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Abstract: The Three Outlets Channel (TOC) consisting of three anabranching rivers formed due
to natural avulsion by extremely high floods, is the primary water—sediment channel connecting
the Jingjiang in the middle Yangtze River and Dongting Lake (the second largest freshwater lake
in China). Since the impoundment of the Three Gorges Reservoir (TGR) in 2003, the decreasing
diversion of runoff and sediment load of the TOC has an impact on the hydrological connectivity of
the river-lake relation. Nonetheless, it lacks complete understanding on the diversion of runoff and
sediment load, erosion and deposition amount, and the calculation method of diversion runoff in the
TOC. We used remote sensing images, hydrological data, and channel topography to analyze the
change in runoff and sediment load, channel morphology, local erosion and deposition amounts. The
main results show that: (i) Meander cutoffs of the Lower Jingjiang accelerated the reduction process
of the Ouchi River’s runoff and sediment load and the increase in the number of dry days. After the
impoundment of the TGR, the diversion of sediment load of the TOC was greatly affected, but the
decreasing trend of the runoff diversion slowed down. (ii) The morphological change of the inlet
zone of Ouchi River is larger than that of Songzi River and Hudu River. The morphological evolution
of the inlet area led to the change in the diversion of runoff and sediment load of the TOC. (iii) In
the dry season, the water level drop in the inlet zone of the TOC leads to a decrease in the diversion
discharge. Therefore, considering the water level drop and channel width adjustment in the inlet
zone, five empirical formulae for the diversion discharge of the five hydrological stations in the TOC
are proposed. These empirical formulae can be used as a short-term forecast for future changes in the
hydrologic regime and the dynamics of the Jingjiang—Dongting Lake relation.

Keywords: anabranching channel; channel morphology; diversion discharge; river-lake relation;
Three Gorge Reservoir

1. Introduction

Alluvial rivers usually develop anabranching channels in their middle and lower
reaches due to main channel siltation or occasionally extreme flooding, which overfills the
natural levee, thereby diverting the main stream [1,2]. Once stable anabranching pattern is
developed, the main channel continually maintains hydrological connectivity with multiple
branching channels [3,4]. Hydrological regime and riverbed erosion-deposition in the main
channel directly affect the diversion of water and sediment load as well as development
of the branching channels [5-8]. Thus, the formed anabranching channel system demon-
strates dynamic hydromorphology and has a vital ecological function. Water and sediment
sources from three outlets and four tributaries were adjusted by the Dongting Lake and
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discharged into the middle Yangtze River at the Chenglingji hydrological station [9]. Com-
plex interactions exist in the large river network formed by the Jingjiang—Dongting Lake
system. The Jingjiang (total length 340 km) is another name of the upper part of the middle
Yangtze River in China, especially deposition and erosion processes at the three outlets
promoting frequent change in the hydrological connectivity and sediment exchange within
the Jingjiang—Dongting Lake system [10,11].

The relation between the Jingjiang and the Three Outlets Channel (TOC) is an impor-
tant part within the Jingjiang-Dongting Lake system, of which the diversion of runoff and
sediment load through the TOC is the core of the river-lake evolution [12,13]. The TOC
diverts a considerable proportion of the Yangtze runoff and sediment load. In 1956-2014,
the average annual runoff and sediment load at the TOC was about 47.3 x 10 m® and
101.0 x 10° t, accounting for 23.5% and 80.7% of the total water and sediment entering
into the Dongting Lake, respectively. The river-lake relation is undergoing significant
changes under the influence of natural evolution and human activities [14]. The runoff
and sediment load of the TOC have significantly decreased since the 1950s. The diversion
ratios of water and sediment in 1956-1966 were 29.0% and 35.4%, respectively. After the im-
poundment of the Three Gorges Reservoir (TGR), the diversion ratio of water and sediment
load in the TOC were significantly reduced to 12.3% and 17.9%, respectively. The diversion
ratio of decreasing runoff and sediment load in the TOC has weakened the hydrological
connectivity between the Jingjiang and Dongting Lake [15], leading to increasingly serious
water resources shortage and eco-environmental problems in the dry season.

The inter-annual changes in runoff and sediment and related driving factors in the
TOC are the key to studying the river-lake relations. Early researchers discovered three
main reasons that affect water and sediment diversion in the TOC: (i) changes in fluvial
processes in the inlet zone of the TOC; (ii) relative changes in the diversion ratio of runoff in
the inlet zone and the main stream; (iii) fluvial processes and riverbed incision of the main
stream near the inlet zone and the erosion and deposition of the distributary channel [16].
The impact of major water conservancy projects on the Jingjiang were also affirmed. For
example, Fang et al. [17] found that the decline in water levels since 1972 was the main
driving force for the shrinkage in sedimentation and the sharp reduction in the diversion
of runoff and sediment load in the TOC. Nonetheless, Li et al. [18] point out that artificial
cutoff projects and Gezhouba Dam are active factors that lead to the reduction of runoff and
sediment load in the Dongting Lake. Furthermore, Xu et al. [19] found that bed incision of
the Jingjiang and the deposition of the Dongting Lake were the main factors for changes
in the diversion of runoff and sediment load in the TOC. After the impoundment of the
TGR, runoff and sediment transport and erosion/deposition evolution in the river-lake
system have changed significantly [20]. Sediment discharge in the downstream of the TGR
decreased sharply, resulting in the long-distance bed incision. Correspondingly, the water
level dropped continually during the dry seasons [21,22], decreasing runoff diversion from
the TOC [23], as well as prolonging the average annual dry time [24]. However, we still lack
quantitative understanding on runoff diversion from the TOC after the TGR impoundment,
and moreover, the influence of the water level drop on water diversion of the TOC in the
dry season is unclear.

