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Abstract: Mapping different land cover types with satellite remote sensing data is significant for
restoring and protecting natural resources and ecological services in coastal wetlands. In this
paper, we propose a hierarchical classification framework (HCF) that implements two levels of
classification scheme to identify different land cover types of coastal wetlands. The first level utilizes
the designed decision tree to roughly group land covers into four rough classes and the second level
combines multiple features (i.e., spectral feature, texture feature and geometric feature) of each class
to distinguish different subtypes of land covers in each rough class. Two groups of classification
experiments on Landsat and Sentinel multispectral data and China Gaofen (GF)-5 hyperspectral data
are carried out in order to testify the classification behaviors of two famous coastal wetlands of China,
that is, Yellow River Estuary and Yancheng coastal wetland. Experimental results on Landsat data
show that the proposed HCF performs better than support vector machine and random forest in
classifying land covers of coastal wetlands. Moreover, HCF is suitable for both multispectral data
and hyperspectral data and the GF-5 data is superior to Landsat-8 and Sentinel-2 multispectral data
in obtaining fine classification results of coastal wetlands.

Keywords: hierarchical classification framework; coastal wetlands; Landsat images; hyperspectral
imagery; Sentinel-2; GF-5

1. Introduction

Coastal wetlands are characterized as remarkable and crucial systems located in the transition
zone between terrestrial land and ocean [1,2]. They perform a wide range of ecological functions
including reducing coastal erosion, preserving environment health, removing nutrient and suspended
solid, adjusting local climate, providing habitats and refuges for fish and wildlife [3-5]. Unfortunately,
dramatic degradation in the area of coverage, ecological value and biodiversity has occurred in the
worldwide coastal wetlands over the past decades, which severely increases the vulnerability of coastal
wetlands [6,7]. The main reasons come from global sea-level rise [8,9] and inappropriate anthropogenic
activities [10]. Therefore, it is an urgent work to map spatial distribution and dynamic changes of land
covers in coastal wetlands, in order to restore and protect natural resources and ecological services in
coastal environments.
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The complicated and vulnerable ecosystems of coastal wetlands make the traditional manual
investigation could not work in realistic applications, because many coastal wetlands are inaccessible
for humans and field measurements are difficult and time consuming [11,12]. Satellite remote sensing
techniques provide an important and effective data source for mapping and monitoring coastal
wetlands, because of its unique characteristics in an easy data acquisition, spatially continuous
coverage and short revisiting periods [4,13,14]. During the last several decades, the fast development
of satellite remote sensing sensors has greatly enhanced our capability to map coastal wetlands, that is,
panchromatic sensors [13,15], Synthetic Aperture Radar (SAR) [16], multispectral sensors [17,18] and
even hyperspectral imagers [19,20]. Conventional panchromatic sensors could not discriminate different
species in coastal wetlands (e.g., vegetation) because of their single limited band information [21].
SAR has strong penetration but its data processing work is complicated and its inversion of biomass is
more limited than optical remote sensing [5]. Satellite multispectral images like Landsat TM/ETM+,
Gaofen-1 WFV, Sentential-2A and advanced spaceborne Thermal Emission and Reflection Radiometer
(ASTER), have more advantages in monitoring coastal wetland habitats, because of their moderate
spatial resolution, wide spatial coverage and multiple optical bands [22,23]. They could identify main
types of land covers, that is, water, farmland and woodland but could not distinguish vegetation
communities, for example, different subtypes of swamps. Accordingly, it is a big challenge to achieve a
fine classification map of coastal wetlands. Combing multispectral sensors with other sensors like SAR
and Lidar might integrate respective advantages of these sensors and it has shown some promising
results in mapping coastal wetlands [24-26]. On the other hand, the imaging spectrometer could
provide numerous narrow spectral bands at each pixel [27]. The high spectral resolution (<10 nm) of
hyperspectral images renders that it owns greater potentials in identifying different ground objects of
coastal wetlands with subtle spectral divergence [28,29]. Some hyperspectral sensors have been utilized
in mapping coastal wetlands, for example, Earth Observing-1 (EO-1) Hyperion [20], Hyperspectral
InfraRed Image (HyspIRI) [19], Compact High Resolution Imaging Spectrometer (CHRIS) [30] and
Hyperspectral Imager for the Coastal Ocean (HICO) [31].

The divergences in spectral characteristics within multispectral and hyperspectral images could
reflect different ground objects [32]. Accordingly, researchers tried to utilize the spectral information
to identify different land covers of coastal wetlands. For example, the work of spectral analysis
on five wetland classes by Meisam Amani show that Near-Infrared (NIR), Red Edge (RE) and red
bands are top three most useful bands for separating different wetland classes, whereas Shortwave
Infrared (SWIR) and green bands have poorer separability [33]. Elhadi Adam analyzed the ASD field
spectrometer data and found that there are statistically significant differences in spectral reflectance
between papyrus and its co-existing species on 412 wavelengths located in different portions of the
electromagnetic spectrum [34]. René R. Colditz explored 14 spectral indices and their appropriate
thresholds for water mapping in coastal wetlands and told us that MODIS green (band 4) and short
wave infrared (band 6) “MINDWI6” perform the best of all [35]. Moreover, supervised classifiers are
usually employed to make the pixel-based classification on spectral signatures, for example, Statistical
classifiers like maximum likelihood classifier (MLC) [13] and machine learning like support vector
machine (SVM) [36] and random forest (RF) [37]. Reschke combined multi-temporal Landsat imagery
with high resolution satellite data and adopted the RF algorithm to extract subpixel information
of coastal wetland classes [38]. Petropoulos proposed a semi-automatic classification based on
SVM to classify different spectral responses of Landsat TM images and quantify the deposition and
erosion in two Mediterranean wetland deltas [39]. Pierre Dubeau investigated the potential of optical
remote sensing images for mapping the primary vegetation groups in the Dabus Wetlands using the
non-parametric RF classifier [40]. However, the pixel-based classification result is always limited by
the complicated landscape with diverse land-cover types and their small patch sizes [41]. Moreover,
spectral variations in spatial locations make that different species in coastal wetlands might have similar
spectral signatures [27]. The single source of spectral information accordingly could not distinguish
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mixed species composition of wetlands and often leads to comparatively low mapping accuracies and
class confusions of specific classes, for example, paddy and swamp, croplands and shrublands.

