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Quantifying the effects of channel change on the
discharge diversion of Jingjiang Three Outlets after the
operation of the Three Gorges Dam
Yanyan Li, Guishan Yang, Bing Li, Rongrong Wan, Weili Duan
and Zheng He

ABSTRACT
The Jingjiang Three Outlets (JTO) are the water-sediment connecting channels between the Yangtze River
and the Dongting Lake. The discharge diversion of the JTO plays a dominant role in the ﬂood control of the
middle–lower Yangtze River, Dongting Lake evolution, and ecological environment. After the operation
of the Three Gorges Dam (TGD), the river channels downstream experienced dramatic channel changes.
To study the inﬂuences of the channel change on the discharge diversion, the authors analyzed the
channel changes by water level–discharge rating curves and cross-sectional channel proﬁles in
1980–2014. Hence, changes in the water level with the same discharge and the decline of discharge
diversion at the JTO were noted. Channel incision caused the water level with the same discharge to
greatly decrease in the upper Jingjiang River. The water level with the same discharge signiﬁcantly
increased at the JTO as a result of the channel deposition. The channel changes contributed
approximately 37.74% and 76.36%, respectively, to the amount and ratio of discharge diversion decreases
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after the TGD operation. The channel changes serve as the primary factor in facilitating the decrease in the
discharge diversion ratio, but not the main factor for the decreased amount of the discharge diversion.
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INTRODUCTION
More than 47,000 large dams and 800,000 small dams have

control and prevention. In recent years, the channel changes

been constructed in river systems worldwide in the past few

downstream of the dams and the homologous environmental

decades (Haghighi et al. ). Dam impoundment led to

effects have attracted extensive attention from the public and

large amounts of sediment retention in reservoirs (Syvitski

the science community (Hudson et al. ; Tealdi et al. ;

et al. ; Duan et al. ). The channels downstream of

Segura-Beltrán & Sanchis-Ibor ; Gao et al. a).

the dams also underwent erosion and morphological changes

Water level–discharge curves (rating curves) play an

(Dai & Liu ; Csiki & Rhoads ). Channel changes can

essential role in hydrology, i.e., in water resource manage-

inﬂuence navigation management, ecosystems, and ﬂood

ment of river basins (Petaccia & Fenocchi ), as well as
in ﬂood risk and control assessment (Bormann et al. ).

This is an Open Access article distributed under the terms of the Creative

Rating curves are highly sensitive to channel changes ( Jal-

Commons Attribution Licence (CC BY-NC-SA 4.0), which permits copying,

bert et al. ), such that the rating curve shifts down or

adaptation and redistribution for non-commercial purposes, provided the

up, respectively, once the channel erodes or deposits.

contribution is distributed under the same licence as the original, and the
original work is properly cited (http://creativecommons.org/licenses/by-nc-

Long-term variations of the water level–discharge relation-

sa/4.0/).

ships can reﬂect the channel morphology changes (Zhang
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et al. ). Therefore, rating curves can be used to detect the

management of the ecological environment and water

channel changes and homologous environmental effects in

resources in the Yangtze River basin. Therefore, quantitative

a river. Numerous approaches for studying rating curves

assessments of the contribution of the channel changes to

can be found in the literature. Regression methods based

the water regime changes are urgently needed.

on data-driven, non-parametric, and non-linear models are

The Jingjiang Three Outlets (JTO), which form the main

popularly used for rating curve construction and water dis-

entrance of the water discharge of the Yangtze River enter-

charge forecasting (Duan et al. ; Valipour et al. ;

ing the Dongting Lake, directly play a dominant role in

Wolfs & Willems ; Valipour a, ). Regression

ﬂood control in the middle–lower Yangtze River, Dongting

models can provide accurate water discharge forecasting

Lake evolution (Ding & Li ), and ecological environ-

results. However, information on the channel morphology

mental changes (Hu et al. ). During the ﬂood season,

changes cannot be obtained. In recent years, the most com-

the JTO recharge 20–30% of the main river water discharge

monly used method of the rating curve as a power-law

(Lu et al. ), thereby reducing the ﬂood pressure on the

function has been applied to detect the channel morphology

lower reaches. Meanwhile, the diverted discharge can

changes (Wang et al. ; Zhang et al. ).

