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Abstract: Urban lakes play an important role in urban development and environmental protection
for the Wuhan urban agglomeration. Under the impacts of urbanization and climate change,
understanding urban lake-water extent dynamics is significant. However, few studies on the
lake-water extent changes for the Wuhan urban agglomeration exist. This research employed
1375 seasonally continuous Landsat TM/ETM+/OLI data scenes to evaluate the lake-water extent
changes from 1987 to 2015. The random forest model was used to extract water bodies based on eleven
feature variables, including six remote-sensing spectral bands and five spectral indices. An accuracy
assessment yielded a mean classification accuracy of 93.11%, with a standard deviation of 2.26%.
The calculated results revealed the following: (1) The average maximum lake-water area of the
Wuhan urban agglomeration was 2262.17 km? from 1987 to 2002, and it decreased to 2020.78 km?
from 2005 to 2015, with a loss of 241.39 km? (10.67%). (2) The lake-water areas of loss of Wuhan,
Huanggang, Xianning, and Xiaogan cities, were 114.83 km?, 44.40 km?, 45.39 km?, and 31.18 km?,
respectively, with percentages of loss of 14.30%, 11.83%, 13.16%, and 23.05%, respectively. (3) The
lake-water areas in the Wuhan urban agglomeration were 226.29 km?, 322.71 km?, 460.35 km?,
400.79 km?, 535.51 km?2, and 635.42 km? under water inundation frequencies of 5%-10%, 10%—20%,
20%—40%, 40%—60%, 60%-80%, and 80%—100%, respectively. The Wuhan urban agglomeration was
approved as the pilot area for national comprehensive reform, for promoting resource-saving and
environmentally friendly developments. This study could be used as guidance for lake protection
and water resource management.

Keywords: urban lake water; water inundation frequency; Landsat; random forest; Wuhan urban
agglomeration; climate change

1. Introduction

Urban lakes provide numerous ecosystem services that are closely related to human well-being
in both the present and future. These ecosystem services include agricultural production, fishery
resources, flood mitigation, water storage, and entertainment locations [1,2]. All of these ecosystem
services are affected by fluctuations in the lake-water extent over time and space [3]. Because the
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urban lake-water extent has been dramatically impacted due to urbanization, understanding the
spatiotemporal patterns of lake-water extent dynamics is necessary for sustainable urban development.

The Wuhan urban agglomeration—consisting of Wuhan, Huangshi, Ezhou, Xiaogan, Huanggang,
Xianning, Xiantao, Qianjiang, and Tianmen—is one of five national urban agglomerations and has
extensive lake-water extent, due to its wet climate. For example, Wuhan is nicknamed “Water City”
(Jiang Cheng). Over the past three decades, the Wuhan urban agglomeration has experienced a rapid
expansion and has faced increasing challenges in protecting the lake water, both qualitatively and
quantitatively, especially for Wuhan city [4-9]. However, few studies have focused on the whole urban
agglomeration. Moreover, these studies adopted imaging data for several specific years. Obviously,
mapping lake-water extent dynamics is unreasonable without considering the ephemerality in the
lake-water extent. A clear understanding of the spatio-temporal change of the lake-water extent in the
Wuhan urban agglomeration is thus important.

Remote-sensing data have been widely used for mapping the lake-water extent over time and
space [10-17], with Landsat image data being one of the most common data types for monitoring and
analyzing long-term lake-water extent changes, due to their high spatial resolution (30-60 m) and long
data record [11-16].

Two major methods exist for extracting the water extent, based on remote-sensing data.
One approach is the use of water indices, such as the Modified Normalized Difference Water Index
(MNDWI) [18], the Normalized Difference Water Index (NDWI) [19], and the Automated Water
Extraction Index (AWEI) [20]. However, an ideal single threshold for water indices, in order to
distinguish between water bodies and non-water bodies, is difficult to determine because the spectral
signature of water varies in space and time [13]. Automatic threshold methods have been adopted
for determining the optimal value, like Otsu [21,22]. Some comparative analyses between these water
indices have been conducted [23,24], but the best water indices cannot be determined. The other
method is classification based on a combination of spectral bands and other variables (e.g., water
indices, shape features) [25]. These classification methods include Support Vector Machines (SVM),
Maximum Likelihood (ML) and Decision Tree (DT), et al. [26,27]. It is important to note that a best
classification method doesn’t exist for all cases. For long-term seasonally continuous water mapping in
a large area, DTs are more popular, primarily for their ease of application [26]. However, the DT method
performs less well than algorithms such as SVM and neural networks. But, the performance of Random
Forest (RF), an improved implementation of DT, is superior to a traditional DT [26,27]. Therefore,
some studies employed the RF to classify the continuous remote images [13,25,28]. For example,
Tulbure et al. adopted RF to produce continuous surface water time series at a subcontinental scale in
an Australian semi-arid region, the Murray-Darling Basin [13].

