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Abstract: It is important to examine the lateral shift rate variation of river banks in different
periods. One of the challenges in this regard is how to obtain the shift rate of river banks, as
gauging stations are deficient for the study of river reaches. The present study selected the
Yinchuan Plain reach of the Yellow River with a length of 196 km as a case study, and
searched each point of intersection of 153 cross-sections (interval between two adjacent
cross-sections was 1.3 km) and river banks in 1975, 1990, 2010 and 2011, which were plot-
ted according to remote sensing images in those years. Then the shift rates for the points of
intersection during 1975-1990, 1990-2010 and 2010-2011 were calculated, as well as the
average shift rates for different sections and different periods. The results show that the left
bank of the river reach shifts mostly to the right, with the average shift rates being 36.5 m/a,
27.8 m/a and 61.5 m/a in the three periods, respectively. Contemporarily, the right bank shifts
mostly to the right in the first period, while it shifts to the left in the second and third periods,
with the average shift rates being 31.7 m/a, 23.1 m/a and 50.8 m/a in the three periods, re-
spectively. The average shift rates for the left and right banks during the period 1975-2011
are 22.3 m/a and 14.8 m/a, respectively. The bank shift rates for sections A, B and C are
different. The shift rate ratio of the left bank in the three sections is 1:7.6:4.6 for shift to the left
and 1:1.7:3.8 for shift to the right, while that of the right bank is 1:1.8:1.2 for shift to the left
and 1:5.6:17.7 for shift to the right during the period 1975-2011. Obviously, the average shift
rate is the least in section A, while it is maximum in section B for shift to the left and in section
C for shift to the right. The temporal variation of the shift rate is influenced by human activities,
while the spatial variation is controlled by the local difference in bank materials.
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1 Introduction

The drainage area of the upper Yellow River is 386,000 km?, with a channel length of 3472
km and a channel gradient of 0.00101 (Zhao, 1996). The Maqu and Ningmeng (Ningxia and
Inner Mongolia) reaches are typical alluvial channel reaches in the upper Yellow River. The
Ningmeng reach has attracted more attention because of the complexity in channel evolution,
sediment sources and transport, and human influences. Yang et al. (2003) regarded the
source of the sediment deposited in the Inner Mongolia reach of the upper Yellow River as
mainly the Ulan Buh Desert and the ten large Kongduis (the ephemeral streams in the
southern part of the stem river). Shen et al. (2007) concluded that the Qingtongxia and Liu-
jiaxia reservoirs completed in 1968 and the Longyangxia reservoir built in 1986 strongly
influence the channel evolution in the river reach because they can adjust flood discharge.
The Ningmeng channel has experienced processes from slight aggradation to erosion, and
then to aggradation since these water conservancies were built (Zhang et al., 2002). Yao et al.
(2011) estimated the change in erosion area of the river banks based on satellite images in
different years and considered that the annual mean erosion area had a decreasing trend
since 1958. Some researchers have paid attention to studies of the channel adjustment law
based on river flow entropy (Sun, 1999) or energy dissipation rate (Sun et al., 2011). Fur-
thermore, researchers have studied snow-melt flooding characteristics (Yang, 1992), channel
pattern change (Wang, 2008), channel hydraulic geometry change (Ran et al., 2012), spatial
and temporal variations of sediment filling capacity and sedimentation rate (Wang et al.,
2012b), response of channel cross-sections to flood processes (Wang and Fan, 2010), chan-
nel evolutions (Fan ef al., 2012), and runoff changes and their influencing factors (Wang et
al., 2012a) for the Ningmeng channel reach. Some factors influencing the channel changes
have been discussed broadly (Hou et al., 2007; Fan et al., 2010; Ran et al., 2010; Wang and
Fan, 2010; Wang et al., 2012b). However, there have been relatively few studies on river
bank shift rate for the river reach. A very important problem is how to obtain the bank shift
rates for the river reach under conditions of lack of channel geometry data for the Ningmeng
reach of the Yellow River (Petts, 1995).