In the TOC, channel erosion/deposition and diversion of runoff and sediment load are
directly influenced by the evolution of the Jingjiang—Dongting Lake relations. Moreover,
predicting the change of the diversion runoff in the TOC can be an essential prerequisite
for water resource allocation, water supply and demand forecast, and rational allocation
of water resources in the Dongting Lake area. Therefore, this study used remote sensing
images, hydrological data, and channel topography to (i) analyze the temporal change
in runoff and sediment load, channel morphology at the inlet and tail zone of the TOC
in 1951-2016; (ii) calculate temporal change in local erosion and deposition amounts in
2003-2011 and 2006-2009, respectively; and (iii) obtain five empirical formulae of discharge
diversion using the daily average water level and flow discharge of the five hydrological
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stations in 2003-2018. We aimed to predict changes in the flow diversion of the TOC and
estimate its influence on the adjustment of the river-lake system.

2. Materials and Methods
2.1. Study Area

Extreme flood events in 1860 and 1870 AD broke its southern bank and formed three
multiple anabranching channels that connected the Yangtze River and Dongting Lake, i.e.,
Songzi, Hudu, and Ouchi [25,26]. Meanwhile, four main tributaries (Xiangjiang, Zishui,
Yuanshui, and Lishui River) flow through South China and supply the Dongting Lake.
Ouchi River is divided into three main branches (Figure 1), namely east, middle, and west
Ouchi River. Ouchi River has two hydrological stations at the east and west of the inlet,
namely Kangjiagang (KJG) and Guanjiapu (GJP). Hudu River is 110 km in length, and
the Mituosi hydrological station (MTS) is located 8 km away from the inlet zone. Songzi
River has two tributaries and two hydrological stations, namely Xinjiangkou (XJK) and
Shadaoguan (SDG). The XJK and SDG hydrological stations are located at the entrances of
the west branch and the east branch, respectively.
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Figure 1. Location and river network distribution of the Three Outlets Channel in the middle
Yangtze River.

2.2. Remote Sensing Images Processing

A total of 14 remote sensing images (Landsat 4-5 TM and Landsat) for the Ouchi River
from 1987-2016 were collected. Seven images of Hudu and Songzi River from 1984-2018
were selected. The images were sourced from Landsat 4-5 TM (1987), Landsat 8 (2014-2018),
and Google Earth (1984, 1994, 2004, 2014). The spatial resolution of Landsat 8 and Landsat
4-5TM is 30 m. The remote sensing images are all downloaded from the Geospatial Data
Cloud (http:/ /www.gscloud.cn/, accessed on 20 June 2020).
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The Improved, Modified and Normalized Difference Water Index (MNDWI) was used
to discern waterbodies in inlet and tail zones of the Three Outlets [27].

MNDWI = (Green — MIR)/(Green + MIR) €))

in which Green represents the green light band and MIR is the mid-infrared band. Google
Earth images (0.6 m resolution) were used to measure geometric features of the siltation
body and bar in inlet zones. The kmz data file generated was imported into ArcGIS and
subjected to projection transformation to calculate the corresponding change of geometric
feature. Remote sensing images were used for comparative analysis. The images were
imported into ArcGIS to extract the water body information and measure the flat shape
area in the inlet and tail zone of the TOC.

Since acquisition of remote sensing images is greatly affected by meteorological con-
ditions, it is difficult to obtain remote sensing images of the same water level in different
years. Remote sensing images in the dry season were selected to analyze morphological
changes in inlet and tail zones of the TOC, in order to reduce the measurement error caused
by the fluctuation in the water level. So, these images make the interannual evolution of
the bars in the inlet and tail zone comparable.

2.3. Hydrological Data Analysis

Hydrological data of five hydrological stations (GJP, K]JG, MTS, XJK, SDG) in Figure 1
were collected from the Changjiang Hydrological Bureau, including annual runoff and
sediment in 1951-2003, average daily sediment concentration, flow discharge, and water
levels in 2003-2016. The empirical relation between the daily relative water depth and
the daily discharge was obtained using the Origin 9.0 software (OriginLab). Daily relative
water depth is the difference between daily water levels and multi-year average water
levels during the dry-flow period in 2003-2016. The average annual water level change
during 2003-2016 was counted when the flow discharge was 0 m?/s as well as when the
water level dropped in the inlet zone of the TOC. Considering the drop of water level in the
inlet zone, the empirical formulae for the diversion discharge of five hydrological stations
were fitted.

The daily water levels of the five hydrological stations in 2011-2016 were used to
obtain the corresponding daily flow discharge. The difference between the calculated
discharge and measured discharge was divided by the measured discharge, so the obtained
value is squared as the relative error value. A relative error of less than 10% means that the
formula meets the requirement, otherwise the formula needs further modification. Finally,
the modified empirical formula was verified using the daily water level in 2017-2018.

