ﬁ water

Article

Evolution Characteristics of Long Time Series of Secondary
Perched River in Typical Reaches of the Lower Yellow River

Jun Yan 1, Haifan Xu 120, Linjuan Xu 24@, Filip Gurkalo 3 and Xiangyu Gao 2,4

check for
updates

Citation: Yan, J.; Xu, H.; Xu, L.;
Gurkalo, F,; Gao, X. Evolution
Characteristics of Long Time Series of
Secondary Perched River in Typical
Reaches of the Lower Yellow River.
Water 2023, 15, 3674. https://
doi.org/10.3390/w15203674

Academic Editors: Dangwei Wang,
Jian Chen, Bangwen Zhang, Junhong
Zhang and Maria Mimikou

Received: 19 September 2023
Revised: 9 October 2023
Accepted: 18 October 2023
Published: 20 October 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Water Conservancy, North China University of Water Resources and Electric Power,

Zhengzhou 450046, China; yanjun@ncwu.edu.cn (J.Y.); 220211010167@stu.ncwu.edu.cn (H.X.)

Key Laboratory of Lower Yellow River Channel and Estuary Regulation, MWR, Yellow River Institute of
Hydraulic Research, YRCC, Zhengzhou 450003, China; gaoxiangyu2308@163.com

School of Civil Engineering, Henan Polytechnic University, Jiaozuo 454000, China; filip.gurkalo@outlook.com
School of Water Resources and Transportation, Zhengzhou University, Zhengzhou 450003, China

*  Correspondence: x1j2112003@163.com

Abstract: Secondary perched rivers are extensively distributed in the lower section of the Yellow River,
and their condition is grave, representing a significant peril to the flood control safety of this region.
Consequently, conducting an analysis of their evolution characteristics holds immense engineering
importance for ensuring the flood control safety of the lower reaches of the Yellow River. This study
focuses on the downstream section of the Yellow River, specifically from Dongbatou-Taochengpu.
This research is based on extensive data, including topographic measurements of large cross-sections
and water and sand data from Huayuankou spanning from 1960 to 2022. The transverse slope of
the beach, which indicates the level of development of the secondary perched rivers, was chosen as
the calculation index. To analyze the trend and mutation of the transverse slope, statistical methods
such as the Theil-Sen slope estimation, Mann-Kendall test, Pettitt test, and double cumulative
curve method were employed. The findings indicate that the average transverse slope along the
wandering section (Dongbatou-Gaocun) is 5.81%uo, is significantly lower compared to the transitional
section (Gaocun-Taochengpu), with an average transverse slope of 8.89%co. Furthermore, the range
of fluctuation in the variation in the transverse slope along the wandering section (3.19-8.18%0o0) is
considerably narrower than that observed in the transitional section (2.94-19.51%0). Prior to the
implementation of Xiaolangdi, there was a significant increase in the transverse slope. Notably, the
transitional section experienced a sudden change in 1975, while the wandering section experienced
a sudden change in 1990. The abrupt alteration in the transitional section can be attributed to
the substantial variation in the water and sand conditions. Conversely, the sudden change in the
wandering section resulted from the insufficient flow rate of the flat beach. However, following the
implementation of Xiaolangdi, the rapid increase in the transverse slope was effectively mitigated.

Keywords: secondary perched river; transverse slope; evolutionary features; trendiness; mutability

1. Introduction

The Yellow River has less water and more sediment; the relationship between water
and sediment is not coordinated [1]. The Lower Yellow River has less water because of
its long-term siltation [2], but also because of the formation of the world-famous perched
river [3,4]. Since 1986, due to the decrease in rainfall, the joint application of Sanmenxia in
the middle reaches and the Longyangxia and Liujiaxia reservoirs in the upper reaches, as
well as the increase in water use for industry and agriculture along the coast, etc., which
led to the obvious change in downstream water and sediment conditions, the Lower Yellow
River’s water and sediment have become extremely uncoordinated [5]. Coupled with the
influence of the production embankment [6], the Lower Yellow River has gradually formed
a secondary perched river (Figure 1), which is characterized by the following features:
“high channel, low beach, lower levee root”. The unfavorable channel morphology of the
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secondary perched river is prone to the formation of the “Heng River, Xie River, and Gun
River”, which increases the chances of flooding along the levee and exposes the levee to
the risk of overtopping and breaching. When a rolling river occurs, it is necessary to carry
out river training again. In this context, the study of the evolution characteristics of the
secondary perched river is of great engineering significance for the flood control safety of
the Lower Yellow River.