This study takes the Yinchuan Plain reach of the upper Yellow River as an example, to
calculate the channel bank shift rates during different periods according to points of inter-
section of the banks and 153 cross-sections, the mean interval of which is 1.3 km. The re-
sults are of great significance for understanding the channel evolution and for river man-
agement in the river reach.

2 Geographic background and methodology

2.1 Geographic background

As a part section of the Ningmeng reach of the upper Yellow River, the Yinchuan Plain reach
with a channel length of 196 km is located between Qingtongxia and Shizuishan gauging
stations (Figure 1). To the west of the Yinchuan Plain is the Helan Mountains, while to the
east is the Erdos Plateau. Ulan Buh Desert and Hedong Sandy Land surround the Yinchuan
Plain where the climate is arid and the annual precipitation is approximately 200 mm/a.

The Yellow River flows from south to north in the river reach with an average channel
gradient of 0.00018 (Wang, 2012a). The channel pattern is mainly braided and locally
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meandering. The channel bed materials are mainly sand. Channel width ranges from 0.2 to
5.0 km and channel depth ranges from 2 to 6 m. A straight channel pattern appears in the
upper part of section A (Figure 2a) where bed load changes gradually from gravel to sand. In
sections B and C, the bed materials change gradually from sand to silt. Few tributaries join
in the main stem in the Yinchuan Plain reach of the Yellow River. As the largest tributary in
the river reach, the Kushui stream imports runoff and sediment load to the main stem, which
are very small and often negligible.

2.2 Methodology

Analyses of satellite images as important and powerful measures to obtain channel planform
have been widely applied in the study of fluvial geomorphology (Khan and Islam, 2003;
Kammu et al., 2008; Yang et al., 2011; Yao et al., 2011; Baki and Gan, 2012; Hossain et al.,
2013). The interval between adjacent gauging stations in certain rivers is very great and of-
ten exceeds 10 km. Therefore, the bank shift characteristics between two gauging stations
are not clear if one considers only the gauging data. However, comparison of fixed close
digital cross-sections in different satellite images for different time intervals provides a
convenient way to calculate bank shift rate. The interval of the digital cross-sections can be
chosen depending on the requirements of the study. The locations of the points of intersec-
tion between the bank and the digital cross-sections are the base data for calculating the
bank shift rates. The establishment of fixed digital cross-sections of small interval and com-
parison of the change in location of the intersection points between the banks and the digital
cross-sections are an important innovation in the study of fluvial geomorphology.

The adopted satellite images for the study area were MSS with a resolution of 60 m in
1975 and TM with a resolution of 30 m in 1990, 2010 and 2011. These satellite images were
obtained during flood season in those years (Table 1) and downloaded from the US Geo-
logical Survey (2012). If river flow width does not evidently change with water level, the
channel boundary could be denoted and digitized using the water boundary because this
boundary is clearly defined in Landsat images, as reported by Nicoll and Hickin (2010).
However, this approach could not be used to digitize the broad and shallow channels, such
as in the braided river reach in the upper Yellow River, because their flow width can evi-
dently change with water level. To eliminate the influence of obvious change of river flow
width in different flood seasons, we digitized the channel banks according to the vegetation
boundary along the river flow. Several studies have used the limit of vegetation to denote
successfully channel boundaries (e.g., Gurnell, 1997; Winterbottom, 2000; Richard et al.,
2005; Yao at al., 2013). The WGS84 coordinate was adopted in this study to digitize

Table 1 Daily discharge on the date of obtaining remote sensing images, the largest discharge in the year and
the relative error in calculating channel banks

Date of the satel- Daily dis- Maximum discharge in Resolution of Average chan- Relative
lite images charge (m’/s) the year (m’/s) the images (m) nel width (m) error (%)
1975-09-15 2580 2740 60 1354 8.86
1990-08-30 944 1410 30 1386 433
2010-08-18 905 1520 30 749 8.01