The topography of the river channel adopts the measured data of the Changjiang
Hydrology Bureau in 2003, 2006, 2009, and 2011. According to the grid terrain method,
Surfer 11 was used to create a digital elevation model (DEM) of the local river reach in
the TOC in 2003-2011. The grid was created using kriging interpolation to obtain Grd
format files, and the boundary data were imported to form Bin files. The new Grd file
was generated by whitening, and the DEM was generated after eliminating the influence
of the bank-attached bar. Using the three volume calculation methods (Trapezoidal Rule,
Simpson’s Rule and Simpson’s 3/8 Rule), the corresponding erosion and deposition volume
were obtained. The cross-sectional topography method was used in 2006-2009 to calculate
the amount of erosion and deposition in local reaches of the TOC.

3. Results and Analysis
3.1. Water and Sediment Flux Change
3.1.1. Ouchi River

Water and sediment in the east Ouchi River have been constantly decreasing in the last
70 years; especially in the 1970s-1980s (Figure 2a,b) average annual runoff and sediment
load decreased by 60%. Similarly, the average annual runoff and sediment flux of the
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west Ouchi River decreased by nearly 90%. The two hydrological stations have a similar
reduction proportion of runoff and sediment flux. After the 1980s, the decreasing trend
of runoff and sediment flux in the Ouchi River slowed down, but a decrease in sediment
was greater than in runoff. From period I (1971-1980) to period II (2011-2016), the average
runoff of GJP decreased by 13.2 x 10° m3, with a decrease rate of 57.7%, and the sediment
transport decreased by 38.9 x 10° t, with a decrease rate of 97.6%. During the same period,
the multi-year average runoff of KJG decreased from 1.0 x 10° m? to 0.273 x 10° m3, a
decrease of 73.0%, and the multi-year average sediment load decreased from 1.91 x 10° t
to 34,700 t, a decrease of 98.2%. The ratio of sediment transport and runoff reduction in
Ouchi River is unbalanced, and the ratio of sediment transport reduction is greater than
that of runoff.
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Figure 2. Hydrological data of the KJG and GJP stations in the Ouchi River (Q: runoff, Qs: sediment
load) (a) average runoff and sediment load in 1951-2016 (b) average runoff and sediment load in
2003-2016 (c) diversion ratio of runoff and sediment load (d) days of no water flow at the KJG and
GJP hydrological station in 1951-2015.

Correspondingly, the diversion ratio of runoff and sediment load has been continually
decreasing (Figure 2c). The diversion ratio of runoff merely decreased by 0.9% after the
TGR impoundment (2003-2016), while the diversion ratio of sediment load was decreased
by 2.7%. After the TGR impoundment, a reduction in runoff diversion was smaller than
that after period I (1973-1980) and period II (1981-1998). The decreasing trend of the
diversion ratio of runoff in the TOC has slowed down. The increasing rate of dry days at
the GJP is much higher than that at the KJG. In 1981-2002, on average, the GJP and KJG had
167 and 252 dry days respectively, and this number slowly increased to 185 and 267 days,
respectively in 2003-2016 (Figure 2d). After the TGR impoundment, the number of dry
days at the KJG continuously increased, while the number of dry days at the GJP decreased,
indicating that the TGR has played a positive role in reducing the incoming discharge of
the Ouchi River.

3.1.2. Hudu River

Annual runoff and sediment load of the MTS at the Hudu River show a decreasing
trend (Figure 3a,b). From the 1950s to the 1960s, runoff and sediment load at the MTS
increased from 20.9 x 10° m?® and 22.2 x 10° t to 22.3 x 10 m3 and 24.4 x 10° t, respectively.
However, from the 1990s to the 2000s, sediment load dropped sharply from 13.4 x 10° t to
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1.4 x 10° t. After the impoundment of the TGR, a large amount of sediment load in the
upstream was intercepted. After less sediment load was released, the sediment load in the
Hudu River continued to decline. During the dry season, the runoff of the TGR played a
positive role in maintaining the stability of the runoff of the Hudu River. Correspondingly,
the diversion ratio of runoff and sediment load continually decreased (Figure 3c). After
the TGR was the subject of works in 2003, the diversion ratio of sediment load decreased
greatly, but runoff diversion barely changed. From the 1950s to the 1960s, the dry days of
the Hudu River decreased by 66 days. However, from the 1960s to the 1980s, the dry days
increased from 4 days to 143 days. This trend, however, changed after 2000. In 2001-2005,
2006-2010, and 2011-2016, the number of dry days was 160 days, 147 days, and 133 days,
respectively. After the Gezhouba Dam was opened, the number of dry days at the SDG
Hydrological Station increased sharply, and after the TGR was impounded, the number of
dry days at the SDG Hydrological Station showed a decreasing trend.
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Figure 3. Hydrological data of the MTS station in the Hudu River (Q: runoff, Qs: sediment load)
(a) average runoff and sediment load in 1951-2016 (b) average runoff and sediment transport in
2003-2016 (c) diversion ratio of runoff and sediment load (d) days of no water flow at the MTS in
1951-2015.