With an increasing amount of available remote sensing data, the mapping of seasonally continuous
lake water is possible. This study employed a method that utilizes 1375 seasonally continuous
Landsat Thematic Mapper (TM)/Enhanced Thematic Mapper Plus (ETM+)/ Operational Land Imager
(OLI) data scenes from 1987 to 2015, to map the long-term lake-water extent in the Wuhan urban
agglomeration. This study is the first to evaluate the lake-water extent dynamics in space and time
in the Wuhan urban agglomeration, based on seasonally continuous Landsat images. The specific
objectives are: (1) to obtain the long-term seasonally continuous lake water extent; (2) to map the water
inundation frequency to explore the spatial distribution of the lake-water extent; (3) to analyze the
temporal variation of the lake-water extent; and (4) to explore the impacts of urbanization and climate
change on the lake-water extent. This study could be used as guidance for lake protection and water
resource management for the Wuhan urban agglomeration.
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2. Materials

2.1. Study Area

The Wuhan urban agglomeration, located in the eastern part of the Hubei province, China, covers
an area of 580,151.9 km? (Figure 1). It consists of Wuhan, Huangshi, Ezhou, Xiaogan, Huanggang,
Xianning, Xiantao, Qianjiang, and Tianmen and was approved by the Chinese Government in 2008.
As one of five national urban agglomerations, the Wuhan urban agglomeration plays a critical role in
central China. On the one hand, the Wuhan urban agglomeration has witnessed rapid urban expansion.
For example, the built-up area in Wuhan city increased by 10.9% from 1990-2000 and increased by
154.5% from 2000-2013 [7]. On the other hand, rapid urban expansion has encroached upon lake
water bodies. Lake wetlands and marsh wetlands decreased by 18.71% and 50.3%, respectively,
from 1987-2005.
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Figure 1. The location of the study area.

2.2. Study Data

2.2.1. Landsat Time Series

We used 1987-2015 data from the Landsat 4-5 TM, Landsat 7 Enhanced ETM+, and Landsat-8
OLIL We downloaded level 1 terrain-corrected (L1T) images with a cloud cover assessment threshold
of <40% for the study period, from USGS/EROS (http://landsat.usgs.gov/).

The Wuhan urban agglomeration is located within eight scenes (Path/Row: 121/39, 122/38,
122/39, 122/40, 123/38, 123/39, 123/40, and 124/39), and Table 1 lists the number of the Landsat
TM, ETM+, and OLI scenes processed per path/row. A total of 1375 scenes were used, including
1019 scenes from the TM from 1987-2011, 180 scenes from the ETM+ from 1999-2003, and 176 scenes
from the OLI from 2013-2015. After mid-late 2003, we did not use the scenes from the ETM+ with
the Scan-Line-Corrector-Off (SLC-Off) problem, because this problem creates data gaps in the ETM+
imagery, thereby leading to missing data. Since 2013, the Landsat 8 OLI datasets were utilized because
Landsat 5 was terminated in 2011. The temporal distribution of the adopted Landsat images for the
study area is shown in Figure 2. Although these images are unevenly distributed in time, they can
generally be used for the long-term mapping of surface water. Overall, the available time series were
relatively adequate for our study.
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Table 1. Number of Landsat TM, ETM, and OLI scenes processed per path/row.

Path/Row
121/39 122/38 122/39 122/40 123/38 123/39 123/40 124/39 Total
TM (1987-2011) 122 130 141 124 139 129 115 119 1019

Sensor

ETM (1999-2003) 26 23 23 19 24 22 22 21 180
OLI (2013-2015) 25 22 20 25 26 23 21 14 176
Total 173 175 184 168 189 175 158 154 1375
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Figure 2. Temporal distribution (day of year) of Landsat images used in this study.

2.2.2. Landuse, Precipitation and DEM data

The landuse data acquired in 1995 and 2009 for the Wuhan urban agglomeration was collected, to
analyze the impacts of urbanization on the lake area. The data were collected from the LUCC database
of China. Moreover, to explore the correlation between the lake-water extent and precipitation, daily
precipitation levels from eight stations around the Wuhan urban agglomeration from 1987-2015 were
collected from the China Meteorological Data Sharing System. Then, the average precipitations of the
eight stations were calculated. Moreover, the Advanced Spaceborne Thermal Emission and Reflection
Radiometer Global Digital Elevation Model (ASTE GDEM) data with a 30-m spatial resolution were
collected from the Geospatial Data Cloud (http://www.gscloud.cn), to aid in lake-water extraction.

3. Methods

3.1. Flowchart

The flowchart of extracting the lake-water extent in this study is displayed in Figure 3. It mainly
consisted of five parts: the collection of feature variables, collection of training samples, image
classification based on the random forest model, rule filter, and accuracy assessment. The details are
described in the following sections.

3.2. Collection of Feature Variables

First, to diminish the negative influence from the images acquired over different locations
and times, as well as the solar irradiance, etc. [13,25], we converted digital numbers (DN) to Top
of Atmosphere (TOA) reflectance, according to previous research [29]. Bands 1-5 and 7 from the
TM/ETM+, and bands 2-7 from the OLI, were processed. Second, MNDWI [18], NDWI [19], EVI [30],
NDVI [31], and NDMI [32] were calculated, based the TOA reflectance. These spectral indices are
common for water extraction [11,33]. Finally, a total of six bands and five spectral indexes were used
in the model.
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Figure 3. Flowchart of the study.

