozero
Mogotoyevo in Eastern Siberia.
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Figure 2. Sketch map of the coastal change extraction. The colored lines represent the waterline of
different years. The black line represents the normal line with the waterline in 2017.
3. Results
3.1. Drew Point Coast
The coastal data for Drew Point in Alaska (shown in Figure 3) were extracted from
eight satellite images collected in 1974, 1985, 1992, 2001, 2009, and 2017, respectively. Six
locations, shown as green dots in Figure 3, were selected to analyze the coastal changes
during a period of 43 years. The results are displayed in Tables 2 and 3.
Table 2. Coastal erosion rates of various sites at Drew Point in Alaska (unit: m).
. Site A1 A2 A3 A4 A5 A6 Mean
Period
1974-1985 276.2 635.4 0.0 621.4 0.0 160.8 282.3
1985-1992 84.2 427 .4 130.0 707.0 781.3 31.1 360.2
1992-2001 0.0 727.0 0.0 588.6 560.4 84.3 326.7
2001-2009 138.9 614.5 435.8 761.2 552.4 94.7 4329
2009-2017 0.0 0.0 896.4 230.9 224.2 126.8 246.4
1974-2017 499.3 2404.3 1462.2 2909.1 2118.3 497.7 1648.5
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Figure 3. Landsat-8 operational land imager (OLI) imagery of Drew Point in Alaska (the image was
acquired on July 14, 2017). The red line is the waterline extracted from satellite data, and the green
dots represent the six selected research sites.

Table 3. Coastal erosion rates of various sites at Drew Point in Alaska (unit: m/yr).

Site

. Al A2 A3 A4 A5 A6 Mean
Period
1974-1985 25.1 57.8 0.0 56.5 0.0 14.6 25.7
1985-1992 12.0 61.1 18.6 101.0 111.6 44 51.4
1992-2001 0.0 80.8 0.0 65.4 62.3 9.4 36.3
2001-2009 174 76.8 54.5 95.2 69.1 11.8 54.1
2009-2017 0.0 0.0 112.1 289 28.0 15.9 30.8
1974-2017 11.6 55.9 34.0 67.7 49.3 11.6 38.3

It is evident from Tables 2 and 3 that from 1974 to 2017, the coastal erosion at the
Drew Point sites was extensive, ranging from 497.7 m to 2909.1 m, with a mean of 1648.5 m.
During the same 43-year period, the coastal erosion rate at Drew Point ranged from 11.6 m
to 67.7 m, with a mean erosion rate in excess of 50 m/yr during the periods of 1985-1992
and 2001-2009.

The coastline at Drew Point (for August) shows an alternating pattern of slow and fast
erosion patterns (Figure 4a). Historical data of the mean SST (Figure 4b), the significant
wave height (Figure 4c), and sea ice coverage (Figure 4d) of the Beaufort Sea along the Drew
Point coastline show that the mean SST of the Beaufort Sea has progressively increased
at a slow rate since 1979. Similar patterns are shown for the SWH. In contrast, the sea ice
cover has decreased. The decrease in the sea ice cover means that the ice-free area along
the coastline has expanded, has promoted wave propagation, and has increased the SWH
that has intensified the rate of coastal erosion.
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Figure 4. (a) Historical coastal erosion at Drew Point, Alaska; (b) historical sea surface temperatures of
Beaufort Sea in August; (c) historically significant wave height of Beaufort Sea in August; (d) historical
sea ice cover of Beaufort Sea in August. (The orange line represents the change trend of the average
erosion rate. The yellow lines represent the change trend of the SST, SWH, and ice cover.).

Historical data (for August) show that the SST and the SWH of the Beaufort Sea are
correlated (correlation coefficient of 0.68). Therefore, the SST was selected to assess coastal
changes. The mean SST of the Beaufort Sea yielded large fluctuations (—2 °C to 5 °C). The
mean SST and the rate of change of the SST were analyzed in combination with the coastal
erosion rate (Table 4). It was found that: (1) during the periods from 1992 to 2001, and 2009
to 2017, the mean SSTs were relatively high (reaching 2.37 °C and 3.38 °C, respectively),
but the fluctuations were small (standard deviation of 0.92 and 0.89, respectively), and
the coastal erosion rate was relatively low; and (2) during the periods from 1985 to 1992,
and 2001 to 2009, the mean SSTs for the respective periods were relatively low (1.20 °C
and 1.01 °C), but the respective fluctuations were extremely high (standard deviations of
2.08 and 1.63), while the coastal erosion rate was also high (exceeding 50 m/yr). These
results indicate that because the SSTs along the Alaskan Sea coast were relatively high
(historically, the mean temperature in August was 1.96), rather than being related to the
mean SST, the coastal erosion rate in this area is closely related to the fluctuations of SST,
that is, the temperature fluctuations significantly intensified coastal erosion.