2011-06-18 1134 1990 30 688 8.72




WANG Suiji et al.: Variations of bank shift rates along the Yinchuan Plain reach of the Yellow River 707

channel boundaries and calculate data. The processes are the following. (1) Calibrate the
satellite images in a relief map with a scale of 1:50,000. (2) Establish 153 fixed digital
cross-sections approximately orthogonal with the river bank in the image of 1975 (Figure
2b). The numbers of these cross-sections are S114 to S266 and the interval between two ad-
jacent cross-sections is about 1.3 km, meaning the density of the cross-sections is very high.
These cross-sections are vectors and their locations are fixed for different year’s images. (3)
Use ArcGIS software to draw the channel planform in the different years and the bank line
as a vector (Figure 2a). (4) Use FME software to select the data of the left and right bank
lines and the data of the intersection points of the cross-sections with bank lines.

The dates of the remote sensing images, the daily discharge and the maximum daily dis-
charge in the year are listed in Table 1. To digitize the channel banks using the vegetation
boundary along the river, the precision is decided by the image resolutions, which mainly
influence the drawing precision for the banks but do not influence the channel width far
from a resolution distance between the banks. Therefore, possible errors in digitizing the
channel boundary are twice the resolution and are listed in Table 1. There are no new errors
in calculating the shift velocities of channel banks.

3 Results

The channel bank shift extents and channel bank shift rates of the study river reach in four
different periods are revealed according to the changes of the intersection points. Positive
and negative values of the bank shift extents and rates show the direction of bank shift to the
left and to the right along each cross-section, respectively. In a certain river reach, the chan-
nel bank shifts commonly show two different directions along the cross-sections: to the left
in a short channel section (these shift rates are labeled as negative) or to the right in adjacent
short channel section (these shift rates are labeled as positive). It is inappropriate to calculate
the mean shift rate in a river reach as the sum of all shift rates divided simply by the num-
bers of cross-sections. The correct way to calculate the mean shift rate is just to sum the
mean positive rate (sum of all positive rates divided by the total positive and negative num-
bers) and absolute value of the mean negative rate (sum of all negative rates divided by the
total positive and negative numbers); also, it is wrong to sum the mean positive and negative
rates first, because the positive and negative shift rates partly counteract. The total study
river reach was divided into three sections moving downstream: A (from S114 to s153), B
(from S154 to s223) and C (from S224 to s166) (Figure 2a). The least average rate of bank
shift is in section A, the intermediate rate is in section B and the greatest rate is in section C.

3.1 Shift extents of the channel banks

3.1.1 Maximum shift extents

The maximum shift extents of the channel banks in the study river reach in each of the peri-
ods are listed in Table 2. Here, we take the period 1975-2011 as an example to discuss the
changes in maximum shift extent. In section A, the maximum shift extents of the left bank
are 191.4 m and 1286.7 m, respectively, for shifts to the left and right, while the maximum
shift extents of the right bank are 806.3 m and 160.3 m, respectively, for shifts to the left and
right. In section B, the values are 1476.9 m and 2225.8 m, respectively, for shifts to the left
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and right for the left bank and 1915.6 m and 1691.5 m, respectively, for shifts to the left and
right for the right bank. In section C, the values are 700.8 m and 5114.7 m, respectively, for
shifts to the left and right for the left bank and 1462.5 m and 4218.7 m, respectively, for
shifts to the left and right for the right bank. For both left and right banks, the maximum
shift to the right is always greater than that to the left; furthermore, it shows an increasing
trend along the sections A, B and C.

