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Abstract: At present, reclamation—changing ocean areas into inland land cover type for human
usage—is one of the major methods for expanding land area around the world to alleviate the problem
of land shortage. Thus, reclamation activities play an important role in land area extension. In recent
years, reclamation projects have been active in eastern China. However, research on how to determine
the initiation of reclamation activity remains very limited. Thus, a method of tracking reclamation
activities was proposed in this study to analyze the coastline change due to human activities in
Shanghai Lingang New City and Hangzhou Bay area. First, the reclamation area was extracted and
separated into sea filling and sea enclosing. Next, the “SEDIMENT” signal track method and the
“Eight-Neighborhood” morphological method were used to track dissimilar reclamation types. The
historical reclamation activities (including start time and end time) over the recent 30 years were also
tracked and obtained. Experimental results indicated that the time tracker accuracy of reclamation
activity can reach 83.8%. Thus, this study can provide a reference for tracking coastline change.

Keywords: land-cover classification; Landsat; reclamation area locator; reclamation period tracker

1. Introduction

Land cover composition and change are important factors of ecosystem condition
and function [1]. With the rapid development of human society, the demand for land has
intensified, and available land for development has become scarcer [2]. Land reclamation
is one of the potential solutions for the increasing demand of new land for living and
development [3]. Because of reclamation activities, coastlines can change dramatically,
which greatly affects marine ecology, environmental systems, and economic systems. Many
countries such as the Netherlands [4], Japan [5], Korea [6,7], and Indonesia [8], and several
megacities such as Mumbai (India), Karachi (Pakistan), Rio de Janeiro (Brazil), and Lima
(Peru) [9] had reclamation projects in the past to extend the land area for city expansion
or agricultural development. In China, reclamation projects have occurred in recent years,
and the coastline has changed significantly in the past four decades [10-12]. The coastal en-
vironments and economic systems have been influenced during reclamation activities [13].
To obtain a better understanding of coastline change due to human activities, tracking
the historical land reclamation activities is necessary. For the development of society, the
analysis of reclamation area also brings many benefits. For the decision makers of land
reclamation projects, the historical information on reclamation activities can be extremely
helpful for building future reclamation projects.

Remote sensing has emerged as a useful data source for quantitatively measuring
land-cover changes at the landscape scale [14]. Remote sensing data with high-quality
observations are widely used in coastline detection. Contemporary research has quantified
the costal change using remote sensing data in recent years. For example, Landsat time-
series images from 1976 to 2015 were used to detect the coastline change of Ningbo [15].
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The case of island coastline change detection also used Landsat images from 1984 to
2009 [16]. Multiple types of remote sensing data were also used in coastline detection [17,18].
Historical remote sensing data provide an excellent chance to track the land cover and use
change. Human activities also can be tracked by remote sensing data.

In recent research, remote sensing data have been widely used to detect land reclama-
tion. Remote sensing data were used to analyze land reclamation in Egypt [19]. Large-scale
remote sensing data were also used to detect land reclamation [20]. The reclamation
research in China indicated that the enclosed wetland area increased by an average of
24,000 ha year‘1 between 1950 and 2000, which led to a loss of 50% of coastal wetlands.
From 2006 to 2010, the reclamation rate increased to 40,000 ha year~! to support rapid
urbanization and economic development [12]. Most of recent research analyzed the coast-
line change due to land reclamation in 5 or 10 year increments, which cannot provide
the start time and end times of the reclamation project. Thus, recent research may not
meet the annual or even monthly monitoring requirements in practical applications due
to the lack of quantitative analysis. The land cover and use of reclamation area was also
not investigated.

Thus, this study uses Landsat observations and proposes a method based on sediment
factor discrimination to track reclamation activities. The major aim of this work is to
proposes a new type of reclamation activity identification based on inland water body
change. The study divides the reclamation activities into two types of reclamation and
tracks the reclamation area by using the proposed “SEDIMENT” signal track method and
“Eight-Neighborhood” morphological method based on Landsat data. We then determine
the start and end times of the reclamation projects at monthly or daily scales, to improve the
accuracy of existing annual reclamation change research. Finally, this work also analyzes
the reclamation activity of Hangzhou Bay to verify the stability of the method and draw
a historical reclamation information map.