3.3. Collection of Training Samples

We collected training samples through the visual interpretation of the Landsat TM, ETM+, and
OLI images. In addition, the five calculated spectral indices were also used to improve the confidence.
The selected training samples were acquired from different regions, years, seasons, and land-cover
types, to reduce possible biases [13,28]. We reclassified these training samples into water pixels (1;
i.e., reservoirs, rivers, lakes) and non-water pixels (0; i.e., building land, vegetation, cropland, bare
land, cloud). The research used 567,320 pixels (46,041 water pixels and 521,279 non-water pixels)
from the TM, 235,663 pixels (63,272 water pixels and 172,391 non-water pixels) from the ETM+, and
243,421 pixels (54,300 water pixels and 189,121 non-water pixels) from the OLI (Table 2). Large amounts
of training samples can more comprehensively represent the spectral signature of both water and
non-water pixels, contributing to a higher model performance.

Table 2. Collected sample size of different sensor types.

Samples ™ ETM OLI
water bodies 46,041 63,272 54,300
non-water bodies 521,279 172,391 189,121
Total 567,320 235,663 243,421

3.4. Image Classification Based on Random Forest Model

In this study, RF was chosen and implemented for two reasons. RF does not overfit when the
number of trees increases and does not need any additional feature selection or model performance
test method, since a random selection of features and test methods is built into it [34-36]. Given these
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advantages, RF has been extensively used to characterize remotely sensed datasets across space and
time [3,13,28]. We also employed RF as our classifier. The built-in “Out-of-Bag” (OOB) accuracy,
which is unbiased and can be used to substitute the cross-validation or independent test datasets [34],
was used to assess the performance of water/non-water pixel classification. In the random forest
model, the number of classification trees (T') and the number of features () at each node for spilling,
is critical to the results [36]. This study employed an RF classifier with 5, 10, 15, 20, 25, 30, 35, 40, 45,
and 50 classification trees and chose the optimal item based on the OOB accuracy, using water and
non-water samples as the input data. Our sensitivity tests indicate that 20 classification trees are best
because, beyond that, the classification gains little performance improvement. For the number of
features, previous studies suggested m to be the root of the total number of features [35,37]. Hence, we
set the number of features at four. RF was supported by the scikit-learn package 0.17.

3.5. Extracting Lakes Based on Shape Features and Water Inundation Frequency

Our random forest model is not able to distinguish lakes and rivers, and it classified some artificial
ponds and paddy fields as water bodies. Given that these features have particular shape features,
such as length and roundness (a shape measure that compares the area of the polygon to the square of
the maximum diameter of the polygon), the study further adopted rule-based feature extraction for
extracted lakes. First, the study composed a maximum water area by stacking all of the classification
results. Then, the study built two shape feature rules (length >10,000 m and roundness <0.15) to
identify rivers, as well as some artificial ponds and paddy fields. In addition, the study distinguished
shadow and water bodies by setting the slope threshold (slope < 15°). These thresholds were selected
as the most suitable ones after a trial-and-error process. Next, to diminish the effect of “salt and pepper
noise” in the classification process, the study calculated the water inundation frequency (WIF, the
number of times a pixel was flagged as a water body divided by the number of cloud-free observations
per pixel, expressed as 0% to 100%). Those areas with a lower WIF (~5%) were regarded as noise and
non-water bodies, although this process may also remove all traces of the low-frequency surface water
that characterizes flooding and ephemeral water bodies. On the other hand, a spatial filtering with a
3 x 3 window was also employed, to reduce the effect of “salt and pepper” based on a “majority vote”
rule. After that, remaining non-lake pixels are very little, and they are almost paddy fields, which can
easily be distinguished from lakes. Therefore, we manually removed these pixels and obtained the
composited maximum lake areas. The composited maximum lake extent was used as a mask to extract
the lakes in each image.

3.6. Accuracy Assessment of Extracted Lakes

Considering that most lakes are located in the tile (path/row 123/39), we selected eight images
for this tile and outlined the lake-water extent as being the true lake extent using visual interpretation.
The eight selected images consisted of four TM images from 5 December 1995, 13 February 2004,
22 July 2004, and 9 September 2009; two ETM images from 11 January 2000 and 22 July 2000; and two
OLI images from 17 September 2013 and 26 November 2015, accounting for four or five year intervals,
season changes, and sensor influences (Table 3). Moreover, these eight images have a good quality
due to small influence of clouds. Then, we calculated the percentage of overlapped lake-water extent
between the extracted lake-water extent and the true lake-water extent.

4. Results

4.1. Determining Optimal Classification Trees

Figure 4 shows our sensitivity test results regarding the optimal classification trees, based on the
OOB error. Overall, the OOB errors are very low, ranging from 0.005 to 0.04. When the number of
classification trees is less than 20, the TM RF obtains a lower OOB error, followed by the OLI and ETM+
RF. Their OOB errors decrease quickly as the number of classification trees increases and reach a stable
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point (T = 20). From then on, increasing the number of classification trees has no significant impact on
the OOB error. Therefore, the study set the optimal classification trees at 20 for the TM, ETM+, and
OLI RF, when the number of features (m) was four.
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Number of features (m)= 4

e | ] ru "

—
M . v
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Number of classification trees (7)

Figure 4. Impacts of different numbers of trees in the Random Forest based on OOB error assessment.

4.2. Accuracy of the Extracted Lakes

The accuracies of the eight images were 93.17%, 95.14%, 96.04%, 91.71%, 95.53%, 89.68%, 90.17%,
and 93.41% (Table 3). The mean value and standard deviation of accuracy were 93.11% and 2.26%,
respectively. The results showed that lake-water extraction based on the random forest model
is feasible.

Table 3. Accuracy of extracted lakes based on the random forest model.

