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Abstract: The operation of large-scale reservoirs have modified water and sediment transport
processes, resulting in adjustments to the river topography and water levels. The polynomial
fitting method was applied to analyze the variation characteristics of water levels under dif-
ferent water discharge values in the Jingjiang reach of the Yangtze River from 1991-2016.
The segregation variable method was used to estimate the contributions of the varied river-
bed evaluation, the downstream-controlled water level, and the comprehensive roughness on
the altered water level at an identical flow. We find that low water levels in the Jingjiang reach
of the Yangtze River from 1991-2016 are characterized by a significant downward trend,
which has intensified since 2009. Riverbed scouring has been the dominate factor causing
the reduced low water level while increased roughness alleviated this reduction. From
1991-2016, there was first a decrease followed by an increase in the high water level. The
variation characteristic in terms of the “high flood discharge at a high water level” before 2003
transformed into a “middle flood discharge at a high water level” since 2009. The increased
comprehensive roughness was the main reason for the increased high water level, where
river scouring alleviated this rise. For navigation conditions and flood control, intensified riv-
erbed scouring of the sandy reaches downstream from dams enhanced the effects that the
downstream water level has on the upstream water level. This has led to an insufficient water
depth in the reaches below the dams, which should receive immediate attention. The altered
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variation characteristics of the high water level have also increased the flood pressure in the
middle reaches of the Yangtze River.

Keywords: water level at identical flow; spatio-temporal evolution; channel geomorphology; middle reaches of the
Yangtze River

1 Introduction

Water level changes directly affect a river system’s stability, waterway depth, industrial and
agricultural water consumption, and the ecological environment (Burns and Walker, 2015).
The operation of large-scale reservoirs leads to riverbed scouring, which affects a river’s
water level downstream of dams. Low water levels can obstruct navigation (Yang et al.,
2019) while high water levels increase the risk of flood disasters (Gabriel, 2004). As an es-
sential engineering measure for water resource use, the effects that reservoirs have on water
and sediment transport, river channel geomorphology, and river water levels have received
considerable attention. For example, after reservoir operation, the river channel was under-
cut by up to 4—6 m downstream of dams on the Tagliamento, Piave, and Brenta Rivers in
Italy (Surian ef al., 2010). The Aswan Dam on the Nile River (Shields et al., 2010), Glen
Canyon Dam on the Colorado River (Topping et al., 2013), Danjiangkou Dam on the Han-
jiang River (Lu et al., 1994), and Three Gorges Dam on the Yangtze River (Lai et al., 2014,
Yang et al., 2017a, 2017b, 2018; Han et al., 2017) have all caused lower water levels as
compared with the levels pre-reservoir operation at a given water discharge. Different rivers
show different variation characteristics regarding flood water levels. A study of 25 rivers in
Germany found that for one river, each hydrological station had a unique trend in terms of
their water levels during flooding (Bormann et al., 2011). In Kansas City, U.S.A., despite a
flood water discharge in 2011 that was smaller than the discharge in 1970, the flood water
level unexpectedly increased by 1.1 m (Caele et al., 2015). After operation of the Three
Gorges Dam, there was an overall decrease in the maximum water level along the middle
reaches of the Yangtze River, but the flood water level at an identical discharge rate did not
display this decreasing trend (Yang et al., 2017a, 2017b, 2018; Han et al., 2017). Certain
studies have even suggested that there was an increase in the flood water level (Zhang et al.,
2016). For example, at the Hankou hydrological station, the water level at a discharge of
50,000 m’/s increased by up to 1.5 m between 2003 and 2013 (Mei et al., 2016), followed by
a continual increase in the water level up to 2.2 m, higher than that in 2013 (Yang et al.,
2017, 2018). Compared with the discharge measured in 1954, the maximum water discharge
at the Luoshan hydrological station was 11,000 m’/s lower in 1998, with an increase in the
corresponding water level of 1.78 m (Huang et al., 2016). Similarly, the maximum water
discharge in 2016 was 52,100 m3/s, which was 15,700 m’/s lower than that in 1998. How-
ever, the corresponding water level had only decreased by 0.09 m.