Table 2 Maximum shift extent of channel banks in the three reaches for various periods (m)

Reach Location 1975-1990 1990-2010 20102011 1975-2011
Section A Left bank —627.8 —-152.1 -375.8 -191.4
763.5 961.1 162.6 1286.7
Right bank —411.6 -982.4 -97.4 —806.3
185.1 216.7 306.1 160.3
Section B Left bank —-1476.2 -1873.9 -577.3 -1476.9
2059.3 1694.0 431.0 2225.8
Right bank —1427.3 —-1881.5 -771.8 -1915.6
1780.0 1069.0 251.0 1691.5
Section C Left bank —-1733.5 -930.8 —42.9 —700.8
3182.9 3467.7 1051.6 5114.7
Right bank —1087.8 —3398.7 —498.8 —-1462.5
4143.7 4198.8 40.5 4218.7

3.1.2 Average shift extents

The average shift extents of the channel banks in the study river reach in each of the periods
are listed in Table 3. We take the period 1975-2011 as an example to discuss the changes of
the average shift extents. In section A and for the left bank, the average shift extent to the
left is 63.0 m for 13 intersection points (between channel cross-sections and the river bank)
and to the right is 451.4 m for 27 intersection points, while for the right bank, the values are
285.2 m for 32 intersection points shifted to the left and 78.5 m for 8 intersection points
shifted to the right. In section B and for the left bank, the average shift extent is 491.8 m for
20 intersection points shifted to the left and 784.0 m for 50 intersection points shifted to the
right, while for the right bank, the values are 511.3 m for 53 intersection points shifted to the
left and 446.8 m for 17 intersection points shifted to the right. In section C and for the left
bank, the average shift extent is 298.7 m for 9 intersection points shifted to the left and
1703.2 m for 34 intersection points shifted to the right, while for the right bank, the values
are 336.3 m for 22 intersection points shifted to the left and 1404.9 m for 21 intersection
points shifted to the right. The maximum average shift extent to the left and right is in sec-
tions B and C, respectively. As a whole, the left bank mainly shifts to the right in all three
sections, and the right bank mainly shifts to the left in sections A and B. This shows a
shrinking channel and gradual migration to the right in the study river reach.

3.2 Shift rates of the left bank and their spatial change trends

Figure 3 shows the downstream change of the shift rates of the left bank in the Yinchuan
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Table 3 Average shift extent of channel banks in the three reaches for various periods (m)

1975-1990 1990-2010 20102011 1975-2011
Reach Location
Mean Number  Mean Number Mean  Number  Mean  Number

Section A Leftbank  -134.4 20 —58.8 7 —46.5 10 —63.0 13
183.5 20 3104 33 339 30 451.4 27

Right bank  —102.6 27 —283.3 33 -29.7 18 —285.2 32

71.5 13 98.5 7 39.7 22 78.5 8

Section B Leftbank  —416.5 38 -197.8 20 —68.0 21 —491.8 20
535.6 32 607.0 50 63.0 49 784.0 50

Right bank  —424.3 40 —-538.9 51 -81.1 46 —511.3 53

3435 30 283.3 19 349 24 446.8 17

Section C Left bank -737.8 18 —415.2 7 -16.0 12 —298.7 9
1248.7 25 1032.1 36 104.1 31 1703.2 34

Right bank  -291.0 14 -723.9 25 -53.6 31 —336.3 22

1298.6 29 606.9 18 11.5 12 1404.9 21

Total reach Left bank -418.3 76 —224.0 34 —48.5 43 -317.7 42
675.7 77 649.9 119 66.6 110 984.6 111
Right bank  —294.0 81 -515.4 109 -62.4 95 —407.7 107

679.1 72 329.5 44 31.9 58 820.1 46
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Figure 3 Downstream variation of the shift rates of the left bank in the Yinchuan Plain reach of the Yellow
River in the different periods (m/a)
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Plain reach of the upper Yellow River for the different periods. The maximum and minimum
shift rates of the left bank are in sections C and A, respectively. The details of the mean shift
rates for all the 153 cross-sections or for different sections in the periods are discussed
below.

