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Abstract: Meandering channel migration is a widespread phenomenon in rivers all around the world.
Channel activity, which reflects the rate of change of a meandering channel, is calculated by averaging
lateral channel migration. Channel migration can create new channels and abandon old ones, with
effects on the natural environment. Floods can even lead to excessive rates of channel migration,
which can threaten cities or farmland. Remote sensing can detect the spatial and temporal dynamic
characteristics of the river channel, taking into account both spatial and temporal resolution, and can
help in planning for the safety of the river channel in advance. Previous studies on river channels
have suffered from a low accuracy of data, low level of automation, and subjectivity. To overcome
these limitations, we propose a channel activity remote sensing retrieval model (CARSM) in this
paper. CARSM extracts water using the modified normalized difference water index (MNDWI)
combined with Otsu’s method on the Google Earth Engine (GEE) platform, then extracts the channel
centerlines via water mask maps using RivWidthCloud, and finally calculates channel activity based
on the geometric relationship of the channel centerlines. With more objective extraction results,
CARSM can guarantee more than 95% accuracy of channel activity and its high degree of automation
can save a lot of labor costs. We use Landsat images to monitor the channel of the Lower Yellow
River and calculate the overall and segmental channel activity separately. Our results show that the
overall channel activity of the Lower Yellow River has gradually decreased between 1990 and 2020,
with decreases of 33.04% and 41.06%, respectively. Analysis of channel activity reveals that the water
sediment pattern of the Lower Yellow River changed from siltation to scouring after the completion
of Xiaolangdi Reservoir, and the Lower Yellow River is gradually becoming stable.

Keywords: channel activity; water index; channel centerline; Lower Yellow River

1. Introduction

Channel migration is a geomorphic process of alluvial rivers and is often used to de-
scribe the geometric changes of meandering flows [1-5]. Alluvial rivers consist of extensive
one-way channels and exhibit planar patterns of varying curvature. Alluvial rivers erode
banks and deposit sediment, causing the channel to migrate over the floodplain [6-9], and
it will change its natural migration rule under human interference [10,11]. The migration
rate of the river channel is usually described quantitatively through lateral migration or
channel activity [12-17]. Lateral migration statistics tend to count migration on bends in
the river, while channel activity statistics are for the entire river or sub-channel. Channel
activity, defined as the average rate of lateral migration along a river channel per unit
time [10,13,18], has been widely used in various river studies. River channel migration
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may change the flow path of the river itself, such as straightening the bend to create an
oxbow lake, or truncating the bend to create an abandoned river, thus affecting the natural
ecological environment. High channel migration rates and river instability may lead to loss
of farmland or villages and damage to riverbank embankments [17,19-22]. River channels
change frequently and are closely related to human beings and the natural environment.
Therefore, it is necessary to monitor the rate and status of river channel migrations and
plan ahead for future channel improvement. However, repeated measurements of channel
activity and its changes over time require a lot of human and financial costs, and the
use of remote sensing has greatly reduced this human cost input [2,6]. Therefore, using
remote sensing satellite images to efficiently extract information on morphological changes
of river channels in space and time has some advantages in monitoring the activity of
river channels.

The study of channel activity, which includes theoretical analysis of channel mi-
grations at temporal and spatial scales as well as empirical investigation of changes to
understand the specific causes of channel migrations, has been well-investigated by many
researchers [23-27]. Using digital maps and aerial images of the centerline of the river
channel under before-and-after coverage and calculating the channel activity in bends and
intervals, Shields Jr. et al. [10] concludes that reservoir construction and flow regulation
are important factors in reducing channel activity, while channel activity is only weakly
correlated with the geometric characteristics of bend morphology. Using historical maps,
aerial photographs or other historical documents, Magdaleno and Fernandez-Yuste [18]
analyzed the spatial and temporal evolution of the main geomorphic parameters of the cen-
tral free-bend section of the Ebro River, Spain, between 1927 and 2003, and concluded that
further human activities, river regulation and large-scale changes in biomorphic processes
have led to a significant reduction in the channel width, activity area and channel activity of
the Ebro River, and made recommendations for the protection and restoration of the river
ecosystem. The calculation of channel activity generally requires the use of the channel
centerline. Boothroyd et al. [28] share a demonstration workflow to extract active river
channel masks from a section of the Cagayan River (Luzon, Philippines) and then quantify
centerline migration rates from multitemporal data, revealing the advantages of the GEE
platform for channel migration studies that can use large geospatial data. The polygonal
axis generated by the transformation of the channel boundary line was a relatively common
and classic method for determining the centerline in the past [29]. However, more and
more algorithms for extracting centerlines are emerging. Pavelsky and Smith [30] proposed
RivWidth, which derives the channel centerline via raster-based inundation classification,
and the uncertainty of accuracy depends mainly on the quality of water classification.
Yang et al. [31] developed RivWidthCloud on the GEE platform based on RivWidth, which
allows users to easily use the huge amount of remote sensing data available on the platform
to calculate the centerline of the channel in the image. These two algorithms for extracting
the channel centerline are both based on water index calculations. With the development
of remote sensing technology, more and more new water indexes have emerged. Different
water indexes can achieve good extraction results for different underlying surfaces. For
example, the normalized difference water index (NDWI) is suitable for underlying sur-
faces with soil and vegetation [32], and the modified normalized difference water index
(MNDWI) has a better water extraction effect in urban areas [33], while the automated
water extraction index (AWEI) can remove urban and mountain shadows, and is used when
there are many shadows [34]. The use of various water indexes broadens the applicability
of RivWidthCloud and greatly expands the range of applications of water indexes on
river channels.

