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Abstract: Since the impoundment of the Three Gorges Project, the downstream hydrology and river
dynamics have been modified. The Yichang-Chenglingji Reach (YCR), as a part of the mainstream
of the Middle Yangtze River, has consequently been significantly scoured, which has resulted in
stream trenching and section enlargements, without showing any obvious trend in flood level
variation, however. This phenomenon can be caused by the increase in riverbed resistance due to
river geomorphological change and bottomland vegetation development and the backwater effect
of Dongting Lake. To investigate how these factors influence the flood water levels, this study
analyzed the variations in the influencing factors based on observational data, theoretical analysis
and mathematical modelling, including river channel scouring, riverbed resistance, and the influence
of Dongting Lake backwater. Then, the impact of these factors on flood levels was evaluated,
followed by a comparative analysis of the effects of various factors. The results show that both the
flood backwater height (AZ) and the backwater influence range (L) are positively correlated with
the outflow intensity (T) at the Chenglingji station. The backwater effect decreases gradually with
increasing upstream distance, and the influence on the upstream reach can extend up to Shashi city. It
was also indicated that the increase in riverbed resistance due to bottomland vegetation development
and river geomorphology are dominant factors in inhibiting flood level declines in the YCR, while the
backwater of Dongting Lake just affects local regions. This study can provide a better understanding
of the flood level changes of the YCR and thus contribute to flood control and riverbank protection of
the Yangtze River in the future.

Keywords: flood water level; Yichang-Chenglingji Reach; riverbed resistance; bottomland vegetation;
backwater

1. Introduction

The Yangtze River is the longest river in Asia and the third longest in the world.
It is an important source of water, transportation, and power generation in China [1-3].
However, floods occur frequently in the Yangtze River basin, threatening the survival
of human beings and causing extensive damage to the environment [4-6]. In order to
achieve sustainable development of the Yangtze River, the Three Gorges Project was
initially designed and built upstream to manage flood events more effectively and alleviate
downstream flooding [7,8]. It has played a critical role in reducing the risk of flooding in the
downstream areas of the Yangtze River, protecting millions of people and their properties
from the devastating effects of floods [6,9-11]. The main part of the Three Gorges Project
is a massive concrete dam and an impounding reservoir. Outflow from the reservoir can
be changed rapidly and consequently alters the flood characteristics in the downstream
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reaches of the dam. Therefore, to optimize the Three Gorges Project for flood control, it is
necessary to understand how and why flood water levels are affected downstream.

Since the impoundment of the Three Gorges Project, it has profoundly modified the
downstream flow-sediment regimes. The Yichang—Chenglingji Reach (YCR) of the Middle
Yangtze River has been scoured due to the discharge of water [12-14]. River channel
scouring has decreased the channel elevation and extended the discharge area [15,16].
Based on observations and findings from related research, when the river channel was
scoured, the low water level in the YCR dropped obviously. Meanwhile, the flood water
level variation showed no obvious trend. Similar variations in flood and low water levels
have also been observed at the downstream reaches of many other hydraulic engineering
projects worldwide [10,17-19].

Research on the impacts of climate change and human activities in the Yangtze River
and Dongting Lake has been widely conducted, indicating that river dynamics and flood
characteristics, such as river incision, streamflow, flood occurrence, river water surface,
and water storage, can be affected by climate change [20-23]. To discuss their impacts on
flood water levels in the YCR in a more straightforward way, river morphological processes
and backwater for Dongting Lake should be analyzed. As is known, the maintenance
of the flood water level in river channels can be caused by the increase in integrated
riverbed resistance, but the resistance increase rate and how it changes over time should be
identified [24,25]. Many factors, including sand grain, sand waves, and vegetation, have
been considered as causes of alluvial river integrated resistance [26-28]. The theoretical
relationship between the resistance of river channels and various morphological parameters
is one of the research focuses currently [13,25,29-31]. Moreover, quantifying various
morphological parameters remains challenging in river dynamics due to the complex
and dynamic river morphological processes, difficulty in obtaining high-resolution data
across large river networks, a lack of measurements in remote or inaccessible regions,
limited understanding of the complex interactions among morphological parameters, and
influences from natural and anthropogenic changes [32-36]. On the other hand, the flood
level in the YCR is also affected by the backwater for Dongting Lake. Due to the mutual
interference and restraint in the mainstream of the Yangtze River and the outflow from
Dongting Lake, the relationship between them is complex and unstable, with this being
one of the hot research topics in the academic field [37,38].