Previous studies have suggested that changes to riverbeds, including riverbed erosion,
have impact on low and flood water levels below dams. Changes in the water level are
mainly associated with reservoir operation, riverbed erosion, riverbed roughness, and human
activity (Lu 1994; Yang et al., 2017a, 2017b, 2018; Han et al., 2017). In general, riverbed
scouring reduces water levels while increased riverbed roughness increases water levels
(Moshe et al., 2008; Greene et al., 2014). The main influencing factors that increase river-
bed roughness are vegetation growth, riverbed armoring, human activity (Yang et al., 2017a,
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2017b, 2018; Han et al., 2017; Guo et al., 2017), and upstream and downstream water levels
(Guo et al., 2017; Han et al., 2011). Different parts of a channel have different influencing
factors (Han ef al., 2011; Sun et al., 2015). For example, vegetation growth mainly affected
the 2011 flood disasters in Kansas City, U.S.A. (Carle ef al., 2015). In terms of human activ-
ity, although a single water conservancy project may have little effect on the water level, the
cumulative effects of numerous projects can be significant (Zhang et al., 2011). The Jingji-
ang reach is a key area for waterway regulation and flood control in the middle reaches of
the Yangtze River, where changes in the water level have received significant attention. Al-
though recent studies have mainly analyzed the relationships among water level, riverbed
erosion, riverbed roughness, and typical human activity (Yang et al., 2017a, 2017b, 2018;
Han et al., 2017; Chai et al., 2019), few studies have focused on estimating the contributions
of these effects to changes in the water levels at a specific water discharge.

In this study, we collected water discharge and water level data along the Jingjiang por-
tion in the middle reaches of the Yangtze River from 1991 to 2016. Using the polynomial
fitting method, we modeled the regression relationship between the water level and water
discharge to analyze the variation characteristics of the low and flood water levels at an
identical discharge. Using the separation of variables method, we estimated the contributions
of riverbed erosion, changes in downstream water levels, and riverbed roughness to water
level variations.

2 Materials and methods
2.1 Study area and data collection

This study targeted the Yichang—Luoshan reach downstream of the Three Gorges Dam, a
portion of the Yangtze River channel that extends for 408 km, which can be divided into two
parts: the Yichang—Zhicheng reach and the Jingjiang reach. Between Yichang and Luoshan,
there are five hydrological stations, from which data was collected for this study, including
Yichang, Zhicheng, Shashi, Jianli, and Luoshan (Figure 1). Discharged water flows into
Dongting Lake through the Songzikou, Taipingkou, and Ouchikou outlets and then re-flows
into the main stream of the Yangtze River near Qilishan.

Daily water discharge and water level data from the Yichang, Zhicheng, Shashi, Jianli,
Luoshan, Songzikou, Taipingkou, Ouchikou, and Chenglingji stations from 1991-2016 were
collected from the Bureau of Hydrology Changjiang Water Resources Commission
(BHCWRC) (Table 1). Topographical data on the Yichang—Luoshan reach for 2002, 2009,
and 2016 (October) were provided by the BHCWRC and the Yangtze River Waterway

Table 1 Hydrological and river topography data

Hydrological station/Reach Data type  Data characteristics Period Data source
Yichang, Zhicheng, Shashi,
Jianli, and Luosh: ; )
1anl, and Luoshan Flow and Daily, monthly, and 1991-2016 Yangtze River Waterway
Dongting Lake (three mouths) ~Water level  annual averages Bureau and Bureau of
and Chenglingji Hydrology Changjiang
Yichang—Chenglingji reach Terrain Sediment amount 2002-2016 Water Resources Com-

mission
October 2002, October

Yichang—Luoshan reach Terrain 1:10,000 2009, and October 2016
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Figure 1 The location of the middle reaches (Yichang—Luoshan and Jingjiang reaches) of the Yangtze
River

Administration. To analyze the effects that various riverbed factors have on the relationship
between water discharge and water level during different operation periods of the Three
Gorges Dam, we divided the study period into 1991-2003, 2003-2009, and 2009-2016.