Although there are more studies on river channel migrations, most of them focus
on the development and changes of bends on the channel [1,2,15,26], and there are fewer
studies on the changes of the channel on a large scale. In addition, there are still several
deficiencies in previous studies on river channel migrations. First, due to data reasons, old
maps and documents are frequently used in the study of channel migrations, and their
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accuracy needs to be considered. Secondly, the delineation of the boundary and centerline
of the river channel in a large area is somewhat subjective, and the migration rate of the
channel needs to be evaluated objectively. Finally, due to the low degree of automation, it
is cumbersome to repeatedly measure the change of the river channel over time, requiring
a lot of manpower. Therefore, previous studies on river channel migration faced problems
of data, accuracy, subjectivity and automation that could not be satisfied at the same time
(e.g., the use of aerial photography by drones introduces problems of small regional and
temporal scales, and the use of old maps introduces problems of low accuracy). Based on
the deficiencies of previous studies, a new algorithm or model is urgently needed for the
study of river channel migrations to complete the detection of large-scale and long-term
time series required for channel changes. Moreover, the algorithm or model must satisfy
objectivity and a certain degree of accuracy, to reduce the large investment of manpower
and material resources required to monitor the change of the river channel.

In order to obtain large-scale regional and long time series information on river
channel migrations, CARSM was established in this paper with the Lower Yellow River
(Zhengzhou-Jinan section) in China as the study area. We also analyzed the changes of
channel activity in the Lower Yellow River before and after the completion of Xiaolangdi
Reservoir. Specifically, this paper attempts to achieve two objectives: (1) to develop a
remote sensing model that can effectively represent large scale and long time series channel
migrations; (2) to segment the channel in the study area, calculating and analyzing the
overall and segmented channel activity changes in the Lower Yellow River and delineating
the risk zones.

2. Study Area and Data
2.1. Study Area

The Yellow River originates in the Bayan Har Mountains and flows into the Bohai Sea,
which is the second-largest river in China. The section of the Yellow River below Taohuayu
in Zhengzhou, Henan Province, is the lower reaches of the Yellow River, and the middle
and lower reaches are segmented based on geomorphological topography and hydrological
characteristics. The middle reaches of the Yellow River have deep valleys, narrow curved
channels and swift currents, which carry a large amount of sediment through the Loess
Plateau. The lower reaches of the Yellow River are wide and shallow, with a scattered
water flow. Due to the middle reaches of the Yellow River resulting in siltation and high
riverbeds, it is difficult for surrounding rivers to converge. The lower reaches of the Yellow
River are 786 km long, with a drainage area of 23,000 km?2. The total drop of the lower
reaches is 93.6 m, with an average specific drop of 0.012%. The current river bed is 4-6 m
above the ground level of the back river, and it is a world-famous “hanging river on the
ground”. River sediment erosion and sedimentation change dramatically, with the river
wandering and being changeable. The floods are gathered in the upper and lower reaches;
the lower reaches of the Yellow River are an important section of flood control. In addition
to the low hills between Dongping Lake and Jinan on the south bank of the river, the rest of
the river is held back by dikes, with a total length of more than 1400 km.

In order to study the changes in the channel migration rate due to siltation sediment in
the Lower Yellow River, the Zhengzhou-Jinan section (113.56-116.84°E, 34.72-36.33°N) in
the Lower Yellow River is taken as the study section in this paper (Figure 1). There are no
relevant tributaries in the study areas and the river system is dominated by the main stem
only. Its length is more than 300 km. Due to the siltation in the main channel of the Lower
Yellow River, the channel stability is poor and because the channel is wide and shallow, this
has led to frequent channel migration in the study section. In order to stabilize the main
channel, numerous channel improvement works were carried out, including embankment
works and the construction of reservoirs. In the 1990s, the Xiaolangdi Reservoir was built
on the braided section of the river and at the exit of the last canyon in the middle reaches of
the Yellow River, and the Xiaolangdi Reservoir was also put into use in the autumn of 1999.
The purpose was to regulate the sediment entering the Lower Yellow River, artificially
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Figure 1. Overview of the study area. (a) The Yellow River basin (shaded area) and the Yellow River
(blue line) in China; (b) DEM of the Yellow River Basin and location of the studied river section (inside
the red box)—the DEM data are derived from the SRTM V3 product available for download on the
GEE platform (https://developers.google.com/earth-engine /datasets/ catalog/USGS_SRTMGL1_003,
accessed on 9 July 2023); (c) true color plan of the studied rivers (their locations are marked in red
in (b)).