Table 4. Comparison of coastal erosion rates and historical sea surface temperatures of Beaufort Sea
along Alaska’s coast in August.

Period

Erosion Rate Mean SST

SST Change Rate SST Standard Deviation

1979-1985
1985-1992
1992-2001
2001-2009
2009-2017
1979-2017

25.7 1.11 —0.64 0.99
51.4 1.20 —0.10 2.08
36.3 2.37 0.10 0.92
54.1 1.01 0.14 1.63
30.8 3.38 0.06 0.89
38.3 1.96 0.04 1.60
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The correlation coefficient between erosion rate and SST mean is —0.48. The correlation
coefficient between erosion rate and SST change rate is 0.55. The correlation coefficient
between erosion rate and SST standard deviation is 0.87. These also show that coastal
erosion in the Drew Point is most correlated with the fluctuations of SST. However, the
reliability of the correlation analysis is less credible due to lack of data.

3.2. Nutepel’'men Coast

Nutepel’men is located on the Northern shore of the Chukchi Peninsula in Eastern
Siberia (as shown in Figure 5). The data for this study area were extracted from five satellite
images collected in 1975, 1995, 2002, 2009, and 2017, respectively. Five sites, represented
in Figure 5 as yellow stars, were selected to assess coastal changes that occurred during a
period of 42 years. The results are shown in Tables 5 and 6.
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| Shoreline

j — 2017
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Figure 5. Landsat-5 thematic mapper imagery of Nutepel’men in Eastern Siberia (image acquisition
date: 26 September 1995). The red line shows the coastline extracted from satellite data, and the
yellow stars represent the selected research sites.

Table 5. Coastal erosion at different sites on the Nutepel’'men coastline in Eastern Siberia (unit: m).

) Site ES1 ES2 ES3 ES4 ES5 Mean
Period
1975-1995 868 0.0 434.0 0.0 0.0 1042
1995-2002 77.8 0.0 915 0.0 0.0 33.9
2002-2009 1176 0.0 229 4 0.0 0.0 69.4
2009-2017 155.6 0.0 429.3 0.0 0.0 117.0
1975-2017 437.8 0.0 1184.2 0.0 0.0 324.4
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Table 6. Coastal erosion rates at various sites along the Nutepel’'men coastline in Eastern Siberia (unit:
m/yr).

Period

Site

ES1 ES2 ES3 ES4 ES5 Mean

1975-1995
1995-2002
2002-2009
2009-2017
1975-2017

43 0.0 21.7 0.0 0.0 52
11.1 0.0 13.1 0.0 0.0 4.8
16.8 0.0 32.8 0.0 0.0 9.9
19.5 0.0 53.7 0.0 0.0 14.6
10.4 0.0 28.2 0.0 0.0 7.7

It is evident from Tables 5 and 6 that the coastal erosion at sites ES1 and ES3, which
are located along an estuarine shoreline, was relatively high in the period of 1975-2017,
and reached the values of 437.8 m and 1184.2 m, respectively. The corresponding mean
annual rates were 10.4 m/yr and 28.2 m/yr. These two sites exhibited trends of accelerated
coastal erosion.

No erosion has been observed at most of the Nutepel’'men coastline sites, with the
exception of the sites located along the estuarine coastlines, where slow erosion occurred
from 1975 to 2002. Starting in 2002, the erosion rate accelerated, increasing from 4.8 m/yr to
14.6 m/yr (Figure 6a). Historical data show that in August, the SST of the adjacent Chukchi
Sea fluctuated between 5 °C and 8 °C and slowly increased (Figure 6b); similarly, the
SWH slowly increased (Figure 6c), whereas the sea ice cover (Figure 6d) rapidly decreased.
From 1975 to 1995, the mean sea ice cover of the Chukchi Sea was 316,000 km?2, and from
2009 to 2017, it dropped to 84,000 km?, a decrease of nearly 75%. Because the SSTs were
relatively high in this area in August, essentially no freezing occurred, and there were no
strong inter-annual fluctuations (Table 7). Therefore, in this study area, the dynamic marine
environment did not change significantly, so the coastal erosion was small, and significant
changes occurred only along estuarine coastlines, which is consistent with the findings
of [20], where the coastal deltas of western Greenland were studied.