The idea of object-based image analysis was then introduced into classifying remote sensing
images of coastal wetlands [42]. It considers the spatial location and context of homogeneous pixels and
integrates multiple spatial features to promote the classification accuracy. The object-based classifier
groups objects that have similar spatial features, for example, a similar pixel shape, color or texture and
classify them based on the object features. Berberoglu extracted the vegetation information using Grey
Level Co-occurrence Matrix (GLCM) and explored the land cover change dynamics of a Mediterranean
coastal wetland [43]. Jia adopted an object-oriented classification method on Landsat data to map the
spatial distribution of mangrove areas in coastal wetlands of China and obtained accurate results [44].
Wang explored the potentials of completed local binary patterns (CLBP) in extracting texture feature
and applied it to classify vegetation in Yancheng coastal wetlands of China [45]. Unfortunately,
determining proper spatial-object features is time consuming and the performance of object-based
classifier might diverge greatly across different features selected.

Furthermore, it will be natural to wonder whether one can combine spectral information with
spatial-object information to upgrade the classification result, because they are complementary to each
other. The idea of spatial-spectral based classification has been investigated in remote sensing image
processing, where spatial features are extracted from the original images and stacked with spectral
signatures to carry out classification. Many popular algorithms can be used to extract spatial features,
for example, extended morphological profiles (EMP) [46], attribute profiles (AP) [47] and Markov
random fields (MRF) [48]. However, the above schemes treated remote sensing data as a regular image
and the good performance highly relies on the complicated parameter tuning work of spatial operators.
Moreover, they did not involve the essential expert rules extracted from spectral variables of specific
land cover types. For example, the brightness index (BI) from Tasseled Cap transformation can be well
distinguish built-up areas from non-built up areas.

Inspired from the decision tree, the purpose of our study is to present a simple and effective
framework for mapping coastal wetlands from multispectral and hyperspectral images. The decision
tree does not require assumptions concerning the frequency distribution of spectral data in each land
cover type [49]. We then would like to involve the information of expert rules of spectral variables
and spatial-object information into the framework and promote the classification of mapping coastal
wetlands. We implement multispectral data from Landsat TM/ETM+/OLI sensors because of their
typical features of free to access, long archived history and widely used status [50]. On 9 May 2018,
China successfully launched the Gaofen-5 (GF-5) satellite, which takes an advanced hyperspectral
sensor. The GF-5 advanced hyperspectral imaged (AHSI) has 330 spectral bands ranging from 400 to
2500 nm and is designed to provide users hyperspectral data with higher spectral resolution and larger
swath width. Unfortunately, mapping capacity of GF-5 hyperspectral data has not been investigated in
classifying coastal wetlands. Therefore, our study focuses on the following two key objectives: (1) to
develop a hierarchical classification framework (HCF) for mapping coastal wetlands from satellite
multispectral and hyperspectral images; and (2) to investigate the mapping capabilities of Landsat and
GEF-5 remote sensing data in classifying different land covers of coastal wetlands.

Compared to previous work, our paper favors three scientific contributions. First, the idea of
two-level HCF is different and advantageous to current methods. In the first level, the implemented
expert rules of spectral indices for 4 rough classes and the structure of decision tree are specifically
designed and different from current methods. In the second level, the spectral, geometric and texture
features are carefully chosen for coastal wetland mapping. Second, our proposed HCEF is easy to
implement and flexible in mapping different land covers in coastal wetlands, which works well on
either multispectral or hyperspectral images. Third, we are the first to demonstrate that the GF-5
hyperspectral data have clear advantages in coastal mapping than multispectral images like Landsat
and Sentinel data.
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2. Materials and Methods

2.1. Study Area

Two study areas of coastal wetlands in Figure 1 were selected in our study because of their abundant
land cover types of coastal wetlands, that is, the Yellow River estuary and the Yancheng coastal wetland
in China.
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Figure 1. Location of our study areas.

The Yellow River Delta is the fastest growing delta in the world [51], which is located in the
northeast of Shandong Province, China (36°55'-38°16’N, 117°31’-119°18’E). Its northern and eastern
regions are adjacent to the Bohai Bay and the Laizhou Bay [52]. It has a temperate monsoon climate,
the annual mean temperature is 11.9 °C and the average precipitation and pan evaporation are about
640 mm and 1500 mm with 196 frostless days, respectively [53]. It has abundant coastal wetland
resources and has been named as one of the most beautiful six wetlands in China [54]. The Yellow River
Estuary, located in the east of the Yellow River Delta, was selected as our study area, with the total area
2.424 x 103 km?. The land covers of this study area is strongly influenced by salinization processes
and the vegetation mainly composes of holophytic plant communities dominated by grass and shrub
species. The richness of land cover types makes it an ideal test sites for mapping coastal wetlands.

Yancheng coastal wetland is located in east of Jiangsu Province, China (32°34'-34°28'N,
119°27’-121°16’E), having jurisdiction over Xiangshui, Binhai, Sheyang, Dafeng and Dongtai five
cities, with the coastline length 582 km and an area of 4.553 x 103 km? [55]. It has a monsoon climate,
receiving rich rainfall and solar radiation energy. The annual average temperature is between 13.7
and 14.8 °C, the annual precipitation is 900-1100 mm and the elevation is between 0 and 4 m, with an
average slope of less than 5 degrees [56]. Various ecological types exist in the tidal flat wetlands,
which mainly compose of clay and silt fine particulate matter, due to the suitable hydrological and
climatic conditions. This area is rich in natural wetland resources, with a large area of radiating
sandbars, coastal forest farms and grasslands and a wide coastal beach is the habitat of a variety of
state-level key protected animals and plants. Yancheng wetland reserve was certified as a national
nature reserve (Yancheng National Nature Reserve, YNNR) in 1992, joined the international biosphere
reserve under UNESCO’s Man and the Biosphere Programme (MAB) in 1993 and was designated as
Ramsar Convention List of Wetlands of International Importance in 2002 [57]. In this paper, the YNNR
and its expanded area are selected as another study area.
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2.2. Datasets