relieve the lake droughts during the other seasons. After

The Yangtze River is the largest river in the Asian Mon-

2003, the amount of discharge diversion at the JTO signiﬁ-

soon region and suffers from a combination of highly

cantly decreased (Lu et al. ). Chang et al. ()

intensiﬁed human activities (Chen et al. ) and natural

concluded that the TGD channel erosion at the main

ﬂow regime variability (Zhang et al. ). The occurrence

stream and the JTO jointly caused the decrease in the dis-

of severe ﬂoods and droughts in the middle–lower Yangtze

charge diversion ratio, and then resulted in the amount of

River has accelerated at an increasing rate, during the past

discharge diversion decreasing. However, Zhu et al. ()

few decades (Nakayama & Shankman ; Gao et al. ).

believed that the decreased ratio and amount of discharge

The Three Gorges Dam (TGD) on the Yangtze River is the lar-

diversion were mainly caused by the hydrological variations

gest

TGD

of the main stream. Previous studies still disagree on the

impoundment in 2003 intercepted 65–85% of upstream sedi-

degree to which channel changes affect the discharge diver-

hydroelectric

project

in

the

world.

The

ments (Yang et al. ), thereby leading to downstream

sion of the JTO. Therefore, ﬁguring out the channel change

channel erosion, which reached 979 million m3 in 2002–

characteristics and the contributions of the channel changes

2010 (Lu et al. ). Long-distance channel incision occurred

to the discharge diversion of the JTO is necessary. Speciﬁ-

downstream (Dai & Liu ). The channel incision lessened

cally, this study has the following objectives: (1) to

the water level of the main river with the same discharge

reconstruct the water level–discharge rating curves for

(Wang et al. ), and also directly altered complex river–

detecting the river channel change characteristics and quan-

lake relationships (e.g., Gao et al. ; Zhang et al. a).

tify the effect of the river channel changes on lowering the

The TGD operation decreased the magnitude of extreme

water level; (2) to establish equations on the discharge diver-

ﬂow in the summer season (Gao et al. ) and partially con-

sion and level difference of the Yangtze River and the JTO,

tributed to ﬂood control. However, the frequency and timing

thereby estimating the discharge diversion under no channel

of severe ﬂoods in the middle–lower Yangtze River are

changes; and (3) to analyze the inﬂuence of the channel

affected because of the channel incision caused by the TGD

changes on the discharge diversion.

(Nakayama & Shankman ). The channel incision downstream of the TGD is mainly distributed along the main
stream of the Yangtze River (Dai & Liu ). The lowering

MATERIALS AND METHODS

water level reduces the ability of the water discharge to transfer to the water diversion area. Channel changes caused a new

Study area and data

water regime situation to appear in the middle–lower Yangtze
River basin. Understanding the inﬂuences of channel change

The Jingjiang River is approximately 347 km long in the

on the water regime situation is crucial for ﬂood control, the

middle Yangtze River between Zhicheng and Chenglingji.
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The river ﬂows through the Jianghan and Dongting Lake

obtained from the Bureau of Hydrology, Changjiang

plains. Three diversion branches at Songzikou, Taiping-

Water Resources Commission, China. These data include

kou, and Ouchikou are located in the upper Jingjiang

daily water level and discharge data at Zhicheng in

Reach, which links the Yangtze River with the Dongting

1980–2014 as well as daily water level and discharge

Lake (Figure 1). These branches usually divert water

data in 1980–2012 and 1980–2014, respectively, at the

from the main stream during ﬂood seasons, but are nor-

Xinjiangkou, Shadaoguan, Mituosi, Ouchi (kang), and

mally dry during non-ﬂood seasons (Xia et al. ).

Ouchi (guan) hydrological stations. The annual channel

Zhicheng is the control hydrological station of the upper

cross sections at Zhicheng and the JTO are determined

Jingjiang Reach. Xinjiangkou and Shadaoguan, Mituosi,

to analyze riverbed scouring and silting. However, the

and Ouchi (kang) and Ouchi (guan) are the control

use of cross-section data in different channels in the fol-

hydrological stations at Songzikou, Taipingkou, and

lowing analysis may be based on different years, because

Ouchikou, respectively. The mean annual runoff volumes

of the ﬁxed cross-section position that has changed in

of Songzikou, Taipingkou, and Ouchikou in 1955–2008

some river channels. More than 90% of the total dis-

8

8

8

3

were 404.6 × 10 , 155.2 × 10 , and 305.4 × 10 m , respect-

charge diversion is delivered from May to October.

ively. Human activities, including construction of the

Accordingly, the discharge from November to April is

lower Jingjiang cut-off project and operation of the Gez-

not considered in this study. The water level elevation

houba

and cross-sectional data are corrected to the 85 Yellow

Dam,

have

inﬂuenced

the

JTO

discharge

diversion since the 1950s (Zhu et al. ). All data are

Figure 1

|

Sea elevation.