The correlation coefficient between erosion rate and SST mean is 0.46. The correlation
coefficient between erosion rate and SST change rate is 0.38. The correlation co-efficient
between erosion rate and SST standard deviation is —0.49. These show that coastal erosion
is not significantly related with SST. However, the reliability of the correlation analysis is
less credible due to the lack of data.

Table 7. Comparison of coastal erosion rates along the Nutepel’'men coastline in Eastern Siberia and
sea surface temperatures of the Chukchi Sea in August.

Period

Erosion Rate Mean SST SST Change Rate SST Standard Deviation

1979-1995
1995-2002
2002-2009
2009-2017
1979-2017

52 5.38 0.01 1.14
4.8 5.70 —0.05 1.90
9.9 6.56 —0.21 1.88
14.6 5.86 0.15 0.88
7.7 5.67 0.02 1.40
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Figure 6. (a) Historical records of coastal erosion of the Nutepel’'men coastline in Eastern Siberia;
(b) historical SST of the Chukchi Sea in August; (c) historical SWH of the Chukchi Sea in August;
(d) historical sea ice cover of the Chukchi Sea in August. (The orange line represents the change
trend of the average erosion rate. The yellow lines represent the change trend of the SST, SWH, and
ice cover.).
3.3. Ozero Mogotoyevo Coast
Ozero Mogotoyevo is located in the Northern part of the Kolyma Lowland in Eastern
Siberia, as shown in Figure 7. Coastal data for this site were extracted from five satellite
images collected in 1992 /1993, 2000, 2009, and 2017, respectively. Five sites, represented
by the black triangles in Figure 7, were selected to analyze coastal changes that occurred
during a period of 25 years. The results are shown in Tables 8 and 9.
Table 8. Coastal erosion at different sites along the Ozero Mogotoyevo coastline in Eastern Siberia
(unit: m).
Site
. WS1 WS2 WS3 WS4 WS5 Mean
Period
1992-2000 0.0 234.3 0.0 0.0 0.0 46.9
2000-2009 140.8 257.3 29.7 - 68.1 124.0
2009-2017 209.8 217.8 103.6 - 106.3 159.4
1992-2017 350.6 709.4 133.3 181.2 174.4 309.8
Table 9. Coastal erosion rates at different sites along the Ozero Mogotoyevo coastline in Eastern
Siberia (unit: m/yr).
Site
Peri WS1 WS2 WS3 WS4 WS5 Mean
eriod
1992-2000 0.0 29.3 0.0 0.0 0.0 59
2000-2009 15.6 28.6 3.3 - 7.6 13.8
2009-2017 26.2 27.2 13.0 - 13.3 19.9
19922017 14.0 28.4 5.3 72 7.0 12.4




Remote Sens. 2022, 14, 589

11 0f 16

147°0'E 148°0'E 149°0'E 150°0'E

72°15'N
72°15'N

72°0'N
72°0'N

Shoreline

2017 5

2009 = &5
Z - 4
in 2000 in
N o
= 1992 ¢, / =

1 1 1
147°0'E 148°0'E 149°0'E 150°0'E

Figure 7. Landsat-7 enhanced thematic mapper imagery of Ozero Mogotoyevo in Eastern Siberia
(the image was acquired on 3 August 2000). The red line is the coastline extracted from satellite data,
and the black triangles represent the selected research sites.

It is evident from Tables 8 and 9 that during the period of 1992-2017, the amount of
coastal erosion at the Ozero Mogotoyevo sites ranged from 133.3 m to 709.4 m, with a mean
of 309.8 m. The erosion rate ranged from 5.3 m to 28.4 m, with a mean rate of 12.4 m/yr.
The amount of coastal erosion on the west side of this study area (sites WS1 and WS2) was
significantly greater than that on the east side (sites WS3, WS4, and WS5); the west side
also yielded higher erosion rates. At the WS2 site, the amounts and rates of coastal erosion
were similar in the three study periods. A trend of accelerating coastal erosion is evident at
the WS1, WS3, and WS5 sites.

Historical data for August for the period of 19792017 (Figure 8b) show that the
mean SST for the Ozero Mogotoyevo coastline exhibits a downward trend in 1991-2002,
is relatively stable in 2002-2009, and has an upward trend in 2009-2017. During the same
period, the SWH (Figure 8c) yields an upward trend, whereas the sea ice cover yields a
downward trend (Figure 8d); both are characterized by relatively large fluctuations.