In this study, we implement satellite remote sensing images from Landsat-5 Thematic mapper
(TM), Landsat-7 Enhanced Thematic Mapper (ETM+) and Landsat-8 Operational Land Imager (OLI)
from the period of 2001-2015 and GF-5 AHSI of 2018 to carry out classification experiments in two
study areas of coastal wetlands. The Landsat images were archived on the Earth Resources Observation
and Science (EROS) Center (http://glovis.usgs.gov/). The Sentinel images were acquired free from the
Copernicus Open Access Hub (https://scihub.copernicus.eu/). The GF-5 AHSI image was provided by
the Shanghai institute of physics and technology, Chinese academy of sciences.

Landsat TM data have 7 spectral bands, with a spatial resolution of 30 m for bands 1-5 and 7;
TM band 6 (thermal infrared) is acquired at 120 m spatial resolution. The Landsat ETM+ data consist of
6 spectral bands with a spatial resolution of 30 m for bands 1-5 and 7; ETM+ band 6 (thermal infrared)
is acquired at 60 m resolution and band 8 (panchromatic band) has a resolution of 15 m. The Landsat
OLI data have 8 spectral bands with a spatial resolution of 30 m for bands 1-7 and 9, 1 panchromatic
band with spatial resolution of 15 m for band 8 and 2 thermal infrared bands with a spatial resolution
of 100 m for bands 10 and 11 [58].

The Sentinel MSI data have 13 spectral bands, with a spatial resolution of 10 m for bands 2—4 and
8, band 5-7 (RE band) and band 11-12 (SWIR) has a resolution of 20 m and band 1(coastal aerosol),
band 9 (Water vapor) and band 10 (Cirrus) with a spatial resolution of 60 m [59].

The AHSI is the main payload of the GF-5 satellite and is developed by Shanghai Institute of
Technical Physics, Chinese Academy of Science. AHSIis designed to be capable of resolving 330 spectral
bands from 400 to 2500 nm with 30 m spatial resolution and 60 km swath width. The spectral resolution
is about 5 nm for VNIR (400-1000 nm) and 10 nm for SWIR (1000-2500 nm). AHSI is China’s first
spaceborne hyperspectral imager with a convex grating spectrum. Compared to the instruments on
board like Hyperion, AHSI has a much higher signal-to-noise ratio (about 3—4 times), a much wider
swath width (about 8 times) and much more spectral bands (more than 100).

The acquisition time of GF-5 hyperspectral data is November, 2018 and it is the first GF-5 imagery
on Yellow River Estuary all over the world. We then chose the winter images for all involved datasets
and selected the images closest to the collective data of GF-5. The reason for that is to keep the time
consistency and reduce the negative effects from the changing land cover types in classification results
of different images. Table 1 list the information of satellite remote sensing data. We select Landsat TM
(2010), Landsat ETM+ (2005) and Landsat OLI (2015) for the two areas. Moreover, we select Landsat
multispectral data (2018), Sentinel-2 multispectral data (2018) and GF-5 hyperspectral data (2018) of
the Yellow River Estuary area to investigate their difference in the classification performance.

Table 1. List of satellite images used in this study.

Study Areas Satellite Data Sensors Track Number Time Spatial Resolutions
Landsat-5 ™ 121/034 2010/12/16 30m
Landsat-7 ETM+ 121/034 2005/12/26 30m
Yellow River Landsat-8 OLI 121/034 2015/01/12 30m
Estuary Landsat-8 OLI 121/034 2018/11/20 30m

Sentinel-2 MSI 206/132 2018/10/24 10/20 m

GF-5 AHSI 002/571 2018/11/01 30m
Landsat-5 ™ 119/037 2010/12/18 30 m
Yancheng Landsat-7 ETM+ 119/037 2001/02/16 30 m
coastal wetland 1 o1\ jeat-8 OLI 119/037 2015/12/16 30m

3. Methodology

Figure 2 shows the flowchart of our HCF method for mapping land covers of coastal wetlands.
After data processing, the HCF implements two levels of the classification scheme to identify different
subtypes of land covers. The first level adopts the expert rules of spectral variables into the decision
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tree and groups different land covers into 4 main classes, built-up, cropland, wetlands and vegetation.
The second level utilizes the SVM classifier on each rough class and combines spectral features,
texture features and geometric features to obtain subtypes of land covers for all four main classes.
The classification map of coastal wetlands is finally obtained by combining the classification result of
each subtype.

Data The 1Istlevel of HCF The 2nd level of HCF

processing
¥
*
Built-up Build
Spatil B | _
Landsat Registration
= featuses
—I geome;ﬁc 4 @
Landsat I orrection g
Fallow land
Texture Classification
Atmospheric features map
Sentinel II_ Correction z
+

Image 1Y
Clipping Geometric
©les II features

BI> 50007

Non-built-up

[
12

Vegetation

Figure 2. The flowchart of our hierarchical classification framework (HCEF).

3.1. Data Preprocessing

Some data processing work is essential before carrying out our HCF method in remote sensing
images, including spatial registration, geometric correction, atmospheric correction and image clipping.
All the three datasets are transformed into the WGS 84 geographic coordinate system. Landsat
data is used as the reference image for spatially registering GF-5 AHSI images and Sentinel-2 data.
The controlling points are evenly collected across the image scene to guarantee the spatial error less
than one pixel. GF-5 hyperspectral imagery is geometrically corrected using the 30 m global DEM data
(https://asterweb.jpl.nasa.gov/gdem.asp) and the Rational Polynomial Coefficient files and the bilinear
interpolation method is then employed to resample the image data. The Sentinel-2 was also resampled
to 30 m by using the nearest neighbor sampling to match the spatial resolutions of Landsat-8 and GF-5
AHSI data. All the raw images with digital numbers were calibrated to surface reflectance. Bad and
noisy bands in GF-5 AHSI data are removed, that is [1,2,193-204,246-265,269-271,323-330] and the left
285 bands were used in our experiments. Atmospheric correction of all datasets was made by using the
Fast Line-of-Sight Atmospheric Analysis of Spectral Hypercubes (FLAASH) module of ENVI software.
The self-adaptive local regression model was implemented to repair the scan line errors of Landsat
ETM+ images. Radiometric calibration on GF-5 hyperspectral data is carried out by using the gain and
offset coefficients. The satellite data on both study areas are clipped from original images by overlying
vector files in the study areas.