During the period 1975-1990, the mean shift rate of the left bank is 27.9 m/a for 76 in-
tersection points shifted to the left and 45.0 m/a for 77 intersection points shifted to the right
(Figure 3 and Table 4). The mean shift rates for all the 153 cross-sections are 13.9 m/a and
22.6 m/a shifted to the left and right, respectively. Therefore, the total mean shift rate of the
left bank is 36.5 m/a during the period 1975-1990. The ratios of the mean shift rates for sec-
tions A, B and C are 1:3.1:5.5 and 1:2.9:6.8 for shifts to the left and right, respectively. Ob-
viously, the mean shift rate shows an increasing trend along the three sections.

Table 4 Shift rate of the left bank in the three reaches for various periods (m/a)

1975-1990 1990-2010 2010-2011 1975-2011
Reach

Rate Number Rate Number Rate Number Rate Number

Section A -9.0 20 -2.9 7 —46.5 10 -1.8 13

12.3 20 15.5 33 33.9 30 12.5 27

Section B -27.8 38 -9.9 20 —68.0 21 -13.7 20

35.7 32 30.4 50 63.0 49 21.8 50

Section C —49.2 18 -20.8 7 -16.0 12 -8.3 9

83.3 25 51.6 36 104.1 31 473 34

Mean -27.9 76 -11.2 34 —48.5 43 -8.8 42

45.0 77 32,5 119 66.6 110 27.4 111

Mean in one direction -13.9 153 -2.5 153 -13.6 153 2.4 153

22.6 153 25.3 153 47.9 153 19.9 153

Mean in two 36.5 153 27.8 153 615 153 223 153

directions

During the period 1990-2010, the mean shift rate of the left bank is 11.2 m/a for 34 in-
tersection points shifted to the left and 32.5 m/a for 119 intersection points shifted to the
right (Figure 3 and Table 4). The mean shift rates of all the 153 cross-sections are 2.5 m/a
and 25.3 m/a shifted to the left and right, respectively. Therefore, the total mean shift rate of
the left bank is 27.8 m/a during the period 1990-2010. The ratios of the mean shift rates for
sections A, B and C are 1:3.4:7.2 and 1:2.0:3.3 for shifts to the left and right, respectively. In
this period, the mean shift rate also shows an increasing trend along the three sections.

During the period 2010-2011, the mean shift rate of the left bank is 48.5 m/a for 43 in-
tersection points shifted to the left and 66.6 m/a for 110 intersection points shifted to the
right (Figure 3 and Table 4). The mean shift rates for all the 153 cross-sections are 13.6 m/a
and 47.9 m/a for shifts to the left and right, respectively. Consequently, the total mean shift
rate of the left bank is 61.5 m/a during the period 2010-2011. In this annual period, the left
bank still shifts rapidly to the right. The ratio of the mean shift rates to the left for sections A,
B and C is 1:1.5:0.3; the maximum is in section B, while the ratio of the mean shift rates to
the right for the three sections is 1:1.9:3.1, showing a downstream increasing trend.
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In the 36 years of the period 1975-2011, the mean shift rate of the left bank is 8.8 m/a for
42 intersection points shifted to the left and 27.4 m/a for 111 intersection points shifted to
the right (Figure 3 and Table 4). The mean shift rates for all the 153 cross-sections are 2.4
m/a and 19.9 m/a for shifts to the left and right, respectively. Accordingly, the total mean
shift rate of the left bank is 22.3 m/a during the period 1975-2011. Obviously, the left bank
shifts mainly to the right in this period. The ratios of the mean shift rates for sections A, B
and C are 1:7.6:4.6 and 1:1.7:3.8 for shifts to the left and right, respectively. The maximum
of the mean shift rate is in section B for shift to the left, while it is in section C for shift to
the right.