Geophysical location of the JTO in the Yangtze River basin. Zhicheng is the control hydrological station of the Jingjiang Reach. The Yangtze River diverts discharge to the Dongting
Lake by the JTO channels.
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parameters. The MK test is based on the correlation test
between the ranks of observations and their time sequence

The power law function approach for the rating curve is based

(Mann ; Kendall ). The test statistic for a time

on the Manning equation (Leon et al. ). The approach

series (x1 , x2 , x3 , . . . , xn ) is given as follows:

uses a one-to-one mapping of the river water level to the disS¼

charge estimates (Wolfs & Willems ) as follows:

n1 X
n
X

sgn (xj  xi )

(4)

i¼1 j¼iþ1

Q ¼ aðH  h0 Þb

(1)

where Q is the discharge (m3/s), H is the water level (m), a and
b are the empirical parameters, and h0 is the water level at
zero ﬂow (datum correction) (m). This equation can be transformed by logarithms to the following form:
log Q ¼ log a þ b log (H  h0 )

where xi and xj are the data values at times i and j, respectively. n is the data set record length, and
8


< þ1 if  xj  xi > 0
sgn (xj  xi ) ¼
0 if xj  xi ¼ 0
:
1 if xj  xi < 0

(2)
Var ðSÞ ¼

where the parameter range of h0 is not less than the bottom
elevation and not more than the water stage (Zhang et al.
). First, the entire range of the possible h0 values is
explored by increments of 0.01 m. Parameter h0 is given an a
value. The a and b coefﬁcients are observed by Equation (2).
The root-mean-square error (RMSE) is calculated from the
observed discharge and the estimated discharge using
Equation (3) (Leon et al. ). h0 is determined by the smallest value as follows by checking all of the RMSE values:

RMSE ¼

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
X
ðQmes  Qcal Þ2
n



P
nðn  1Þð2n þ 5Þ  m
i¼1 ti ðti  1Þð2ti þ 5Þ b
18

(6)

where m is the number of tied groups; ti is the number of
data in the tied group. The standard normal variable Z is
computed from Equation (7) as follows:
8
S1
>
>
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ , if S > 0
>
>
>
< Var ðSÞ
Z ¼ 0,
if S ¼ 0
>
>
>
S1
>
>
: pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ , if S < 0
Var ðSÞ

(7)

The positive Z values indicate increasing trends,
(3)

where Q mes is the observed ﬂow in the gauge case, Qcal is the
rated ﬂow, and n is the number of measurements.
The water level–discharge rating parameters can be
related to the physical characteristics of the river channel.
a is a scaling factor that encompasses the section width,
local bottom slope, and Manning coefﬁcient (Valipour
, b; Khasraghia et al. ). b includes the river
bank geometry, particularly the departure from the vertical
banks (Leon et al. ). h0 is connected to many factors
that affect the rating curve ( Jalbert et al. ).
Mann–Kendall test for trend change analysis
The non-parametric Mann–Kendall (MK) test is used to analyze the trend variations of the water level–discharge rating
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whereas the negative Z values show decreasing trends.
The null hypothesis of the absent trend is rejected if
jZj > 1:96 at the 0.05 signiﬁcance level and rejected if
jZj > 2:58 at the 0.01 signiﬁcance level.
Pettitt test for abrupt change analysis
The non-parametric Pettitt test (Pettitt ) is used to determine the abrupt change of the rating curve parameters at
Zhicheng station. The method uses a version of the
Mann–Whitney

statistic

Ut, n

including

two

parts

(x1 , x2 , x3 , . . . , xt and xtþ1 , xtþ2 , xtþ3 , . . . , xT ) from
the same population. The test statistic Ut, n is computed as
follows:

Ut,T ¼

t X
T
X
i¼1 j¼1



sgn xt  xj

for

t ¼ 2, . . . , n

(8)
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QS ¼ 0:7898ðLZ  30:114Þ3 þ47:071ðLZ  30:114Þ2
R2 ¼ 0:99, P < 0:001

 565:83ðLZ  30:114Þ þ 1912:4,

(12)

(9)

cance testing are as follows:

p ≅ 2 exp 

Hydrology Research

QM ¼ 0:336ðLZ  32:017Þ4 14:011ðLZ  32:017Þ3
þ 217:77ðLZ  32:017Þ2 1250:2ðLZ  32:017Þ
þ 2359:7,