2. Study Area and Dataset
2.1. Study Area

Shanghai is one of the most important cities in east China. Shanghai Lingang New City,
located in the south-east of Shanghai, has been called the world’s largest reclamation project.
It is a preplanned new city, with an area of approximately 69.11 km? and is planned for over
eight hundred thousand residents. Moreover, 65.85% of the city has been reclaimed from
the East China Sea with a lake named Dishui Lake in the middle of the city [21]. This study
selects Shanghai Lingang New City as the typical case to build the tracker and monitor the
reclamation activities and analyze the reclamation area after the reclamation project.

Hangzhou Bay was selected to analyze the reclamation activity and verify the robust-
ness and the generalization of this method. Hangzhou Bay is a funnel-shaped inlet of the
East China Sea, located in the East of China, bordered by the province of Zhejiang and the
municipality of Shanghai, which is located to the north of the Bay. The Bay extends from the
East China Sea to its head at the city of Hangzhou, from which its name is derived. Before
the 1980s, due to social-economic conditions and technology limitations, the reclamation
of Zhejiang Province was all around the high beach that is above the tide. In recent years,
sea reclamation has become one of the most important projects in the marine development
activities of Zhejiang Province. In recent decades, the coastline length changed rapidly
in Zhejiang Province, and Hangzhou Bay showed the most coastline change in Zhejiang
Province [22]. This study area, located in the north of Zhejiang coastline, starts from the
coastline between Ningbo and Zhoushan to the south of Shanghai. It covers the Hangzhou
Bay area, including the coastline of Ningbo, Cixi, Hangzhou, Jiaxing and part of Shanghai,
as shown in Figure 1.
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Figure 1. Landsat 8 OLI observation on 20 January 2018. Band 3 4 5 false color image of study area:
(a) Hangzhou Bay area, and (b) Shanghai Lingang New City area.

In this study, two reclamation areas located near Shanghai and Jiaxing are analyzed,
and the reclamation map of Hangzhou Bay is produced.

2.2. Study Dataset

To monitor and analyze the reclamation project, the Landsat time series historical data
of the study area were used in this study. Landsat historical data with 30 m spatial resolution
and high temporal resolution were most suitable for this study [23]. Landsat observations
located in 118/039 paths/rows are used. From 1988 to 2018, 108 satellite observations
from Landsat-5 Thematic Mapper (TM), Landsat-7 Enhanced Thematic Mapper (ETM+),
and Landsat-8 Operational Land Imager (OLI) were used in this study. The selected time
interval covered all traceable human reclamation activities in the study area. All the
observations used in this study were cloud free and preprocessed to surface reflectance. All
the Landsat data used in this study were Collection 1 data. Landsat-5 TM and Landsat-7
ETM+ data were preprocessed by the Landsat Ecosystem Disturbance Adaptive Processing
System algorithm [24]. Landsat-8 OLI observations use the Landsat Surface Reflectance
Code algorithm [25]. Bands 2 (green 0.52-0.60 um), 3 (red 0.63-0.69 um), and 4 (near IR
0.76-0.90 um) of Landsat-5 TM and Landsat-7 ETM+ were used in the study. Bands 3 (green
0.52-0.60 um), 4 (red 0.63-0.69 um), and 5 (near IR 0.76-0.90 um) of Landsat-8 OLI were
also used. All Landsat preprocessed observations were downloaded from the United States
Geological Survey global visualization viewer (http://glovis.usgs.gov/ (accessed on 1 July
2021)). The overview of all the observations used in this study are listed in Table 1. For the
specific title IDs of the observations see supplementary materials: Table S1.

Table 1. Overview of study data.