3.2. The First Level of HCF

The first level of HCF implements a decision tree to make coarse classification of coastal wetlands.
Land covers of coastal wetlands can be roughly grouped into four main classes: built-up, vegetation,
cropland and wetlands. Unfortunately, croplands and wetlands might have similar spectral curves and
could not be well differentiated from each other, for example, the paddy in croplands and the pond in
wetlands. Meanwhile, the croplands have similar spectral responses with vegetation, especially in
summer. It will be a challenging work for well recognizing them by implementing the classification
scheme on spectral curves. Therefore, we adopt the idea of decision tree to formulate a “from top to
down” multistage scheme to successively recognize four main classes. Our designed decision tree
makes a binary decision to separate the complicated decision into three simpler decisions and that
leads to a better interpretation of identifying different land covers.
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The first layer of the decision tree separates built-up area from other three classes. Brightness part
of Tasseled Cap transformation has been proven to provide a good measure of building density for
built-up areas in the remote sensing images [60]. Therefore, we adopt the Tasseled Cap transformation
and implement the Bl in Equation (1) to identify built-up areas.

Bl = 0.2909 x B_BLUE + 0.2493 x B_GREEN + 0.4806 x B_RED + 0.5568 x B_NIR 1)
+0.4438 x B_SWIR1 +- 0.1706 x B_SWIR2

where B_BLUE, B_GREEN, B_RED, B_NIR, B_SWIR1 and B_SWIR? are blue, green, red, near-infrared,
the first short-wave infrared and the second short-wave infrared bands respectively. They correspond
to band 1 (450-520 nm), band 2 (520-600 nm), band 3 (630-690 nm), band 4 (760-900 nm), band 5
(1550-1750 nm) and band 7 (2090-2350 nm) in Landsat TM/ETM+/OLI images. For GF-5 AHSI
images, we summarize the bands within all band wavelength intervals of Landsat data and average
them to obtain the six combined bands. The average of bands 15-18 (450.23-505.86 nm) represents
the combined blue band. The average of bands 34-47 (531.5-587.2 nm) represents the combined
green band. The average of bands 60-66 represents the combined red band. The average of bands
109-115 (852.3-877.9 nm) represents the combined near-infrared band. The average of bands 69-77
(1577.6-1645.5 nm) represents the first short-wave infrared bands and the average of bands 133-153
(2116.9-2285.7 nm) represents the second short-wave infrared bands. We then extract the built-up area
by segmenting the Bl image with a manual threshold and the threshold is set to be 5000 after our trial
experiments. If BI > 5000, it will be regarded to be built-up area; otherwise, it belongs to non-built-up.
And then, we implement the second layer of decision tree on the non-built-up area to identify
croplands. Previous studies show that the ratio vegetation index (RVI) can well reflect the difference of
vegetation coverage and growth status, particularly for vegetation with high coverage and vigorous
growth [61]. Therefore, we adopt the RVI to identify croplands from non-built-up area, which is

defined as following:
RVI = B_NIR/B_RED )

Our trail experience shows that the RVI of croplands is usually greater than 1 but smaller than 2.
Therefore, we manually extract the cropland within the RVI interval and set others in non-built-up
area to be non-cropland.

After that, we separate vegetation and wetlands from non-croplands. Enhanced Vegetation
Index (EVI) has been proven to be a good measure to extract the vegetation [62]. Our trial experience
shows that vegetation has much higher EVI values than wetlands, especially in the coastal area.
We accordingly compute EVI and differentiate vegetation from wetlands. The EVIis defined as follows:

EVI =2.5% (B_NIR-B_RED)/(B_NIR + 6 x B_RED — 7.5 x B_BLUE + 1) 3)

Using the binary segmentation scheme, we divide the non-croplands into vegetation and wetlands.
The threshold is set to be 0.5 after our numerous trials. If EVI > 0.5, the corresponding pixels are
labeled as vegetation; otherwise, they are grouped into wetlands. And the four classes of land covers
in coastal wetlands are finally obtained.

3.3. The Second Level of HCF

The second level of HCF is to divide each class into different sub-classes and obtain the fine
classification map. According to International Convention on wetlands, the built-up area comprises of
bare land and buildings; croplands comprises of dry land, paddy, fallow land and so on; wetlands
comprises of spartina, reed, aquaculture, pond, ditch, marsh and so on; and vegetation comprises of
several subtypes, for example, suaeda and trees [15,63].

The subtypes of each class has similar spectral features and could not be fully identified by
their spectrum divergences. The shape and texture features can help to enrich the information for
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classifying different subtypes in each class [64]. For example, the high albedo of buildings is close to
that of bare land but buildings have different geometric characteristics with the later, such as shape
(length-width ratio, compactness, area) and texture [65]. The dry land, fallow land and paddy in
croplands have similar shape features but show divergent texture features [66]. The ponds, especially
the dry ponds and mudflats have similar spectral responses but they differ in texture and shape
features [23]. The marsh and mudflat in wetlands are always mixed with each other. The spectral
variability in spatial locations might bring about their spectrum similarity but fortunately, they show
clear differences in the texture [67]. The reed, tamarix chinensis and spartina are always mixed together
in coastal wetlands. Their spectral curves are similar with each other but have different patterns in
shape and texture [68]. The deep sea and shallow sea in wetlands have similar spectral curves and
their texture patterns diverge greatly.