2.2 Methods

The major influencing factors on water-level changes at a given discharge include riverbed
erosion, riverbed roughness, and downstream control water level. The contribution of each
factor can be estimated using the separation of variables method.

2.2.1 Separation of variables method

The separation of variables method is primarily based on river dynamic mechanics, which
has been widely used to investigate the effects that individual factors have on variations in a
river’s water level (Guo ef al., 2017; Li 2002; Dai et al., 2012; Cheng et al., 2012). The ba-
sic principles of this method are as follows.

Based on the flow equation (Eq. (1)), Chezy formula (Eq. (2)), and Manning formula (Eq.
(3)), we can derive Eq. (4) as follows:

0=4-¥ (1)
V=C.RS . oS @)
=R G)
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J= in out (5)

where O is the water discharge (m’/s), 4 is the discharge section area (m?), V is the
cross-sectional mean velocity (m/s), C is the Chezy coefficient, R is the hydraulic radius, J is
the water surface slope (%o), n is the riverbed roughness, Z;, is the water level at the inlet
section (m), Z,,, is the water level at the outlet section (m), and L is the length of the river
reach (km).

Based on the assumption that the water discharge at the inlet section remains unchanged
during the entire period, i.e., Q = Qy= @O, we can derive Eq. (6) using Egs. (4) and (5) as

follows:
2 2 R 4/3
Zinl _ZinO :(Zoutl _Zou10)+ (ﬁJ *[ﬂJ *(?0] -1 *JO *L (6)

4 ny 1

where subscripts 0 and 1 represent the beginning of the study period and its end, respectively,
subscripts “in” and “out” represent the inlet and outlet sections, respectively, Z;,; — Z;,0 is the
change in the water level at the inlet section, Z,,;; — Z,.0 18 the change in the water level at
the outlet section, (4¢/4;)* represents the changes in the cross-sectional areas, (ny/ng)” repre-
sents the changes in riverbed resistance, and (Ro/R1)"? represents the changes in riverbed
erosion.

2.2.2 MIKE 11 HD model

Based on separation of variables method, the MIKE 11 HD model was used to estimate the
effects that riverbed erosion, riverbed roughness, and the downstream water level control
have on the changes in the water level at a specific discharge. This model relies on the fol-
lowing Egs. (7) and (8), where the water flow continuity and water dynamic equations are as
follows:

a_Q+a_A:O (7)
ox Ot
60 o (0> oz  n*0l0|
—+—| = |+gd—+ =0 8
ot ax(AJ 5oy TE AR ®

where O is the water discharge (m’/s), 4 is the discharge section area (m?), x is the range
coordinate, ¢ is the time coordinate (s), g is the acceleration due to gravity (m/sz), Z is the
water level (m), n is the riverbed roughness, and R is the hydraulic radius (m).

Topographical data for the Yichang—Luoshan reach from 2002, 2009, and 2016 were used
as input to run the MIKE 11 HD model. The upper boundary condition was set as the daily
water discharge at Yichang station while the daily water level at Luoshan station was used as
the lower boundary condition. The water discharge at the three outlets (i.e., the Songzikou,
Taipingkou, and Ouchikou outlets) and Chenglingji station were all based on daily data. By
verifying the observed water level at the main hydrological stations throughout the Yi-
chang—Luoshan reach, we were able to simulate the comprehensive riverbed roughness
along the Yichang—Zhicheng, Zhicheng—Shashi, Shashi—Jianli, and Jianli-Luoshan reaches.
As shown in Figure 2, the simulated water level essentially agrees with the observed values
(R > 0.98), demonstrating acceptable model accuracy.
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Figure 2 Measured and simulated water levels at the hydrological stations in 2002, 2009, and 2016

2.2.3 Selection of representative water discharge rates

The variation trends at the low and flood water levels are different for different reaches of
the Yangtze River. Thus, a representative water discharge rate must be selected for each hy-
drological station (Yang et al., 2017a, 2017b, 2018; Han et al., 2017). Based on the daily
water discharge data from 1991-2016 and the PIII curve, we selected water discharge rates
with assurance rates of up to 90% and 10% as the low and flood water discharge values
(Table 2), respectively, to investigate the water level variation characteristics.