Sensor Type Date Extracted Lake Area (km?)  True Lake Area (km?)  Accuracy (%)
™ 1995/12/5 1003.64 1077.24 93.17
ETM 2000/1/11 618.19 649.76 95.14
ETM 2000/7/22 658.91 686.08 96.04
™ 2004/2/13 828.95 903.92 91.71
™ 2004/7/22 789.64 826.57 95.53
™ 2009/9/9 760.88 848.40 89.68
OLI 2013/9/17 810.32 898.67 90.17
OLI 2015/11/26 899.70 963.17 93.41

4.3. Water Inundation Frequency from 1987 to 2015

According to continuous Landsat time series, we calculated the WIF and divided it into six
grades: 5%—-10%, 10%—-20%, 20%-40%, 40%—60%, 60%—-80%, and 80%-100% (Figure 5). The highest
WIF occurred over core areas of permanent lakes with a WIF over 80%. In contrast, the edge areas
of lakes experienced a decreasing WIF. Table 4 shows the statistics of five WIF grades across the
entire study area. The area of water bodies is 226.29 km?, 322.71 km?, 460.35 km?2, 400.79 km?,
535.51 km?, and 635.42 km? under WIFs of 5%~10%, 10%—20%, 20%—40%, 40%—60%, 60%—-80%, and
80%—-100%, respectively.
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Figure 5. Water inundation frequency from 1987~2015. (a)—(g) represents Shahu, Nanhu, Yanxihu,
Donghu, Tangxunhu, Liangzihu, and Futouhu, respectively. (h) shows the lake-water area at a water
inundation frequency of 5%—-10%, 10%—20%, 20%—40%, 40%—60%, 60%-80%, and 80%-100% from left
to right, respectively.

4.4. Lake Water Extent Changes from 1987~2015 in Different Cities

We further explored the annual maximum lake-water extent across the entire study area from
1987-2015 (Figure 6). Considering that the earlier images are much smaller in number and cannot
cover the entire study area, we composited two multi-year maximum lake areas from 1987-1990 and
from 1991-1994. The lake in the study area experienced an apparent decrease from 1987-2015. From
1987-2002, the lake area shows a fluctuating tendency. However, it experienced a continuous decrease
from 2003-2007, followed by a fluctuating tendency from 2008-2015, but the lake area did not return
to the previous condition. The calculated results revealed that the average maximum lake area was
2276.03 km? from 1995-1999, and it decreased to 1966.94 km? from 2011-2015, with a total loss of
309.09 km? and a percentage loss of 13.58%.
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Among the eight cities, Wuhan experienced the most serious lake-water area loss from 1987-2015.
From 1995-1999, the average lake-water area was 803.01 km?, and the area decreased to 688.18 km?
from 2011-2015, with a total loss of 114.83 km? or 14.30%. Huanggang, Xianning, and Xiaogan also
experienced relatively serious losses, totaling an area of loss of 44.40 km?, 45.39 km?, and 31.18 km?,
and a percentage loss of 11.83%, 13.16%, and 23.05%, respectively.
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Figure 6. Lake water extent changes from 1987~2015.

4.5. Decreasing Lake Water Extent Due to Urbanization in Urban Areas

From 1995 to 2009, about 193.85 km? of lake bodies have been changed into agricultural land
(paddy fields), and about 16.60 km? of lake bodies have been changed into building land in the Wuhan
urban agglomeration, which indicates that a rapid urbanization over the past several years is an
important reason for the loss of lake areas, especially for Wuhan [7,8]. Therefore, we selected five
typical urban lakes (Tangxunhu, Donghu, Yanxihu, Nanhu, and Shahu) in Wuhan to explore the
phenomena (Figures 7 and 8, Table 4). These five urban lakes are majorly encroached by building land.

Table 4. Lake-water extent changes of typical urban lakes.

Lake Area (km?) Loss Rate (kmzlyear)
Lake Name
1995 2000 2008 2015 1995-2000 2000-2008 2008-2015

TangXunHu 44.52 46.40 43.70 41.98 —0.38 0.34 0.25
DongHu 33.62 33.82 32.24 30.53 —0.04 0.20 0.24
YanXiHu 12.59 12.53 12.25 12.01 0.01 0.04 0.03
NanHu 10.68 10.18 8.03 7.34 0.10 0.27 0.10
ShaHu 4.72 4.05 3.06 2.48 0.13 0.12 0.08

Note: Loss rate = (Area;—Area;)/(j—i). Area; represents lake area in the previous year i, Areq; represents lake area in
the later year j. Therefore, the positive value indicates the decrease while the negative value indicates the increase.
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Figure 7. Lake water extent changes from 1987~2015.
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Figure 8. Lake water area changes from 1987~2015. First column represents the water inundation
frequency (WIF) from 1987 to 2015 for these five lakes. The other four columns represent the composited
maximum lake-water extents of these five lakes at different years: 1995, 2000, 2008, and 2015.