2.2. Data

The GEE platform is a cloud computing platform specialized in processing satellite
images and other earth observation data. The platform stores a large amount of remote
sensing data, and users are free to create new algorithms or reorganize them to process
remote sensing data according to their research needs, without the constraints of inherent
algorithms. The Landsat series satellites were developed and launched in cooperation
between NASA and the US Geological Survey. So far, Landsat has launched a total of
nine satellites. The Landsat series of image data includes all land areas from a latitude
of 83° north to 83° south, with image updates every 16 days. Landsat series satellites can
monitor the rational use of agriculture, forestry, animal husbandry and water conservancy
resources by taking images of various targets.

The images of Landsat have a spatial resolution of 30 m and the channel could be
clearly identified. Landsat has been launched for a long time and many historical images
are available, so it is used as research data to analyze channel activity and changes in the
Lower Yellow River. All Landsat raw data values are converted into surface reflectance
values using a multiplicative constant (0.0000275) and additive constant (—0.2) on the
GEE platform. A total of two Landsat scenarios were covered in the study area using
Landsat Thematic Mapper (TM) and Operational Land Imager (OLI) level2 data products
on the GEE platform. In order to obtain the maximum visibility of the channel, remote
sensing images with cloud cover of less than 20% were used; combined with the regional
geographical environment and the history of water conservancy construction in the upper
reaches, a total of four views of Landsat images were selected for the study channel section
between 1990 and 2020 (Table 1). The data were obtained in September when the water
level was high after the flood season. The basis for selection is that the rainfall after the
flood season is less and stable, and the morphology of the channel can be clearly identified
through the images, which is convenient for comparing changes in channel activity. The
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longest time span of the selected image is 30 years, and the time span between two adjacent
images is about 10 years, so that the selected time span images can fully reflect the channel
activity and its changes. In 1990, 2000 and 2009, images from Landsat-5 TM sensors were
used, and in 2020, images from Landsat-8 OLI sensors were used.

Table 1. The dates of Landsat image used and the situation of sand regulation and water regulation
of the Xiaolangdi Reservoir.

Major Events of Xiaolangdi

Date Sensor Type  Resolution (m) Reservoir before Date
2 September 1990 ™ 30 Thehi?fgfgje‘fsieift"o“
13 September 2000 ™ 30 The Xiaolangdi Reservoir

in operation
A total of 9 rounds of sand and
22 September 2009 ™ 30 water regulation
in the Xiaolangdi Reservoir
A total of 10 rounds of sand and
4 September 2020 OLI 30 water regulation
in the Xiaolangdi Reservoir

Water and sediment data from 1950 to 2020 at the Huayuankou hydrological station,
which were obtained from the National Earth System Science Data Center (http://gre.
geodata.cn/), were used in this paper to analyze the changes in water and sediment in the
lower Yellow River before and after the completion of Xiaolangdi Reservoir.

3. Methods

The flowchart of CARSM in this paper is shown in Figure 2, which contains a total of
three modules. The first module obtains water boundaries from remote sensing images;
the second module extracts channel centerlines from water boundaries; the third module
calculates channel activity based on overall and segmental channel centerlines.

3.1. Extraction of Channel Boundary

In this study, the method of the water index combined with the threshold value
is used to extract channel information from the selected remote sensing images. The
underlying surface of the Lower Yellow River is mainly composed of water bodies, bare
land, vegetation and buildings. The characteristics of the reflection spectrum of the water
are as follows: high reflection in the blue and green band, and low reflection in other bands,
especially near-infrared and mid-infrared bands, which are close to 0. This is the main
difference between the water and other ground objects in the spectrum. Therefore, many
water indexes enhance water information and suppress non-water information based on
the relationship between bands [32-36]. The normalized difference water index (NDWI)
is the first proposed water index. The NDWI is calculated using green and near-infrared
bands [32], which suppresses the effect of vegetation and bare ground on water extraction.
The MNDWI proposed by Xu [33] replaces the original near-infrared band with the mid-
infrared band, which solves the problem of NDWI easily extracting buildings as water. The
equation is as follows:

MNDWTI = (Green — Swir) / (Green + Swir) 1)

where Green and Swir represent the green band and mid-infrared band of Landsat image
level-2 products, respectively.

Then, since the values of the MNDWI images after enhancing the water information are
between —1 and 1, without much noise interference, and the MNDWI value of water is quite
different from the MNDWI value of other objects, they are suitable for image segmentation
algorithms that are divided into two categories. Hence, an automatic threshold selection
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method (Otsu) is used to determine the threshold values of the MNDWI images. The
principle of Otsu [37-39] is to traverse all thresholds, then divide the image into target and
background according to the traversed thresholds, calculate the inter-class variance values
between the pixels of all thresholds, and take the threshold corresponding to the largest
inter-class variance value as the optimal threshold. The equation of Otsu is as follows:

0% = owon (pw — in)’ 2)

T = max(c?) ®3)

where oy and ppy represent the proportion of the target (water) to the total image and the
average pixel value, and oy and uy represent the proportion of background (non-water)
to the total image and the average pixel value of the image. The optimal threshold, T, for
segmenting the image is obtained when the traversal threshold segments the image to
obtain the maximum interclass variance.