Figure 1. Typical cross-section of a secondary perched river: (D main channel; ) beach area;
® beach lip; @ production levee; ) levee root; (6 secondary perched river; (7) primary perched
river; ® levee; (9 ground behind levee.

Sediment is the crux of the problem of the secondary perched river. A large number
of workers in the Yellow River Control have analyzed the development process of the
secondary perched river and the influencing factors of the changes in the secondary perched
river from the two aspects of the water—-sediment relationship and boundary conditions.
For example, Yang Jishan [7] studied the development process of the secondary perched
river under different water and sediment conditions in different time periods and pointed
out that the production embankment has a facilitating effect on the development of the
secondary perched river; Jiang Enhui [8] divided the development of the secondary perched
river into three stages: initial formation, slow change, and rapid development, and pointed
out that the main reason for the formation of the secondary perched river is the long-term
unfavorable water-sediment combination as well as the high sediment content floods,
and the construction of the river improvement project is not the main influencing factor
for the formation of the secondary perched river. When the river is flooded, the water
and sediment exchange in the channel is frequent, especially when the flood has a high
sediment content. The siltation mode of the river channel is mostly “silt beach and scouring
channel” [9], and under the goal of “maintaining the healthy life of the Yellow River” [10],
one of the aspects that reflects the ultimate goal is to maintain the riverbed as not being
raised, and the “silt beach and brush channel” siltation mode is conducive to increasing the
flow of the main channel. In the case of the siltation and shrinkage of the main channel, the
pattern of “siltation beach and scouring channel” is conducive to increasing the bank-full
discharge of the main channel and improving the sediment transport capacity of the main
channel. After the operation of Xiaolangdi, the chance of overbank flooding in the Lower
Yellow River is significantly reduced. The sediment transfer capacity of the main channel
is increased through water and sediment transfer, which shapes the cross-section pattern
of the main channel with a larger flooding capacity, and the bank-full discharge of the
Gaocun cross-section of the flat beach is increased from 2000 m3/s before the flood in
2002 to 6650 m3/s after the flood in 2022. Floodwaters generally do not roam the beach,
because the beach siltation is comparably small and the development of the secondary
perched river has been curbed. However, with the continuous accumulation of the time of
use of Xiaolangdi, the adequate reservoir capacity gradually declined, and the problem
of insufficient follow-up power was highlighted [11]. The secondary perched river has
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been formed, and with the increased frequency of extreme weather around the globe, the
existing secondary perched river is still a major threat to flood control.

The secondary perched river threatens the flood control safety in the Lower Yellow
River with far-reaching hazards. The formation of the existing secondary perched river has
taken over half a century. The related research on the sediment problem in the Lower Yellow
River has been successful, such as the study on the evolution of the long time series of
water and sediment fluxes in the Lower Yellow River [12,13]; the modeling of the bank-full
discharge driving response [14] and the study of the cycle evolution pattern [15]; and the
study of the water—-sediment exchange pattern [16] and the water—sediment regulation
model of the beach channel for the flooding of the bank [17,18]. Most studies on the
morphology of the river cross-section are about the adjustment of the main channel [19],
and most of the studies on the morphology of the beach are about the stage changes
across time [20]. Continuous long-time series evolution studies are yet to be common, and
long-time series analysis can be an excellent way to determine the characteristics of the
variable changes, trends, and development patterns, and is widely used in climate and
hydrological analysis [21,22]. The linear tendency approach can be employed to identify
major changes in the trend of a sequence. The Theil-Sen estimator is a commonly employed
technique in nonparametric statistics due to its robustness against outliers and its superior
accuracy compared to basic linear regression [23]. The Mann-Kendall (M-K) test [24] and
Pettitt test [25] were among the initial methods used for climate diagnosis and prediction.
These tests are capable of identifying any changes or mutations in a given time series and
may also establish the specific moment at which such mutations happened. The double
cumulative curve is a frequently employed technique for assessing the coherence and
variability of the correlation between two parameters. This article serves the purpose
of doing additional assessments on the precision of mutation spots. Based on this, this
paper systematically organizes the measured large cross-section topographic data and the
incoming water and sediment data from Huayuankou in the Lower Yellow River section
of Dongbatou-Taochengpu from 1960 to 2022. It utilizes the methods of linear regression,
the M—K test, Pettitt’s test, double cumulative curves, etc., to reveal the evolution of the
transverse slope in terms of the trend and mutations in the development of the time series.