Remote Sens. 2017, 9, 270 11 of 16

The study observed that Shahu and Nanhu have been declining from 1987-2015. The total areas
of loss of Shahu and Nanhu were 2.23 km? and 3.35 km?, respectively, from 1995-2015, representing
47.35% and 31.31% of the lake-water areas in 1995. Yanxihu showed a relatively stable tendency before
2003 and then experienced a rapid declining tendency from 2013. The total area of loss of Yanxihu was
0.58 km? from 1995-2015, accounting for 4.61% of the lake-water area in 1995. Donghu and Tangxunhu
displayed a fluctuating tendency before 2003. From 2003-2010, the two cities experienced a slight
declining tendency, followed by a rapid declining tendency after 2010. The total loss areas in Donghu
and Tangxunhu were 3.10 km? and 2.54 km?, respectively, from 1995-2015, accounting for 9.21% and
5.71% of the lake-water areas in 1995.

4.6. Lake Water Extent Changes Due to Climate Changes in Non-Urban Areas

Precipitation variation plays a critical role in lake areas. This study chose Liangzihu and Futouhu
as non-urban lakes where urbanization has had little impact, to calculate the Pearson’s correlation
coefficient between lake areas and the annual maximum precipitation from 1987-2015. In addition,
the correlation of the entire study area was also calculated.

These two non-urban lakes showed a significant correlation (p-values < 0.05). For Futouhu and
Liangzihu, their r-values in area were 0.6771 and 0.6558, respectively. Overall, the lake-water areas of
the entire study area showed a significant correlation with precipitation. It is evident from Figure 9 that
much rainfall in the study area in 1996, 1998, 2002, and 2010 resulted in floods, which increased the
lake-water area (Figure 10), while little rainfall in the study area in 1997, 2001, 2006, and 2011 decreased
the lake-water area (Figure 11), because of droughts. From 1999-2001 and from 2002-2006, rainfall
in the study area continuously decreased, resulting in a continuous decrease in the lake-water area,
whereas, from 2007-2010, rainfall in the study area increased, resulting in an increase in the lake-water
area. Moreover, for Futouhu, we found that relatively regular enclosure nets are distributed in Lake
Futohu from Figure 5, indicating the influence of human activities. Therefore, the stable and increased
extent of Lake Futouhu from 2004 to 2006, while the precipitation was decreasing, is possible.
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Figure 9. Correlation between annual maximum lake areas and annual precipitation from 1987 to 2015.
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Figure 10. Increased water area due to floods in four periods: 1996, 1998, 2002, and 2010. The lake
water area refers to the composited maximum area in the same year.

1997.09.21 2001.03.08 2006.11.01 2011.06.08
[ Water area in normal year (1995) ] Decreaded water area due to droughts

Figure 11. Decreased water area due to droughts in four periods: 1997, 2001, 2006, and 2011. The lake
water areas refer to the composited maximum area in the same year.

5. Discussions

5.1. Long-Term Lake Water Extent Dynamics from Landsat Time Series Data

This study applied all available Landsat time series data from 1987-2015 to generate a
comprehensive historical record of lake-water extent dynamics (1987-2015) at a high spatial resolution
(30 m), for the entire Wuhan urban agglomeration. The study justified using the random forest
model based on the multi-feature variables to extract water bodies from massive remote-sensing data.
Tulbure [13] also applied the same method to produce continuous surface water-time series at the
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subcontinental scale in an Australian semi-arid region, the Murray-Darling Basin, with an overall
classification accuracy of 99.9%. Given that the water-body types and land-use types in the Wuhan
urban agglomeration are more complicated than they are in the Murray-Darling Basin, the mean value
(93.11%) and standard deviation (2.26%) for this study are reasonable. In addition, this study did
not select the same feature variables as those in Tulbure’s study. For example, in Tulbure’s study,
AWEI [20] was used for the TM and ETM+ images. However, in this study, the use of AWEI is not
feasible for the OLI images because the SWIR band is different from the TM band.

5.2. Decreasing Lake Water Extent Dynamics Under Urbanization Process and Climate Changes

From 1987-2015, the lake-water extent in the Wuhan urban agglomeration suffered from a
substantial decrease, for two reasons. One import factor is urbanization. Due to rapid urban
development in the Wuhan urban agglomeration over the past several years, the lake was converted
into built-up areas, causing a substantial decrease in the lake-water extent (Figure 8). Chen et al. [7]
revealed that the population is the main driving factor causing the morphological change of an urban
lake in Donghu, Wuhan. Increasing numbers of people flowed into the urban area. Thus, increasing
numbers of urban lands were needed, causing land-use changes. However, the transformation did
not occur simultaneously. For example, Shahu is close to the city center, so it suffered a decrease
in the lake-water extent at the earliest point in time. As the urban area expanded outward, lakes
such as Tangxunhu, that were once far from the city’s center, began to experience damage due to
the conversion into built-up areas. In 2008, the Wuhan urban agglomeration was approved as the
national comprehensive reform pilot area for promoting resource-saving and environmentally friendly
developments. Increasing attention has been placed on environmental and ecological issues, and
lake protection has been contained in development planning. Therefore, the lake’s loss rate from
2008-2015 was lower than that from 1987-2015, for Tangxunhu, Yanxihu, Nanhu, and Shahu (Table 4).
Another more important factor is climate change, especially the variation in precipitation. The total
lake-water extent is strongly correlated with annual precipitation (Figure 9). For example, in 2011,
the lake area of the Wuhan urban agglomeration reached the minimum value. At the same time,
annual precipitation also reached the relative minimum value (Figure 9). In addition, this study found
that annual precipitation showed a decreasing trend, which may explain the decrease in lake area from
the perspective of climate change (Figure 9).