Table 2 Representative discharge rates at the hydrological stations located along the middle reaches of
the Yangtze River

Flow Yichang Zhicheng Shashi Jianli Luoshan
Low water flow (m’/s) 6,190 6,490 6,460 6,490 8,460
Flood flow (m’/s) 46,500 46,400 37,600 34,500 45,800
3 Results

3.1 Water level-discharge rate relationship

We selected 2003, 2010, and 2016 as representative years (Figure 3), observing that the low
water level at a given discharge rate has a downward trend while the flood water level shows
an increasing trend. This suggests the existence of a critical water discharge rate. If the water
discharge was higher than this critical discharge rate, the water level had an increasing trend,
and vice versa. Thus, the variation characteristics of the low and high water levels differed
along the middle reaches of the Yangtze River.
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Figure 3 Relationships between the water level and water discharge along the middle reaches of the
Yangtze River in 2003, 2010, and 2016 at the five hydrological stations

3.2 Changes in riverbed erosion

During the period from October 2002 to November 2016 (Figure 4), the erosion volumes
in the low-flow, basic, reach-scale bankfull, and flood-flow channels reached 9.90x10°
m’, 10.37x10% m®, 11.01x10° m’, and 11.49x10® m’, respectively. Among them, the con-
tributions of the low-flow and reach-scale bankfull channel erosion volumes to the total
erosion volume reached 86.16% and 95.82%, respectively, while the value for the high
beach was 4.18%. From October 2002 to October 2009, the riverbed scouring intensity
enhanced in the low-flow channel. In contrast, the intensity decreased in the area be-
tween the low-flow and basic channels, basic and reach-scale bankfull channels, and
reach-scale bankfull and flood-flow channels, indicating that riverbed erosion mainly
occurs in the low-flow channel.

After operation of the Three Gorges Dam, there was a significant decrease in the number
of cumulative days characterized by flood discharge rates. There were reductions in both the
width of the flood channel and the 0

frequency at which flooding oc- -2
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channels exhibited a widening trend, representing up to 71.7%, 60.1%, and 55.5% of the
total (173) cross-sections, respectively (Table 3). From 2009-2016, the number of low-flow
cross-sections that experienced widening increased by 1.7%, as compared with those from
2003-2009. In contrast, the number of flood-flow cross-sections that experienced widening
decreased by 35.9%. The cross-sections that had increases in their widths of greater than 20
and 50 m experienced widening at similar rates. Since 2009, the percentage of low-flow
cross-sections that have experienced widening has further increased, mainly due to enhanced
riverbed erosion. In contrast, the number of days with overbank floods, revetments, ports,
wharves, and other human activity have primarily affected the lower percentage of
flood-flow cross-sections with increased widths (Yang et al., 2017, 2018).

Table 3 Percentage of widened cross-sections along the Yichang—Chenglingji reach

Time Channel characteristics AB>0m AB>20m AB>50m
Low-flow channel 68.8 41.6 28.9
2003-2009 Backfill channel 71.7 27.2 16.2
Flood channel 74.6 22.0 6.4
Low-flow channel 70.5 46.8 31.8
2009-2016 Backfill channel 57.8 254 17.3
Flood channel 38.7 14.5 6.94
Low-flow channel 71.7 57.8 43.9
2003-2016 Backfill channel 60.1 34.1 23.1
Flood channel 55.5 16.8 6.94

Note: AB is the increased width of the cross-sections. The values in the third column are the percentages of increased
widths higher than a value on the total number of cross-sections.