Accordingly, intensive studies on flood water levels in the middle reaches of the
Yangtze River, discharge and sediment diversion in the three outlets along the Jingjiang
River, river channel scouring, water level at the Chenglingji station, and water regime of
Dongting Lake have been conducted. For example, Liu et al. [39] found that the backwater
effect of Dongting Lake on the Yangtze River has become increasingly stronger between
January and April in recent years. Mao et al. [40] revealed that although the lake outflow
decreases under medium and low flow conditions, the water level tends to rise. Chai
et al. [41] analyzed the variation characteristics of water levels in the Jingjiang Reach of the
Yangtze River from 1991-2016 and pointed out that the variation characteristic in terms of
the “high flood discharge at a high water level” before 2003 has transformed into a “middle
flood discharge at a high water level” since 2009 due to the combined effects of the increase
in integrated roughness and river scouring.

In detail, there exists a junction angle between the inflow of the mainstream and the
outflow of Dongting Lake, as water from Dongting Lake flows into the Yangtze River
at the Chenglingji station, which can be regarded as the lateral inflow condition for the
Jingjiang Reach [40]. However, there is a backwater effect when the two streams of water
meet. Obviously, the backwater effect depends on the dynamic contrast between the two
streams. If the mainstream discharge decreases and the discharge from Dongting Lake
at the Chenglingji station increases, the backwater effect of Chenglingji outflow on the
mainstream is greater. Otherwise, the backwater effect of the mainstream on Chenglingji
remains [42,43]. However, the backwater effect of the Chenglingji outflow on the YCR
exists in both flood and dry seasons due to its continuous natural inflow. For flood control
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and management in the Yangtze River, how the Chenglingji outflow influences the flood
level of the Jingjiang Reach in the flood seasons deserves more investigation. However, to
date, few studies have been conducted on the influence of the Chenglingji outflow on flood
levels in the YCR under different flood-encountering scenarios. Accordingly, the flood
backwater height and the backwater influence range in the YCR have not yet been clearly
identified. Similarly, the influences of factors such as river morphology and vegetation
resistance variations, as well as the backwater, which inhibit the decline of flood water
levels also need to be further studied.

The main objective of the present study is to investigate the dominant mechanism and
influencing factors of flood water level in the YCR since the operation of the Three Gorges
Project. Firstly, based on observational data, flood level variations in recent years were
simulated using a one-dimensional channel network mathematical model. After analyzing
the influences of river scouring, riverbed resistance, and Dongting Lake backwater, the
effect of these factors on flood water levels was evaluated. In the end, the dominant factors
inhibiting flood level declines were discussed.

2. Methods and Data
2.1. Study Area

The YCR has a total length of 408 km and basically comprises 3 parts: the Yizhi Reach
(YZR, from Yichang to Zhicheng, ~60.8 km in length), the Upper Jingjiang Reach (UJR,
from Zhicheng to Ouchikou, ~171.7 km in length), and the Lower Jingjiang Reach (L]R,
from Ouchikou to Chenglingji, ~175.5 km in length) (see Figure 1). Notably, the YZR is
a transitional section from a mountainous river to a plain alluvial river. The riverbed
is mainly composed of gravel mixed with some pebbles that strongly resist scouring.
However, in the UJR, many bends exist, some of which have central bars: the estuary
bounds the sandy pebble riverbed upstream and the sandy riverbed downstream. The UJR
is also relatively resilient to scouring because of the thick clay layer on the surface soil of
its riverbank and the dense distribution of pebbles on its bottom layer. Conversely, the
LJR has a typical meandering river channel, whose riverbed mostly comprises scourable
and movable medium-fine sand with a median particle size of ~0.18 mm. Because of its
dramatic evolution, the riverbed is characterized by a thick overlaying sheet.