5.3. Uncertainties and Prospects

Some uncertainties exist in this study’s mapping of long-term lake-water extent. One uncertainty
is due to cloud cover. Cloud cover not only reduces the number of clear observations, but also causes
cloud shadow that is difficult to distinguish from water bodies. The assumption that clouds cannot
persist at the same place [38] could diminish the adverse effect by removing low-frequency water
bodies. Moreover, atmospheric effects play a very critical role in datasets across time and space.
However, due to the high cost of atmospheric correction in time and process, the study didn’t pursue
atmospheric correction. However, TOA reflectance was used as the feature variable to correct for the
difference of the sun—earth distance, exoatmospheric solar irradiance, and solar geometry between
images [25]. Future study will focus on the impacts of urbanization on the lake landscape and the
resulting adverse influences, based on long-term lake mapping.

6. Conclusions

As sustainable development is vigorously advocated by the government, lakes will play an
increasing role in providing urban ecosystem services for the Wuhan urban agglomeration. Therefore,
a clear understanding of lake-water extent dynamics is necessary. This research revealed the lake-water
extent dynamics in the Wuhan urban agglomeration, based on seasonally continuous Landsat
TM/ETM+/OLI data from 1987-2015 and the random forest model. Overall, this study provides the
following conclusions:



Remote Sens. 2017, 9, 270 14 of 16

(1) This study justified the use of the random forest model based on the multi-feature variables to
extract water bodies from massive remote-sensing data. Because this method is relatively simple,
feasible, and highly accurate, it is a promising method for identifying water bodies at a large
scale, such as nationally.

(2) The lake-water areas of the Wuhan urban agglomeration were 226.29 km?2, 322.71 km?, 460.35 km?,
400.79 km?2, 535.51 km?, and 635.42 km? under water inundation frequencies of 5%—-10%, 10%—-20%,
20%—40%, 40%-60%, 60%—-80%, and 80%—100%, respectively.

(3) The lake-water area of the Wuhan urban agglomeration experienced a substantial decrease.
The area was 2276.03 km? from 1995-1999, and it decreased to 1966.94 km? from 2011-2015.
In particular, the lake-water areas of loss of Wuhan, Huanggang, Xianning, and Xiaogan were
114.83 km?, 44.40 km?, 45.39 km?, and 31.18 km?, with loss percentages of 14.30%, 11.83%, 13.16%,
and 23.05%, respectively.

Acknowledgments: This work was supported by funds from the National Natural Science Foundation of China
(41571077) and the Fundamental Research Funds for the Central Universities.

Author Contributions: Yue Deng, Weiguo Jiang, and Jiahong Li conceived and designed the study. Yue Deng
and Weiguo Jiang performed the experiments and wrote the paper. Jiahong Li and Zheng-Hong Tang served
as scientific advisors. Jinxia Lv, Zheng Chen, and Kai Jai helped perform the experiments and write the paper.
Jiahong Li. Yue Deng, Weiguo Jiang, Jiahong Li, Jinxia Lv, Zheng Chen, and Kai Jai reviewed and edited the
manuscript. All authors read and approved the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Gibbs, ].P. Wetland loss and biodiversity conservation. Conserv. Biol. 2000, 14, 314-317. [CrossRef]
Gleason, R.; Laubhan, M.; Euliss, N. USGS Professional Paper 1745: Ecosystem Services Derived from
Wetland Conservation Practices in the United States Prairie Pothole Region with an Emphasis on the
U.S. Department of Agriculture Conservation Reserve and Wetlands Reserve Programs. Available online:
http:/ /pubs.usgs.gov/pp/1745/ (accessed on 16 October 2016).

3.  Gabrielsen, C.G.; Murphy, M.A.; Evans, ].S. Using a multiscale, probabilistic approach to identify
spatial-temporal wetland gradients. Remote Sens. Environ. 2016, 184, 522-538. [CrossRef]

4. Yang, B.; Ke, X. Analysis on urban lake change during rapid urbanization using a synergistic approach:
A case study of Wuhan, China. Phys. Chem. Earth Parts ABC 2015, 89-90, 127-135. [CrossRef]

5. Wang, X.; Ning, L.; Yu, J.; Xiao, R.; Li, T. Changes of urban wetland landscape pattern and impacts of
urbanization on wetland in Wuhan City. Chin. Geogr. Sci. 2008, 18, 47-53. [CrossRef]

6. Xu, K;Kong, C,; Liu, G.; Wu, C.; Deng, H.; Zhang, Y.; Zhuang, Q. Changes of urban wetlands in Wuhan,
China, from 1987 to 2005. Prog. Phys. Geogr. 2010, 34, 207-220.

7. Chen, K;; Wang, X.; Li, D.; Li, Z. Driving force of the morphological change of the urban lake ecosystem:
A case study of Wuhan, 1990-2013. Ecol. Model. 2015, 318, 204-209. [CrossRef]

8.  Du, N,; Ottens, H.; Sliuzas, R. Spatial impact of urban expansion on surface water bodies—A case study of
Wuhan, China. Landsc. Urban Plan. 2010, 94, 175-185. [CrossRef]

9.  Xu, H.; Bai, Y. Evaluation of urban lake evolution using Google Earth Engine—A case study of Wuhan, China.
In Proceedings of the 2015 Fourth International Conference on Agro-Geoinformatics (Agro-geoinformatics),
Istanbul, Turkey, 20-24 July 2015; pp. 322-325.

