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Abstract: The evolution of estuarine islands is potentially controlled by sediment discharge, tidal
currents, sea level rise, and intensive human activities. An understanding of the spatial and temporal
changes of estuarine islands is needed for environmental change monitoring and assessment in
estuarine and coastal areas. Such information can also help us better understand how estuarine
islands respond to sea level rise in the context of global warming. The temporal changes of two
estuarine islands in Shanghai near the Yangtze River Estuary were obtained using Landsat TM
(Thematic Mapper) and ETM+ (Enhanced Thematic Mapper) images from 1987 to 2016 on an annual
scale. First, a composite image was generated by using the multi-temporal Landsat images for each
year. Then, a modified normalized difference water index (MNDWI) was applied to the annual
estuarine island maps using a threshold segmentation method. Finally, we obtained the temporal
changes of the estuarine islands in Shanghai during the period 1987-2016. The results suggest that (1)
Landsat TM/ETM+ images can be used for estuarine island mapping and change detection; (2) the
two estuarine islands have expanded significantly during the past three decades; (3) human activities
are the main driving factor that caused the expansion of the estuarine islands; and (4) the sea level
can also partly explain the change in the estuarine islands. This study demonstrates that Landsat
data are useful for determining the annual variations in the land area of two estuarine islands in
Shanghai during the past 30 years. In the future, other factors and their contributions to estuarine
island changes should be further investigated.
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1. Introduction

The evolution of estuarine islands can be shaped by sediment discharge, sea level rise, and tidal
currents [1,2]. Intensive human activities near coastal areas can greatly change the morphologies
of estuarine islands by the process of land reclamation [3-5]. Such coastal projects are common in
coastal zones, particularly in coastal China, which has experienced rapid economic development since
China’s economic reform and opening-up in 1978 [6-10]. As the Chinese economic center, Shanghai
undoubtedly needs new space for further economic development in the future [11]. Changxing Island
and Hengsha Island are the second and third largest islands in Shanghai, which serves port, coastal
industry, high-end service, and tourism functions. Because of intensive human activities around the
two islands [12], timely and accurate information on the temporal changes of estuarine islands is
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essential for deepening our understanding of how the coastal zone is changing and evaluating the
impact of human activities. This information can also be used as the basis for sustainable development
and environmental protection for Changxing Island and Hengsha Island. Therefore, it is important to
track the coastline dynamic of these islands over long time periods.

To date, various remotely sensed data have been widely used for mapping and detecting changes
in coastal zones because of their relatively low cost compared with traditional approaches [13-17].
In this study, Landsat imagery with a 30-m spatial and 16-d temporal resolution was selected as
the main data source for tracking the temporal change of estuarine islands [18]. Unlike previous
studies [19-22], this study aims to obtain an annual map of the estuarine islands and track their
temporal changes at an annual scale rather than an interval of several years, which can provide more
temporally detailed information on the estuarine islands’ variations. Conventional methods that map
changes in the estuarine islands over several-year intervals cannot detect more short-term changes [23].
Such changes are better characterized, with many observations using the method that was developed
in this study. In addition, many coastline indicators have been proposed in previous studies [24].
For each year, Landsat time series images were firstly stacked together to generate a median image [25]
after the removal of clouds and shadows. Based on the annual median image, the waterline [26] as the
boundary between the estuarine islands and the surrounding water was then defined as the coastline
on an annual scale. Finally, the annual land area of the estuarine islands was extracted from the annual
median image.

The main objective of this study was to continuously track the dynamics of Changxing Island and
Hengsha Island from 1987 to 2016 using a 30-m Landsat 4/5 Thematic Mapper (TM) and Landsat-7
(EMT+) Top of Atmosphere (TOA) reflectance product with the Google Earth Engine (GEE) [27].
Then, annual maps of the two estuarine islands were produced. Based on the generated data,
a comprehensive description of the annual variations of the estuarine islands was presented, and the
impact of human activities was investigated.