Entering its cofferdam power generation period, the Three Gorges Project at Sandoup-
ing, Yiling District, Yichang City, was impounded to 135 m on 10 June 2003. On 27 October
2006, it was impounded to 156 m and started its initial operation period. After an experi-
mental impoundment of 175 m in 2008, on 26 October 2010, the Three Gorges Reservoir was
impounded to 175 m for the first time, followed by a continuous 175 m impoundment to
fulfill its established functions. In September 2015, the project received final approval. Since
its operation, a large amount of sediment has been held up in the reservoir, which causes
the YCR downstream of the Three Gorges Dam to experience continuous adjustments and
suffer the most intensive erosion, especially in the medium flow channels [44].
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Figure 1. (a) Map of the Yangtze River Basin indicating the location of the study area; (b) sketch of
the Yichang-Chenglingji Reach (YCR) with the location of the Three Gorges Project (TGP), typical re-
gions (R1-R7 represent Zhicheng, Majiadian, Dabujie, Chenjiawan, Haoxue, Xinchang and Tiaoguan
regions, respectively), braided streams (B1-B12 represent Yanzhiba, Guanzhou, Dongshizhou, Jiangk-
ouzhou, Mayangzhou, Taipingkou, Sanbatan, Tugizhou, Jiaoziyuan, Daokouyao, Wuguizhou and
Xiongjiazhou braided streams, respectively), and the Yichang, Zhicheng, Shashi, Shishou, Jianli, and
Chenglingji (the outlet of Dongting Lake) hydrometric stations.

2.2. Data

In situ observations used in this study include the topographic data of the YCR in
2002, 2006, 2011, and 2016, as well as the measured daily water level, discharge, and
sediment data of the 6 hydrometric stations (see Table 1). The bed sand gradation data
in 1998~2015 of the YCR and the elevation differences between some typical river islands
and the main braided streams in 2002~2016 were also collected. The braided streams
include Yanzhiba, Guanzhou, Dongshizhou, Jiangkou, Mayangzhou Taipingkou, Sanbatan,
Tugizhou, Jiaoziyuan, Daokouyao, Wuguizhou, and Xiongjiazhou.

Table 1. Observed data from the hydrometric stations.

Reach Station Location Data Type
o Yichang 111.29° E, 30.69° N
Yizhi Reach (YZR) Zhicheng 111.50° E, 30.30° N
. . 5 5 Daily water level,
Upper Jingjiang Reach (LJR) Shashi 112.26° E, 30.31° N discharge, and
Shishou 112.33° E, 29.75° N sediment

Lower Jingjiang Reach (UJR) Jianli 112.90° E, 29.81° N
Chenglingji 113.15° E, 29.44° N
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2.3. Methodology
2.3.1. 1D Channel Network Mathematical Model

In this study, a 1D channel network mathematical model was used for flow calculations.
The unsteady water flow dynamics in a channel can be described by the Saint—Venant
equations [45]:

0Q  0Z

$+B§ =0 (1)
20 Q? 0Z
at+8x<ﬁ >+gA<+]f> (2)

where x and t are the spatial and temporal variables, in m and s; Q is the flow discharge
(m3/s); Z is the water surface elevation (m); B is the river width (m) and A is the flow area
(m?); g is the gravity acceleration (m/s?); B is the momentum correction factor; and | s the
water-surface gradient. To set up the 1D channel network mathematical model based on a
single channel, the mass continuity and momentum conservation should be considered at
each branch point, which can be described as:

Zz 1 Q"H = (3)
Zg = Zmp = . = Lo p(m) = Zm (4)

where m =1,2,.. ., M; M is the number of the branch points in the river network; L(m) is the
number of branches connecting to the branch point m; Z;, ; is the water surface elevation of
the branch [ connected to the branch point m; and Q”+1 is the flow discharge of the inflow
or outflow at the branch point m from the branch l "The discrete solutions of the above
equations based on the linearized Preissmann four-point implicit scheme are:

a;AZiq +biAQit1 = ¢;iZ; +d;AQ; +e; (5)

AAZi1 + DAQi 1 = ¢ Z; + dAQ; + ¢ 6)

where coefficients a, b, ¢, d,eand a’, b’, ¢’, d’, ¢’ merely depend on the water surface elevation
and flow discharge at every time step.

To set up the model, along the 1283 km river channel from Yichang to Datong, the
inflow of Qingjiang River, Dongting Lake, Hanjiang River, and Poyang Lake as well as the
discharge of distributary channels including the Songzi River at Songzikou, the Hudu River
at Taipingkou, and the Ouchi River at Ouchiko was taken into consideration. Based on the
stage-discharge relationships between the discharge of the Songzi River and the water level
at the Zhicheng hydrometric station, the discharge of the Hudu River and the water level at
the Shashi hydrometric station, and the discharge of the Ouchi River and the water level at
the Shishou hydrometric station, the amount of the diverted discharge can be determined.
Specifically, discharge data at the Yichang hydrometric station upstream and the stage-
discharge relationship at the Datong hydrometric station downstream were defined in
the model. Based on the river network structure, braided streams were considered in the
simulation and different branching streams were generalized into different river reaches.