2. Materials and Methods
2.1. Study Area

The total length of the Lower Yellow River section of Dongbatou-Taochengpu (Figure 2)
is 220 km, which is the most severe area of the secondary perched river [8], of which the
section of Dongbatou-Gaocun is a wandering river with a length of about 66 km, with
a Yellow River embankment levee distance of about 5~10 km. The widest part of the
embankment reaches more than 20 km, with a river-specific drop of 1.72~2.65%o. There are
two tributaries of the Yiluo River and Qin River converging into it. The Gaocun-Taochengpu
River section belongs to the transitional channel transformed from wandering to bending,
with a length of about 154 km controlled by river improvement projects, a stable mainstream
area, a Yellow River embankment dyke distance ranging from 1.4 to 8.5 km, most of which
is over 5 km, and an average specific drop of the river channel of 1.15%0o. In the Lower
Yellow River, there is a vast beach with a total area of 3544 km?, accounting for 84% of
the river area, most of which is located in the river section above Taochengpu, with about
2770 km? accounting for 78% of the total area. In the case of flooding, the beach can be
used as a channel for flooding and sediment transfer, but at the same time, it is the habitat
of nearly 3 million residents, so the problem of human-water-land conflict is highlighted.
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Figure 2. Study area.

2.2. Study Methods
2.2.1. Data Sources

The period studied in this paper is 1960-2022. The basic data involved are topographic
data of each section between the Dongbatou-Taochengpu section of the Lower Yellow
River, a series of annual water and sediment data, and flood element data, of which
the topographic data of the section are stored in the form of elevation coordinates (Dagu
elevation coordinate system). The cross-section topographic data are provided by the Yellow
River Conservancy Commission (YRCC), and the series of annual water and sediment data
information and flood element data are from the Yellow River Sediment Bulletin of the
YRCC and the Hydrographic Yearbook of the People’s Republic of China, Volume IV (Book
V). The beach transverse slope is one of the main parameters characterizing the degree of
development of the secondary perched river and is calculated as follows:

j= Bzt 10,000 %00 (1)

dy —dy
where i is the beach transverse specific drop, %co; H1 and H, are the elevation of the beach
lip and the elevation of the beach near the levee, m; di and d, are the distance from the
start of the beach lip and the distance from the beginning of the beach near the levee, m,
respectively; (H; — H») is the difference in the elevation, m; and (d; — d,) is the width of the
beach, m. Due to the change in the main channel position along the course, the width of the
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beach on the left and right banks varies greatly, resulting in a significant difference between
the two banks of the same section of the transverse slope. In order to better represent the
section of the beach’s transverse slope, take the average value of the left and right banks,
and when there is no beach on one bank, the transverse slope of the other bank is the
average transverse slope of the beach in the section.

Taking the terrain data of the Gaocun section after the flood season in 1996 as an
example, the transverse slope is calculated as shown in Figure 3.

68 4
66 - Production levee
»g / Beach lip (d;,H,)
N L .
§ 64 evee root river
=
5
0 62 -
60 \ (d,—d,)
Near levee beach (d,,H,)
58 T T T T T T
0 1000 2000 3000 4000 5000

Distance (m)
Figure 3. Calculation of transverse slope of Gaocun section after flood season in 1996.

2.2.2. Data Processing Methods
(1) Theil-Sen estimator

The application of the Theil-Sen estimator in the estimation of the linear slope is
regarded as a robust nonparametric statistical technique for calculating trends. This method
has the advantages of a high computational efficiency and is not affected by measurement
errors and discrete data [23], and is widely used for trend analysis of long time series data.
The calculation formula is as follows:

. Xj—Xi S
k = Median 7 V> )
in the formula, Median represents taking the median; x; and x; are the sample data corre-
sponding to time j and time i (j > i), respectively. k is the trend degree of the time series.
When k > 0, the time series shows an upward trend, while k < 0 shows a downward trend.