2. Study Area and Data

2.1. Study Area

The study area included Changxing Island and Hengsha Island, which are located near the
Yangtze Estuary (Figure 1). Both islands were formed by sedimentation from the Yangtze River (also
known as the Changjiang River), which, at 6380 km long, is the longest river in Asia and the third
longest river in the world. The Yangtze runs west to east from the Anhui Province to the Jiangsu
Province and finally flows into the East China Sea at Shanghai. The annual mean water discharge and
sediment discharge of the river are 905.1 x 10° m3/year and 0.43 x 10° ton/year during 1950-2000 [28].
The Yangtze River Estuary is characterized as a mesotidal estuary in terms of tidal range [29]. Tides are
regular semidiurnal out of the mouth, and non-regular semi-diurnal inside. The mean (and maximum)
tidal range is 2.66 m (4.62 m) at Zhongjun near the mouth, and decreases up-estuary to 2.43 m (3.96 m)
at Gaogiao and 2.21 m (4.48 m) at Wusong in the South Channel. In the background of climate change,
the sea level around Shanghai has risen at a rate of 3 mm/year over the past three decades [30]. Since
the construction of the Three Gorges Dam (TGD) in 2003, the suspended sediment discharge from the
upstream into the estuary has been reduced from 0.43 x 10° ton/year during 1950-2000 to less than
0.15 x 10° ton/year up to now [28].

Shanghai, which features a humid subtropical climate with a mean annual air temperature
of 17.1 °C and a mean annual precipitation of 1166.1 mm, is located in the Yangtze River Delta.
The largest island in Shanghai, Chongming is an alluvial island at the mouth of the Yangtze River in
eastern China, and it was 1267 km? in 2010. Combined with the Changxing and Hengsha Islands,
it forms Chongming County, the northernmost area of the provincial-level municipality of Shanghai.
The islands Changxing and Hengsha are the second and third largest islands in Shanghai. Changxing
Island lies between Chongming and Shanghai in the southern channel of the Yangtze opposite to the
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mouth of the Huangpu, the major river of central Shanghai. Hengsha Island lies in Changxing’s east
and is connected to the mainland and other islands. Changxing Island first emerged from the Yangtze
in 1644, and it began to be reclaimed for agricultural purposes in 1843. Hengsha Island first emerged
from the Yangtze in 1858, and it began to be reclaimed for agricultural purposes in 1886. Now, both
Changxing Island and Hengsha Island are inhabited islands with developed agricultural, freshwater
fishing, and marine fishing industries.
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Figure 1. Geographical location of Changxing Island and Hengsha Island, Shanghai, China.

2.2. Data

To study the temporal changes of the two estuarine islands, time series of Landsat TM (Thematic
Mapper) and ETM+ (Enhanced Thematic Mapper) Top of Atmosphere (TOA) reflectance data from
1987 to 2016 was used based on Google Earth Engine cloud platform. The spatial resolution of
Landsat TM/ETM+ images is 30 m and the temporal resolution is 16 days. The study area was
covered by the satellite track of path 118 and row 38. A total of 323 standard Level 1 Terrain-corrected
(L1T) products were acquired for this scene. Specifically, 123 TM images during 1987-1999 and
200 ETM+ images during 2000-2016 were used. The annual distribution of the Landsat imagery
and the annual percentage of cloud cover of the Landsat imagery were presented in Figure 2a,b,
respectively. The number of Landsat images during 1987-2016 varies from 4 to 17 with no significant
trend (R? = 0.0068, p-value = 0.67). Also, the cloud cover during 1987-2016 varies from 4 to 17 with no
significant trend (R? = 0.0078, p-value = 0.64) in the cloud cover was found from 1987 to 2016.
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Figure 2. Detail information on the Landsat imagery used in this study. (a) The annual distribution of
the Landsat imagery; (b) The annual percentage of cloud cover of the Landsat imagery.
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3. Methods

GEE combines a multi-petabyte catalog of satellite imagery and geospatial datasets with
planetary-scale analysis capabilities. Top of Atmosphere (TOA) calibrated Landsat 5 (TM) and 7
(ETM+) reflectance data that are available from the GEE platform were used for this study. A simple
cloud score function (i.e., ee.Algorithms.Landsat.simpleCloudScore()) was used to avoid the influence
of clouds and shadows on the Landsat data. A reduction function (i.e., imageCollection.reduce())
provided by GEE was applied to generate the annual Landsat time series from 1987 to 2016. For each
pixel, the output is composed of the median value of all the Landsat images within each year at
that location, which can effectively remove the noise caused by outliers and poorly removed edges
of clouds [25]. For estuarine islands mapping, such median-composing method can minimize the
short-term coastal changes associated with sea level variabilities, wave run-up, sedimentary seasonal
variations, and coastal storms [18]. Note that the pixels in the Landsat 7 SLC-off gaps were not included
in the generation of the annual Landsat images owing to their non-value characteristics. It means
that the pixels contaminated by clouds, shadows, and Landsat 7 SLC-off gaps were not used for
the calculation.