2.3.2. Calculation of the Influencing Factors

Outflow intensity T
In this study, the outflow intensity T at the Chenglingji station was defined as the ratio
of the discharge at the Chenglingji station to that at the Yichang station, as shown below:

QChen lingji
ghngj

T =
QYichung

)

where Qcpenglingji 15 the discharge at the Chenglingji station (m3/s) and QYichang is the
discharge at the Yichang station (m3/s).
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River integrated roughness n
In open channel hydraulics, the constant uniform flow formula [46] is widely used,
shown as:

Q=AU = AC\/R] )

where Q is the discharge of the cross-section (m3/s); A is the area of the cross-section (m?);
U is the average discharge of the cross-section (m/s); C is the Chezy coefficient (m!/2/s); R
is the hydraulic radius (m); and | is the river gradient. C can be calculated according to the
following formula [47]:

_ Rl/ 6 9

c=- ©)

where 7 is the roughness coefficient of the river channel (s/ m!/3). Substituting Equation (9)
into Equation (8) yields:

Q:A%R2/3]1/2 (10)

Based on the flow conservation law, Q is equal to the channel discharge Qpeqc;, plus
the channel discharge Qja1101, Which is:

Q = Qbeach + Qchtmnel (11)

Substituting Equation (10) into Equation (11) yields:

Nheach beach channel chunnel

1 1 1
A-RYPTYE = Apegen——REL T2 + Acranner~——RE{ 002 (12)

where Apeaen, Mpeach, and Rpeaep, are the discharge area, roughness coefficient, and hydraulic
radius of the beach area, respectively; Anannel, ehannel, a0d Repanner are the discharge area,
roughness coefficient, and hydraulic radius of the channel area, respectively. The hydraulic
radius R can be calculated by the following equations:

A
R=— (13)
X
A
Rypeach = Cheach (14)
Xbeach
A
Rchannel = % (15)
channe.

where Xpeach and Xchannel are the wetted perimeters of the beach and the channel, respectively.

As gradients of the beach and channel can be regarded as equal to J. the relationship
can be obtained between the river integrated roughness coefficient 7, the beach roughness
coefficient 1,0, and the channel roughness coefficient 71,01 as follows:

5/3 5/3 5/3

lA / — 1 Abeuch + 1 Achannel (16)
2/3 3

nx / Mpeach Xh ach Nchannel Xclfannel

Once the relationship between Xpesc;, and Xcnannel s obtained, n can be derived by a
function of npe.c; and Bepannel-

3. Results and Analysis
3.1. River Network Modelling

The river network model was calibrated and validated using the hydrological data in
2014, including the discharge and water level of the 6 stations shown in Table 1. The valida-
tion results show that the relative error is basically within +10% (see Table 2), indicating
that the parameters selected for the model are suitable to ensure accurate simulation.
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Table 2. Relative errors for calibration and validation of the river network model.
Relative Errors
Reach Station
Calibration Validation

Yichang 7% 5%
YZR Zhicheng —3% —5%

LJR Shashi 2% 3%

Shishou 6% 4%
UJR Jianli 3% —3%
Chenlingji —8% —7%

3.2. Analysis of Riverbed Scouring

From 2002 to 2016, the total sediment scouring amount in the river channel was
2.094 billion m?, with an average annual scouring amount of 145 million m3/a and an aver-
age annual scouring intensity of 152,000 m®/km-a. Scouring was also notably concentrated
in low-discharge channels, accounting for 92% of the total scouring amount.

On one hand, river scouring led to overall longitudinal trenching. For instance,
the average elevations of the thalweg profile in 2002, 2006, 2011, and 2016 were 22.285,
20.964, 19.374, and 19.496 m, respectively. Therefore, the average accumulative longitudinal
trenching values from 2002 to 2006, 2002 to 2011, and 2002 to 2016 were 1.317, 2.906,
and 2.860 m, respectively. On the other hand, river scouring expanded the discharge
cross-section. According to the results of a statistical analysis based on the data from
fixed sections of the YCR, the proportions of sections with an increased discharge area in
2002, 2006, 2011, and 2016 were 0.00%, 73.64%, 90.91%, and 94.09%, of which the average
discharge area increased on average by 0.00%, 4.00%, and 10.00%, respectively.