10.  Elmi, O.; Tourian, M.; Sneeuw, N. Dynamic river masks from multi-temporal satellite imagery: An automatic
algorithm using graph cuts optimization. Remote Sens. 2016, 8, 1005. [CrossRef]

11. Li, L.; Xia, H.; Li, Z.; Zhang, Z. Temporal-spatial evolution analysis of lake size-distribution in the middle
and lower Yangtze River Basin using Landsat imagery data. Remote Sens. 2015, 7, 10364-10384. [CrossRef]

12. Halabisky, M.; Moskal, L.M.; Gillespie, A.; Hannam, M. Reconstructing semi-arid wetland surface water
dynamics through spectral mixture analysis of a time series of Landsat satellite images (1984-2011).
Remote Sens. Environ. 2016, 177, 171-183. [CrossRef]


http://dx.doi.org/10.1046/j.1523-1739.2000.98608.x
http://pubs.usgs.gov/pp/1745/
http://dx.doi.org/10.1016/j.rse.2016.07.034
http://dx.doi.org/10.1016/j.pce.2015.10.005
http://dx.doi.org/10.1007/s11769-008-0047-z
http://dx.doi.org/10.1016/j.ecolmodel.2015.06.017
http://dx.doi.org/10.1016/j.landurbplan.2009.10.002
http://dx.doi.org/10.3390/rs8121005
http://dx.doi.org/10.3390/rs70810364
http://dx.doi.org/10.1016/j.rse.2016.02.040

Remote Sens. 2017, 9, 270 15 of 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

Tulbure, M.G.; Broich, M.; Stehman, S.V.; Kommareddy, A. Surface water extent dynamics from three
decades of seasonally continuous Landsat time series at subcontinental scale in a semi-arid region.
Remote Sens. Environ. 2016, 178, 142-157. [CrossRef]

Mueller, N.; Lewis, A.; Roberts, D.; Ring, S.; Melrose, R.; Sixsmith, J.; Lymburner, L.; McIntyre, A.; Tan, P.;
Curnow, S.; Ip, A. Water observations from space: Mapping surface water from 25 years of Landsat imagery
across Australia. Remote Sens. Environ. 2016, 174, 341-352. [CrossRef]

Han, X.; Chen, X.; Feng, L. Four decades of winter wetland changes in Poyang Lake based on Landsat
observations between 1973 and 2013. Remote Sens. Environ. 2015, 156, 426—437. [CrossRef]

Carroll, M.; Wooten, M.; DiMiceli, C.; Sohlberg, R.; Kelly, M. Quantifying surface water dynamics at 30
meter spatial resolution in the North American high northern latitudes 1991-2011. Remote Sens. 2016, 8, 622.
[CrossRef]

Wu, G,; Liu, Y. Mapping Dynamics of inundation patterns of two largest river-connected lakes in China:
A comparative study. Remote Sens. 2016, 8, 560. [CrossRef]

Xu, H. Modification of Normalised Difference Water Index (NDWI) to enhance open water features in
remotely sensed imagery. Int. |. Remote Sens. 2006, 27, 3025-3033. [CrossRef]

Mcfeeters, S.K. The use of the Normalized Difference Water Index (NDWI) in the delineation of open water
features. Int. J. Remote Sens. 1996, 17, 1425-1432. [CrossRef]

Feyisa, G.L.; Meilby, H.; Fensholt, R.; Proud, S.R. Automated water extraction index: A new technique for
surface water mapping using Landsat imagery. Remote Sens. Environ. 2014, 140, 23-35. [CrossRef]

Otsu, N. A Threshold selection method from gray-level histograms. IEEE Trans. Syst. Man Cybern. 1979, 9,
62—-66. [CrossRef]

Li, W;; Du, Z,; Ling, E; Zhou, D.; Wang, H.; Gui, Y.; Sun, B.; Zhang, X. A Comparison of land surface
water mapping using the normalized difference water index from TM, ETM+ and ALI. Remote Sens. 2013, 5,
5530-5549. [CrossRef]

Rokni, K.; Ahmad, A.; Selamat, A.; Hazini, S. Water feature extraction and change detection using
multitemporal Landsat imagery. Remote Sens. 2014, 6, 4173-4189. [CrossRef]

Yang, Y.; Liu, Y,; Zhou, M.; Zhang, S.; Zhan, W.; Sun, C.; Duan, Y. Landsat 8 OLI image based
terrestrial water extraction from heterogeneous backgrounds using a reflectance homogenization approach.
Remote Sens. Environ. 2015, 171, 14-32. [CrossRef]

Tulbure, M.G.; Broich, M. Spatiotemporal dynamic of surface water bodies using Landsat time-series data
from 1999 to 2011. ISPRS ]. Photogramm. Remote Sens. 2013, 79, 44-52. [CrossRef]

Goémez, C.; White, ].C.; Wulder, M. A. Optical remotely sensed time series data for land cover classification:
A review. ISPRS |. Photogramm. Remote Sens. 2016, 116, 55-72. [CrossRef]

Khatami, R.; Mountrakis, G.; Stehman, S.V. A meta-analysis of remote sensing research on supervised
pixel-based land-cover image classification processes: General guidelines for practitioners and future
research. Remote Sens. Environ. 2016, 177, 89-100. [CrossRef]