3.1.3. Songzi River

Annual runoff and sediment load at the XJK and SDG showed a decreasing trend
(Figure 4a,b). Before the 1980s, runoff and sediment load at the XJK changed with moderate
variations. After the 1980s, annual sediment load significantly decreased from 38.4x10° t to
2.6 x 10° t, while runoff decreased from 31.9 x 10° m? to 21.8 x 10° m®. During the same
period, runoff and sediment load at the SDG decreased from 9.1 x 10° m3 and 12.6 x 10° t
to 4.7 x 10° m3 and 0.6 x 10° t, respectively, and the reduction ratios reached 48.4% and
95.2%, respectively. At both stations, the decrease in runoff was slower than the decrease in
sediment load. Runoff and sediment diversion of the Songzi River gradually decreased
during the last 70 years (Figure 4c). After of the works on the TGR, the diversion ratio of
runoff at the XJK decreased from 6.2% to 5.8%, while the diversion ratio of sediment load
decreased from 6.6% to 2.4%. Meanwhile, the diversion ratio of runoff and sediment load at
the SDG decreased from 1.5% and 1.6% to 1.3% and 0.6%, respectively. The decrease ratio
for sediment load was more significant than for runoff. The dry days for the Songzi River
increased from 0 days in the 1950s to 155 days in the 1980s. After the TGR was impounded,
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the number of dry days at the SDG showed an increase to a peak at first (209 days) and
then a decreasing trend.
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Figure 4. Hydrological data of the XJK and SDG stations in the Songzi River (Q: runoff, Qs: sediment
load) (a) average runoff and sediment transport in 1951-2016 (b) average runoff and sediment
transport in 2003-2016 (c) diversion ratio of runoff and sediment load (d) days of no water flow at
the XJK and SDG stations in 1951-2015.

3.2. Temporal Changes of Inlet and Outlet Channel Morphology
3.2.1. Ouchi River

Figure 5a—c shows the plane morphology of the inlet zone of the Ouchi River using
Landsat images from 1987 to 2016. Due to the low water levels, in 2016 the riverbed was
exposed. In 1987, the bars were dispersed independently rather than forming a whole sand
bar. In 2001, the scattered bars gradually silted up and developed into integral sand bars.
In 2016, the sand bars silted up and extended to the north, further reducing the inlet width
of the Ouchi River. Figure 5d,e shows the channel morphology in 1984-2015 from Google
Earth images. Bars in the inlet zone gradually coalesced from scattered siltation to a whole,
and the river width in the inlet section narrowed slightly in 1984-2001. From 2005 to 2015,
the sand bars in the inlet zone had completely merged into one, and the sedimentation
intensified and developed toward the north. The river width continually narrowed, and the
corresponding river channel continually developed and extended. The width of the river
in the inlet section gradually narrowed, and the morphological changes of the silted bars
affected the ability of runoff and sediment diversion in the Ouchi River. The bar area at the
inlet zone of Ouchi River increased by 3698 m? in 1984-1989 and then gradually decreased
at a rate of 83 m?2/ year. Bar deposition in the inlet zone was dominated by siltation in the
early stage, and decreases in area indicated that the bars had entered the scouring stage.

Figure 6a—c shows that deposition in the tail section of the Ouchi River changed greatly
in 1989-2001, and the end of the outlet continually deposited. The overall deposition area
did not change much in 2001-2016. With the continuous development of the siltation area
to the East Dongting Lake, the lake area was further reduced. The siltation area continually
developed and grew; at the same time, the river channel in the tail zone continually
extended, and the river width was correspondingly narrowed (Figure 6d,e). During the
continuous extension of the river channel in the tail zone to the East Dongting Lake, the
average width of the river channel in the tail zone shrank. From 1984 to 2015, the overall
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siltation of the river width of the eastern branch and tail zone of Ouchi River shrank and
narrowed down at an average rate of 3.6 m/year, and the rate of shrinkage was the largest

in 1984-1990, at 45.2 m on average.
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Figure 5. Morphological change of the inlet zone in Ouchi River based on Landsat and Google Earth
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Figure 6. Morphological change of the eastern branch in Ouchi River based on Landsat and Google
Earth imagery in 1987-2016 (a) 26 January 1987 (b) 8 March 2001 (c) 30 December 2016 (d) 1984-2000

(e) 2005-2015.

3.2.2. Hudu River

In 1984, there were seven sand bars in the river course of the Hudu River (Figure 7).
The area of Bar 1 increased from 0.08 km? in 1984 to 0.19 km? in 2001, and 0.26 km? in 2016.
In 1984, Bar 2 and 3 were separated. In 2001, the overall area of Bar 2 and Bar 3 increased
from 2.17 km? to 2.34 km? and reached 2.58 km? in 2016. Due to the sedimentation in
the river channel, some sand bars have been connected to the right bank, and the water
diversion capacity of the right branching channel was reduced after sediment blockage.
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The head of Bar 4 developed forward deposition, and its area increased from 0.79 km? to
1.08 km? in 2001-2016. From 1984 to 2016, changes in the plane morphology and area of
Bar 5 and Bar 6 were relatively small.

§ : N
<, Hudu River
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ii

©

Songzi-Hudu
channel

Figure 7. Morphological change of the confluence channel of downstream Songzi-Hudu Chan-
nel based on Google Earth imagery in 1984-2016 (sand bars are numbered 1-7 from upstream to
downstream) (a) 31 December 1984 (b) 31 December 2001 (c) 22 December 2016.