(2) Mann-Kendall test

The M—K test is a non-parametric statistical test method, which has the advantage of
not requiring samples to follow a certain distribution and not being affected by abnormal
data. It can be used to detect the trend of changes in a set of sequences. Under the null
hypothesis, the rank sequence Sy of the normal distribution statistic can be calculated using
the following equation:

k
Se=Yri, (k=23,...,n) 3)
i=1

the rank sequence Sy is the cumulative total number when x; > x;.

_f Lxi>xp -
7’1_{0,xi§x]- (j=12,...,i 1> @
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where x; is the variable of the i-th time series x. Under the assumption of random indepen-
dence in the time series, the statistics are defined as the following:

Sk — E(Sk)

UF, =
Var(Sy)

(k=1,2,...,n) (5)

in the formula, UF; = 0, Var (S¢), and E (Si) are the variance and mean of the cumulative
number S, at x1, X, ... X, are independent of each other and have the same continuous
distribution; they can be calculated by the following equation:

k(k+1)

E(St) = =

(k=2,3,...,n) (6)

k(k —1)(2k +5)

Var(Sg) = o

(k=2,3,...,n) (7)

UFy is a sequential time series, while UBj, is a reverse time series calculated using the
same function, and their relationship is UFy = —UB.

In the bilateral trend test, if | UFx| < (UFj)1_4/2, then accept the null hypothesis
at the significance level, which is (UFy);_, 2. The critical value of the standard normal
distribution when the null hypothesis is rejected, expressed as probability & when any
point in UF; exceeds the confidence interval of £1.96, p = 0.05, a significant upward or
downward trend is determined. UF > 0 indicates a significant upward trend, while UFy <0
indicates a significant downward trend.

(3) The Pettitt test

Assuming a time series x; of length n (i = 1,2,..., n), define the statistical variable as the
following:

k(t) = i i sgn(xj — x;) 8)

i=1j=1+1

in the equation, T (1 < v < n) for any time node. When the absolute value of the k (7)
statistic reaches its maximum, it is the mutation point. Then, the corresponding statistic for
this point is as follows:

P = 2exp[—6k%0(n3 +n?)] )

if p < 0.05, it is considered that detecting the mutation point has significant statistical
significance.

3. Evolution Characteristics of the Secondary Perched River from Dongbatou to
Taochengpu

3.1. Evolution Trend of Transverse Slope

Figure 4 shows box plots of the transverse slope of the beach at each section within the
Dongbatou-Gaocun (wandering section), Gaocun-Taochengpu (transitional section), and
Dongbatou-Taochengpu that was reached in 2022. The fluctuation in the transverse slope
change along the wandering section is small; the maximum transverse slope is 8.18%0, the
minimum is 3.19%0, the difference is 4.99%o0, and the average value is 5.81%c0. The range
of change in the transverse slope in different sections of the transitional section is larger,
with a maximum transverse slope of 19.51%0, the minimum is 2.94%c0, the maximum
difference is 16.57%0, and the average transverse slope is 8.89%00, which is 1.53 times that
of the average value of wandering section. From the Dongbatou-Taochengpu box diagram,
it can be seen that the distribution of the two transverse slopes is obviously in different
river segments, and the analysis of its temporal change pattern should also be considered
in river segments.
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Figure 4. Box plot of transverse slope in the Lower Yellow River beachland in 2022.