Texture features show spatial variations, spatial correlation and arrangement of grayscales in
the image and the gray level cooccurrence matrix (GLCM) is usually used to detect the spatial
orientation and amplitude variations of texture features. In this paper, we implement four measures
of GLCM texture features, including entropy, homogeneity, contrast, dissimilarity and correlation.
The homogeneity measures the inner dissimilarity of objects and low dissimilarity brings about high
homogeneity. The contrast quantifies the variations of objects and reveals the anomalies. The correlation
describes linear relationships of grayscales in the objects. The dissimilarity characterizes the detailed
variations of grayscales in the object. Geometric features show the size and shape information of
each object. We use six measures of shape features, including area, length-width ratio, length, width,
compactness and density. Table 2 lists the equations of all measures for quantifying texture and shape
features. We implement object-oriented method to segment remote sensing images at multi-scale,
so that homogeneous pixels can be segmented into objects with different sizes. After that, for each
class, we stack the spectral curves, texture features and shape features and utilize the support vector
machine (SVM) classifier to identify different subtypes [69,70]. We combine the result of each class and
achieve the final classification map of coastal wetlands.

Table 2. The utilized measures of texture and geometric features.

Features Measures Equations
. N1 p
Homogeneity fHom = i’jZ:O e (4)
Texture features N-1 L2
Contrast feon = ijZ_O P;i(i—j) ®)
fCor =
Correlation Lm0 PiX (i=fonean )X (j=fuewnj) ~ (6)
vam;i vam;j

N-1
Dissimilarity fois= X P i,jii—j| )

i,j=0
Area A= Np ®)

. . _ L _ Eigi(0)
Length-width ratio V=W = Eig,(0) ©)
Geometric features Width W = \/Z (10)
Y
Length L= Ay (1)
-1
Shape Index S= f/‘/j (12)
: —_  VNo

Density =1 Var(X) + Var(Y) (13

Notes: N is the number of grayscale levels, (P,‘j) is the entry in GLCM in line i and column j, fyo, is the homogeneity
measure, fc,, is the contrast measure and fc,- and fp;s are correlation and dissimilarity measures respectively.
fmean_i and fy,r ; are the average and standard variance of grayscales in line i, Ng is the number of pixels in the object
O, Eig1(O) is the eigenvalue of covariance matrix, A is the area measure, y is the length-width ratio, L is the length
measure and W is the width measure. ]is the perimeter of object O, S is the shape index measure, X and Y are
vectors stacked from image coordinates of boundary pixels, Var(X) is the variance of X and d is the density measure.
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4. Experimental Results

We design two groups of experiments on two study areas in order to comprehensively testify the
classification performance of proposed HCEF. The first group is to verify the classification behaviors
of HCF on the multispectral data by comparing it with two-state-of-the art methods SVM and RF.
The second group is to investigate the performance difference of HCF in mapping coastal wetlands
with different source data, that is, GF-5 hyperspectral, Sentinel-2 and Landsat multispectral data.
Classification accuracy is quantified as kappa coefficient (KC), overall accuracy (OA), producer’s
accuracy (PA) and user’s overall (UA).

4.1. Classification Comparison between SVM, RF and HCF on Landsat Data

In this experiment, we use three images (Landsat-5, Landsat-7 and Landsat-8) of both Yellow River
Estuary and Yancheng coastal wetland to testify the classification performance of HCF. The classification
results of HCF is compared with those of SVM and RF on the two study areas. To make a fair comparison,
the training and testing samples of each Landsat data are independently selected.

4.1.1. Yellow River Estuary

The Yellow river estuary comprises of 13 land cover types including sea, river, built-up, dry land,
paddy field, ditch, aquaculture, pond, mudflat, marsh, vegetation, bare land and salt marsh. Using the
field survey with global positioning system (GPS) and with the help of high spatial resolution images,
we obtain the region of interesting (ROI) of ground truth for all land cover types. The training and
testing samples are then randomly selected from the ROI and their detailed information is listed in
Table 3. To ensure a fair sampling condition, the number of training samples is almost three times that
of testing samples.

Table 3. Training and testing samples of each land cover type for Yellow River estuary Landsat data.

2005 2010 2015
Lar};l]lse(;ver Training Testing Training Testing Training Testing
Pixel ROI  Pixel ROI  Pixel ROI Pixel ROI Pixel ROI Pixel ROI
sea 2731 70 910 65 5392 77 1797 57 2019 25 673 25
river 293 56 97 40 332 30 110 30 616 24 205 24
buildings 38 22 12 20 78 22 26 20 95 16 31 16
dry land 183 39 61 26 126 24 42 24 103 20 34 20
paddy field 211 52 70 48 201 31 67 31 116 28 38 28
ditch 129 18 43 20 156 35 52 30 105 17 35 18
aquaculture 332 28 110 25 164 15 54 15 167 18 55 17
pond 191 40 63 39 464 21 154 17 548 16 182 16
mudflat 593 44 197 40 1731 29 577 31 1394 29 464 20
marsh 404 55 134 50 69 19 23 17 110 12 36 14
vegetation 1376 52 458 50 662 49 220 13 314 25 104 25
bare land 109 38 36 23 54 31 18 30 40 19 13 8
salt marsh 71 33 23 26 41 21 13 20 390 18 130 18
Total 6661 547 2214 472 9470 404 3153 335 6017 267 2000 249

Table 4 shows the OA and KC of three classification methods on the Yellow River Estuary Landsat
data. The SVM on three periods has OA of 88.7%, 84.33% and 81.37% and KC of 0.85, 0.8 and 0.76,
respectively. The RF has OA of 90.46%, 88.77% and 94.19% and KC of 0.82, 0.85 and 0.93, respectively.
The OAs of HCF in the three periods is 93.63%, 93.01% and 95.97% and the KCs are 0.91, 0.87 and 0.94,
respectively. HCF behaves better than SVM and RF, having higher OA and KC in the three periods of
Landsat data. Meanwhile, Figure 3 illustrates the UA and PA from each method. More than eight
classes of HCF has over 85% PA and UA in Landsat-7 data, the RF has eight classes exceed 85% and
the SVM only has six classes with over 85% PA. The HCE, SVM and RF classification maps of landsat-5
have slightly worse UA and PA than those of the Landsat-7 data. Only seven classes of HCF have the
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PA and UA over 85% on the Landsat-5 data, RF has six classes with over 85% PA and only four classes
(sea, aquaculture, salt marsh) has higher PA and UA in the SVM classification map. The HCF performs
best on the Landsat-8 data, regardless of UA or PA and ten classes of HCF has PA over 90%. The next
is RF and eight classes have over 85% PA and UA in Landsat-8 classification map, whereas there were
only five classes in the SVM classification map. Misclassifications exist mostly in dry land of 2005,
the paddy field of 2010 and the ditch of 2015.
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Table 4. Classification accuracies from HCF, SVM and RF on the Yellow river estuary Landsat data.
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Figure 3. The comparison of producer’s accuracy (PA) and user’s overall (UA) between HCF, support

vector machine (SVM) and random forest (RF) on Yellow River Estuary Landsat data.