3.2.3. Songzi River

Figure 8 shows the morphology of the inlet zone of the Songzi River. Changes in
the plane shape of the inlet zone were relatively small in 1987-2004, but from 2004-2018
scattered erosion sites were found in the inlet zone. The bar area at the mouth of the Songzi
River decreased at a rate of 3% per year in 1987-2004. The second stable continental bar
was 6 km away from the river mouth. Its planar area increased from 3.99 km? in 1984 to
4.13 km? in 1994, and finally to 4.60 km? in 2014. The right side of the inlet zone in the
Songzi River is situated in a mountainous area, and the left side is floodplain. Thus, the
river is in the transition section between the mountainous area and the floodplain. Due to
this special geographical location, the change of the plane shape of the inlet zone of the
Songzi River was relatively small.
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Figure 8. Morphological change of the inlet zone in the Songzi River based on Landsat imagery in
1987-2018 (a) 6 December 1987 (b) 4 December 2004 (c) 9 January 2018.

3.3. Temporal Changes of Riverbed Deposition and Erosion

In the Ouchi River inlet zone, the channel volume was 76.44 x 10° m> and 74.49 x 10° m3
in 2003 and 2011, respectively. Thus, erosion change in the inlet zone was about 1.95 x 10 m3.
The east branch was divided into four reaches to calculate the change of scour and de-
position, which were derived as —0.54 X 10° m3, 0.48 x 10° m3, —0.63 x 10° m3, and
0.53 x 10 m3, respectively. Erosion and deposition alternately occurred at the east branch
reaches, and the overall erosion was 0.16 x 10° m3. The middle branch was mainly scoured,
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and the scoured amount was about 0.69 x 10® m3. The cumulative amount of deposition in
each river reach was 0.40 x 10° m? in the Ouchi River in 2006-2009. The diversion discharge
ratio of the Ouchi River decreased and the continuous erosion capacity was insufficient,
causing the scouring of the upper reaches of the East Branch and the sedimentation of the
lower reaches in 2006-2009. The average deposition amount in the inlet zone of the Hudu
River reached 5.72 x 10® m? using the three methods. The Hudu River was divided into
upper, middle, and lower reaches to calculate the amount of erosion and deposition. The
upper reach with 50.3 km long was scoured 1.53 x 10° m3, while the middle and lower
reaches were 39.2 km and 42.2 km long and were scoured 0.84 x 10® m3 and 1.56 x 10° m?,
respectively. From 2006 to 2009, the Hudu River was totally scoured 3.93 x 10° m3.

Erosion and deposition volumes of east and west branches of the Songzi River from
2003 to 2011 (Figure 9a,b) were 0.92 x 10° m3, 0.74 x 10° m3, and 1.08 x 10° m3, respectively,
with an average deposition of 0.91 x 10° m3. The erosion and deposition sections were
alternately distributed (Figure 9c). There were 10 erosion sections and 35 deposition sections
in the west branch, and the erosion sections were mainly distributed in the upstream section
(Figure 9d). Among the 10 sections in the middle branch reach, the second and tenth
sections were scoured, while the rest were deposition sections (Figure 9e). From 2006 to
2009, the total deposition amount of the Songzi River was 6.83 x 10° m3, and the deposition
amount in the west branch was the largest (6.08 x 10° m3), accounting for 89% of the total
deposition amount. The eastern branch reached a total of 0.30 x 10® m? of erosion, and the
middle branch reached 0.34 x 10° m3 of deposition within three years.
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Figure 9. Changes in erosion and deposition in local reaches of the Songzi River. (a,b) Digital
elevation model of the partial reaches of the east-west branch of the Songzi River. (c-e) Erosion and
deposition changes of typical sections of the main reaches of the Songzi River during the year (positive
values on the coordinate for deposition, negative values for erosion, and the abscissa represents the
length of each reach).

3.4. Prediction of Diversion Discharge in the Three Outlets Channel
3.4.1. Ouchi River

As previously mentioned in Section 3.3, the riverbed of the Jingjiang is much lower
than the entrance section of the TOC. The formula form of weir flow discharge was adopted
as the basis to develop the empirical formula for diversion discharge of the TOC. The
relative water depth was the difference obtained after subtracting the average daily water
level from 2003 to 2010. When the discharge is 0 m3/s, the daily average water level at the
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3/s)

Water level (m)

Discharge (m

GJP is 30.02 m and 32.61 m at the KJG. Two rating curves are shown in Figure 10a,b. After
the TGR was impounded, the flow release with low sediment concentration caused the
average scour depth of the main stream of the Jingjiang, exceeding 2 m, and the water level
dropped during the dry seasons. The change in water level drop when the flow was cut off
in the inlet zone was the influencing factor of the relation between discharge and water
level in the Ouchi River.
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Figure 10. Correlation between discharge and water depth in 2003-2010 (a) GJP (b) KJG (c) mean
water level in 2003-2016 at GJP (d) mean water level in 2003-2016 at KJG.