All annual Landsat images were generated based on GEE platform. The following operations
performed for these downloaded annual Landsat images based on MATLAB are described below.

A land-water classification was the basic step that was performed during the estuarine island area
extraction. The MNDWTI has been widely used for land-water classification [31-34], and it was used in
this study.

MNDWI = ((Green — MIR))/ ((Green + MIR)) 1)

in which MIR is a middle infrared band (band 5 for Landsat TM/ETM+ data) and Green is the green
band (band 2 for Landsat TM/ETM+ data).

The MNDWI was designed to enhance water features by composing various bands from
multi-spectral remote sensing images. Based on the annual MNDWI image, a threshold segmentation
method was performed to separate the land and water. For this process, it was critical to determine
the threshold for the MNDWI image [35,36]. The frequency distribution of the annual MNDWI image
was then counted. A 5-point moving average filter was applied to reduce the noise of the frequency
distribution. The distribution formed two peaks, which represent the land and water around the
estuarine islands. The threshold corresponding to the valley between the two peaks was determined
and applied as the optimal threshold to separate the land and water (Figure 3). This method has a high
effectiveness for land-water classification because of the significant spectral difference between the land
and water areas. The MATLAB function “imclose” was used to avoid the spatial discontinuity of the
land area around the boundary between the land and water in some regions. This function performs
a closing operation with a structuring element. In this study, a square structuring element whose
kernel size is 9 pixels was used in the experiments (Figure 4c). The MATLAB function “imfill” was
applied to automatically fill the inland water of the estuarine islands in each land-water classification
map (Figure 4d). This function fills holes in the input binary image (i.e., land represents 1 and water
represent 0). The inland waters proposed herein were treated as land, since they are disconnected from
the ocean. Finally, a 30-m resolution dataset of the multi-year estuarine island areas was generated for
further calculations. Note that the TM images from 1987 to 1999 and the ETM+ images from 2000 to
2016 were utilized for this study because of data availability.

Annual maps of the two estuarine islands from 1987 to 2016 were obtained using the
above-mentioned method based on GEE and MATLAB. To quantitatively investigate the temporal
changes, the island area was selected as an indicator to characterize the temporal change of an island,
as it is a fundamental property of an island. Specifically, annual area time series for each estuarine
island and the combined total of the islands were calculated. For each island and the total, a linear
regression model was adopted to estimate the long-term change rates of the land area variations.
To further assess the temporal changes during different sub-periods, we visually divided the total
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study period into several intervals based on the annual area time series. Two types of tipping points
were considered in this study. The first one is the jumps in annual estuarine islands area. The second
one is the jumps in the first-order derivative of annual estuarine islands area, which was used to
represent the trend change in annual estuarine islands area. For each sub-period, the linear regression
method was employed to investigate and analyze the rate of change in land area of each estuarine
island and the total. The R? and p-value for each linear regression were also computed.
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Figure 3. An example of determining an optimal threshold from the frequency distribution of an
annual MNDWI map of the estuarine islands in 1990. Note that the frequency distribution has been
smoothed with a 5-point moving average filter. The threshold corresponds to the valley of the MNDWI
frequency distribution was determined as the optimal threshold.
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Figure 4. An example of generating an annual map of the estuarine islands in 1990. (a) The MNDWI
image from 1990; (b) Land-water classification map after the thresholding segmentation; (c) Land-water
classification map after the closing operation; (d) Land-water classification map after the filling
operation (i.e., the final results); In (b—d), the yellow area represents the estuarine islands. In a,
the light area represents the water body, and the dark area represents the land area.
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4. Results