3.3. Analysis of River Resistance
3.3.1. Riverbed Sediment Coarsening

The composition of riverbed sediments is one of the factors influencing the morpho-
logical resistance of the riverbed surface. The variation in the median particle size of
riverbed sediments along some typical river sections from Yichang to Chenglingji is shown
in Figure 2. Notably, because sediments were sorted due to river scouring, the particle
size has increased significantly since 2003. For example, while the median particle size
increased from 0.211 to 0.280 mm in the Zhijiang Reach of the UJR, from 2003 to 2016, it
increased from 0.182 to 0.238 mm in the Shishou Reach of the LJR. Because the particle
roughness height ks positively relates to the median particle size dsg of riverbed sediments,
riverbed surface resistances should inevitably increase with particle size growth.

—-o-Zhijiang reach ~ —#-Shashireach —-#-Gonganreach -@-Shishoureach -#Jianli reach

0.30

S
&
2

N

e
1)
'

o
o

Median particle size ds(mm)

e
3

0.15 . . . . . . . . .
1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

Year

Figure 2. Variations in the sediment-based median particle size dsy at some typical river sections
from Yichang to Chenglingji.
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3.3.2. Beach-Channel Elevation Difference

Because large beach-channel elevation difference Ah also affects riverbed surface
morphological resistance, variations in this factor at the main braided streams of the YCR
in recent years were counted. The results are shown in Figure 3, where the beach-channel
elevation difference Ah refers to the elevation differences between the river island and
its main braided stream. Although the beach-channel elevation difference of all braided
streams increased to varying degrees, except for the Jiangkou and Daokouyao braided
streams, the beach-channel elevation differences between the Guanzhou, Taipingkou,
Sanbatan, Taitanzhou, and Wuguizhou braided streams increased significantly. From 2002
to 2016, for example, while the beach-channel elevation difference Ah of the Guanzhou
braided stream increased by at most about 300% due to the recent alternation of major—
minor branches, this difference in the Jiaoziyuan braided stream increased by the smallest
margin of approximately 15%. As a result, the riverbed resistance correspondingly increases
when the beach-channel elevation difference increases.

16

¢ Yanzhiba O Guanzhou Dongshizhou Jiangkouzhou
14 * Mayangzhou o Taipingzhou + Sanbantan - Tugizhou
2 = Jiaoziyuan © Daokouyao O Wuguizhou 4 Xiongjiazhou
o
10
< +

)
'

Beach-channel elevation difference A\h/(m)
(=)}

° o a
4 - o
g X
. =]
2 | Increasing Q 4
= X
region d
n -
0 -
Decreasing
=2 T region

-4 1 . . 1
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
Year

Figure 3. Beach-channel elevation difference variations at braided streams of the YCR.

3.3.3. Bottomland Vegetation

The growth of bottomland vegetation has been proven to have a significant impact
on the resistance of flood channels [26,48]. It can be affected by climate change as well
as anthropogenic activities. Accordingly, since the operation of the Three Gorges Project,
the inflow processes at downstream channels during the flood season have changed,
particularly their peak-clipping effects, resulting in desirable vegetation development
conditions due to the significant decrease in the water coverage probability of the beaches
at downstream channels. Based on observed data, through theoretical analysis, field
investigations, and physical experiments, it has been revealed that the impoundment of the
Three Gorges Reservoir was the dominant factor for the significant increase in the vegetation
coverage of some beaches at lower reaches, thus resulting in a pronounced increase in
river channel resistances. For example, Lu [49] conducted a flume experiment and found
out that due to vegetation-based variations, the increase in roughness was approximately
16.7-57.3%. Yao et al. [50] pointed out that because of the increased vegetation coverage in
the Chenglingji-Hankou reach in the Middle Yangtze River, the roughness of some sections
increased by approximately 39.8-76.8% with an average value of 53.4% from 2003 to 2016
by analyzing the in situ data. Therefore, considering the increase in bottomland vegetation
coverage, the increased ratio of roughness is assumed to be approximately 53.4% in the
YCR in this study.
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3.4. Analysis of the Backwater
3.4.1. Occurrence of Floods in Dongting Lake and the Mainstream of the Yangtze River

The discharge processes at the Yichang hydrometric station from 2003 to 2017 and
the Chenglingji hydrometric station from 2003 to 2015 are shown in Figure 4. For Yichang
station, although the discharge at flood seasons ranged from 15,000 to 58,000 m?3 /s at this
station, the peak discharges showed significant interannual variations with the minimum
of 27,400 and the maximum of 58,000 m3/s. Similarly, at the Chenglingji station, the flood
discharge varied from 8000 to 28,000 m3 /s with the average flood discharge of ~10,000 m3/s.
The maximum and minimum peak discharges were 28,000 and 13,800 m? /s, respectively.