Li, X.; Gong, P; Liang, L. A 30-year (1984-2013) record of annual urban dynamics of Beijing City derived
from Landsat data. Remote Sens. Environ. 2015, 166, 78-90. [CrossRef]

Chander, G.; Markham, B.L.; Helder, D.L. Summary of current radiometric calibration coefficients for Landsat
MSS, TM, ETM+, and EO-1 ALI sensors. Remote Sens. Environ. 2009, 113, 893-903. [CrossRef]

Huete, A.; Didan, K.; Miura, T.; Rodriguez, E.P; Gao, X.; Ferreira, L.G. Overview of the radiometric
and biophysical performance of the MODIS vegetation indices. Remote Sens. Environ. 2002, 83, 195-213.
[CrossRef]

Tucker, CJ. Red and photographic infrared linear combinations for monitoring vegetation.
Remote Sens. Environ. 1979, 8, 127-150. [CrossRef]

Gao, B. NDWI—A normalized difference water index for remote sensing of vegetation liquid water from
space. Remote Sens. Environ. 1996, 58, 257-266. [CrossRef]

Tang, Z.; Li, Y;; Gu, Y,; Jiang, W.; Xue, Y.; Hu, Q.; LaGrange, T.; Bishop, A.; Drahota, J.; Li, R. Assessing
Nebraska playa wetland inundation status during 1985-2015 using Landsat data and Google Earth Engine.
Environ. Monit. Assess. 2016, 188, 654. [CrossRef] [PubMed]

Breiman, L. Random Forests. Mach. Learn. 2001, 45, 5-32. [CrossRef]

Gislason, P.O.; Benediktsson, J.A.; Sveinsson, J.R. Random Forests for Land Cover Classification.
Pattern Recogn. Lett. 2006, 27, 294-300. [CrossRef]


http://dx.doi.org/10.1016/j.rse.2016.02.034
http://dx.doi.org/10.1016/j.rse.2015.11.003
http://dx.doi.org/10.1016/j.rse.2014.10.003
http://dx.doi.org/10.3390/rs8080622
http://dx.doi.org/10.3390/rs8070560
http://dx.doi.org/10.1080/01431160600589179
http://dx.doi.org/10.1080/01431169608948714
http://dx.doi.org/10.1016/j.rse.2013.08.029
http://dx.doi.org/10.1109/TSMC.1979.4310076
http://dx.doi.org/10.3390/rs5115530
http://dx.doi.org/10.3390/rs6054173
http://dx.doi.org/10.1016/j.rse.2015.10.005
http://dx.doi.org/10.1016/j.isprsjprs.2013.01.010
http://dx.doi.org/10.1016/j.isprsjprs.2016.03.008
http://dx.doi.org/10.1016/j.rse.2016.02.028
http://dx.doi.org/10.1016/j.rse.2015.06.007
http://dx.doi.org/10.1016/j.rse.2009.01.007
http://dx.doi.org/10.1016/S0034-4257(02)00096-2
http://dx.doi.org/10.1016/0034-4257(79)90013-0
http://dx.doi.org/10.1016/S0034-4257(96)00067-3
http://dx.doi.org/10.1007/s10661-016-5664-x
http://www.ncbi.nlm.nih.gov/pubmed/27826819
http://dx.doi.org/10.1023/A:1010933404324
http://dx.doi.org/10.1016/j.patrec.2005.08.011

Remote Sens. 2017, 9, 270 16 of 16

36. Yu, X,; Hyypp4, J.; Vastaranta, M.; Holopainen, M.; Viitala, R. Predicting individual tree attributes from
airborne laser point clouds based on the random forests technique. ISPRS ]. Photogramm. Remote Sens. 2011,
66,28-37. [CrossRef]

37.  Stumpf, A.; Kerle, N. Object-oriented mapping of landslides using random forests. Remote Sens. Environ.
2011, 115, 2564-2577. [CrossRef]

38.  Zhu, Z.; Woodcock, C.E. Automated cloud, cloud shadow, and snow detection in multitemporal Landsat
data: An algorithm designed specifically for monitoring land cover change. Remote Sens. Environ. 2014, 152,
217-234. [CrossRef]

@ © 2017 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses /by /4.0/).



http://dx.doi.org/10.1016/j.isprsjprs.2010.08.003
http://dx.doi.org/10.1016/j.rse.2011.05.013
http://dx.doi.org/10.1016/j.rse.2014.06.012
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials 
	Study Area 
	Study Data 
	Landsat Time Series 
	Landuse, Precipitation and DEM data 


	Methods 
	Flowchart 
	Collection of Feature Variables 
	Collection of Training Samples 
	Image Classification Based on Random Forest Model 
	Extracting Lakes Based on Shape Features and Water Inundation Frequency 
	Accuracy Assessment of Extracted Lakes 

	Results 
	Determining Optimal Classification Trees 
	Accuracy of the Extracted Lakes 
	Water Inundation Frequency from 1987 to 2015 
	Lake Water Extent Changes from 1987~2015 in Different Cities 
	Decreasing Lake Water Extent Due to Urbanization in Urban Areas 
	Lake Water Extent Changes Due to Climate Changes in Non-Urban Areas 

	Discussions 
	Long-Term Lake Water Extent Dynamics from Landsat Time Series Data 
	Decreasing Lake Water Extent Dynamics Under Urbanization Process and Climate Changes 
	Uncertainties and Prospects 

	Conclusions 