4.1. Estuarine Island Area Extraction

The estuarine island mapping results were produced from the MNDWI images. Figure 5 shows
the extracted estuarine islands (including Changxing Island and Hengsha Island) for each year in the
period from 1987 to 2016. In this figure, the background is the areas observed as permanent ocean area
during 1987-2016. For each sub image in Figure 6, yellow and blue represent the dynamic ocean area
and estuarine islands area for each year. Figure 6 demonstrates the annual variations in the areas of
Changxing Island (blue line), Hengsha Island (yellow line), and the total (red line) from 1987 to 2016.
The average, maximum, and minimum total areas were 226.6 km?, 283.5 km?2 (in 1990), and 181.2 km?
(in 2015), respectively. The average, maximum, and minimum area of Changxing Island were 150.5 km?,
193.0 km? (in 1990), and 114.6 km? (in 2015), respectively. The average, maximum, and minimum area
of Hengsha Island were 76.1 km?, 90.5 km?2 (in 1990), and 66.6 km? (in 2015), respectively.
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Figure 5. Spatio-temporal distributions of the estuarine islands from 1987 to 2016 with a 30-m spatial
resolution and an annual scale, which show the expansion of Changxing Island and Hengsha Island.
The yellow color represents land, and the blue color represents ocean. Note that land-ocean maps were
limited in the area of land and dynamics ocean area. Background represents the permanent ocean area.
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Figure 6. Annual variations in the areas of Changxing Island (blue line), Hengsha Island (yellow line),
and the total combined island area (red line) from 1987 to 2016.
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The spatial distribution of the frequency observed as land data in the period of 1987-2016 was
used to characterize the spatiotemporal pattern of the estuarine island areas (Figure 7). The center of
the estuarine islands had land frequency values close to 30, which signify permanent land coverage
with a higher elevation. The areas with major variations, which had land frequency values between 0
and 30, were found in the northwest region of Changxing Island and the eastern region of Hengsha
Island. Some variations were also observed around the western region of Changxing Island. The area
that was observed to be land 100% of the time was 173.5 km?, or 57.6% of the entirety of the estuarine
islands. Over the last three decades, a significant expansion (97.7 km?) of the estuarine islands’ land has
occurred, and the majority of the land expansion occurred in the northern region of Changxing Island
and the eastern region of Hengsha Island (Figure 8). The total change in these two regions in 2007 and
2008 is 68.8 km?, accounting for 70.4% of the land expansion during the period of 1987-2016. Both
Figures 5 and 6 suggest obvious regional differences in the temporal changes of the estuarine islands.
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Figure 7. Spatial distribution of the frequency observed as ocean for the estuarine islands in the period
of 1987-2016 with a resolution of 30 m. Background represents the permanent ocean area.
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Figure 8. Change in the area of the estuarine islands between 1987 and 2016. The blue areas indicate
land expansion from 1987 to 2016. Background represents the unchanged ocean area in 1987 and 2016.
4.2. Coastal Island Area Temporal Change

To quantitatively investigate the temporal changes of the estuarine islands, annual variations in
the land areas of Changxing Island and Hengsha Island over the past 30 years are presented (Figure 9).
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Figure 9. Annual variations in the land areas of (a) Changxing Island and (b) Hengsha Island during
1987-2016. The red line represents the linear regression line for each sub-period.

Our results suggest that both islands experienced a remarkable expansion during the study period
despite sea level rise induced by climate change [30]. Changxing Island expanded from 116.4 km?
to 190.8 km? with a net land increase of 74.3 km? and a change rate of 2.5 km?/year (R? = 0.73,
p-value < 0.001). Similarly, the area of Hengsha Island increased from 66.8 km? to 90.2 km? with a
net land increase of 23.4 km? and a change rate of 0.8 km?/year (R? = 0.56, p-value < 0.001). These
statistically significant upward trends indicate that Changxing Island and Hengsha Island expanded
during the last 30 years. In total, the area of the two islands increased from 183.2 km? to 280.9 km? with
a change rate of 3.3 km?/year (R? = 0.71, p-value < 0.001). Moreover, a certain amount of correlation in
the annual variations of the two islands was observed (R? = 0.83, p-value < 0.001), which reflects some
consistency between the variations of the two estuarine islands.