(a) 60,000

50,000

40,000

30,000

Q(m’/s)

20,000

10,000

0 . . L . . L .
2003-1-1 2005-1-1 2007-1-1 2009-1-1 2011-1-1 2013-1-1 2015-1-1 2017-1-1
Date

(b) 30,000

25,000

20,000 [

15,000 F

Q(m?/s)

10,000 r

5000

0 L L . \ L L
2003-1-1 2005-1-1 2007-1-1 2009-1-1 2011-1-1 2013-1-1 2015-1-1
Date

Figure 4. Discharge process at (a) the Yichang hydrometric station from 2003 to 2017 and (b) the
Chenglingji hydrometric station from 2003 to 2015.

Figure 5 shows the relationship between flood discharges at the mainstream of the
Yangtze River (i.e., the flood discharge at the Yichang station above 30,000 m3/s) and at the
Chenglingji station. The correlation coefficient R? was only 0.0184, which indicates that
floods are unlikely to occur concurrently during the flood season both at the mainstream of
the Yangtze River and Dongting Lake. However, it still could happen. For example, during
the 2012 flood season, while the mainstream’s discharge exceeded 45,000 m3/s, that at the
Chenglingji station exceeded 20,000 m®/s. Therefore, to investigate how simultaneous
floods affect the backwater effect of Dongting Lake on the Jingjiang River, it is necessary to
take the extreme condition and its negative consequences of potential simultaneous flood
peaks at both the mainstream and the Chenglingji station into consideration.
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Figure 5. Relationship diagram between the flood discharge exceeding 30,000 m3/s from 2003 to
2015 at the Yichang hydrometric station and the corresponding flood discharge at the Chenglingji
hydrometric station.

The one-dimensional river network mathematical model was used to analyze the
impact of overflow, with the flood discharge of the Yichang station being 55,000, 50,000,
and 45,000 m3/s. To study the effect of the backwater at the Chenglingji station on the
flood water level in the Jingjiang Reach, based on the observed discharge data, four
working conditions were developed to determine the outflow at the Chenglingji station:
10,000, 15,000, 20,000, and 25,000 m3/s. Although extreme weather due to climate change
may lead to larger flood discharges, based on the above model setting, extreme flood
encountering scenarios can be simulated considering flood magnitudes in 2003~2016. There
is a continuous backwater impact because of the continuous outflow at the Chenglingji
station. Thus, because the average discharge during the flood season at Chenglingji was
~10,000 m3 /s, this value was defined as the comparative working condition. Finally, by
comparing the calculation results of other working conditions with those at 10,000 m3/s
at Chenglingji, the amplitude and range of the backwater impact were obtained. As the
backwater impact is related to the relative outflow intensity of the mainstream of the
Yangtze River and the Chenglingji station, the outflow intensity should not be reflected
only by the discharge at the Chenglingji station. Based on this setting (see Equation (7)), T
ranges from 0.27 to 0.56. Subsequently, the impact of backwater is mainly based on two
factors: the flood backwater height AZ and influence range L.

3.4.2. Backwater Height AZ

The backwater height AZ of each station varied with the outflow intensity T at the
Chenglingji station as shown in Figure 6. It can be observed, that at the upper reaches,
the backwater effect, represented by AZ, gradually increased with an increase in T. The
maximum backwater heights at the Jianli, Tiaoguan, Shishou, Xinchang, and Haoxue
stations were 0.66, 0.36, 0.22, 0.20, and 0.17 m, respectively. The backwater influence is also
affected by distance. Figure 6 also shows that AZ caused by backwater impact becomes
stronger as the distance to the Chenglingji station decreases. The slope k of the linear fitting
equation of the Jianli, Jiaoguan, Shishou, Xinchang, and Haoxue stations was 1.67, 0.88,
0.56, 0.57, and 0.47, respectively. It decreases gradually with the increasing distance, which
means that the level of the backwater influence decreases with the increasing distance.
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Figure 6. The backwater height AZ at the Jianli, Tiaoguan, Shishou, Xinchang, and Haoxue stations
vs. the outflow intensity T.