Figure 5 shows the evolution of the transverse slope, beach width, and elevation
difference in the wandering and transitional sections from 1960 to 2022. The transverse
slope has fluctuated through many ups and downs, and the overall trend is gradually
increasing, and the wandering section is lower than the transitional section throughout
the time period due to the larger width of the beach. The trend of the transverse slope
is analyzed by the slope, and the degree of the trend is expressed by the value of k. The
results are shown in Table 1. The 1960-1969 transverse slope was relatively low, with
average transverse slopes of 2.78%o0 and 4.57%qo for the two reaches, respectively, and the
trend degree of the transverse slope change was relatively flat, with slopes k of —0.001
and —0.015, respectively. In 1970-1982, the transverse slope gradually increased, and the
average transverse slopes of the two reaches were 3.44%0 and 6.22%0, respectively, which
increased by 23.9% and 36.1% compared with 1960-1969. The trends of the transverse slope
changes were all increasing, but the growth trend of the Gaocun-Taochengpu reach was
much larger (k = 0.350), and the growth trend of the Dongbatou-Taochengpu reach was
relatively smaller (k = 0.067). The trend of the transverse slope change in the Dongbatou-
Gaocun reach slowed down from 1983 to 1987, with slope k = —0.030, and the trend of
the transverse slope change in the Gaocun-Taochengpu reach also slowed down relatively
from 1983 to 1990, with k = 0.056. In the Dongbatou-Gaocun River section in 1987 and the
Dongbatou-Gaocun River section in 1990, before the operation of Xiaolangdi (1999), two
sections of the transverse slope trend were diametrically opposite. The Dongbatou-Gaocun
river section height difference increased substantially; although the beach had a certain
widening, the trend of the increasing transverse slope was still more obvious, with k = 0.205.
The Gaocun-Taochengpu section of the height difference did not have obvious changes,
but the width of the beach increased, and the transverse slope gradually reduced. After
2000, Xiaolangdi was gradually put into use and began to transfer water and sediment,
which has dramatically alleviated the increasing trend of the transverse slope, in which
the Dongbatou-Gaocun river section showed a decreasing trend, with a slope of —0.031.
The Gaocun-Taochengpu river section was still increasing before the water and sediment
regulation in the Xiaolangdi reservoir (2004) (k = 0.272). After the water and sediment
regulation in the Xiaolangdi reservoir, the slope changed to 0.272, with a slope of 0.032 and
0.032. The slope changed to 0.005 after the sediment transfer.

Table 1. Trend degree of transverse slope change.

Dongbatou-Gaocun Gaocun-Taochengpu
Time Period k Time Period k
1960-1969 —0.015 1960-1969 —0.001
1969-1982 0.350 1969-1982 0.067
1982-1987 0.056 1982-1990 —0.030
1987-1999 —0.134 1990-1999 0.205
1999-2004 0.272 -- -

2004-2022 0.005 1999-2022 —0.031
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Figure 5. Evolution of Secondary Perched Rivers from 1960 to 2022: (a) transverse slope, (b) beach

width, (c) elevation difference.

The transverse slope is the ratio of the height difference to the beach width. In the
secondary perched river, the height difference and beach width change directly affects the
transverse slope change. To explore the tendency of the evolution trend of the transverse
slope when both the height difference and beach width were changed, the relationship
between the change in the transverse slope, the change in the height difference, and the
change in the beach width was plotted (Figure 6). The correlation of the change in the
transverse slope with the change in the height difference is higher (R? = 0.71), and the
correlation of the transverse slope and beach width is lower (R? = 0.02), which shows that
the change in the elevation difference dominates the change in the transverse slope in the

secondary perched river.

e Transverse slope variation
Linear fitting
95% Confidence interval

(=]
L

Y=2.48X-0.003
o R*=0.71
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L]
Y=—0.0004X+0.05 :‘
R*=0.02

-1 L

Transverse slope variation (%oo)

2200 0 200
Change in beach width (m)

Figure 6. Linear relationship between transverse slope variation and changes in elevation difference

and beach width.
3.2. Mutability of Transverse Slope

Figure 7 shows the M—K mutability analysis of the transverse slope time series in the
Dongbatou-Gaocun and Gaocun-Taochengpu river segments. It can be seen that in the M-K
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test, except for the trend of decreasing before 1970, the rest of the increasing trend and the
transverse slope of the Dongbatou-Gaocun river segment mutated at the time point of 1978.
Still, the intersection point is located outside the critical line, which did not pass the test of
significance [26] and needed to be further tested. The time point of the transverse slope
mutation in the Gaocun-Taochengpu reach is 1975, and the intersection is located within
the confidence interval. The Pettitt mutation test was used to identify further the mutation
point of the transverse slope time series in the Dongbatou-Gaocun river section, and the
results are shown in Figure 7c. The mutation point is 1990 and passes the significance test.
The Pettitt test for the Dongbatou-Gaocun break differs from the M-K test results, and
the double cumulative curve method is used to analyze the transverse slope of the two
river sections. The results are shown in Figure 7d, which shows that the cumulative curves
of the transverse slopes of the two sections have obvious turning points; the two-time
points of the sudden change in the two river sections are in 1990 and 1975, respectively,
and the cumulative curves of the sections have an excellent fitting effect (R2=0.99). A
series of mutation tests showed that the time points of the transverse slope mutations in the
Dongbatou-Gaocun and Gaocun-Taochengpu reaches were 1990 and 1975, respectively.