Using the MNDWI combined with the optimal threshold calculated by Otsu [37], the
water in the Lower Yellow River can be well-separated from the background, to obtain the
water mask image.

Color legend
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Figure 2. The flowchart of CARSM. The red box represents the input part, the blue box represents the
algorithm, model or operation part, and the green box represents the final product or intermediate
product part.
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3.2. Extraction and Subsection of Channel Centerline

In this paper, RivWidthCloud is used to extract the channel centerline from the water
mask image. RivWidthCloud is an automatic Google Earth Engine algorithm for extracting
channel centerlines and channel widths from remote sensing imagery [31]. The original
RivWidthCloud extracts the centerline of the channel from remote sensing images in
seven steps:

Step 1: The method proposed by Zou et al. [40] is used to extract water on a Landsat
image. The principle of this water extraction procedure is based on the spectral water
classification in Equations (4)—(6). The water mask image is obtained via the joint extraction
of the MNDWI, normalized difference vegetation index (NDVI), and enhanced vegetation
index (EVI) [33,41,42].

NDVI = (Nir — Red)/ (Nir + Red) 4)
EVI = 2.5 x (Nir — Red) /(1 + Nir + 6 x Red — 7.5 xBlue) ®)
water = ((MNDWI > NDVI) or (MNDWI < EVI)) and (EVI < 0.1) 6)

where Nir, Red, and Blue represent the near infrared band, red band and blue band of
Landsat image level-2 products, respectively.

Step 2: Channel pixels and non-channel water pixels based on the global river width
of the Landsat (GRWL) dataset are distinguished from each other. The water beyond
4 km (this is an optional distance) from the GRWL centerline is removed to obtain the
channel boundary.

Step 3: Foreign objects (islands and dams) with a fill area of less than 0.3 km? (this is
the optional size) are filled and the filled image is called the channel mask image.

Step 4: A distance transform operation is performed on the channel mask image,
and the distance transform operation assigns a channel pixel to the nearest non-channel
pixel. After the distance transform operation, pixels near the center of the channel have a
local maximum.

Step 5: The distance-transformed image is convolved with a pair of 3 x 3 pixel kernels
(7-8) to generate a gradient image, The gradient of pixels close to the centerline is almost
always a local minimum and close to 0. A threshold of 0.9 is usually used to generate the
initial centerline.

0
PO )
§ 0 -5
12 1
8 8 8
0 0 0 (8)
1 2 1
8 8 8

Step 6: A skeletonization operation is applied three times to the initial centerline to
produce a centerline that is only one pixel wide [43].

Step 7: These branches are trimmed by starting from the endpoint of each centerline
and removing either 500 pixels (this is an optional length) or the total length of the segment
to the next confluence, producing the channel centerline with no pseudo-branches that is
only one pixel wide.

The original RivWidthCloud requires the ID of a single Landsat image as input to
generate the river centerline for a single image, as water extraction via the original algorithm
is not effective at the boundary of the channel in this study area, and the center of the
channel is also easy to miss in extraction. In order to enable the algorithm to be available
on a large scale and to match the characteristics of the Lower Yellow River substrate, a
more suitable water extraction method needs to be used. In this paper, the algorithm is
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improved by first stitching the Landsat image and then using the mask map obtained via
MNDWTI combined with Otsu’s method on the image instead of using the water mask
map method of Zou et al. to obtain the water mask image as input. Additionally, the
parameters of distance, filling and removal are selected according to the geography of the
Lower Yellow River to extract the centerline of the channel. The source code for extracting
channel centerline in CARSM can be accessed directly in GEE at https://code.earthengine.
google.com/?accept_repo=users/zenan990218/CARSMPaper (accessed on 9 July 2023).

Meanwhile, in order to explore the change in channel activity between the overall and
local channels in the Lower Yellow River, all the obtained centerlines were divided into
30 segments. The specific method of segmentation is to divide the channel centerline of
the latest year (2020) into 30 equal parts, and then generate a normal perpendicular to the
centerline of the channel at each endpoint of the divided centerline, and finally extend the
normal to intersect the centerlines of the other years to obtain the intersection, which is the
endpoint of the 30 segments of the other years.