R2 ¼ 0:98, P < 0:001

(13)

)
(10)

QOk ¼ 0:1744ðLZ  30:778Þ3 0:0221ðLZ  30:778Þ2
R2 ¼ 0:95, P < 0:001

 29:322ðLZ  30:778Þ þ 143:49,
The null hypothesis is rejected once the p value is less

(14)

than the speciﬁc signiﬁcance level (e.g., 5% in this study).
In other words, a signiﬁcant change point exists.
Commonly, climatic and hydrologic series may generally display serial autocorrelation. Many studies have

QOg ¼ 1:3959ðLZ  25:818Þ3 17:536ðLZ  25:818Þ2
 103:31ðLZ  25:818Þ þ 1397,

R2 ¼ 0:96, P < 0:001
(15)

indicated that the serial autocorrelation may alter the MK
and Pettitt test results. To eliminate the effect of a serial
autocorrelation on the MK and Pettitt test, the ‘Trend-

where QX , QS , QM , QOk , QOg are the amount of discharge

Free-Pre-Whitening’ procedure was applied in this study

diversion at Xinjiangkou, Shadaoguan, Mituosi, Ouchi

(Yue et al. ).

(kang), and Ouchi (guan), respectively; LZ is the water
level of the main stream at Zhicheng.

Equations to estimate the effects of channel changes
on the discharge diversion at the JTO

The regression equations were used to predict the
amount of discharge diversion of the same series (1994–
2002) and to test the predicted precision. A comparison

The amount of discharge diversion at the JTO is affected by
many factors, such as the relative position between the
diversion entrance and the main stream, river regime variations of the main stream, and scouring and silting
changes of the diversion channel. Among these factors, the
level differences between the water level at the main
stream and the riverbed elevation at the JTO were closely
related to the amount of discharge diversion (Lu et al. ).
The water level–discharge relationships and cross-sectional channel proﬁles remained steady in 1994–2002 at the

between the estimated and observed values in 1994–2002
conﬁrms that the estimated daily discharge diversion is consistent with the observed values at the ﬁve control stations of
the JTO (Figure 4). Thereafter, the equations of the pre-TGD
were used to predict the amount of discharge diversion
under no channel changes for the post-TGD period and to
quantify the impact of the river channel changes on the
amount of discharge diversion. The difference between the
observed and estimated discharge diversions is attributed
to the channel changes.

ﬁve control stations of the JTO (Figures 2 and 3). Therefore,
the correlation equations are established between the
amount of discharge diversion and the level differences
based on data observed in the pre-TGD decade (1994–2002):
QX ¼ 0:5392ðLZ  30:326Þ3 þ10:168ðLZ  30:326Þ2

RESULTS AND DISCUSSION
Variability of water level–discharge rating curves
The trend and abrupt changes of the water level–discharge

þ 34:942ðLZ  30:326Þ þ 701:93 , R2 ¼ 0:99, P < 0:001

rating parameters at Zhicheng during 1980–2014 were cal-

(11)

culated by the MK and Pettitt tests (Table 1). log a and h0
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Water level–discharge rating curves at the ﬁve control stations of the JTO in 1994–2012. (a) Xinjiangkou, (b) Shadaoguan, (c) Mituosi, (d) Ouchi (kang), and (e) Ouchi (guan).

show increasing trends with the 99% conﬁdence level,

and to ensure safe TGD operation. After 1994, the project

whereas b displays a decreasing trend at the same conﬁ-

gradually expanded to the middle reaches (Dai & Lu ),

dence level. The parameters log a, b and h0 all display an

increased the vegetation cover by 23% (Xu & Milliman

abrupt change point in 1993 with the 95% conﬁdence

), and stabilized the source of the river channel sedi-

level. The parameter changes indicate that the river width–

ment. Sand extraction has been banned in the Yichang–

depth ratio dramatically decreased and the river channel

Jiangkou reach of the Yangtze River since 1988 (Duan

depth increased during 1980–2014. The river channel mor-

). The Gezhou Dam of the run-of-river reservoir located

phology exhibits drastic changes.