(a) (b)

——UF ——UF
_____ UB L = -~ UB F12 o~
10 0.05 Significant Level 8 10- 0.05 Significant Level S
Transverse slope \q'; Transverse slope r10 \Q';
== I N . & m &
o ] e _ 4 =) =
> . 5} > 5}
3, 2 Z
N, A2 & =
VY 8 g
\, Nom [ — —
A\ N =~ B~

‘\./'/

1960 1970 1980 1990 2000 2010 2020

1960 1970 1980 1990 2000 2010 2020

Year Year

- — 500
Pettitt Statistic|i =— Post-mutation

' i~ —— Post-mutation|  y=8.402x—16524.51
— —10 | =3 J
P=1.61x1077<0.05, 38 400 | ——rpre-mutation | R*=0.99
01 : ‘q‘; —— Pre-mutation
2007 : & 3001 5.19x-10239.32
'X= = 519510239,
-400 4 1 X= 1990 © & R*=0.99
! 17}
| £ 200 Ead
-600 : %
[ g |r=asses970 / #ﬂ'
-8001 | = 1009R=0.99 : :
1 %
1

- =3 39066510
-10004{ K=7900 T y=3.3%6651.02

. 1990

i R*=0.99
1960 19‘70 19'8() 19'90 20|00 20|10 20‘20 1960 1970 1980 1990 2000 2010 2020
Year Year

Figure 7. Mutation test for transverse slope time series: (a,b) M—K test, (c) Pettitt test, (d) double
cumulative curve method.

As shown in Table 2, several diffuse floods in 1975, 1976, 1981, and 1982 inundated
the Lower Yellow River. Siltation should have been created in the beach of both river
sections to increase the elevation difference. Still, the width of the beach in the Dongbatou-
Gaocun section decreased, and the bank retreat caused the lip of the beach to drop in
elevation, which concentrated some of the siltation uplift caused by the diffuse floods.
The beach width in the Gaocun-Taochengpu section was unchanged from 1975 to 1990,
and the increase in the elevation difference led to a rapid increase in the transverse slope
of the beach and a sudden change in the transverse slope time series. After 1990, due
to the siltation and shrinkage of the main channel in the early period, most of the flow
of the Lower Yellow River flat beach in this period was reduced to less than 4000 m?/s
(Figure 8), and the medium-regular floods like those in 1992, 1994, and 1996 could occur.
The elevation difference of the Dongbatou-Gaocun section has increased greatly, and the
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increase is more significant than that after 1975, so the transverse slope time series of the
Dongbatou-Gaocun section had undergone a sudden change in 1990 instead of 1975.

Table 2. Flood eigenvalues.

X Ave.rage Incqmmg ) Change in Elevation
Peak Bank-Full Water Sediment Sediment Sediment  Floodplain Difference(m)
Time Discharge  Discharge Amount Amount Concentra- Coeffi- Coeffi-
(m3/s) (m®/s) (108 m®) (108 1) tion cient cient
(kg/m3) (kg~s/m6) DBT-GC GC-TCP
8 July /30 November 1975 7580 4500 37.65 1.48 39.35 0.0063 1.68 0.02 0.44
8 July /30 November 1976 9210 5510 80.82 2.86 35.44 0.0049 1.67 0.11 0.23
24 September/12 October 1981 8060 5320 94.63 2.20 23.30 0.0040 1.52 0.24 0.33
30 July /28 August 1982 15,300 6000 61.09 1.99 32.64 0.0051 2.55 0.34 0.13
27 July /24 October 1992 6430 4300 24.87 4.54 182.63 0.0634 1.50 0.20 0.04
6 August/19 August 1994 6300 3700 30.47 4.64 152.37 0.0605 1.70 0.11 0.05
17 July /26 August 1996 7860 3420 58.92 5.29 89.82 0.0277 2.30 0.41 0.08
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Figure 8. Lower Yellow River flatland flow.