Both Changxing Island and Hengsha Island show different variations at various time periods
between 1986 and 2016 (Figure 9). To further uncover the characteristics of temporal change,
the variations in the land area of the estuarine islands were divided into four sub-periods (1987-1992,
1993-1998, 1999-2008, and 20092016 for Changxing Island and 1987-1992, 1993-1998, 1999-2007, and
2008-2016 for Hengsha Island). The land area change rate and average value for each of the four
sub-periods were calculated for each estuarine island (Figure 10). For Changxing Island, the change
rates of the land area during four sub-periods were 0.7 km?/year, —4.2 km?/year, —0.4 km? /year,
and 0.5 km?/year in temporal order. For Hengsha Island, the change rates of land area during
the four sub-periods were —0.3 km?/year, —2.5 km?/year, —0.1 km? /year, and 0.5 km?/year in
temporal order. In the first sub-period, the two islands displayed different change rates with slight
variations. Both of the two islands exhibited significant land shrinkage during the second sub-period.
In the third sub-period, both islands stayed at a relatively steady level and experienced slight land
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shrinkage. A gradual land expansion was observed for the two estuarine islands in the last sub-period.
Furthermore, we observed a declining trend in the land area of the estuarine islands in 2003 when the
Three Gorges Dam (TGD) was put into operation (Figure 9).
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Figure 10. Change rates (a) and average values (b) of land area in Changxing Island and Hengsha
Island during different sub-periods.

In addition, our results indicate some obvious sharp changes in the land area of the estuarine
islands. Specifically, sharp changes in land area were observed in 1993 and 2008 for Changxing Island
and in 1993 and 2007 for Hengsha Island (Figure 9). Including the significant land shrinkage of both
islands that occurred during the second sub-period, land area change maps for the four sub-periods
were produced (Figure 11). From 1993 to 1994, land expansion occurred in the northwest region
of Changxing Island and the eastern region of Hengsha Island. From 1994 to 1998, considerable
land shrinkage was observed in the eastern region of Hengsha Island, and slight land shrinkage was
observed in the northwest region of Changxing Island. Combing the satellite images, the changes
during 1993-1994 and 1994-1998 were natural and mainly controlled by the hydrodynamic conditions
of the coastal regions. From 2007 to 2008, a significant land expansion was observed in the eastern
region of Hengsha Island. From 2008 to 2009, a significant land expansion was observed in the
northwestern region of Changxing Island.
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Figure 11. Dramatic changes of estuarine islands during four periods: (a) 1993-1994; (b) 1994-1998;
(c) 2007-2008; and (d) 2009-2009. Regions within yellow ellipses well present the obvious change of
estuarine islands. Background represents the unchanged ocean area during four periods.
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Furthermore, Figure 12 displays the high-resolution images that are available on Google Earth,
which clearly document the land reclamation in the coastal regions. The first row records the
implementation of the Hengsha east shoal reclamation projects (phase III). These projects started
in 2007 in order to provide a suitable location for a deepwater harbor site and new space for the
development of Shanghai City [3]. Our results indicate that a land expansion of 16.56 km? occurred
from 2008 to 2009, which is consistent with the area reported for these projects, 17.34 km?, in a previous
study [37]. It is an example of land expansion induced by reclamations around the study areas during
1987-2016. The second row shows the Qingcaosha Reservoir, which is located at the lower reaches
of the separation mouth of the south and north channels of the Changjiang River. To resolve water
shortages in Shanghai, the Shanghai Municipal Government decided to build the Qingcaosha Reservoir
as a water source in 2006 [38]. Subsequently, this project started construction in June 2007 and was
put into operation in June 2011. The changes documented by the satellite images can be related to the
human activities. Those changes tracked by high-resolution images agree with the results derived
from the Landsat data, which could also be used as a validation of our proposed method of using
Landsat data. The expansion of estuarine islands after execution of the Qingcaosha Reservoir is also
consistent with the observed narrowing of the upper North Channel [29]. Specifically, a large part of
the upper North Channel narrowed from 7.1 km to 4.3 km after the construction of levees.

Hengsha Island = Hengsha Island
® (b ®

g

@

Google Earth 2008, Google Earth

Changyxing Island Changxing Island ()

Figure 12. High-resolution images from Google Earth that illustrate the sharp changes in land area
that occurred in 2007 and 2008. The first row (a,b) and the second row (c,d) show the land reclamation
in Hengsha Island and Changxing Island, respectively (regions within red ellipses).