3.3 Shift rates of the right bank and their spatial changing trends

Figure 4 shows the downstream change of the shift rates of the right bank in the Yinchuan
Plain reach of the upper Yellow River for the different periods. The maximum and minimum
shift rates of the right bank are in sections C and A, respectively. The details of the mean
shift rates for all the 153 cross-sections or for the different sections in the periods are dis-
cussed below.
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Figure 4 Downstream variation of the shift rates of the right bank in the Yinchuan Plain reach of the Yellow
River in different periods (m/a)

In the period 1975-1990, the mean shift rate of the right bank is 19.6 m/a for 81 intersec-
tion points shifted to the left and 45.3 m/a for 72 intersection points shifted to the right
(Figure 4 and Table 5). The mean shift rates for all the 153 cross-sections are 10.4 m/a and
21.3 m/a for shifts to the left and right, respectively. Therefore, the total mean shift rate of
the right bank is 31.7 m/a during the period 1975-1990. The ratios of the mean shift rates for
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sections A, B and C are 1:4.2:2.9 and 1:4.8:18.0 for shifts to the left and right, respectively.
The maximum mean shift rate for shift to the left is in section B, while the mean shift rates
for shifts to the right show an increasing trend along the three sections. The increases are 5
and 17 times in sections B and C, respectively, compared to section A.

Table 5 Shift rate of the right bank in the three reaches for various periods (m/a)

1975-1990 1990-2010 20102011 1975-2011
Reach
Rate Number Rate Number Rate Number Rate Number

Section A -6.8 27 -14.2 33 -29.7 18 -7.9 32
4.8 13 4.9 7 39.7 22 22 8
Section B —28.3 40 -27.0 51 -81.1 46 -14.2 53
22.9 30 14.2 19 349 24 12.4 17
Section C -19.4 14 -36.2 25 -53.6 31 9.3 22
86.6 29 30.4 18 11.5 12 39.0 21
Total reach -19.6 81 —25.8 109 —62.4 95 -11.3 107
453 72 16.5 44 31.9 58 22.8 46
Mean in reach -10.4 153 -18.4 153 —38.7 153 -7.9 153
21.3 153 4.7 153 12.1 153 6.9 153
Total mean 31.7 153 23.1 153 50.8 153 14.8 153

In the period 1990-2010, the mean shift rate of the right bank is 25.8 m/a for 109 inter-
section points shifted to the left and 16.5 m/a for 44 intersection points shifted to the right
(Figure 4 and Table 5). The mean shift rates for all the 153 cross-sections are 18.4 m/a and
4.7 m/a for shifts to the left and right, respectively. Consequently, the total mean shift rate of
the right bank during the period is 23.1 m/a. The ratios of the shift rates for sections A, B
and C are 1:1.9:2.5 and 1:2.9:6.2 for shifts to the left and right, respectively, and both show
an increasing trend along the sections.

In the period 2010-2011, the mean shift rate is 62.4 m/a for 95 intersection points shifted
to the left and 31.9 m/a for 58 intersection points shifted to the right (Figure 4 and Table 5).
The mean shift rate for all the 153 cross-sections is 38.7 m/a shifting to the left and 12.1 m/a
shifting to the right. Accordingly, the total mean shift rate of the right bank during the period
is 50.8 m/a. The ratio of the mean shift rates for shift to the left along sections A, B and C is
1:2.7:1.8, which means the maximum is in section B and the minimum is in section A, while
that for shift to the right is 1:0.9:0.3, which shows a decreasing trend along the sections.

In the entire period 1975-2011, there are 107 intersection points on the right bank shifted
to the left and their mean shift rate is 11.3 m/a, while there are 46 points shifted to the right
and their mean shift rate is 22.8 m/a (Figure 4 and Table 5). The mean shift rate for all the
153 intersection points is 7.9 m/a for shift to the left and 6.9 m/a for shift to the right.
Therefore, the total mean shift rate of the right bank in the period is 14.8 m/a. The ratio of
the mean shift rates for shift to the left along sections A, B and C is 1:1.8:1.2, which indi-
cates that the maximum is in section B and the minimum is in section A, while that for shift
to the right is 1:5.6:17.7, showing an increasing trend along the sections.