3.4.3. Backwater Influence Range L

The upstream influence range L corresponding to AZ ranges with the outflow intensity
T at the Chenglingji station (see Figure 7). The influence ranges L of 5, 10, 15, and 20 cm of
AZ are shown. Notably, at different AZ, the influence distance L similarly shows a nonlinear
increasing trend as the inflow intensity T increases, while the growth rate decreases. To
discuss the maximum backwater range that may affect the upstream regions, it can reach
226 km to Shashi, 206 km to Gongan, 187 km to Haoxue, and 160 km to Ouchikou at
AZ of 5,10, 15, and 20 cm, respectively. Thus, the greatest influence range covers the
Shashi-Chenglingji Reach of the Jingjiang Reach of the Yangtze River.
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Figure 7. The backwater influence range L vs. the outflow intensity T under the backwater height AZ
of 5,10, 15, and 20 cm.
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4. Discussion

Flood levels at the YCR can decrease because of riverbed scouring, while morphologi-
cal changes, vegetation resistance, and backwater at the Chenglingji station can cause the
increase. Based on the analysis in Section 3, the influence of various factors on flood level
variations should be further discussed. Declines in flood levels due to riverbed scouring can
be generated from the flood level simulation in 2002 and 2016 via mathematical modelling.
At the Yichang station, the flood level variations were accessed based on the discharges of
55,000, 50,000, and 45,000 m3/s. To evaluate the backwater influence, the extreme condi-
tion in which concurrent floods occurred both in the mainstream and Dongting Lake was
considered (see Section 3.3).

The resistance variation influence is relatively complex because different resistance
units act at different riverbed surface areas. In addition, the theoretical relationship between
the roughness morphology and coefficient is still under exploration, making its influence
on the river roughness coefficient n difficult to quantify. Furthermore, riverbed armoring
and the increase in the beach-channel elevation difference mainly affect the river channel,
while the vegetation effect can be observed generally on the beach surface with higher
elevation. Therefore, to study how flood levels can be affected by different resistance units,
it is necessary to separate the river beach and river channel and explore whether there is
a relatively stable relationship between the beach and river channel on the cross-section.
If it exists, an integrated roughness coefficient calculation formula based on beach and
channel zoning can be developed. According to the flood bankfull water level, wetted
beach perimeter x "M and wetted river channel perimeter x “"@""¢! at the cross-section can
be analyzed separately. The statistical analysis results of 350 typical sections in the YCR are
shown in Figure 8.
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Figure 8. Relationship between the wetted river channel perimeter x and total wetted perimeter

X generated from the data of 350 typical sections in the YCR.

It is evident from Figure 8 that a relatively stable relationship exists between the
wetted perimeter of the natural river beach (x beach) and the wetted perimeter of the river
channel (x channely vith the ratio of y Peach to y channel being about 15%:85% via linear
fitting. Therefore, incorporating the proportional relationship shown in Figure 8 into
Equation (17), the relationship between the integrated roughness coefficient 7, the beach
roughness coefficient 71y, and the channel roughness coefficient #j,,,,.; can be developed
as follows:
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NpeachMchannel
L (17)
0~15nbeach + 0-85nchannel

From 2002 to 2016, including the beach-channel elevation difference and median
particle size dsq of riverbed sediments, riverbed surface roughness parameters generally
increased, with them showing a slightly decreasing trend in local regions. Furthermore,
except for a few braided streams that experienced main branch adjustments and transloca-
tion, causing the elevation difference between the beach and channel to increase greatly,
the maximum increment proportion of the overall rough morphology of the river section
was 36.97%, not exceeding 40%. Although the roughness height (k) grows positively along
with the morphological roughness parameter (A, dsp), the theoretical expression between
(A, dsp) and ks was been identified. Therefore, it is more practical to establish a relationship
between 71,5,,n01 and ks instead of building one between the 1,501 and (A, dsg). According
to the logarithmic velocity distribution formula:

v o_ 5_75lg12.2712;(

0 a (18)

where V is the average velocity (m/s); U, is the friction velocity (m/s); and R is the
hydraulic radius (m). The constant uniform discharge formula can be calculated as:

V. RS
DT )

where g is the gravity acceleration (m/s?). Therefore, the relationship between the rough-
ness coefficient and roughness height can be obtained as follows:

R1/6 12.27Rx
—— =575lg—— = 20
w17 e (20)
Further deformation of the above formula results in:
Rl /6
(1)

n—=
12.27R

Assuming that a linear relationship exists between (A, dsp) and ks when the other
variables are constant, (A, ds) increases by 40%, increasing ks by 40% and n by 13.6%.
Consequently, #4401 can be assumed to increase by 1.136 times due to the roughness
morphology variation. According to the relevant analysis (see Section 3.3.3), 11¢j,511n¢ in the
YCR can be set as 1.534 times the original because of the increasing bottomland vegetation.
Based on the analysis above, the influences of morphological resistance and bottomland
vegetation variations on flood levels can be derived separately.

Topographic scouring and trenching decreases flood levels. In contrast, backwater,
bottomland vegetation development, and morphological variations (including riverbed
surface coarsening and increases in beach-channel elevation difference) can make the flood
level increase. Figure 9 demonstrates the contribution of different factors to the increase
in flood water levels at the flood discharge of 55,000 m3/s. The comparison between the
flood water level decrease (topographic scouring and trenching) and increase (backwater,
bottomland vegetation development, and morphological variation) is shown in Figure 10.
The results indicate that bottomland vegetation development and morphological variation
were the main reasons for the flood level maintenance, while the influence of backwater
was relatively concentrated in local areas (from Shashi to Jianli, see Figure 1).
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Figure 10. Variations in flood water levels at different flood discharges (m3/s).

If not considering the influence of backwater at the Chenglingji station, the total wa-
ter level increase caused by different factors can offset the water-level decrease but not
completely. The increase in the water level caused by vegetation development and morpho-
logical variation was smaller than the decrease in the water level caused by topographic
trenching, resulting in the largest difference between them being ~0.25 m near Dabujie.
Although this difference remains within normal fluctuations in the stage—discharge rela-
tionship the middle and lower reaches of the Yangtze River, it can be related to other factors
because of the complicated composition of river resistance. For example, factors such as
cross-sectional morphological variations and river-related construction projects can also
lead to high water levels. On the other hand, if taking the influence of the backwater at
the Chenglingji station into consideration, the increase in the water level caused by the
backwater, the bottomland vegetation development and morphological variations in the
Haoxue-Jianli Reach in the local regions were greater than the water-level reduction caused
by topographic trenching. The increasing height in water level showed a gradually decreas-
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ing trend upstream, with the largest being ~0.3 m near Jianli. Thus, in this study, under the
most extreme condition that the flood of the mainstream of the Yangtze River encountered
the greatest flood from Dongting Lake, the increasing height in the mainstream should be
the largest. Therefore, the high flood water level can be observed in some local regions.

5. Conclusions

In this study, based on observational data from 2002 to 2016, the influence of the river
geomorphology, bottomland vegetation development, and backwater effect of Dongting
Lake on the flood water levels in the YCR since the operation of the Three Gorges Project was
analyzed using a one-dimensional channel network mathematical model. The contribution
of these influencing factors was discussed. The main findings of the study are summarized
as follows.

(1) Since the backwater effect decreased gradually with upstream distance increments, a
positive correlation existed between the backwater height AZ and outflow intensity
T at the Chenglingji station in the YCR. Moreover, the backwater influence range
L in the YCR correlated positively with T. Thus, given the extreme condition that
simultaneous floods occur in the mainstream and Dongting Lake, these influences
could extend upstream to Shashi in the YCR.

(2) Because of the riverbed scouring and trenching processes, the decreasing flood levels
in the YCR were mainly due to the increase in riverbed resistance caused by bottom-
land vegetation development and river channel morphology variations. The high
water level caused by bottomland vegetation development and river channel mor-
phology variation can basically offset the flood level decrease caused by topographic
scouring and trenching. Moreover, the influence of the backwater of Dongting Lake
on flood levels was relatively concentrated in local areas.

This study provides valuable insights into the influences on the variations in flood
water levels in the YCR since the Three Gorges Project started operating, which can improve
our understanding of flooding occurrence and development in the YCR. It can also provide
references for future research on flood control and riverbank protection for the Yangtze
River. To further investigate how flood water levels change over time, future studies should
also focus on how climate change will affect river morphological processes and floods on
long time scales.
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