Moreover, Figure 4 shows the classification maps of HCF, SVM and RF in the three periods.

Land cover types change significantly over time and a lot of land was developed and utilized.

The classification results are consistent with the original image. In general, the visual performance of
the two methods was roughly the same in each period. A lot of coastal land was developed and utilized
from 2005 to 2015. The visual behaviors of classification maps of HCF, SVM and RF are roughly the
same in each period. Both methods misclassify salt marshes into marsh on the Landsat-7 data. For the
Landsat-5 data, the SVM and RF misclassify salt marsh into river and HCF misclassifies pond into river.
Both methods misclassify part of sea into ditch and the SVM brings about a higher misclassification



Remote Sens. 2019, 11, 2238 11 of 21

rate on Landsat-8 data. Overall, the HCF is superior to SVM and RF in classification on the Yellow
River Estuary Landsat data. And HCF achieves the best result on the Landsat-8 data, followed by
Landsat-7 data.

Original

HCF

SVM

RF

20051226 Landsat-7 20101216 Landsat-5 A 20150112 Landsat-8

Bl sca HM ditch B nmudflat [ Ipaddy field Il buildings
i river M@ marsh I vegetation[dry land
I pond MM aquaculture[ ]salt marsh Bl fallow land

Figure 4. Classification maps of HCF, SVM and RF on the Yellow River Estuary Landsat data.

4.1.2. Yancheng Coastal Wetland

Yancheng coastal wetland consists of 12 land cover types including sea, river, buildings, dry land,
ditch, aquaculture, pond, mudflat, marsh, vegetation and fallow land. Table 5 lists the training and
testing sample information of Landsat data in the Yancheng coastal wetland. To ensure a fair sampling
condition, the number of training samples is almost three times that of testing samples.

Table 6 shows the OA and KC of both methods on the Landsat data of Yancheng coastal wetland.
The RF on three periods has OA of 78.76%, 78.39% and 72.41% and KC of 0.75, 0.72 and 0.65, respectively.
The SVM has OA of 83.42%, 78.81% and 89.9% and KC of 0.77, 0.73 and 0.86, respectively. The OAs of
HCF is 93.46%, 90.1% and 93% and KCs are 0.92, 0.86 and 0.91, respectively. The HCF performs better
than SVM and RF on all three Landsat datasets and achieves the best classification accuracy on the
Landsat-7 data. The PA and UA of HCF in Figure 5 also supports the above observations. Specifically,
HCEF has six classes of land covers with over 85% PA and UA in Landsat-7 data, whereas RF and SVM
have only four classes. In contrast with Landsat-7 data, all the three methods have slightly worse PA
and UA on the Landsat-5 data. The HCF has only four classes with over 85% PA and UA in Landsat-5
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data, whereas RF has four classes and SVM has three classes. The HCF classification accuracies on
Landsat-8 data perform best of all. It has seven classes with over 90% PA and UA. Moreover, Figure 6
shows the classification maps of HCF, SVM and RF on Yancheng coastal wetland. Land covers changed
greatly in the past decade (2001-2015), especially in the first five years. The HCF behaves better
than SVM and RF in distinguishing paddy field from dry land and it could identify buildings more
accurately, especially on the Landsat-8 data. Therefore, HCF achieves better classification accuracy
than SVM and RF in mapping coastal wetlands. HCF achieves the best results on Landsat-8 data,
followed by Landsat-7 data, which is consistent with the results in the Yellow River Estuary area.

Table 5. Training and testing samples of 12 land covers for Yancheng coastal wetland.

2001 2010 2015
Lal}(:lric;ver Training Testing Training Testing Training Testing
Pixel ROI  Pixel ROI Pixel ROI Pixel ROI Pixel ROI Pixel ROI
sea 8216 42 2738 40 3414 49 1138 33 8126 42 2708 45
river 1484 96 494 95 778 69 259 60 1484 96 494 68
buildings 679 60 226 60 656 62 218 62 6185 107 2061 100
dry land 1686 84 562 83 268 61 89 40 1121 66 373 60
paddy field 821 66 273 45 240 73 80 70 727 64 242 50
ditch 243 38 81 38 124 41 41 40 243 38 81 38
aquaculture 245 45 81 45 66 45 22 43 1025 60 341 59
pond 1310 51 436 51 617 20 205 17 767 40 255 35
mudflat 1683 90 561 89 227 40 75 37 1526 34 508 34
marsh 1736 59 578 59 956 32 318 32 1623 37 541 35
vegetation 313 35 104 35 87 29 29 28 468 44 156 44
fallow land 992 70 330 70 190 26 63 19 1078 46 359 40
Total 19408 736 6464 710 7623 547 2537 481 24373 674 8119 608

Producer Accuracy User Accuracy

200010216 landsat-7

20101218 landsat-5

b
e [llsvv 2R

20151216 landsat-8

i \d P i & g
& o g & & & ¢ &
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e @ v W [EEsw 2w
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Figure 5. The comparison of PA and UA between HCF, SVM and RF on Yancheng coastal wetland.
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Table 6. Classification accuracies of HCF, SVM and RF on Landsat data of Yancheng coastal wetland.