WANG Suiji et al.: Variations of bank shift rates along the Yinchuan Plain reach of the Yellow River 713

4 Discussion

Channel bank shift rate can reflect the lateral mobility of a channel and is an important as-
pect in the study of river evolution. River evolution is a necessary phenomenon of channel
change resulting from the interaction between flow with suspended sediment and the chan-
nel boundary. Here, the flow is a hydraulic factor, which plays a crucial role in river channel
evolution, while the materials and their structure in the channel bed and banks play a secon-
dary role because the cohesive ability of the channel bank materials also influences the
channel change. It is common to observe very dissimilar changes of river channels with
similar hydraulic conditions.

As mentioned above, the channel bank shift rates of the Yinchuan Plain reach in the upper
Yellow River show obvious differences in different periods and different channel sections.
The bank shift differences in different periods are mainly caused by the discharge variations,
especially for flood reasons and the span of the periods used to compare the changes of
channel planforms. Since the upriver Qingtongxia, Liujiaxia and Longyangxia reservoirs
were built in 1964, 1968 and 1986, respectively, the discharge in the Yinchuan Plain reach
of the Yellow River in flood seasons has decreased evidently because of large water inter-
ception by the reservoirs in the seasons
(Figure 5). The annual mean discharge of
3105.8 m’/s in the period 1975-1986 de-
creased evidently to 2136.7 m’/s in the
period 1987-1990, and the maximum
daily discharge has decreased markedly
since 1990 (Figure 5). This has led to the
decrease of the bank discharge in flood
seasons. Consequently, inevitable channel
shrinkage of about 4.8 m/a has occurred in 01’95 1960 1970 1980 1990 2000 2010
the study river reach since 1975. Further- Year
more, the channel shifted to the right at Figure 5 Maximum daily mean discharge at Qingtongxia
about 31.7 m/a as a whole in the period Station
because the left channel bank had more
cohesive materials than the right.

The maximum daily discharge at Qingtongxia Station (Figure 2) is 1410 m*/s in 1990 and
1520 m*/s in 2010 (Figure 5). These values are very close. Furthermore, the mean discharges
on August 30 in 1990 and August 18 in 2010 are 944 m’/s and 905 m’/s (Table 1), respec-
tively, which are also very close. The mean annual channel shrinkage is 4.7 m/a with a
channel rightward migration of 23.1 m/a in the period 1990-2010. In the short period
2010-2011, the channel shrinkage is 10.7 m/a with a channel rightward migration of 50.8
m/a (Table 5). In the abovementioned three periods, the channel of the Yinchuan Plain reach
of the upper Yellow River shifted evidently to the right. This reflects the better ability to
resist erosion of the left bank than of the right bank. In addition, the shift rates in the yearly
time period are usually greater than in a longer time period for the Yinchuan Plain reach
where the materials of the banks are mainly composed of silts. One reason could be that the
bank shifted to and fro commonly in a long time scale, and thus the calculated mean shift
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rates are less than that for a yearly time scale. In this paper, the shift rates for the yearly time
scale and for the decennary time scale could corroborate the abovementioned viewpoint.