Because the SST and SWH of the East Siberian Sea are correlated (correlation coefficient:
0.60), the SST was selected to further analyze the causes of coastal changes in this area.
Based on historical data, the mean August SST of the East Siberian Sea exhibited large
fluctuations (-2 °C to 6 °C). The coastal erosion rate was analyzed in combination with
the mean SST and the slope of the SST (Table 10). It was found that: (1) during the period
of 1992-2000, the mean August SST was relatively high (maximum of 1.61 °C), but it was
characterized by rapid drops (slope: —0.23) and large fluctuations (standard deviation:
1.49), while the coastal erosion rate was relatively slow (5.9 m/yr); (2) during the period of
2000-2009, the mean SST in August was considerably low (0.35 °C), and the fluctuations
were also very small (slope and standard deviation of 0.03 and 0.98, respectively). However,
the coastal erosion rate was relatively high (13.8 m/yr); and (3) during the period of
2009-2017, the mean SST in August was relatively high (2.57 °C), and the fluctuations were
small (slope and standard deviations of 0.03 and 0.98, respectively), but the coastal erosion
rate was relatively high (19.9 m/yr). These results indicate that the low rate of coastal
erosion along the Eastern Siberian coastline during the period of 1992-2000 was caused by
the rapid drop of the SST, while the accelerated coastal erosion rate after 2000 was caused
by the rise in the SST.
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Figure 8. (a) Historical coastal erosion data for Ozero Mogotoyevo in Eastern Siberia; (b) historical
data of the sea surface temperature of East Siberian Sea in August; (c) historical SWH of East Siberian
Sea in August; (d) historical sea ice cover of East Siberian Sea in August. (The orange line represents
the change trend of the average erosion rate. The yellow lines represent the change trend of the SST,
SWH, and ice cover.).

Table 10. Comparison of coastal erosion rates at Nutepel’'men in Eastern Siberia and historical sea
surface temperature of the East Siberian Sea in August.

Period Erosion Rate Mean SST SST Change Rate SSI;F S?an.dard
eviation
1992-2000 5.9 1.61 —-0.23 1.49
2000-2009 13.8 0.35 —0.03 0.98
2009-2017 19.9 2.57 0.03 0.98
1992-2017 124 1.44 0.04 1.53

The correlation coefficient between erosion rate and SST mean is 0.36. The correlation
coefficient between erosion rate and SST change rate is 0.98. The correlation co-efficient
between erosion rate and SST standard deviation is —0.90. These also show that coastal
erosion in the Ozero Mogotoyevo is most correlated with the change rate of SST. However,
the reliability of the correlation analysis is less credible due to lack of data.

4. Discussion

In this study, a comparative analysis of the coastal changes at Drew Point in Alaska,
Nutepel'men in Eastern Siberia, and Ozero Mogotoyevo in Eastern Siberia was conducted
based on remote sensing monitoring data.

At Drew Point, Alaska, the coastal erosion rate was relatively highest (11.6-67.7 m/yr)
during the period of 1974-2017, with a mean erosion rate of 38.3 m/yr. In [8], remote
sensing analysis is used to determine the changes along the Beaufort Sea coast and it is
found that the Drew Point coast was eroded by 900 m during the period of 1955-2005, and
that the erosion rate documented during the period of 1985-2005 was more than double the
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rate documented during the period of 1955-1985. In [37,38], high spatial resolution satellite
imagery was used to observe coastal erosion for a nine km segment of coastline at Drew
Point between 2008 and 2017. It was found that mean annual erosion for the 2007-2016
ten-year period was 17.2 m/yr. Its study area is the area represented by sites Al and A2
(shown in Figure 3) in this study. It can be seen that the erosion rate is similar from Table 3.

At Nutepel'men, Eastern Siberia, extensive coastal erosion was only observed along
the estuarine coastlines during the period of 1975-2017, and no significant erosion occurred
at its other sites. The Arctic Coastal Dynamics database by Lantuit et al. show that the
coastal change in this region is almost zero [10]. The study by Farquharson et al. also show
that the coastal erosion rate was less than 0.7 m/yr in the US Chukchi Sea.

At Ozero Mogotoyevo, Eastern Siberia, the coastal erosion rate ranged from 5.3 m/yr
to 28.4 m/yr during the period of 1992-2017, with a mean erosion rate of 12.4 m/yr. The
research and Arctic Coastal Dynamics database by Lantuit et al. show that the coastal
erosion rate in this region was 1.5 m/yr-3.5 m/yr [10]. The data they used are from the
1950s to the 2000s. With warming, the erosion rate of the Arctic coast after 2000 can reach
2.5 times that before 2000.