Landsat-7 Landsat-5 Landsat-8
HCF SVM RF HCF SVM RF HCF SVM RF

OA (%)  93.46 83.42 78.76 90.1 78.81 78.39 93 89.9 72.41
KC 0.92 0.77 0.75 0.86 0.73 0.72 091 0.86 0.65

Original

20010216 Landsat-7

20101218 Landsat-5

20151216 Landsat-8

BN sca B dicch B mudflat [ paddy field
I river Bl marsh I vegetation[Tdry land
I pond M aquaculturcllM buildings B fallow land

Figure 6. Classification Maps of HCF, SVM and RF on Yancheng coastal wetland Landsat data.

4.2. Classification Comparison between GF-5, Landsat-8 and Sentinel-2 Data

This experiment investigates the difference in classification performance of HCF on GF-5 AHSI,
Landsat-8 and Sentinel-2 data. To better demonstrate the capability of different data, we carry out
two classification experiments on the Yellow River Estuary and identify 13 coarse classes and 21 fine
classes of land covers respectively.

Table 7 shows the OA and KC of 13 land cover types, which include marsh, paddy, dry land, bare
land, aquaculture, river, ditch, sea, vegetation, pond, building, mudflat and salt marsh. The OA and
KC of the GF-5 AHSI data are 94.98% and 0.93, the Sentinel-2 data are 93.4% and 0.92 and Landsat-8
data are 92.34%and 0.90. GF-5 AHSI data have higher OA and KC than Sentinel-2 and Landsat-8 and
Landsat-8 is the worst of three datasets. Figure 7 plots the PA and UA of HCF on GF-5 hyperspectral
data, Landsat-8 and Sentinel-2 multispectral data. The Landsat-8 and Sentinel-2 have more than eight
classes with over 75% UA, whereas GF-5 has more than ten classes. Figure 8 shows classification map
of HCF on the three datasets. The classification behavior of three data is close to each other, where
GF-5 has slightly better classification results. In the Landsat-8 classification map, HCF misclassifies sea
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into mudflat and paddy into dry land. Dry land and buildings, aquaculture and marsh, pond and
aquaculture and marsh and vegetation are confused in the classification map, particularly vegetation
are easily misclassified into paddy and marsh. The Sentinel-2 data misclassifies mudflat into buildings.
GF-5 data misclassifies sea into pond and paddy into vegetation but it has less misclassification rate
than Landsat-8 and Sentinel-2 data. In general, the GF-5 data are slightly more advantageous than
Landsat-8 and Sentinel-2 data in classifying 13 land cover types.

Table 7. The comparison of PA and UA between HCF on the Yellow river estuary Landsat-8, Sentinel-2

and GF-5 AHSI data.
Landsat-8 Sentinel-2 GF-5 AHSI
13 21 13 21 13 21
OA (%) 92.34 77.81 93.4 86.15 94.98 97.38
KC 0.90 0.74 0.92 0.84 0.93 0.97

Producer Accuracy User Accuracy

13 classes
Percent
Percent

&

%€
& o ol

& PP

[ 1andsats [T Sentinel-2 [ZZZZ GF-5 AHSI B tandsats  [FEER] Sentinel2 [ GF-5 AHSI

21 classes
Percent

&

S
Bl andsat-s [T Sentinel-2 [ZZZ) GF-5 AHSI [ tondsat-8 (R Sentinel-2 [ZZZZ GF-5 AHSI

Figure 7. The comparison of PA and UA between HCF on the Yellow river estuary Landsat-8, Sentinel-2
and GF-5 AHSI data.

To further explore different capabilities of GF-5, Landsat-8 and Sentinel-2 data in mapping coastal
wetlands, we increase land cover types into 21 classes on the Yellow River estuary data. The 21
classes are shallow sea, deep sea, river, buildings, locust, maize, broomcorn, soybean, rice, flood
plain, mudflat, aquaculture, pond, reed, suaeda salsa, spartina, tamarix chinensis, intertidal saltwater
marshes, freshwater herbaceous marshes, emergent vegetation and salt marsh. As illustrated in Table 7,
OA and KC of GF-5 AHSI data are 97.38% and 0.97, the Sentinel-2 are 86.15% and 0.84 and Landsat-8
are 77.81 and 0.74. GF-5 AHSI data has higher OA and KC than Landsat-8 and Sentinel-2 in classifying
21 classes of land cover types. The PA and UA plots in Figure 7 tell that Landsat-8 data has twelve
and seven classes with over 80% of UA and PA, Sentinel-2 data has twelve and fourteen, whereas
GF-5 has twenty-one and nineteen classes. Especially, 95% of land cover types have over 90% UA and
PA in the GF-5 classification map. Moreover, Figure 9 shows classification maps of GF-5, Landsat-8
and Sentinel-2 data. The shallow sea and deep sea, broomcorn and soybean is confused in Landsat-8
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classification map. Large areas of Mudflat are misclassified into ponds, spartina, intertidal saltwater
marshes and aquaculture are misclassified into ponds. In contrast, fewer misclassification cases exist
in GF-5 classification map, with only shallow sea partly misclassified into ponds. In general, GF-5
classification map is the best in both PA and UA. Therefore, we conclude that the GF-5 data has great
advantages in fine classification for mapping coastal wetlands.

Original

HCF

20181101 GF-5 AHSI 20181120 Landsat-8 20181024 Sentinel-2

Bl sca EM ditch Bl mudflat [ Ipaddy field Il buildings
I river @ marsh B vegetationTdry land
Il pond M aquaculture[ |salt marsh Bl fallow land

Figure 8. The comparison of 13 land cover types classification maps of Landsat-8, Sentinel-2 and
GEF-5 data.