The main factors having an influence on the difference of channel bank shift rates in the
different sections are the various material sizes along the banks and the alluvial plain. How-
ever, the discharge variation is a secondary factor because the discharges on the dates per-
taining to the channel planforms in the study river reach are almost equal, with the exception
of September 15, 1975 (Table 1). As reported by Hudson and Kesel (2000), the shift rate of
the channel bend of the upper Mississippi River was 45.2 m/a in 1877-1924 because there
are many clay plugs in the alluvial plain about the river reach, while the value increased to
59.1 m/a in the lower river reach in the same period because there are few clay plugs. Obvi-
ously, the cohesive clay plugs can impede channel bank shift. For the river reach of the pre-
sent study, section A is located in the upper Yinchuan Plain reach where the sediments are
coarse. The bed materials change from fine gravel to coarse sand along the channel, and the
bank materials are also coarse and not prone to erosion. In addition, the greater channel gra-
dient is not favorable for erosion of channel banks. These factors result in the least mean
shift rates occurring in section A. The bank materials in section B are mainly composed of
middle and fine sand in the understratum and clay and mud in the superstratum. River flow
can erode preferentially the understratum and thus the cohesive superstratum can collapse to
the river bed. This erosion mode could induce the evident bank shift and greater shift rate in
section B. Here, however, the shift rate of the right bank in the leftward direction is a
maximum in section B compared with the other two sections. This means lateral accretion of
the right bank is a dominant process for section B in the whole period. The materials of both
banks and bed in section C located in the lower part of the Yinchuan Plain reach are finer
than in section B. Here, the superstratum materials in bank columnar section are composed
of clay and mud, while the understratum is composed of fine sand and silt. The fine sand and
silt in section C are more prone to erosion than the medium to fine sand in section B. This is
the fundamental cause of the maximum shift rates occurring in section C. The potential rela-
tionships between the sediment granularity parameters of the bank materials and the channel
bank shift rates in the Yinchuan Plain reach of the upper Yellow River may be an important
aspect for future study.

5 Conclusions

According to the above discussion, the main conclusions that can be drawn are as follows.

(1) During the three periods 1975-1990, 1990-2010 and 2010-2011 and for all the 153
cross-sections, the numbers of channel left bank shifts to the left are 76, 34 and 43, and the
mean shift rates are —27.9 m/a, —11.2 m/a and —48.5 m/a, respectively, in the three periods.
The numbers of channel left bank shifts to the right are 77, 119 and 110, and the mean shift
rates are 45.0 m/a, 32.5 m/a and 66.6 m/a, respectively, in the three periods. The numbers of
channel right bank shifts to the left are 81, 109 and 95, and the mean shift rates are —19.6
m/a, —25.8 m/a and —62.4 m/a, respectively, in the three periods. The numbers of channel
right bank shifts to the right are 72, 44 and 58, and the mean shift rates are 45.3 m/a, 16.5
m/a and 31.9 m/a, respectively, in the three periods.

(2) The weighted average indicates that the left and right banks in the study river reach
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generally shift to the right. For the whole Yinchuan Plain reach, the mean shift rates of the
left bank shifting to the right are 36.5 m/a, 27.8 m/a and 61.5 m/a, and those of the right
bank shifting to the right are 31.7 m/a, 23.1 m/a and 50.85 m/a; at the same time, the channel
shrinkage rates are 4.8 m, 4.7 m and 10.7 m, respectively, in the periods 1975-1990,
1990-2010 and 2010-2011. The greater bank shift rates in the yearly period 2010-2011
show that they are influenced inevitably by the to-and-fro shifts of banks in longer periods to
calculate the channel bank shift rates.

(3) The channel bank shift rates show evident spatial variation trends. Along sections A,
B and C and in the interval from 1975 to 2011, the ratios of the mean shift rates of the left
bank for a shift to the left and right are 1:7.6:4.6 and 1:1.7:3.8, respectively, while those of
the right bank for a shift to the left and right are 1:1.8:1.2 and 1:5.6:17.7, respectively. Ob-
viously, for both left and right banks, the minimum shift rate is in section A, while the
maximum is in section B for a shift to the left and in section C for a shift to the right. The
controlling factors are mainly the spatial change of the size of material of left and right
banks, and the spatial change of the thickness of clay and mud sediment in bank superstra-
tum. The potential relationships between bank shift rates and bank material sizes will be an
important aspect of future study.
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