in the main stream of the Yangtze River 38 km below the

The log a, b, and h0 changes are relatively small, while

TGD was partly used in 1981 (Li et al. ). Channel ero-

the rating curves are kept steady in 1994–2002 compared

sion/accretion has attained a balance since the early 1990s

with the other periods (Figure 5). A series of projects have

(Bulletin of Yangtze River Sediment ). The channel

been performed since 1989 to expedite the soil and water

morphology achieved the corresponding adjustment and

conservation in the upper reaches of the Yangtze River

maintained a dynamic equilibrium during 1994–2002
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Cross-sectional channel proﬁles of the ﬁve control stations of the JTO. (a) Xinjiangkou, (b) Shadaoguan, (c) Mituosi, (d) Ouchi (kang), and (e) Ouchi (guan).

under the inﬂuence of climate and human activities

), thereby resulting in a signiﬁcant water level decrease

(Figure 6).

with the same discharge (Figure 6(a)). Not all of the channel

Normally, the relationship between the water level and

changes of the post-TGD period can be attributed to the

the discharge gradually varies under natural conditions

TGD. However, many studies have found that the TGD

(Zhang et al. ). However, the parameter changes are

operation is the main driver for the channel change (Dai

remarkable after 2003. The rating curves move downward

& Liu ). Accordingly, 65–85% of the changes are attrib-

3

when the discharge is less than 30,000 m /s (Figure 6(a)).

uted to the TGD (Yang et al. ).

The channel at the main stream signiﬁcantly erodes after
the TGD operation (Figure 6(b)). Most sediments are

Effect of river channel changes on lowering water level

trapped in the TGD, and the downstream channel erosion
is severe (Yang et al. ), particularly in the Yichang–

The stable water level–discharge rating curve during 1994–

Chenglingji reach, after the TGD operation. The average

2002 would appropriately estimate the water level under

channel erosion depth reaches 2.1 m in the Yichang–Zhi-

no channel changes after 2003 (Figure 6(a)). The relation-

cheng reach and 1.1 m in the Jingjiang reach (Lu et al.

ship between the water level and the discharge in
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Observed and estimated daily discharge at the ﬁve control stations of the JTO in 1994–2002. (a) Xinjiangkou, (b) Shadaoguan, (c) Mituosi, (d) Ouchi (kang), and (e) Ouchi (guan).

1994–2002 is obtained by a regression analysis (Figure 6(a)).

Results of the MK and Pettitt tests for the rating parameters

MK test

Pettitt test

p

where L is the water level (m) and Q is water discharge
(m3/s).

L ¼ 6 × 1014 Q3  8 × 109 Q2 þ 0:0005Q þ 33:893

Parameter

Data periods

Z

Trend

Change
point

log a

1980–2014

5.04**

Increasing

1993

0.004**

b

1980–2014

5.01**

Increasing

1993

0.004**

h0

Hydrology Research

1980–2014

4.596**

Decreasing

*Signiﬁcant at p < 0.05.
**Signiﬁcant at p < 0.01.
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0.013*
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The regression equations were used to predict the water
level of the same series (1994–2002) and to evaluate the
reliability of the predicted results using this method. The
comparison between the estimated and observed values in
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Effect of the river channel changes on the amount of
discharge diversion
The estimated daily water levels of the post-TGD at Zhicheng under no channel changes are expressed in
Equations (11)–(15). Therefore, the daily discharge diversion
in 2003–2014 without the channel changes is estimated
(Figure 9). The observed discharges at the ﬁve control
stations are lower than the estimated values. The channel
changes cause the amount of discharge diversion at the
ﬁve control stations to decrease by 2.89%, 4.14%, 18.83%,
39.99%, and 16.32%.
Figure 5

|

Departure value of the water level–discharge rating parameters at Zhicheng in
1980–2014.

The various outlets present distinct reductions in discharge diversion (Figure 9) because of the channel

1994–2002 indicates that the estimated water level explains

morphology at the different outlets, which exhibits different

98.41% of the observed water level variance within the

change patterns (Figure 2). The water level with the same

99.99% conﬁdence level (Figure 7). Therefore, the daily

discharge at Xinjiangkou decreases from 2003 to 2012,

water levels under no channel changes after 2003 at Zhi-

which indicates channel erosion (Figure 2). By contrast,

cheng can be calculated using regression Equation (16).

the rating curves remain relatively stable at Shadaoguan,

Figure 8 reveals the effects of the river channel changes

which suggests no obvious channel changes. The rating

on lowering the water level with the same discharge at Zhi-

curves for Mituosi, Ouchi (kang), and Ouchi (guan) dramati-

cheng in 2003–2014. The observed daily water levels at the

cally shift upward because of channel deposition. The

same discharge are lower than the estimated values from

results suggest that the deposition of the diversion channels

May to October. The channel incision causes the water

under the same main stream conditions aggravates the

levels to decline by 0.12–0.80 m. The channel erosion is

reduction of the water-level differences between the main

mainly observed in the middle and low water levels (Figure 6-

stream and the JTO and leads to a decrease in discharge

(b)), and causes different amplitudes in different months

diversion. The erosion relieves the reduction of the water-

(Figure 8). The channel changes at the low and middle

level differences and increases the discharge diversion.

water levels result in an obvious decline in water level. Mean-

The comparison of the estimated and observed values in

while, the drops at the high water levels are relatively small.