Based on the preceding analysis of coastal changes in three different areas of the
Arctic, it was found that owing to its low latitude (67.2° N), the Eastern Siberian coast
(Nutepel’'men) was not eroded, with the exception of its estuarine coastlines. Therefore,
Drew Point in Alaska and Ozero Mogotoyevo in Eastern Siberia, which are close in latitude
(both located at 71-72° N), were selected for a comparative analysis of coastal erosion
(Table 11). It was found that: (1) since 1992, the coastal erosion rate at Drew Point was
significantly higher than that at Ozero Mogotoyevo; and (2) the coastal erosion rate of
Alaska’s (Drew Point) coast was closely related to the range of the SST fluctuations, whereas
the erosion of the Eastern Siberian (Ozero Mogotoyevo) coast was related to the increasing
or decreasing trends of the SST. Therefore, it can be concluded that the erosion of coasts of
the Arctic Ocean having a similar latitude was closely related to the trends and fluctuation
range of the SST.

Table 11. Comparison of coastal erosion in Alaska and Eastern Siberia.

Area Period Erosion Rate SST SST Change SST Standard
(m/yr) Mean Slope Deviation
Alaska 1992-2001 36.3 2.37 0.10 0.92
Eastern Siberia (Ozero Mogotoyevo) 1992-2000 5.9 1.61 —0.23 1.49
Alaska 2001-2009 54.1 1.01 0.14 1.63
Eastern Siberia (Ozero Mogotoyevo) 2000-2009 13.8 0.35 —0.03 0.98
Alaska 2009-2017 30.8 3.38 0.06 0.89
Eastern Siberia (Ozero Mogotoyevo) 2009-2017 199 2.57 0.03 0.98
Alaska 1992-2017 40.2 2.22 0.06 1.50
Eastern Siberia (Ozero Mogotoyevo) 1992-2017 124 1.44 0.04 1.53

5. Conclusions

In this study, coastal erosion trends and their driving factors were analyzed in three
areas of the Arctic, namely, Drew Point in Alaska, Nutepel'men and Ozero Mogotoyevo in
Eastern Siberia, based on remote sensing data obtained from Landsat, ERS-1, and Gaofen-
1 satellite imagery, collected between 1974 and 2017. The results of this study provide
preliminary insight into the characteristics of coastal erosion and the driving factors of
typical Arctic coasts. The primary results of the study are as follows.

(1) At Drew Point, Alaska, the coastal erosion was relatively large (497.7-2909.1 m)
during the period of 1974-2017, with a mean erosion of 1648.5 m and with an erosion rate
of 11.6-67.7 m/yr. At Nutepel'men, Eastern Siberia, extensive coastal erosion was only
observed along the estuarine coastlines during the period of 19752017, and no significant
erosion occurred at its other sites. At Ozero Mogotoyevo, Eastern Siberia, the coastal
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erosion ranged from 133.3 m to 709.4 m during the period of 1992-2017, with a mean
erosion of 309.8 m, and with an erosion rate in the range of 5.3-28.4 m/yr.

(2) A comparative analysis has shown that the highest erosion occurred along Alaska’s
coast, followed by those of the Eastern Siberian coasts. It was found that in Alaska, coastal
erosion was closely related to the Sea Surface Temperature (SST). It was also shown that the
intensification of the fluctuations of the SST could significantly accelerate coastal erosion.
With the exception of estuarine areas, the coastal waters of Nutepel’'men, Eastern Siberia
were stable between 1975 and 2017. This conclusion is based on historical data that show
small inter-annual variations in the mean SST in this area during the month of August.
Thus, coastal erosion in this area was very weak, and changes occurred only along estuarine
coastlines as a result of the combined actions of riverine and marine processes. The coastal
erosion in Ozero Mogotoyevo, Eastern Siberia was related to the increasing or decreasing
of the temperature of the SST. A decreasing trend was shown to be related to low erosion
rates, whereas an increasing trend was related to increased coastal erosion rates. Therefore,
it can be concluded that coastal erosion at similar latitudes in the Arctic is closely related
to the trend or fluctuation range of the surface temperature of the sea. In the entire Arctic
region, strong fluctuations in the SST, a continuous increase of the Significant Wave Height
(SWH), and a decrease in sea ice cover caused drastic changes in coastal permafrost and
promoted coastal erosion.
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