Figure 10c,d was obtained from the statistics of the annual average water level when
the discharge in the inlet zone was 0 m>/s in 2003-2016. During the dry seasons, a power
nonlinear fitting function was used to obtain annual average water level changes at the GJP
and KJG. When the mainstream of the Jingjiang was balanced by erosion and deposition,
the water level in the inlet zone would no longer continue to drop. We assume that the
erosion process of the lower Jingjiang section will stop after TGR operation for about
40 years [28]. Therefore, the water level will stop dropping in 2040, and the water level
when the flow was cut off in 2040 shall prevail for the following years.

According to the cross-section data at GJP in 2006, the river width is 215 m when the
water level is 30 m. When the water level at the KJG is 32 m, the channel width reaches
35 m. Considering changes in water level in the inlet zone when discharge is 0 m3/s, ie.,
the corresponding channel width when the runoff is cut off, we have

Qig = 0.20 x Wy x (Hy — hy)?, by = 30.3 x (¢ —2002) "% @)

Qi = 0.21 x Wy x (Hy — p)?, hp = 33.1 x (t —2002) "% 3)

where I; is the water level of each hydrological station when the discharge is 0 m3/s;
H; is the average daily water level of each hydrological station; t is the year after the
impoundment of the TGR in 2003 (2003 < ¢ < 2040, when t > 2040, t = 2040); Q14, Qo are
the diversion discharge of the GJP and KJG considering water level and river width in the
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inlet zone during dry season, respectively; and Wi; is the river width at the water surface
when the discharge is 0 m?/s, 215 m and 35 m, respectively.

We then verified the accuracy of the formula using the discharge and water level at
the GJP and KJG of the Ouchi River in 2011-2016. The daily average water level was input
into Equations (2) and (3) to obtain the calculated discharge value as shown in Figure 11a,b.
The closer the data point to the 45° line, the more accurate the calculated discharge. The
measured discharge at the GJP is within the allowable error range of £10% except for a few
calculated discharges that are slightly larger at Q = 1500—2000 m®/s. From 2011 to 2016,
the relative error between the calculated discharge and the measured discharge value was
2.4%, so the empirical formula at the GJP does not need to be revised.
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Figure 11. Comparison of measured and calculated discharge in the Ouchi River (a) GJP in 2011-2016
(b) KJG in 2011-2016 (c) GJP in 2017-2018 (d) KJG in 2017-2018.

Before the empirical formula was corrected at the KJG, the relative error between
calculated discharge and measured discharge was 19.7%. Therefore, a correction coefficient
needs to be introduced. The relative errors obtained by the correction coefficients of 0.9, 0.8,
and 0.7 are 14.6%, 10.6%, and 7.8%, respectively. The revised formulae for the Q¢ at the
GJP and Qk at the KJG are:

Qic = 1.0 x 42.46 x (Hy — h1)?, hy = 30.3 x (t —2002) 0% 4)

Qox = 0.8 x 7.28 x (Hy — hp)?, hy = 33.1 x (t —2002) 0% )

where Qi¢, Qak are the diversion discharge of the GJP and KJG, respectively.

Based on the measured daily discharge and water level at the GJP and KJG in
2017-2018, the revised empirical formulae of the two stations in the Ouchi River were
verified (Figure 11c,d). The calculated value at the GJP is roughly within +10%, and
the relative error is 4.5%. The relative error between the measured value and the calcu-
lated value after correction at the KJG is 13.7%. Therefore, the two empirical formulae
(Equations (4) and (5)) basically conform to the actual situation.

3.4.2. Hudu River

Average annual water level when the discharge 0 m3/s calculated in 2003-2010 was
31.96 m. Average daily water depth is the difference of average daily water level and annual
minimum water level. The corresponding relation between average daily discharge and
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relative water depth after excluding the discharge of 0 m®/s is shown in Figure 12a. The
average water level at the MTS during 2003-2010 when the discharge was 0 m3/s showed
a decreasing trend when the discharge stopped. Changes in average water level at the MTS
during dry seasons were obtained by the nonlinear power function fitting (Figure 12b).
Using daily average discharge and water level at the MTS in 20102016 as an independent
variable, the discharge was calculated with the relative error of 12.1% (Figure 12c). Given
that the correction coefficient is 0.8, the calculated discharge can be more in line with the
45° fitting line. The corrected formula is

Qsm = 0.8 x 1635 x (H3 — h3)?, h3 = 32.26 x (t —2002) 0% ©)

The modified empirical formula of discharge and water level was verified by the
measured data at the MTS in 2017-2018 in Figure 12d. After correction, the relative error
between the calculated and measured discharge is 11.5%, so the empirical formula meets
the requirement.
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Figure 12. (a) Correlation between discharge and water depth in 2003-2010, (b) annual average water
level in 2003-2016; comparison of measured and calculated discharge (c) 2011-2016 (d) 2017-2018.