3.3. Channel Activity Remote Sensing Retrieval Model

Channel activity is the average rate of lateral migration along a channel per unit time
and can be measured in a variety of ways. According to the characteristics of slight change
in local width and the low complexity of the channel graph in the Lower Yellow River, this
paper uses the channel centerline to calculate the channel’s activity. The specific method
to calculate the channel activity is to use the geometric relationship between the channel
centerlines in different years, and use the integral form to obtain the length of the channel
centerline in the earlier year and the sum of the area of the polygon surrounded by the
two channel centerlines. Finally, the sum of the areas is divided by the time span between
the centerlines of the two channels and then divided by the length of the centerlines in
the previous year, so that the channel activity under the time span can be obtained. Since
the four Landsat images have a certain lateral offset in the spatial range of the study area,
all images include the end of the downstream channel in the study area. However, the
starting points of the channels in the four images are not consistent, so when calculating
the channel’s activity, it is necessary to take the common intersection area of the four
images, to ensure that the channel’s activity in the same area is calculated. In Figure 3
is a schematic diagram illustrated for calculating channel activity in this paper, and its
calculation equation is as follows:

M=S/[T,—Th]/Ly 9)
b
5= [1A(x) = f)ds (10)
L= [ 1ds (11)
!

where M represents the channel’s activity and S represents the sum of the areas of the
geometric figures enclosed by the intertwined centerlines in different years. L; represents
the centerline length of the earlier of the two centerlines, and T and T, represent the
image date of the earlier year and the image date of the latter year, respectively. f1(x) and
fa(x) represent the centerline curve trajectories of the channel in earlier and later years,
respectively. 2 and b represent the horizontal coordinates of the starting point and end point
of the curve, respectively. dx represents the differential along the horizontal coordinate.
L represents the integral route along the channel in the earlier year and ds represents the
differential along the channel in the earlier year.
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Centerline

at time Th \

Centerline

R / at time T2

Channel activity=
(Shadow area accumulation)/(Length of Ti centerline)/(T>—Th)

Figure 3. Procedure for calculating channel activity from the channel centerline. The dark black line
represents the channel centerline of the previous time and the light black line represents the channel
centerline of the next time.

4. Results
4.1. Model Parameters and Thresholds

CARSM needs to set the water extraction method and the parameters that need to be
paid attention to when extracting the centerline. Based on factors such as water and bare
land vegetation occupying the main underlying surface near the Lower Yellow River, the
MNDWI combined with Otsu’s method was selected as the water extraction method in this
paper. In extracting the centerline, due to the large width of the Lower Yellow River and
the relatively small number of small islands in the center of the river, a foreign object filling
less than 333 image elements (i.e., 0.3 km?) was set to reduce the complexity of digitization
and avoid unnecessary segmentation, set to remove water beyond the maximum distance
of 6000 m from the channel bank to the channel centerline and set to trim pseudo-branches
of less than 100 pixels (i.e., 3000 m).

The MNDWTI images calculated from four images of different years are shown in
Figure 4. The value of the MNDWTI of water in the channel is larger than that of other
surface features and the proportion of the channel in the entire image is small, and only
exists in a small part of the image center.

The histograms of the MNDWI images calculated from four images of different years
and the interclass variance between two features calculated according to different thresh-
olds are shown in Figure 5. From the four histograms, we can know that because the
river channel is wider and occupies a smaller proportion in the image, we can assume
that the histogram of the image has a double peak and there is a large gap between the
double peaks, but the double peak phenomenon is not particularly significant. From the
four interclass variance images, we can know that the interclass variance between the
two features increases and then decreases as the threshold value increases from —1 to 1.
The threshold value at the maximum interclass variance is basically in the range of 0 to 0.1.
The optimal threshold values at the maximum interclass variance calculated by Otsu for
these four MNDWI images are shown in Table 2.
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Figure 4. The MNDWI images calculated from the MNDWI. (a) MNDWI image in 1990; (b) MNDWI
image in 2000; (c) MNDWI image in 2009; (d) MNDWI image in 2020.
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Figure 5. The histograms of MNDWI images and interclass variance for different thresholds.
(a) MNDWI histogram in 1990; (b) interclass variance in 1990; (c) MNDWTI histogram in 2000;
(d) Interclass variance in 2000; (e) MNDWTI histogram in 2009; (f) interclass variance in 2009;
(g) MNDWI histogram in 2020; (h) interclass variance in 2020.

Table 2. The optimal threshold value obtained according to the maximum variance between classes.

Year Optimal Threshold
1990 0.0850

2000 0.0351

2009 —0.0050

2020 0.0750

The channel boundary images extracted after the water image is extracted according
to the optimal threshold combined with the MNDWI image and then according to the
centerline parameter setting are shown in Figure 6. From Figure 6, we can know that the
general position of the Lower Yellow River remains stable during the four time periods,
the flow direction of the river is first to the east and then to the northeast, and there is
a Dongping Lake reservoir in the northeast of the study area. This characteristic of the
one-way channel in the study area is obvious, that is, there is basically only one main road
and basically no other tributary flows into it.

The contents of the four channel centerlines extracted via RivWidthCloud according
to the channel boundaries in different years are shown in Table 3. including the length, S,
of the centerline of these rivers according to the centerline of the rivers, respectively, and
the distance, 1, of the geometric plane between the beginning and the end of the rivers. The
curvature of the four rivers is calculated according to the equation of the definition of the
curvature of the rivers K = S/1. It can be seen from the table that the curvature of the Lower
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(a)

Yellow River increases sharply before the construction of Xiaolangdi Reservoir, and then
decreases slowly after the reservoir is put into use.