3.3 Changes in riverbed roughness

Since 2003, the sediment concentration along the middle reaches of the Yangtze River has
been relatively low, which has caused riverbed scouring and coarsening (Yang et al., 2016;
Zhang et al., 2017). The median sand particle size in the Yichang—Zhicheng riverbed has
increased 59.6-fold, with the average values increasing from 0.63 mm in 2001 to 37.54 mm
in 2009. The rate of particle-size increases along the Yichang—Yidu and Yidu—Zhicheng
reaches are 97.6% and 108.3%, respectively (Figure 5a). In 2015, the riverbed roughness
along the Zhijiang, Shashi, Gongan, Shishou, and Jianli reaches increased by 2.7%, 2.4%,
4.7%, 5.3%, and 3.9%, respectively (Figure 5b).
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Figure 5 Estimation of the riverbed roughness along the middle reaches of the Yangtze River
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4 Discussion

The factors that influence changes in the water level at a specific discharge rate mainly in-
clude the riverbed geomorphology, riverbed roughness, and downstream water level control.
To further estimate the contribution of each factor, we calculated the riverbed roughness
along the Yichang—Zhicheng, Zhicheng—Shashi, Shashi—Jianli, and Jianli-Luoshan reaches
using the MIKE 11 HD model, with observed data on the riverbed geomorphology, daily
water discharge, and daily water level from 2002, 2009, and 2016 as the input. Based on the
control variable principle, we used input data concerning the riverbed geomorphology, river-
bed roughness, and downstream water level control to the MIKE 11 HD model to estimate the
contributions of these factors to the changes in the water level at a specific discharge rate.

4.1 Changes in low-flow water level and influencing factors

4.1.1 Changes in low-flow water level

Using the least squares method, we determined the relationships between the daily water
levels and daily discharge rates. Except for those at Yichang station in 2016 and Jianli sta-
tion in 2015, the correlation coefficients at the other hydrological stations were all higher
than 0.95. Based on the regression equation, we were able to calculate the water levels cor-
responding to their representative water discharge rates. From 1991-2003, the low-flow wa-
ter level at each station showed a weak decreasing trend (Figure 6). In contrast, decreasing
trends at Yichang, Zhicheng, Shashi, Jianli, and Luoshan stations became significantly en-
hanced after the operation of the Three Gorges Dam, with low-flow water levels decreasing
by up to 4.98 cm/yr, 6.26 cm/yr, 13.51 cm/s, 8.04 cm/yr, and 5.46 cm/yr from 2003-2016.
From 20032009, the low-flow water levels at Yichang, Zhicheng, Shashi, Jianli, and Luoshan
stations reduced by 4.79 cm/yr, 3.98 cm/yr, 8.17 cm/yr, 12.30 cm/yr, and 3.61 cm/yr, respec-
tively. From 2009-2016, the water levels at these stations reduced by 3.48 cm/yr, 7.23 cm/yr,
17.18 cm/yr, 7.63 cm/yr, and 8.32 cm/yr. Thus, the low-flow water levels at Yichang and Jianli
stations had a decreasing trend, as compared with the periods from 2009-2016 and 2003-2009,
while those at Zhicheng, Shashi, and Luoshan stations had an increasing trend.

£ 41.0 7 (a) Yichang 39.0 1 (b) Zhicheng 34.0 7 (c) Shashi
= 406 38.6 332
£ 402 38.2 M\’”\v\\\ 324
5 39.8 37.8 31.6
§ 39.4 37.4 30.8
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Figure 6 Variation trends in the average water level under the characteristic flows along the middle
reaches of the Yangtze River
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4.1.2 Influencing factors on changes in the low-flow water level