3.4.3. Songzi River

There was no flow interruption at the XJK of the Songzi River in 20032010, and the
average annual lowest water level was 35.0 m. Average water level at the SDG was 34.7 m
when discharge was 0 m3/s. Average daily water depth of the two hydrological stations
was the difference between daily average water level and average annual minimum water
level. Figure 13a,b shows the corresponding relation between average daily water depth
and daily discharge. The average water level at the SDG during 2003-2016 at an annual
discharge rate of 0 m®/s was calculated, and the change in annual average water level
at the SDG during the dry season was obtained using a nonlinear power function to fit
(Figure 13d). During the same period, there was no flow interruption at the XJK, and
the statistically annual average water level did not show a downward trend. The overall
discharge at 35.0 m was small. Taking water level change corresponding to the discharge of
0-100 m3/s, the annual average water level change at the XJK in dry seasons was obtained
using the nonlinear fitting. The empirical formula of discharge and water level at the XJK
and SDG is,

Qux = 1485 x (Hy — hy)", hy = 34.80 x (t — 2002)%! )
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Qss = 20.43 x (Hs — hs)?, hs = 34.90 x (¢ —2002) > ®)

Using the relation of the average daily discharge and daily water level at the XJK and
SDG in 2011-2016, the average daily water level was input into Equations (7) and (8) to
obtain the corresponding calculated discharge. The comparison of measured discharge and
calculated discharge is shown in Figure 14a,b. The revised empirical formula was verified
by using the average daily discharge and water level data in 2017-2018. Figure 14c,d shows
the comparison between measured and calculated discharge values of the XJK and SDG,
respectively, i.e., basically close to the 45° fitting line. The relative errors between the
calculated and measured discharge at the XJK and SDG were 4.5% and 7.3%, respectively,
indicating that the empirical formula has good accuracy.
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Figure 13. Correlation between discharge and water depth in 2003-2010 (a) XJK (b) SDG; mean
annual water level in 2003-2016 (c) XJK (d) SDG.
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4. Discussion

Since the 1950s, the relation between the Jingjiang and Dongting Lake has undergone
major adjustments, i.e., the decline of runoff and sediment load in the TOC. The diversions
of runoff and sediment load in the TOC have obvious phased characteristics in the time
nodes of water conservancy projects such as the Tiaoxiankou Gate Blocked Project (TGBP) in
1958, Cutoff Works of Lower Jingjiang (CWLJR) in 1967-1972, the closure of the Gezhouba
Water Control Project (GWCP) in 1981 and the Three Gorges Project (TGP) in 2003. After the
Three Gorges Reservoir (TGR) was impounded in 2003, it is still controversial whether the
decrease in the diversion ratio of runoff and sediment load is accelerated or slowed down.
For instance, Guo et al. [29] and Xie et al. [30] pointed out that the regulation and water
storage of the TGR had a major influence on the diversion ratio of runoff and sediment
load of the TOC. Instead, Qu et al. [31] and Hu et al. [32] thought that the construction of
the TGP has a minor impact on the diversion and sediment separation of the TOC.

The diversion ratios of runoff and sediment load of the TOC in 1956-2016 are presented
(Table 1). There are differences in the decreasing rate of runoff and sediment load ratio in
the TOC in different time stages. In 1956-1966, the diversion ratios of runoff and sediment
load of the TOC were 29.5% and 35.5%, respectively. In 1967-1972 and 1973-1980, the
diversion ratio of runoff was reduced by 5.7% and 10.7%, respectively; compared with
those before CWLJR, the diversion ratio of sediment load was reduced by 7.4% and 13.8%,
respectively. After the CWLJR, the diversion ratio of runoff and sediment load was greatly
reduced, and the reduction in the diversion ratio of runoff was slightly lower than that of
the diversion ratio of sediment load. From 1981 to 1998, compared with the period from
1956 to 1966, the diversion ratio of runoff and sediment load decreased by 12.3% and 16.5%,
respectively. The impact of the CWL]JR on the diversion ratio of runoff and sediment load
of the TOC is far greater than that in other time periods. To a certain extent, it can be shown
that the main driving force for the sharp reduction of the TOC is the increased channel slope
and mainstream bed incision induced by the CWLJR. In the period 2003-2016, compared to
the period 1999-2002, the diversion ratio of runoff decreased by 2.4%, while the diversion
ratio of sediment load decreased by 10.2%. After the impoundment of the TGR in 2003, the
balance of runoff and sediment in the TOC was broken, which, on the one hand, accelerated
the decline process of sediment transport and, on the other hand, delayed the attenuation
of runoff.

Table 1. The diversion ratios of runoff and sediment load at TOC in 1956-2016.

Diversion Ratio of Runoff (%) Diversion Ratio of Sediment Load (%)
Ti

me Songzi Hudu Ouchi TOC Songzi Hudu Ouchi TOC
1956-1966 10.7 4.6 14.1 29.5 9.7 43 21.5 35.5
1967-1972 104 43 9.1 23.8 9.6 42 14.3 28.1
1973-1980 9.6 3.6 5.6 18.8 9.2 3.8 8.7 21.7
1981-1998 8.5 3.0 4.2 15.7 9.0 3.3 6.6 18.9
1999-2002 7.7 2.8 35 14.1 8.2 2.9 5.2 16.4
2003-2016 7.0 2.1 2.6 11.7 3.0 0.7 25 6.2