(b) | :_‘/_., :

W\—-\{} R SN :

(c)

-
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Figure 6. The images of channel boundaries in different years. (a) The channel boundary in 1990;
(b) the channel boundary in 2000; (c) the channel boundary in 2009; (d) the channel boundary in 2020.

Table 3. Specific information on the channel centerlines.

Year Centerline Length Straight Channel Curvature
(km) Length (km)

1990 363.38 265.30 1.370

2000 384.02 264.41 1.452

2009 379.85 264.33 1.437

2020 375.73 264.28 1.422

The planar conditions of the channel centerline in four different years are shown in
Figure 7, and these four centerlines are morphologically intertwined, indicating repeated
channel changes in the Lower Yellow River. It can also be seen that the first half of the
four intertwined centerlines are intertwined and intersect more, while the second half of
the centerlines are closely spaced and intersect less. This shows that the position of the
first half of the Lower Yellow River changes dramatically and frequently, and the position
of the first half of the channel changes significantly; the second half of the channel is less
intertwined and relatively stable, and the position of the second half of the channel does
not change significantly.

4.2. The Result of CARSM

The channel activity of the Lower Yellow River for three time periods, 1990-2000,
2000-2009, and 2009-2020, are shown in Figure 8, where the overall and segmented channel
activity are calculated separately for each time period to explore the changes in channel
activity of the Lower Yellow River.
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Figure 7. The extraction result of the channel centerline. The black line in the figure indicates
the channel centerline in 1990, the green line indicates the channel centerline in 2000, the red line
indicates the channel centerline in 2009, and the black line indicates the channel centerline in 2020.
The background of the enlarged images are the true color image of 2020.

From a general perspective, the overall channel activity between 1990 and 2000 was
41.35 m/year; it was 27.69 m/year for 2000-2009 and 16.32 m/year for 2009-2020, and their
migration rates are highly dependent on the year. Although the overall channel activity
was generally higher in the three time periods, the overall channel activity in the three time
periods decreased gradually. The reduced values are 13.66 m/year and 11.37 m/year,
respectively, and the proportions of decline were 33.04% and 41.06%, respectively, which
indicated that the activity of the Lower Yellow River decreased and the overall migration
rate of the Lower Yellow River channel slowed down.

From a segmental perspective, the channel activity in the upstream part of the study
reach (before segment 10) was generally higher than the overall channel activity, and the
channel activity in the downstream part of the study reach (after segment 10) was generally
lower than the overall channel activity. This indicates that the upper reaches of the channel
are unstable, with high variability in channel location and high activity, while the lower
reaches of the channel are more stable, with little variability in channel location and low
activity. The segmented channel activity for the three time periods also follows the same
trend as the overall channel activity does (gradually decreasing). However, in the middle
and lower reaches, there are individual segments where the channel activity exceeds the
overall channel activity. For example, the channel activity of segment 15 from 2000 to 2009
and 2009-2020 is both higher than the overall channel activity in this time period, indicating
that this segment is more active.

The stability of the channel after segmentation is judged by whether or not the seg-
mental activity is less than ten percent of the overall activity, and it can be analyzed from
Figure 8 that the channel in the upper half of the study area is gradually becoming stable.
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The segmented channel activity was ten percent lower than the overall channel activity for
the first time in segment 10 during 1990-2000, compared to that of segment 9 obtained for
the first time during 2000-2009, and segment 5 obtained for the first time during 1990-2000.
The segmentation of the river with lower post-segmentation channel activity than the over-
all channel activity is gradually moving forward, and it can be analyzed that the upstream
of the study area is changing from turbulent to stable, and slowly becoming stable from the
downstream direction to the upstream direction.

Channel activity in the Lower Yellow River

200 T T T
@ —©— Sections from 1990 to 2000
180 —£— Sections from 2000 to 2009 | T
——&— Sections from 2009 to 2020
160y Overall from 1990 to 2000 | 1
. Overall from 2000 to 2009
E 140 Overall from 2009 to 2020 | |
:w;\
E 120 1
B
Z 100 ¢ 1
2
g XUZ\ -
g
&

Segment number

Figure 8. The changes in overall and segmental channel activity in the Lower Yellow River. Lines of
the same color are used in the same time period, and the lines with marks represent the segmental
channel activity, while the lines without symbols represent the overall channel activity.

4.3. Channel Risk Demarcation

The area after each segment was classified as a risk zone based on the number of time
periods in which the segmented channel activity was lower than the overall channel activity.
The segments with higher channel activity than the overall channel activity in all three time
periods were classified as high-risk zones; the segments with higher channel activity than
the overall channel activity in two time periods were classified as medium-risk zones; and
the segments with higher channel activity than the overall channel activity in one time
period were classified as low-risk zones. If the channel activity of a segment is lower than
the overall activity in the all three time periods, it is classified as a safe zone. The risk zones
to which the segmented rivers belong are shown in Table 4, of which there are 5 high-risk
zones, 4 medium-risk zones, 2 low-risk zones and 19 safety zones.