Type of Data Amount of Observations Date of Observation (Year)
Landsat-5 TM 66 1988-2009
Landsat-7 ETM+ 28 20002012

Landsat-8 OLI 14 2013-2018
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2.3. Validation Data

This study aimed to track the reclamation area including the reclamation start time
and end time. The results are accurate to years or months in time resolution, and 30 m
resolution data were needed for validation. Two existing studies provided 30 m resolution
classification product [26,27]. However, they provided global land cover types only avail-
able for the years 2000 and 2010, which do not fit the reclamation tracker build in this study.
Given the above situation, this study selected Google Earth Pro historical observation for
validation. Google Earth provided 30 m observation Landsat true-color historical data from
the year 1984. From 1988 to 2018, each year has at least one observation. The historical time
series data helped visually check the reclamation period, which verifies the possibility of
validation in this study.

3. Method

This study classifies all reclamation methods into two types: (1) Sea filling—filling
the sea or coastline area by material such as stone, sand, or soil. The reclaimed area can
be used as farmland, ground, urban area, fishpond, or for other human activities. (2) Sea
enclosing—enclosure of the sea areas, without filling activities, and the water body is
preserved within an enclosing region [3,28]. For these two types of reclamation, the map
performance of the area is different. In the definition of two types of reclamation, the sea
filling reclamation will change the land cover type of the reclamation area from water at
the start into inland land cover at the end. The reflectance performance will show the land
cover type change during the process. For the sea enclosing reclamation, the change is that
the water body becomes isolated from the marine area. The area will always be the water
through Landsat observation. In this case, this study builds up the reclamation tracker for
two kinds of reclamation separately.

For the sea filling type of reclamation, this study established a new method based
on the “SEDIMENT” reclamation signal to locate the reclamation area. To extract the
SEDIMENT, this study used K-means and visual check to reclassify the dataset into six
classes. Based on the reclamation signal’s appearance time and disappearance time, this
study calculated the frequency of three major classes: water, non-water, and SEDIMENT.
Using the signal frequency analysis method, this study located the changes of SEDIMENT
during the reclamation activities and tracked the reclamation start time and end time.

For the sea enclosing type of reclamation, this study used an “Eight-Neighborhood”
morphological method to detect the water boundary [29,30]. Based on the morphological
change of the water body in the study area, this study calculated the isolated water body
during the reclamation activities to locates the sea enclosing type reclamation. By analyzing
the successive water body change, the study tracked the reclamation end time of the sea
enclosing reclamation. The steps of the reclamation period tracker are shown in Figure 2.

3.1. Reclamation Area Locator

To extract the reclamation signal, this study analyzed the land cover type change
during the reclamation activities. For the sea filling reclamation, human activities fill the
reclamation area with different material until the area is filled into the land. When the
reclamation finishes, the land cover type of reclamation area changes from permanent
water to other land cover types. During the reclamation activities, the land cover type
changes constantly from water to land. This study names the intermediate form of land
cover type between water and land as “SEDIMENT.” This study sets rules to distinguish
the SEDIMENT land cover type:

1.  The SEDIMENT area only appears at the coastline.
2. Theland cover type of the SEDIMENT area changes between water and non-water
frequently during the SEDIMENT signal appearance period.
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Figure 2. Flow chart of method to build the reclamation tracker in this study.

To extract the SEDIMENT area, this study classified the Landsat observations. K-means
clustering algorithm was used in the study. The K-means clustering algorithm is one of
the basic, popular clustering techniques used in many data analysis studies [31,32]. The
K-means algorithm aims to divide M points in N dimensions into K clusters to minimize the
within-cluster sum of squares [33]. For further analysis of the reclamation area, the study
classified the land cover type into six classes: Water, Vegetation, Urban Area, Ground, Farm-
land, and SEDIMENT. To obtain better classification results, K-means clustering algorithm
was first used to classify the Landsat observations into triple the target classes—18 classes.
After K-means classification, this study visually reclassified the 18 classes into the six final
classes, including the reclamation signal SEDIMENT class. The SEDIMENT class is a new
class named in this study. As the water class and non-water class are easy to distinguish in
the K-means classification result, this study distinguished the SEDIMENT class based on
the location and the reflective performance of the target pixel. If a pixel was located on the
coastline and reflectance performance was between that for Water and Ground, this study
distinguished this pixel as SEDIMENT class. The location of SEDIMENT class in the result
was the reclamation area.