The decreasing rates of the diversion ratio of runoff and sediment load of Songzi River,
Hudu River and Ouchi River are not consistent. From 1956 to 1966 to 1973 to 1980, the
diversion ratio of runoff and sediment load of the Ouchi River decreased from 14.1% and
21.5% to 5.6% and 8.7%, which reduced by 8.5% and 12.8%, respectively. During the same
period, the diversion ratio of runoff of Songzi River and Hudu River decreased by 1.1%
and 1.0%, respectively, and the diversion ratio of sediment load decreased by 0.5% and
0.5%, respectively. The CWLJR is the main reason for the sharp decrease in the diversion
ratio of runoff and sediment load of the Ouchi River, which directly changed the pattern of
the diversion of runoff and sediment load in the TOC. The diversion ratio of runoff and
sediment load of the Ouchi River before the CWL]JR is predominant, and the diversion
ratio of runoff and sediment load of the Songzi River after the CWL]JR is gradually higher
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than that of the other two rivers, and the gap gradually widens in the later period. From
1999-2002 to 2003-2016, the decline rate of the diversion ratio of runoff of the TOC slowed
down. The diversion ratio of runoff of the Ouchi River, Songzi River and Hudu River
decreased by 0.9%, 0.7% and 0.7%, respectively, and the diversion ratio of sediment load
decreased by 2.7%, 5.2% and 2.0%. Before the impoundment of the TGR, the diversion ratio
of runoff and sediment load of the Songzi River showed a small downward trend. After
the TGR was impounded, the diversion ratio of sediment load of the Songzi River dropped
sharply to 63.4% due to the incoming sediment load reduction, but the diversion ratio of
runoff decreased by only 9.1%. Consequently, the change of incoming runoff and sediment
load is the fundamental reason for the evolution of the TOC because the construction of the
hydropower projects in the upper and middle Yangtze River broke the original balance of
runoff and sediment load.

Different understandings on the factors of the changes in the diversion of runoff and
sediment load of the TOC exist in the long run, mainly including changes in the water
level and elevation of the inlet area, the scouring of the Jingjiang bed, the deposition and
shrinkage of the Dongting Lake, and the impact of the TGR. This study aims to reveal
the recent evolution of the TOC and the influencing factors of the diversion of runoff
and sediment load by the evolution of the plane morphology of the river channel. The
right side of the Songzi River inlet is a mountainous area, and the left side is a floodplain.
Songzi River is located in the transition section between the mountainous area and the
plain. The special geographical location makes the change in the plane morphology of the
Songzi River inlet relatively small. The other two rivers (Hudu River and Ouchi River) are
located in the floodplain area, especially in the inlet area of Ouchi River, where serious
sediment deposition has caused the inlet area to shrink rapidly, reducing the amount of
runoff diversion. Under the premise of the overall downward trend of runoff diversion
in the TOC, the reduction rate of the runoff diversion in the Songzi River was lower than
that of the Ouchi River, and it became the main channel for the water diversion in the TOC.
The morphological change in the inlet area is the secondary cause of the change in the
distributary and sediment distribution of the TOC. The morphological changes in the inlet
zone affected the diversion runoff and sediment load of the TOC to a certain extent.

After the impoundment of the TGR, the deposition of the channel in the TOC will
be slowed down and slightly scoured, which will create favorable conditions for the
comprehensive regulation of the TOC, the dredging and construction of sluices in the
inlet zone of the Songzi River and the construction of high-grade waterway projects in
the Dongting Lake area. Due to the limited topographic data of the TOC, this study
however cannot exactly compare the erosion and deposition changes before and after the
impoundment of the TGR. Since the comprehensive impact of the impoundment of the
TGR on the TOC has not been fully revealed, the next step is to strengthen the topographic
observation and hydrological data collection.

5. Conclusions

In this study, the modified empirical formulae for the diversion discharge of five
hydrologic stations in the TOC were obtained, though a certain error is inevitable in
the quantitative prediction of the impact of bed incision in the Jingjiang River on the
diversion of discharge. The error can be further reduced when the empirical formulae
can be improved using more topographic and hydrological data. More importantly, the
empirical formulae can predict the influence of the water level drop on the diversion
discharge in dry seasons. Meanwhile, considering the change of water level gradient along
the TOC, it can also predict the impact of the reduction of diversion discharge on the rating
curve along the river. Moreover, it could be a basis for flood control evaluation, irrigation
diversion planning and the design of the TOC in the Dongting Lake area. To conclude, the
main conclusions of this study are summarized as follows:

(i)  The main driving force for the sharp reduction of the diversion of runoff and sediment
load of the TOC was the Cutoff Works of Lower Jingjiang River in 1967-1972. At
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this stage, the reduction process of runoff and sediment diversion in the Ouchi River
was accelerated and the number of dry days increased. After the impoundment of
the TGR, the diversion of sediment load of the TOC was greatly affected, but the
decreasing trend of the diversion of runoff slowed down.

(i) Intense deposition occurred in the inlet zone of Ouchi River, where the river channel
shrinks rapidly, leading to the decreasing diversion of runoff and sediment load. After
the impoundment of the TGR, the recent deposition of the TOC has slowed down and
has been slightly eroded.

(iii) Five empirical formulae for the diversion discharge in the Three Outlets Channel were
proposed and verified using the measured water levels and discharge. The relative
error of the prediction of these five formulae meets the accuracy requirements and
conforms to the actual condition. It is expected that these empirical formulae can be
used to predict the change of the diversion discharge in the Three Outlets Channel for
quantifying variation in the relation between Jingjiang and Dongting Lake.
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