Unlike many traditional methods for tracking estuarine islands at multi-decadal time scales,
this study continuously monitored the temporal change of two estuarine islands with a yearly
frequency, which can provide more temporally detailed information about estuarine islands variations.
The traditional approach is simple to conduct but not always effective. One problem is that, during
their moments of observation, corresponding images have to be at the same water level to minimize
the impact of tidal inconsistencies. Another problem is that the images need to be obtained without
clouds and shadows. Even under ideal conditions, only changes that occur between two images can be
detected,; it is difficult to capture changes that occur during the time between two images, which may
be important. For instance, abrupt changes that occurred in 1993, 2007, and 2008 cannot be detected
using conventional methods that use intervals of several years. Moreover, this method can avoid
the effects of the Landsat 7 SLC (Scan Line Corrector)-off gaps caused by the failure of the Scan Line
Corrector (SLC) in Landsat 7. Such method takes full advantage of all available pixels with good
quality at a pixel level, while only Landsat images with a lower cloud percentage were used at a scene
level in many conventional studies.
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4.3. Influencing Factors Analysis

The results of the influencing factors analysis conducted on human activities, sediment discharge,
and sea level are presented in Figure 13. In this study, the human activity mainly indicates the land
reclamation in coastal zones around Hengsha Island and Changxing Island, which can directly reshape
the coastline position of estuarine islands. Human activities, sediment discharge, and sea level data
was collected from some previous studies [30,37,38]. Note that the annual estuarine islands change
(i.e., first order difference of annual land area of estuarine islands) was used for analysis. Similar
operations were conducted to sediment discharge and sea level data. Our results suggest that human
activity is significantly correlated with the temporal change of coastline (R? = 0.41, p-value < 0.001).
During the past 30 years, land expansion caused by human activities is 85.72 km?, accounting for 87.73%
of total land expansion of 97.71 km?. No significant relationship between annual sediment discharge and
annual estuarine islands change was found (R? = 0.047, p-value = 0.28). Also, no significant relationship
between annual sea level and annual estuarine islands change was observed (R? = 0.011, p-value = 0.59).
The results suggest that no significant relationship between sediment discharge and estuarine islands
change, sea level, and estuarine islands change was found at an annual scale during 1987-2016.
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Figure 13. Influencing factors analysis. (a) Annual human activities; (b) Annual sediment discharge;
(c) Annual sea level.

To further uncover the impact of sediment discharge and sea level on estuarine islands change,
the same analysis was also conducted after removing the data with dramatic changes (i.e., 1993, 2007,
and 2008). No significant relationship between annual sediment discharge and annual estuarine islands
change was found (R? = 0.045, p-value = 0.76) (Figure 14a). By contrast, a significant relationship between
annual sea level and annual estuarine islands change was observed (R? = 0.114, p-value < 0.01), which
indicates a significant negative relationship (Figure 14b). After removing the data with dramatic
changes, a significant increase of R-square between annual sea level and annual estuarine islands was
found. However, no significant relationship between the sediment discharge and estuarine islands
change was observed.
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Figure 14. Influencing factors analysis after removing the data with dramatic changes. (a) Annual
sediment discharge; (b) Annual sea level.
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5. Discussions

5.1. Comparison of Results from Landsat TM/ETM+ Data

To test whether the results are sensitive to the selection of Landsat imagery, the annual land areas
of Changxing Island and Hengsha Island were calculated from the TM data, and corresponding ETM+
data were obtained and compared. The time series during the 20002010 period with available Landsat
TM and ETM+ data was used for comparison (red box in Figure 15). Two time series of the annual land
area of Changxing Island (blue lines in Figure 15) exhibit good agreement (R? = 0.95, p-value < 0.01).
Similarly, two time series of the annual land area of Hengsha Island (yellow lines in Figure 15) exhibit
good agreement (R? = 0.92, p-value < 0.01). As shown in the inset of Figure 15, the annual land area of the
entirety of Changxing Island and Hengsha Island also shows good agreement (R? = 0.99, p-value < 0.01).
In general, good agreement is achieved between the annual variation of the land area of the estuarine
islands derived from the TM and ETM+ data, which suggests that the Landsat imagery is able to
characterize the annual variations of the estuarine islands” area. The comparisons confirm that the
results are not sensitive to the selection of Landsat imagery.
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Figure 15. Different time series of the annual land area of Changxing Island and Hengsha Island
derived from the TM and ETM+ data. The time series in the red box was used for the analysis. The inset
figure shows the relationship between land areas derived from the TM and ETM+ data during the
2000-2010 period, which displays good agreement (R? = 0.99, p-value < 0.001).