For the sea enclosing reclamation area, the signal of reclamation activities was different
from that of the sea filling reclamation. As the processing of the sea enclosing reclamation,
the land cover type did not change during the reclamation period, but the difference before
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and after the reclamation activities was whether the water area was still connected to
the sea area. In this situation, this study used the “Eight-Neighborhood” morphological
method [34]. For each classification result, this step extracted the Water class. For each
Water region, this study detected the random Water boundary pixel and used the “Eight-
Neighborhood” morphological method to traverse the “Eight-Neighborhood” of the pixel.
When the next Water pixel was found, it marked the new Water pixel as the new traverse
center and repeated the traverse until the next new Water pixel was the first selected Water
pixel. All the marked Water pixels then defined the boundary of this Water region. With
the boundary of all the Water regions of the classification result, this study located the sea
enclosing reclamation area by comparing the Water region boundary between two target
observations. The process of this kind of reclamation follows:

1.  Two target classification results were selected based on the reclamation detection
period requirement.

2. The Water class of the classification result in the later image was selected, and the
“Eight-Neighborhood” morphological method was used to designate the largest water
body in the previous image.

3.  Two selected water area maps were stacked together. The isolated water area from
a later observation in the stacked area was the sea enclosing reclamation area.

By these processes, the sea enclosing reclamation area can be located, and the recla-
mation end time can be tracked. Given that the sea enclosing reclamation area is rare in
Chinese reclamation project and only one case of inland lake is noted, Shanghai Lingang
New City was the sea enclosing reclamation area used in this study. This area is set as the
special case, and the previous “Eight-Neighborhood” morphological method can locate
the reclamation area and track the end time of the reclamation period. For the start time,
defining what is the beginning of sea enclosing reclamation was difficult, as the signal
could not be displayed in the optical observations used in this study. Thus, the start of sea
enclosing reclamation is not tracked and discussed here.

3.2. Reclamation Period Tracker

In the previous section, this study located the reclamation area of the sea filling
reclamation by extraction of the reclamation signal. In this section, the study used the
frequency tracker to track the reclamation signal and track the reclamation period including
the reclamation start time and end time. Before the period tracker was built, all the
classification results were stacked together. Each pixel had 108 classification results in
30 years. To calculate the frequency of the reclamation signal, in this step, the classification
result from the six previous classes was divided into three classes: Water, SEDIMENT, and
Non-water. For a typical example, when the reclamation begins, the land cover of the
reclamation pixel changes from permanent Water into SEDIMENT /Non-water, and in the
reclamation period, the land cover changes between Water, SEDIMENT, and Non-water.
When the reclamation ends, the land cover of this pixel changes from Water/SEDIMENT
into permanent Non-water. Based on this land cover change behavior, this study switched
the 108 classification results into frequency of Water, SEDIMENT, and Non-water. For
each pixel of the dataset, beginning from the first date, we calculated the frequency of
Water, SEDIMENT, and Non-water between first date and next nine dates. The frequency
of the three different classes were recorded on this date. For the next date of this pixel,
the calculation was repeated. After the traverse of 108 classification results, the dataset
switched to the 98 frequency values of the three classes on this pixel. The 108 classification
results for each pixel were switched to 98 frequency values of three classes.

After the frequency value calculation, the reclamation period tracker was built based
on the frequency value change. The signal indicating the beginning of reclamation ac-
tivities was the water frequency decreasing from permanent Water and the frequency of
SEDIMENT increasing. The signal of reclamation ending was the frequency of SEDIMENT
decreasing and the frequency of Non-water increasing until permanent Non-water. By this
feature, this study defines the frequency change for the reclamation period:
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—_

The frequency of Water does not change before the reclamation period.

The frequency of Non-water does not change after the reclamation period.