Before the operation of the Three Gorges Dam in 2003, the low-flow water level showed a
decreasing trend, which was mainly caused by riverbed erosion and cut-bend projects (Han
et al., 2017). With the beginning of dam operation, riverbed erosion occurred widely in the
reach-scale bankfull channel below the dam over long distances. Above the reach-scale
bankfull channel, vegetation growth increased the riverbed resistance (Yang et al., 2017a,
2017b, 2018; Han et al., 2017). Similarly, ports, wharves, and channel works can also
change the local riverbed resistance (Yang et al., 2016; Zhang et al., 2017), leading to
changes in riverbed roughness. The downstream water level control had a significant effect
on the upstream water level, especially during the flood-flow period. An increased down-
stream water level control can increase the upstream water level (Li et al., 2009), including
the flood water level. Using the separation of variables method, we calculated the contribu-
tions of single and combined factors to the changes in the low-flow water level at a specific
discharge rate. The results are as follows (Figure 7).

(1) From 2003-2016, the low-flow water levels at Yichang, Zhicheng, Shashi, and Jianli
stations decreased by 0.48 m, 0.66 m, 1.73 m, and 0.79 m, respectively. From 2003-2009,
the low-flow water levels at the same stations decreased by 0.26, 0.13, 0.62, and 0.65 m,
respectively. From 2009-2014, the water levels decreased by 0.22 m, 0.53 m, 1.11 m, and
0.14 m, respectively.

(2) From 2003-2016, changes in the topography, riverbed roughness, and downstream
water level control caused a reduction in the low-flow water level at Yichang, Zhicheng,
Shashi, and Jianli stations, with reductions of up to 0.46 m, 0.74 m, 1.81 m, and 0.82 m,
respectively. Among these influencing factors, reduced water levels attributable to changes
in the river topography reached 0.47 m, 1.43 m, 2.38 m, and 1.25 m, respectively. The
variations in the downstream water level also decreased the low-flow water levels, with
effects reaching 0.32 m, 0.22 m, 0.11 m, and 0.14 m, respectively. In contrast, the in-
creased riverbed roughness elevated the low-flow water levels, reaching 0.33 m, 0.91 m,
0.68 m, and 0.57 m, respectively.

(3) Compared with the situation from 2003-2009, riverbed erosion from 2009-2016 de-
creased along the Yichang—Zhicheng reach, such that the effects of riverbed erosion on the
low-flow water level also declined at Yichang station. Along the Zhicheng—Shashi and
Shashi—Jianli reaches, the effects of riverbed erosion became more intense on the low-flow
water level. This indicates that regions with severe riverbed erosion had migrated down-
stream to sandy riverbeds. At the same time, there was also an increase in the reduction of
the upstream water level due to downstream riverbed erosion. At Jianli station, downstream
riverbed erosion had little effect on the low-flow water level.

(4) Compared with 2003-2009, riverbed armoring along the Yichang—Zhicheng reach
from 2009-2016 was basically completed. Thus, the influence of changes in riverbed
roughness along this reach was alleviated. From 2009-2016, riverbed armoring along the
Zhicheng—Shashi reach intensified. Thus, there was also an enhancement of the effects that
the increased riverbed roughness along this reach had on the low-flow water levels. Along
the Shashi—Jianli and Jianli—-Luoshan reaches, the level of riverbed armoring was limited,
thus having little effect on the low-flow water levels at Shashi and Jianli stations.
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Figure 7 Effects of the influencing factors on changes in the low water levels

In conclusion, from 2003-2016, riverbed erosion was the dominant factor that reduced the
low-flow water level along the Yichang—Chenglingji reach. Since 2009, riverbed scouring
along the Yichang—Zhicheng reach has weakened, such that there has also been a decrease in
its contribution to the reduction of the low-flow water level. Along the Jingjiang reach, there
has been a decrease in the contribution of riverbed erosion. Increased riverbed roughness
restrained the reduced low-flow water level while this positive effect declined along the Yi-
chang—Zhicheng reach since 2009, as riverbed armoring was essentially completed. In con-
trast, the positive effects of riverbed armoring became more intense along the Jingjiang
reach.