Table 4. The result of risk zone classification.

Risk Classification Segment Number
High-risk zones 14,6

Medium-risk zones 5,7,8,15
Low-risk zones 9,14

Safety zones 10-13, 16-30
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5. Discussion
5.1. Characteristics of CARSM

Using channel activity to simplify the complex channel movement model into a model
with only the initial state and the end state and quantitatively calculating the average value
of the overall lateral migration of the channel provides a means to study the normal state
of the channel and its changing characteristics. In this paper, a remote sensing inversion
model for channel activity is proposed for the first time, and due to the high portability
of the model, it can not only use Landsat imagery but also be extended to include other
remote sensing data products (such as Sentinel-2, MODIS or other microwave satellite
images) relatively easily. Satellite images with different characteristics may play different
roles in later studies of channel migration. In addition, the model has several characteristics
of its own, and the following are some characteristics of CARSM.

CARSM can combine both temporal and spatial resolution. Since there are many
channels on the surface and considering the fact that channel migration is a long and
slow process, monitoring and research on channels often require a long time series and
sufficient amount of data. In previous studies, field measurements, historical maps, aerial
photographs or other historical documents were often selected as reference data for research;
however, previous methods suffer from less available data, low precision and relative
difficulty in calculation, and their temporal and spatial resolution needs are often not
met simultaneously. With the proliferation of various satellite images, a series of large
satellite missions such as Landsat have the advantages of global coverage, routine data
collection, high temporal resolution, and a large time span of available images, and more
and more images with high temporal and spatial resolution are available for channel
activity calculations, meeting both temporal and spatial needs. Using CARSM to calculate
channel activity, it is only necessary to stitch images of the same period or similar periods
into one image to calculate channel activity, and the remote sensing images stitched with
multiple periods can be used to calculate channel activity and its change trend, which
expands the scope of using it to calculate channel activity.

CARSM has objective extraction results with uniform standards and equally sized
errors. The CARSM in this paper all use the same water index to extract water, and the
error comes from two points; the first error comes from the registration error E; of the
original satellite image, which can be viewed in the metadata of the satellite images. Most
Landsat image alignments have a root mean square error of 10 m or less [2], and this error
accounts for less than 3% of the average water width of the studied river reach. The second
error comes from error E; of channel extraction, where the MNDWI reportedly extracted
water with an accuracy of more than 96% [34,35]. The equation for calculating the overall

error is as follows:
E=\/E?+E3 (12)

According to the previous research on the water index and the calculation of the error
formula, the maximum error value, E, will be less than 5%, and the accuracy will be greater
than 95%. Compared to manual field measurements and previous studies, the model is
objective and has a high degree of confidence with a small relative error.

CARSM calculations are fast and concise. Compared to the calculation methods of
channel activity in previous studies, the CARSM proposed in this paper only requires
two remote sensing images or synthetic remote sensing images to be selected according to
the study date and the type of underlying surface, as well as the use of the water index to
calculate the channel activity quickly and accurately. CARSM does not require complex
training models, and eliminates the inconvenience of manual field surveys and the use of
actual measurement data to assist with calculations, so it is more effective for monitoring
channel activity changes at large scales and long time series.
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5.2. Geomorphic Interpretation of the Results

Changes in the channel activity of a meander are influenced by river flow, sediment
transport, channel morphology and floodplain characteristics [8,13,17,24]. Among these
four causes, sediment transport conditions are the main reason for changes in channel
activity in the Lower Yellow River, because after the Yellow River flows through the
areas with the most severe soil erosion on the Loess Plateau, the sediment content in the
mainstream of the Yellow River increases dramatically, resulting in sediment accumulation
in the Lower Yellow River.

The change in channel activity in the Lower Yellow River is closely related to the
construction and use of the Xiaolangdi Reservoir, as its presence has changed the sediment
transport conditions in the Lower Yellow River [44-46]. The study river section is located
downstream of the Xiaolangdi reservoir, which is located at the end of the middle reaches
of the Yellow River and allows a good ability to monitor the sediment flow into the Lower
Yellow River. Xiaolangdi Reservoir, which was put into operation in 2000, is the last large
reservoir in the middle reaches of the Yellow River that mainly regulates the Yellow River’s
water and sediment, and has an important influence on the runoff process in the Lower
Yellow River. The income sediment coefficient is usually used in studies as an important
parameter influencing channel variability. The income sediment coefficient (defined as
£=S5/Q; Sis the annual average sand content (kg/m?), and Q is the annual average flow
(kg/m?)) can be used as a discriminatory indicator for the balance of sand transport in
the lower reaches of the Yellow River. The threshold of the incoming sediment coefficient
is derived from the study experience of the Yellow River sediment over the years, and
when the incoming sediment coefficient is & > 0.015, siltation occurs in the channel; when
0 < & <0.01, scouring occurs in the channel; when 0.01 < & < 0.015, the channel is roughly
balanced between scouring and siltation [47-50]. The incoming sediment coefficients at the
Huayuankou hydrological station from 1950 to 2020 are shown in Figure 9.
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Figure 9. The incoming sediment coefficients at the Huayuankou hydrological station at the end of
the Middle Yellow River from 1950 to 2020.