3. The frequency of SEDIMENT increases at the beginning of reclamation and decreases
at the end of the reclamation.

N

By these rules, this study set up a window to traverse the 98 frequency value results of
the three classes. When the window matched the rules, window size and window location
were recorded. After finishing the traversal of the first window, window size was increased
and traversed again. When window size was equal to the largest frequency length, the
loop ended. The window size was the reclamation period length of the pixel, and the
window location was the reclamation start time of the pixel. The reclamation period is
therefore tracked.

3.3. Reclamation Tracker Validation

For the reclamation locator validation, this study selected two results of frequency
calculation which have available historical datasets on Google Earth Pro. This study com-
pared the Google Earth Pro historical datasets and the located reclamation area to validate
the assessment of the reclamation locator. In each result, 120 random pixels were selected
to validate the accuracy of the classification result. Because the Google Earth historical data
show true color imagery, the reclamation area was hard to distinguish visually. This study
used the Shanghai Lingang New City reclamation area for this validation.

The previous method was built based on the case of Shanghai Lingang New City
reclamation area. For the validation of the method at a large scale, this study used the
Hangzhou Bay area to test the robustness and the generalization ability of the method.
Google Earth dataset was used in validation. This study defined a new class named
SEDIMENT, and this class cannot be read clearly using Google Earth. Hence, in the
validation, only pixels in the five classes besides the SEDIMENT class were selected for
validation. For the classification result, 100 random pixels of the latest classification result
image were selected to assess the classification accuracy. The same pixel was located on
Google Earth Pro, and the real land cover type and the results were visually checked. The
validation results were indicated by the confusion matrix of five classes. For the reclamation
tracker validation, after the method test run on Hangzhou Bay, this study randomly selected
100 pixels on the reclamation result to validate the method. This study calculated the
time gap between the reclamation result and the Google Earth dataset to validate the
reclamation period because the Google Earth dataset provided on average one image per
year of historical data, and the reclamation period of this study provided monthly or daily
results. The reclamation start year and end year in Google Earth were visually checked,
and the time gap between the start time and end time in the reclamation tracker result was
calculated. Given that Google Earth provides historical true-color images, if reclamation
occurs, the land cover of the area evidently changed from water at the start to non-water
at the end. For the reclamation period, if the reclamation activities were progressing, the
area changed in the Google Earth historical images, and the reclamation period could be
identified. The validation result was expressed as the month gap of start time and end
time. Two scatter diagrams for the reclamation start time and the reclamation end time,
including regression curves, were drawn, and the correlation coefficients were calculated.

4. Results
4.1. Reclamation Map of Shanghai Lingang New City

The reclamation area indicates the area where the reclamation project occurred. By
comparing the classification results of 1988 and 2018, it can be seen that the land area has
a large extent filled in the sea area. Figure 3c appropriately locates all the sea filling reclama-
tion area. Between 1988 and 2018, an inland lake appeared. Although the land cover type of
the inland lake area is still water, the reclamation area also detects the sea enclosing reclama-
tion area by using the “Eight-Neighborhood” morphological method shown in Figure 3d.
Figure 3 indicates that the two types of reclamation area are located appropriately.
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Figure 3. Reclamation tracker result in Shanghai Lingang New City: (a,b) indicate the first and last
date of final classification result; (c) indicates the sea filling reclamation area; and (d) indicates the sea
enclosing reclamation area in Shanghai Lingang New City.

4.2. Reclamation Tracker Result of Shanghai Lingang New City

Figure 4 shows the reclamation activities map on selected months and years. The
first row of Figure 4 indicates that from 1996 to 2001, the reclamation activities become
more and more active each year. Among them, a big change occurred between 1996 and
1997. However, the information is lacking to determine how and when the reclamation
area changed between 1996 and 1997. This study provides the monthly reclamation results
shown in the second row. The second row of Figure 4 shows the monthly reclamation area
change between January and June of 2017. The second row of Figure 4 indicates that there
was no big change from January to March and April to June. However, the big change
of the reclamation area occurred between March and April of 1997. The result shows the
necessity of monthly monitoring of the reclamation area.