4.2 Changes in flood water levels and influencing factors

4.2.1 Changes in flood water levels

From 1991-2002, the flood water levels at a specific discharge rate showed no significant
variation trends at the Yichang—Luoshan stations (Figure 8). In contrast, the flood water lev-
el has increased since 2003. The high water levels at Yichang, Zhicheng, Shashi, Jianli, and
Luoshan stations from 2009-2016 increased by 0.42 m, 0.75 m, 0.61 m, 1.14 m, and 0.63 m,
respectively, as compared with the high water levels from 2003-2009. When comparing the
periods from 1991-2003, 2003-2009, and 2009-2016, we found that the flood-flow water
level had variation trends characteristic of a “concave curve.” Specifically, the flood water
level first decreased and then increased (Table 4). Thus, variation characteristics for the
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istics for the flood-flow water level changed from “high discharge with a high water level”
to “middle discharge with a high water level,” which creates challenges for flood managers
seeking to reduce pressure on flood defenses.
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Figure 8 Variation trends in the flood water level exposed to characteristic flows along the middle reaches
of the Yangtze River

Table 4 Variation characteristics for the flood water level (m)

Period of time

Hydrological station

1991-2003 2003-2009 2009-2016
Yichang 51.48 51.24 51.66
Zhicheng 47.60 47.22 47.97
Shashi 42.29 41.87 42.48
Jianli 35.69 34.48 35.61
Luoshan 31.87 31.47 32.05

In general, larger-scale riverbed erosion is mainly distributed in the low-flow channel,
which reduces the water level in rivers. The reduced water level was mainly due to a reduced
low-flow water level. We suggest that, from 2003-2009 and 2009-2016, the Jingjiang reach
experienced scouring while the flood water level exhibited no significant downward trend.
Compared with that from 2003-2009, the number of days of overbank flooding decreased
from 2009-2016 due to the operation of cascade reservoirs, which increased vegetation
growth in the river system. The increased vegetation growth increased the riverbed resis-
tance, thus increasing the flood water level. Simultaneously, numerous waterway regulation
works, including revetments, bridges, and ports, were completed during 2009-2016, further
increasing the flood water level.

4.2.2 Influencing factors on flood water levels

Before the operation of the Three Gorges Dam, the flood water level showed no evident
variation trends at Yichang, Zhicheng, and Shashi stations. Along the Jianli-Luoshan reach,
sedimentation of the riverbed was the dominant reason for the increased high water level (Li
et al., 2009), along with the reduced floodwater storage area (Zhang et al., 2016). Using the
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separation of variables method, we estimated the contributions of single and combined fac-
tors to the changes in the high water level. The results are as follows (Figure 9).

(1) From 2003-2016, the high water levels at a specific discharge rate increased by 0.41
m, 0.69 m, 0.71 m, and 1.53 m at Yichang, Zhicheng, Shashi, and Jianli stations, respectively,
from 20032009, the values were 0.36 m, 0.63 m, 0.10 m, and 0.11 m, respectively, and the
values from 2009-2016 were 0.05 m, 0.06 m, 0.61 m, and 1.42 m, respectively.

(2) From 2003-2016, the total effects that the changes in the riverbed topography, river-
bed roughness, and downstream water level control had on the flood water level at Yichang,
Zhicheng, Shashi, and Jianli stations were 0.41 m, 0.69 m, 0.76 m, and 1.46 m, respectively.
The decrease in the flood water levels is attributable to riverbed erosion that reached 0.70 m,
1.26 m, 0.74 m, and 0.41 m, respectively. Changes in the downstream water level control
increased the flood water levels up to 0.39 m, 0.23 m, 0.33 m, and 0.17 m, respectively. The
increased riverbed roughness also increased the flood water level by up to 0.72 m, 1.72 m,
1.17 m, and 1.70 m, respectively.
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Figure 9 Effects of the influencing factors on the changes in the flood water level