4. Discussion

The use of large reservoirs directly affects the inflow and sediment conditions down-

stream. Previous studies have divided the stage changes of secondary perched rivers
according to the time nodes of the reservoir construction and operation methods. However,
based on the results of the long-term time series analysis, this is not entirely the case. The
reasons for the differences may include the following:

@

@)

The different calculation methods used for the lateral gradient. When calculating
the transverse slope, it is necessary to calculate the elevation near the embankment
root and the main channel. The elevation at the embankment root is generally the
average elevation of the 50-100 m beach or the average river bottom elevation of the
embankment river; the elevation near the main channel is selected as the elevation of
the high elevation beach lip or the average river bottom elevation of the main channel.
Different calculation methods can lead to significant differences in the results and also
reflect different information. When calculating the average river bottom elevation of
the main channel, more consideration will be given to the changes in the elevation
of the main channel. However, the focus of this study is on the actual changes in the
beach, so selecting the beach lip elevation can better reflect the true transverse slope
of the beach.

The hysteresis of riverbed evolution. The hysteresis response phenomenon is a
typical feature of the non-equilibrium evolution process of rivers, which is commonly
present in the riverbed evolution of impact rivers. The changes in the inflow and
sediment conditions of natural rivers are relatively fast, while the corresponding
riverbed erosion and sedimentation deformation are slower. When the construction or
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operation of a reservoir changes, the conditions for the incoming water and sediment
change rapidly, while the changes in erosion and sedimentation in the lower reaches
of the Yellow River are slower, and the evolution of the riverbed will lag behind the
changes in incoming water and sediment to varying degrees.

Discontinuities in the beach erosion and sedimentation. The hysteresis of the riverbed
evolution considers changes in water and sediment conditions. The original balance of
sediment transport in the river channel is disrupted, and the river channel will slowly
undergo erosion and sedimentation deformation until the equilibrium state. However,
the floodplain only receives water during the flood season, and there is no continuous
water flow erosion. The continuous effect of water and sediment changes cannot be
fully exerted on the floodplain, and the erosion and sedimentation of the floodplain
will not continue until the equilibrium stage of sediment transport, Therefore, the
riverbed evolution of the tidal flat has the characteristic of discontinuity on the basis
of hysteresis.

The changing characteristics of the different river types are different. The width of
the wandering river reaches is large, and the main channel swings frequently, but the
transverse slope is small. The width of the transitional river section is relatively small,
and the main channel is stable. However, a stable main channel leads to a continuous
cumulative elevation of the beach lip and a significant transverse slope.

5. Conclusions

)

@)

®)

After the 2022 flood season, the transverse slope fluctuation along the wandering
section of the lower Yellow River is relatively small. The maximum difference in
the transverse slope is 4.99%0 and the mean transverse slope is 5.81%0. In contrast,
the transverse slope of the transitional section exhibits greater fluctuations along
its course, with a maximum difference of 16.57%00 and a mean transverse slope of
8.89%00. The average transverse slope in the wandering section is 5.81%o0, while in the
transitional section it is 8.89%00, making the latter approximately 1.53 times steeper
than the former.

During the period of 1960-1969, the transverse slope exhibited a small magnitude and
a gradual trend of change. Subsequently, from 1969 until the Xiaolangdi reservoir run,
the two river sections experienced a generally increasing transverse slope. Following
the operation of the Xiaolangdi reservoir, the wandering section exhibited a decreasing
trend in the transverse slope, while the transition section exhibited a gentle trend
of change. The relationship between the change in the elevation difference and
the change in the transverse slope demonstrated a stronger correlation (R? = 0.71),
whereas the correlation with the change in the shoal width was weaker (R? = 0.02).
The time series data pertaining to the alterations in the transverse slope inside the
transitional part and wandering section exhibited sudden shifts in 1975 and 1990,
correspondingly. The sudden change can be attributed to several factors. Firstly, it has
been observed that the frequency of floods in the beach area has increased significantly
since 1975. This has led to a serious silting up of the beach lip, causing an increase
in the transverse slope. Additionally, the transverse slope of the transitional section
has experienced a sudden change during this period. Furthermore, after 1990, there
has been a sharp decrease in the flow of the bank-full discharge. This has resulted in
an increased likelihood of the downstream section of the Yellow River meandering
across the beach. Consequently, the transverse slope of the wandering section has
rapidly increased, leading to the occurrence of sudden changes.
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