Figure 4. Reclamation activities map. First row indicates the reclamation activities in each year from 1996
to 2001. Second row indicates the reclamation activities in each month from January 1997 to June 1997.
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Figure 5 shows the most active reclamation period in this study. The monthly results
indicate that the start from December 2000 and end of May 2001 have the most active
reclamation pixels, which means in several months, the reclamation activities of the study
area had the fastest progress. In addition, the active reclamation area is the biggest overall
reclamation project this month. After 2001, the reclamation activities slow down and there
is a significant drop between August and September 2002. Figures 4 and 5 can provide
information to support the analysis of reclamation activities.

Pixel Number of Most Active Reclamation Period in Shanghai Lingang New City

MlJan WFeb W Mar

Apr B May MlJun
mJul WAug mSep
HOct ®ENov HDec

1999 2000 2001 2002

Figure 5. The histogram of active reclamation pixel numbers for each month from 1999 to 2002.

Figure 6 shows the reclamation period of the study area. Given that the start time of sea
enclosing type reclamation cannot be tracked, the missing inland lake area in Figure 6a,b
successfully tracks all the reclamation area in this study area. Comparison of the two
maps shows that the reclamation area started around 1995 and ended around 2008; the
reclamation activities started from the west of the map and spread to the east. The two
reclamation maps clearly indicate the reclamation trend in the study area. The Shanghai
Lingang New City area reclamation project progressed quickly after 2003. The reclamation
project extended the land into the southeast-most part and formed an inland lake around
2005. Most reclamation activities ended around 2008.

2020

Reclamation beginning time Reclamation ending time

N = N

A 2010

1985

Figure 6. Reclamation period map: (a) indicates the reclamation start time, and (b) indicates the
reclamation end time of the study area.
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4.3. Reclamation Map of Hangzhou Bay

Figures 7 and 8 show the reclamation period of Hangzhou Bay.

N
Reclamation beginning time map }\

gt

e

2020

2015

|- 2010

1980

Figure 7. Reclamation start time map of study area. Section (a) indicates the Shanghai Lingang New
City area, and section (b) indicates an integrated reclamation project in the Hangzhou Bay area.

Reclamation ending time map a & N

Figure 8. Reclamation end time map of study area. Section (a) indicates the Shanghai Lingang New
City area, and section (b) indicates an integrated reclamation project in the Hangzhou Bay area.

Although Shanghai Lingang New City (section a) is located on the top right of the map,
several reclamation areas are on the map. Most of the reclamation areas are located around
Hangzhou Bay. Section b indicates another integrated reclamation project in the Hangzhou
Bay area. The reclamation project in section b started around 2000 and ended around 2010.
The reclamation area is smaller than in section a but is also tracked successfully. The rest of
the area of the reclamation map is the reclamation area located on the coastline. The two
figures indicate that the reclamation activities located on the coastline are active during the
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research period. Even at the end of the selected research period, the reclamation activities
are still in progress over the coastline.

4.4. Accuracy Assessment

Figure 9 indicates the classification results in selected dates. Two results indicate that
the reclamation tracker locate the reclamation area by detecting “SEDIMENT” class in
selected dates. To validate the results, a random sample of 240 pixels in Figure 9¢,d are
selected to evaluate the accuracy.

30/12/2003 30/12/2005 20/04/2006

Figure 9. Selected classification results of three major classes in Shanghai Lingang New City:
(a,b) show the Google Earth Pro historical results in 30/12/2003 and 30/12/2005; (c,d) show the
classification results of 02/08/2003 and 20/04 /2006 corresponding to Google historical data.

Table 2 indicates the reclamation tracker accuracy in Shanghai Lingang New City.
The results show high accuracy of 91.7%. The Water and Non-water classes show higher
accuracy of 98.3% and 97.9%, respectively.

Table 2. Evaluation of 240 pixels in two reclamation tracker results of Shanghai Lingang New City.

Result Correct Incorrect Total
Class
Water 60 1 61
Non-water 140 3 143
SEDIMENT 33 3 36
Total 233 7 240

In order to analyze the accuracy of the classification results in Hangzhou Bay, the
confusion matrix is calculated through three major classes and shown in Table 3.