In the future, accurate tidal levels during the Landsat observations can be collected to investigate
the association between tidal level bias and island area. Furthermore, Landsat-8 Operational Land
Imager (OLI) data can also be used for estuarine islands mapping, and Landsat TM, ETM+, and OLI
images can be compared together.

5.2. Influencing Factors of Estuarine Islands Change

According to previous analysis in Section 4.3, expansion of estuarine islands during the past
30 years was significantly (R? = 0.41, p-value < 0.001) linked with the human activities (i.e., land
reclamation). Based on previous studies, land reclamation in Changxing Island and Hengsha Island
resulted in a great land expansion of 85.72 km?, accounting for 87.73% of total land expansion of
97.71 km? from 1987 to 2016. Additionally, high-resolution images from Google Earth also confirmed
the sharp changes in land area that occurred in 2007 and 2008, which exhibited an agreement with
previous studies [35]. Thus, we can conclude that human activities contributed to the great expansion
of Changxing Island and Hengsha Island in the past 30 years. In the future, human activities can
continuously result in the expansion of two estuarine islands according to the Shanghai’s new strategic
development plans [3].
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Apart from human activities, natural factors such as sediment discharge and sea level were
also potential factors of estuarine islands change. After removing the data with dramatic changes
(i.e., 1993, 2007, and 2008), we explored the association between sediment discharge, sea level, and
estuarine islands change. No significant relationship was found between estuarine islands change
and sediment discharge (R? = 0.045, p-value = 0.76). This means that the sediment discharge is not a
dominant factor in the expansion of estuarine islands. Observations have confirmed a declining trend
in sediment discharge during the past decades [30]. Li’s study suggest that deposition occurred in the
Yangtze River Estuary in the inshore area from a depth of 6.4 m after the construction of the TGD [39].
Significant erosion in the area below that water depth was observed until 2013. They concluded that
the impoundment of TGD mainly controlled the evolution of topography around the Yangtze River
Estuary. The observed nearshore deposition is mainly caused by coastal land reclamations. In reality,
the Yangtze River Submerged Delta will undergo continuous erosion under sediment starvation
induced by TGD and the construction of some other hydropower projects in the next decades.

Additionally, a significant negative relationship was observed between estuarine islands and sea
level (R? = 0.114, p-value < 0.01). The results show that the sea level variability can partly explain
the estuarine islands change on an annual scale. Hence, we can conclude the human activities is the
most important driving factor to temporal change of estuarine islands on an annual scale, which is
consistent with the observations of Chen’s study [40]. They found that the reclamation area increased
with the decrease of barren mudflat and salt marsh around Shanghai. Besides, sea level can partly
explain the change of estuarine islands. Furthermore, the significant negative relationship between
sediment discharge and estuarine islands change suggests that the estuarine islands may face greater
risk of erosion from future sea level rise.

The Yangtze River Submerged Delta will undergo continuous erosion under sediment reduction
and sea level rise. In the future, the tidal flat in Shanghai will increase slowly and even decrease
without protection. The coastline without levees will also advance to the ocean slowly and even retreat
to the land. Consequently, it will retard the expansion of estuarine islands and even bring about the
shrinkage of estuarine islands. Although human activities can significantly result in the expansion of
estuarine islands, sediment discharge reduction and sea level rise are two potential factors associated
with the erosion of estuarine islands. Hence, siltation promotion is needed to protect the wetland and
land resource in coastal zones in the future.

In this study, we focused on the impact of sediment discharge and human activities on the Yangtze
River Delta. However, some other estuarine processes, such as longshore currents, tidal currents,
and wave currents, can also have potential influences on the estuarine islands change [41]. Liu et al.
found that much sediment from the Yangtze River was transported southward by the longshore
current along the inner shelf [42]. The tidal current on the flat is mainly back and forth along the river
and gyratory on the seaward side of the estuarine islands. The flow velocity on the intertidal flat
gradually decreased when the elevation increased. The river discharge can enhance ebb flows and
change current asymmetry, especially on the lower flat in neap tide, although hydrodynamics over the
study area is tide-dominated [43]. The ebb tide, together with the longshore current, can carry about
half of the sediment from the Yangtze River [44]. The wave current is another essential factor for the
sedimentation in intertidal flat [43]. In subtidal area of the Yangtze River Estuary, wave climate was
found dominated by waves generated by local winds. Such wind-induced wave current can result in
short-term erosion-accretion processes because of the monsoon climate. In the future, these influencing
factors can be quantified and the association between the longshore currents, tidal currents, wave
currents, the estuarine islands change can be explored.