(3) The effects of riverbed erosion on the reduced flood water level at Yichang, Shashi,
and Jianli stations were mitigated from 2009-2016 compared with those from 2003-2009. In
contrast, riverbed erosion along the Zhicheng—Shashi reach intensified, which further re-
duced the high water level. Greater riverbed armoring occurred from 2003-2009 than in
2009-2016. Thus, changes in the riverbed roughness had little effect on the flood water level
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along the Yichang—Zhicheng and Zhicheng—Shashi reaches from 2009-2016, with a rela-
tively reduction of its contributions. From 2003-2009, variations in the downstream water
level control had highly significant effects on the flood water level at Yichang station,
whereas it had little effect on the high water level at Yichang, Shashi, and Jianli stations,
contributing changes of less than 0.10 m. From 2009-2016, the effects of the downstream
water level control were minor at Yichang station, whereas changes at Zhicheng, Shashi, and
Jianli stations were 0.10-0.30 m.

In conclusion, the increased riverbed roughness was the dominant factor that increased
the flood water level. Since 2009, riverbed armoring has been basically complete along the
Yichang—Zhicheng reach, such that there was a reduction in its effects. Along the Jingjiang
reach, the effects of riverbed armoring intensified. Riverbed erosion mitigated the increased
high water level during the flood season while the contributions of these effects have de-
creased along the Yichang—Zhicheng reach since 2009. In contrast, the effects of riverbed
erosion on the increased high water level in the Jingjiang reach intensified due to increased
riverbed scouring.

5 Conclusions

This study investigated the Jingjiang reach in the middle reaches of the Yangtze River. Using
the polynomial regression curve fitting method, we analyzed the variation characteristics of
the water levels at representative water discharge rates. Using the MIKE 11 HD model and
separation of variables method, we estimated the contributions of changes in the riverbed
topography, riverbed roughness, and downstream water level control to water level varia-
tions from 1991-2003, 2003-2009, and 2009-2016. Our main conclusions are as follows.

(1) From 1991-2016, the low-flow water level showed a downward trend, which intensi-
fied after 2009. From 1991-2016, the flood-flow water level in Jingjiang first decreased and
then increased. Before 2003, the high water level can be characterized as “high water dis-
charge at high water levels,” whereas after 2003, the high water level was better character-
ized as “medium water discharge at high water levels.”

(2) Riverbed erosion was the dominant factor that affected the reduced low-flow water
level along the Yichang—Chenglingji reach. Since 2009, riverbed scouring decreased along
the Yichang—Zhicheng reach, such that the effects of riverbed erosion on the reduced low
water levels also decreased. Along the Jingjiang reach, riverbed scouring intensified, which
also increased the reductions to the low-flow water level. The increased riverbed roughness
inhibited reductions in the low-flow water level. Since 2009, riverbed armoring has been
basically completed along the Yichang—Zhicheng reach, such that it has had little effect on
inhibiting reductions to the water level. However, riverbed armoring remained intense
throughout the Jingjiang reach, further mitigating reductions to the low-flow water levels.

(3) Increased riverbed roughness was the dominant factor affecting the increased high
water level. Since 2009, riverbed armoring throughout the Yichang—Zhicheng reach was
basically completed, such that this factor had little effect on the increased high water level.
In contrast, the effects of riverbed armoring increased along the Jingjiang reach while river-
bed erosion mitigation increases in the high water level. Since 2009, the riverbed along the
Yichang—Zhicheng reach experienced reduced scouring, such that there was a reduction in
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the restraining effect of scouring on high water level increases. In contrast, the effects that
riverbed erosion had on constraining the increased high water level intensified.

In this study, we did not consider the effects of riverbed erosion in the three outlets, river
flow diversion, or embouchement on erosion in the main stream riverbed nor on the rela-
tionship between the water discharge rate and water level. Riverbed roughness was esti-
mated using models affected by vegetation growth and navigation projects. In future studies,
we will consider the above effects as potential factors that influence the relationship between
the water levels and discharge rates.
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