Table 3. Confusion matrix of 100 randomly selected pixels on the classification results of Hangzhou

Bay shown in five classes.

Google )
cp e Water Ground Urban Vegetation ~ Farmland Total
Classification

Water 44 1 2 3 50

Ground 1 17 2 20

Urban 0 0
Vegetation 5 5 10
Farmland 4 16 20

Total 45 18 0 11 26 100
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Table 3 indicates the confusion matrix of the results. The Water class shows the highest
classification accuracy, with 88% across five classes. Given that in the reclamation tracker
build process, this study divides six classes into three major classes, Water, SEDIMENT, and
Non-water, the classification accuracy among Ground, Urban, Vegetation, and Farmland
does not influence the final classification accuracy. The Non-water class also shows a high
accuracy in the confusion matrix, with 98% (Table 4).

Table 4. Confusion matrix of 100 randomly selected pixels on the classification results of Hangzhou
Bay shown in three major classes.

Google Water Non-Water Total
Tracker
Water 44 6 50
Non-water 1 49 50
Total 45 55 100

As shown in Table 5, in the randomly selected 100 pixels of the reclamation map,
only 1 pixel cannot be determined as a reclamation pixel in Google Earth. A total of
99 reclamation pixels out of 100 are validated in this section. Therefore, the accuracy of the
reclamation locator is 99% in selected pixels. A sea enclosing reclamation pixel is selected in
this part, which means the tracker can only track the end time of this pixel. Thus, 98 pixels
with start time and 99 pixels with end time are validated in this section, as shown in Table 5.
For a time difference less than 60 months, the scatter plot and regression curve are drawn.

Table 5. Random selection of 100 pixels on reclamation map of Hangzhou Bay.

Time Difference (Month) Start Time End Time
Less than 36 months 42 72
36—-60 months 22 11
More than 60 months 33 15
Total 98 99

The validation data for the reclamation period provided by Google Earth have an average
of one image per year, but the results in this study present monthly accuracy, and the time
gap between Google Earth and the result has a maximum of 12 months irreducible error.
Figures 10 and 11 show that the start time and the end time results show a good correlation
with the Google Earth result. If a time difference of more than 60 months is determined as
an unsuccessful tracking result, the two figures indicate that 65.3% of start time and 83.8%
of end time are located and tracked successfully. Comparison of the two figures indicate
that the method based on the SEDIMENT signal and signal frequency change in this study
track the reclamation end time better than the start time.

The accuracy of this study indicates that the method proposed in this study located
and track the reclamation successfully. The results indicate that the method proposed in the
small study area works well in the large scale of the study area. In addition, the monthly
reclamation activity results indicate the value of this study. However, the reclamation
tracker in this study does not consider other factors such as tidal waves, temperature, and
precipitation, which may influence the result of this study. For the follow-up work to this
study, we will analyze other factors that may influence the results to improve the accuracy.
For the classification part, we will try different classification methods in order to improve
accuracy. We will also test the method in other reclamation areas all over the world to
improve the method of the study.
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Figure 10. Scatter plot of reclamation start time for time difference of less than 60 months: 64 pixels
out of 98.
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Figure 11. Scatter plot of reclamation end time for time difference less than 60 months: 83 pixels out of 9.

5. Conclusions

This study proposed a method to track the reclamation activities based on the recla-
mation signal in Shanghai Lingang New City and the Hangzhou Bay area. The reclamation
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area can be efficiently extracted with 99% accuracy, and the reclamation period of the recla-
mation area can be tracked at a monthly scale with 83.8% accuracy. The method can help to
build a historical reclamation activity dataset in large scale and high accuracy that provides
detailed information of reclamation. It is expected to provides reference information for
the urban expansion planning decision makers and marine environment managers. The
following study will improve the accuracy of tracking the start time and the end time of the
sea enclosing reclamation. Owing to blocks, the flow water from the sea and 30 m optical
satellite images used cannot track the pilot process.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs14030464 /s1, Table S1: IDs of used Landsat observations in
this study.
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