Note that although two driving factors of estuarine islands change have been identified, a sharp
land expansion in 1994 remains unclear. From Figure 5, we can observe that some tidal channels
changed from water to land in 1994 and some of them gradually became inundated by ocean in the
next few years.
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5.3. Further Considerations

A Landsat time series was used to map the estuarine islands and continuously track the
temporal change of land area at an annual scale. A dataset of the yearly estuarine island maps
that were produced in this study can be used to examine the impact of human activities on the
evolution of estuarine islands. Owing to the limitation of spatial-temporal resolution of Landsat
imagery, some spatial-temporal variabilities were undetectable. For the coastline of estuarine islands
with a tiny change, a sub-pixel mapping technique may be needed to solve the spectral mixture
problem of boundary pixels between the land and the ocean in estuarine islands mapping [45,46].
The monthly variations of the estuarine island areas can be captured by fusing multi-temporal MODIS
(moderate-resolution imaging spectroradiometer) and Landsat data [47]. This dataset can support a
better understanding of the seasonal variability of estuarine islands. Moreover, these data can be used
to explore the response of estuarine islands to the occurrence of natural disasters (such as typhoons
and tsunamis) around their coastal zones. Apart from the area, some other metrics, such as shape and
centroid, can be used to better characterize the morphological change of estuarine islands [48].

According to Shanghai’s new strategic development plans [3], in the future, land reclamation
will continue to be implemented in the Hengsha East Shoal region (planned to be completed by 2019).
There is still a vast expanse of beach that can be used for reclamation at the east side (approximately
370 km?) of Hengsha Island. This means that reclamation will keep occurring on Hengsha Island for a
certain period in the future. Hence, continuous observations of the estuarine islands are important
to track their temporal changes and assess the influence of continued human activities on the coastal
environment. Changxing Island and Hengsha Island are two typical estuarine islands modified by
intensive human activities. In many other coastal regions with high population densities, such satellite
data and the methodology of this study can also be used to monitor the temporal changes in the
estuarine islands or the coastline.

6. Conclusions

In this paper, the annual-scale temporal changes of two estuarine islands, which are located in
Shanghai near the Yangtze River Estuary, were obtained from Landsat (TM and ETM+) data for the
period of 1987-2016 based on Google Earth Engine and MATLAB. The water index and threshold
segmentation methods were the main techniques used to map the estuarine islands. The temporal
changes of the land area of Changxing Island and Hengsha Island were presented in a manner that
comprehensively describes the variations of the two islands. The main conclusions are as follows:

1.  The time series of Landsat (TM and ETM+) imagery can be used for mapping estuarine islands
and tracking their temporal changes on an annual scale. The mapping results derived from the
TM data and ETM+ data are in good agreement, which supports the stability of the method.
These data and the described method can also be used to continuously track the temporal change
of other ground features (e.g., the river, lake, and coastline features).

2. The two estuarine islands in Shanghai experienced a net increase of their land area from 183.2 km?
to 280.9 km? with a change rate of 3.3 km? per year during the period of 1987-2016, and they
also exhibited a certain consistency in their temporal variations. During the sub-period from
1993 to 1998, both Changxing Island and Hengsha Island exhibited a significant land shrinkage
according the Landsat observations.

3. Sharp increases in land area were observed in 2007 and 2008 for Hengsha Island and Changxing
Island, respectively. According to the high-resolution images from Google Earth, human activity
(i.e., the Hengsha east shoal reclamation projects and the Qingcaosha Reservoir project) plays an
essential role in the rapid expansion of the estuarine islands. Compared with Landsat images,
high-resolution images can provide more details from a spatial perspective.

4. From 1987 to 2016, human activity was the most important driving factor in the temporal change
of estuarine islands on an annual scale (R? = 0.41, p-value < 0.001). Human activities in Changxing
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Island and Hengsha Island resulted in a great land expansion of 85.72 km?, accounting for 87.73%
of the total land expansion of 97.71 km?. Sea level can also partly explain the change of estuarine
islands (R? = 0.114, p-value < 0.01). Meanwhile, sediment discharge is not a significant driving
factor in the estuarine islands’ change (R? = 0.045, p-value = 0.76).
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