Various measures were carried out on the Loess Plateau for about 20 years from the
late 1970s to the late 1990s, but the ecological management of the Loess Plateau did not
have a very significant limiting effect on the sediment washed into the Lower Yellow River,
while the Xiaolangdi Reservoir came into operation and directly changed the relationship
between runoff and sediment in the Lower Yellow River, significantly reducing the amount
of sediment transported into the Lower Yellow River while the runoff remained largely
unchanged. Before 2000, the value of the incoming sediment coefficient of the Lower Yellow
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River was basically between balance and siltation. The slope of the Lower Yellow River
was slow, a large amount of sediment was deposited on the bottom of the channel, and the
riverbed was constantly rising, which led to the large lateral mobility of the channel. After
2000, the value of the incoming sediment coefficient in the Lower Yellow River was below
the critical value of scouring Some studies have shown that the scour thickness of the main
channel in the whole Lower Yellow River after the flood from October 1999 to 2020 was up
to several meters, and the scour was more above and less below, with uneven distribution
along the course. The reduction in sediment accumulation in the riverbed and the rise in
the relative height of the slope banks on both sides of the channel have led to the weakening
of the lateral mobility of the channel. This is due to the main role of sand fixation and
the drainage of the Xiaolangdi reservoir, which transformed the original siltation-based
water sediment pattern of the Lower Yellow River into an impact-based water sediment
pattern [51-54], which has led to lower water levels in the Lower Yellow River and higher
banks of the channel. The water-sediment pattern regulated by Xiaolangdi Reservoir and
the resulting rise in riverbank height lead to a reduction in channel activity in the Lower
Yellow River [55], transforming the channel pattern of the Lower Yellow River into a more
stable channel pattern.

The Lower Yellow River tends to be stable, but it does not mean that it has no changes
at all. Although its activity has weakened, it is still in a normal and healthy state. The lower
Yellow River has become less active, which is good for humans because they can make
better use of it, but should be wary of low channel activity that could lead to a reduction in
species diversity.

5.3. The Potential Applicability of CARSM

CARSM monitors channel activity and its changes mainly by calculating the centerline
of the channel. However, due to the morphological characteristics of the channel and the
characteristics of remote sensing satellite images, CARSM may not be applicable in some
cases. For example, if there are many clouds and fog in the satellite images, this will greatly
affect the threshold value of water index extraction, which will lead to the poor extraction
of river information and eventually lead to a large error in channel activity calculation.
In addition, the common large-channel bifurcation is also an important factor that affects
channel activity calculation [56]. According to the centerline algorithm, if there are large
unfilled islands in the channel, there will be branching when calculating the centerline of
the channel, and then there will be two or more centerlines in the bifurcated section of the
channel; at this point, it may be necessary to use a longer line as the centerline calculation.

In future work, there may be an algorithm for removing clouds and fog from satellite
images, and the quality of water classification will continue to improve. At the same time,
if it is clear which channel centerline is used to calculate channel activity at forked river
sections, the applicability and reliability of CARSM will also continue to improve.

6. Conclusions

Using CARSM to identify channel boundaries and channel centerline information,
and to invert overall and segmental channel activity based on CARSM can provide a
qualitative and quantitative basis for channel migrations. Compared to the use of previous
methods of monitoring channel migrations, the use of remote sensing to extract channel
information and study changes in channel activity has the characteristics of wide coverage,
more comprehensive information, and a low difficulty of acquisition. This paper studies
the changes of channel activity in the Lower Yellow River (Zhengzhou-Jinan section) based
on multi-period remote sensing images, and the following main conclusions are obtained:

(1) A remote sensing model (CARSM) for calculating channel activity was constructed.
CARSM can quickly calculate channel activity on images with obvious channel fea-
tures and fewer clouds above the channel by selecting suitable water index and
threshold values according to the characteristics of the underlying surface and the
time span. We can use two remote sensing images to calculate channel activity, and
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we can also use multiple remote sensing images to study the change characteristics of
channel activity.

(2) The channel activity of the Lower Yellow River was calculated in segments, the areas
with higher channel activity were determined according to the segmented and overall
channel activity, and then the risk areas were identified according to the number of
time periods in which the segmented channel activity was higher than the overall
channel activity. Precautions were made in advance to avoid property damage.

(3) Both the overall and the segment of the Lower Yellow River show a trend of gradu-
ally decreasing channel activity from upstream to downstream, and the water and
sediment pattern of the Lower Yellow River has changed from siltation to scouring.
The channel of the Lower Yellow River has become more stable from the downstream
to the upstream section, and it is still within the normal range of channel activity.
The increasing stability of the channel is mainly related to the water sediment control
function of the Xiaolangdi Reservoir. The stabilization of the Lower Yellow River
under water sediment conditions will help to resist the disasters brought about by
frequent floods.
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