20181101 GF-5 AHSI 20181120 Landsat-8 20181024 Sentinel-2

Bl deep sea [ soybean M reed Bl mudflat [ buildings
[ shallow seal | rice [ suaeda salsa [ salt marsh

i river B maize Il spartina [ Iflood plain

B pond I broomcorn MM tamarix chinensis [ |intertidal saltwater marshes

Il aquaculture [ locust I emergent vegetation [l freshwater herbaceous marshes

Figure 9. Classification maps of 21 land cover types on Landsat-8, Sentinel-2 and GF-5 data
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4.3. Discussions

Considering existing problems in classifying and mapping coastal wetlands, we propose the HCF
and design two groups of experiments on two study areas of coastal wetlands. The first group of
experiments compares the classification performance of HCF with those of SVM and RF on the Yellow
River estuary and Yancheng Landsat images. The HCF has OA above 90% on all Landsat datasets,
while the OA of SVM and RF is below 90%. The HCF has lower misclassification rate than of SVM
and RF and its UA and PA are obviously superior to those of two comparison methods. Therefore,
that HCF achieves better classification accuracies than SVM and RF methods. The SVM and RF are two
typical classifiers of machine learning and it owns excellent performance in land cover classification.
Unfortunately, land covers in coastal wetlands are complicated and diverse and many different land
covers have similar spectral responses with each other. Two classifiers take spectral signals of all
samples into the training process and the similar spectrum of different land covers might negatively
impact the result of trained classifier. In contrast, our proposed HCF is a hierarchical framework.
The first level distinguishes four main classes of land covers using the designed decision tree and the
second level combines spectral features, texture features and geometric features and implements SVM
to further divide four main classes into fine subtypes of land covers. The first level of HCF adopts
expert rules of spectral variables into the decision tree and could reduce confusion or misclassification
between different land covers in main classes. The second level adopts the spatial-object information
and could well identify different subtypes of land covers in the same main classes. Particularly, in the
second level, the classification of each main class is an independent and non-interfering process and it
does not require too many training samples, thus reducing the sample asymmetry and promoting the
distinguishability among different main classes.

The second group of experiments investigates the classification performance of GF-5 AHSI data,
Landsat-8 and Sentinel-2 multispectral data in mapping coastal wetlands using our HCE. When having
13 land cover types, the OA and KC of Landsat-8 are 92.34% and 0.9, Sentinel-2 are 93.4% and 0.92, while
those of GF-5 are 94.98% and 0.93. When having 21 land cover types for fine classification, Landsat-8
and Sentinel-2 data have poor behaviors and their OA and KC are reduced to 77.81% and 0.74, 86.15%
and 0.84 respectively. In contrast, the OA and KC of GF-5 data do not degrade but increase significantly
into 97.38% and 0.97. Therefore, the proposed HCF is also suitable in hyperspectral data and GF-5 data
is much advantageous than Sentinel-2 and Landsat-8 in mapping coastal wetlands. Hyperspectral
data has the characteristics of numerous bands and narrow spectral range. It accordingly provides
approximately continuous spectral information of ground objects and greatly improves the capability
in identifying different land covers. GF-5 AHSI data have a spatial resolution of 30 m, same with the
Landsat data but it has clear spectral advantages to the Landsat-8 data. When the number of land
cover types for classification is small, the spectrum width of Sentinel-2 and Landsat-8 multispectral
data could separate different classes. It accordingly has similar classification performance to GF-5 data
in classifying the 13 classes of the Yellow River estuary. But when having too many land cover types,
the spectral information of Sentinel-2 and Landsat-8 data is too coarse and could not identify some
specific similar land cover subtypes (e.g., shallow sea and deep sea). But narrow bands of GF-5 data
provide sufficient spectral information, which ensures that it could work well in identifying similar
land cover types with subtle spectral divergences. Therefore, compared with Landsat and Sentinel
data, the GF-5 data own great advantages in finely mapping coastal wetlands.

Our work in this paper still has some drawbacks and needs further improvements. First, we do
not carefully investigate the explanation of selected thresholds in the first level of HCE. Whether the
thresholds in the decision tree is reasonable is closely related to the classification accuracy. In the future
work, we will try to theoretically explain the selected threshold. Second, the quality of samples is an
important factor affecting the classification accuracy. The classification maps still have mixed and
misclassified land cover types. Therefore, how to optimize the sample selection is another issue worth
exploring in the future. Finally, more satellite remote sensing datasets and deep learning classifiers like
cube-pair-based convolutional neural networks (CNN) [71] and CNN-Based Spatial Feature Fusion
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Algorithm (CSFF) [72] will be adopted in our framework to further promote the classification behaviors
of our HCE.

5. Conclusions

This paper proposes the HCF for mapping coastal wetlands. The HCF includes two levels of
classification. The first level adopts the decision tree to roughly categorize land covers into four main
classes and the second level implements the SVM classifier on the combined features to obtain fine
subtypes of land covers in the same main class. Two groups of experiments on two study areas are
designed to testify the classification performance in mapping coastal wetlands and the GF-5 AHSI
data and multispectral TM/ETM+/OLI and Sentinel data are implemented. The obtained results were
compared with those from two popular methods SVM and RF. Experimental results show that HCF
has obvious advantages in classifying land covers of coastal wetlands than SVM and RF, with higher
OA and lower misclassification rate. The OA of HCF is all above 90%, whereas that of SVM and
RF method is below 90%. UA and PA of HCF are superior to SVM and RF in both the average and
individual classes. The classification comparison in Landsat-8, Sentinel-2 and GF-5 data shows that
HCEF is not only suitable for coarse classification on the multispectral data but also can be applied
for fine classification on hyperspectral data. For classifying 13 land cover types, the OA and KC of
Landsat-8 are 92.34% and 0.9, Sentinel-2 are 93.4% and 0.92, while those of GF-5 are 94.98% and 0.93.
Landsat-8 and Sentinel-2 data have similar behaviors with GF-5 hyperspectral data in making coarse
classification of land cover types and GF-5 data is slightly more dominant. When having 21 land cover
types, the OA and KC of Landsat-8 are 77.81% and 0.74, Sentinel-2 are 86.15% and 0.84, while those of
GF-5 AHSI data reach up to 97.38% and 0.97. The GF-5 data are far superior to Landsat-8 and Sentinel-2
multispectral data in achieving fine classification of coastal wetlands. Therefore, the proposed HCF
can be an alternative for mapping coastal wetlands and the GF-5 hyperspectral imagery is a good data
source for consideration.
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