2003–2014 shows that the channel changes cause the total

Figure 6

|

Water level–discharge rating curves (a) and cross-sectional channel proﬁles (b) at Zhicheng in 1994–2014.
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whereas the summer and winter seasons show an increasing
trend (Zhang & Cong b). In addition, the inner-annual
water discharge and impounding of the TGD affect the
streamﬂow distribution in the wet and dry seasons (Gao
et al. ). Therefore, the reduction and seasonal changes
in precipitation and reservoir operations alter the amount
of discharge diversion in the wet and dry seasons. The
amount of discharge diversion would probably change
further under the reduction and seasonal changes in precipitation, and the reservoir operation. Therefore, further study
is needed to explore the speciﬁc inﬂuences of hydrological
variation on the discharge diversion.
Figure 7

|

Comparison of the estimated and observed water levels during training period
of 1994–2002 at Zhicheng.

At the same time, the amount of discharge diversion
accounts for approximately 31% of the total discharge
into the Dongting Lake (Liu et al. ), which is closely
related to the water level and area variations of the lake.
Thus, the changes in the amount of discharge diversion
would signiﬁcantly inﬂuence the lake ecosystem. Therefore,
further work should be conducted to detect the corresponding inﬂuences of hydrological alteration on the lake
ecosystem.
Effect of the river channel changes on the discharge
diversion ratio
Table 2 shows the discharge diversion ratio of the main

Figure 8

|

Effects of the river channel changes on lowering water level with the same
discharge at Zhicheng during 2003–2014.

stream at Zhicheng to the JTO from 1994 to 2014. The discharge diversion ratio at the JTO can reﬂect the interactive
strength between the Yangtze River and the Dongting
Lake. The observed total discharge diversion ratio is

discharge diversion to decrease by 326.78 m3/s (Figure 10).

17.31% and 15.11% in 1994–2002 and 2003–2014, respect-

The observed amount of discharge diversion in 2003–2014

ively. The estimated total discharge diversion ratio under

decreases by 865.89 m3/s (Figure 10) compared with that

no channel changes is 16.79% in 2003–2014. The observed

in 1994–2002; only 37.74% of which can be attributed to

total discharge diversion ratio in 2003–2014 decreases by

the channel changes. Nearly 62.26% of the amount of dis-

approximately 2.20% compared with that in 1994–2002.

charge diversion decrease should be attributed to the

The channel changes reduce the total decrease of the dis-

hydrological variations of the main stream. The streamﬂow

charge diversion ratio to 1.68% (Table 2), which is nearly

changes in the Yangtze River are mainly the result of spatial

76.36% of the total decrease of the discharge diversion

and temporal distribution of precipitation (Chen et al. ).

ratio in 2003–2014. This result reveals that the channel

Precipitation exhibited a signiﬁcantly increasing trend and

changes are the major factor that affects the decrease of

was the most abundant during the 1990s, but exhibited a sig-

the discharge diversion ratio after the TGD operation. This

niﬁcantly decreasing trend during the 2000s (Zhao et al.

result is also consistent with the perspectives obtained

). Meanwhile, the seasonal precipitations show that

from several previous studies (Chang et al. ; Lu et al.

the spring and autumn seasons exhibit a decreasing trend,

).
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Effects of the river channel changes on the amount of discharge diversion at the JTO during 2003–2014.

The changes in the discharge diversion ratio at different
control hydrological stations display different amplitudes
(Table 2). The channel changes in 2003–2014 result in average reductions of discharge diversion ratios of 2.58%, 4.76%,
23.84%, 69.23%, and 20.06% in comparison with the
observed discharge diversion ratio.
Overall, the analysis shows that the channel changes
have not yet signiﬁcantly affected the discharge diversion
ratio. However, channel erosion and incision downstream
of the TGD are expected to continue to occur in the foreseeFigure 10

|

Amount of discharge diversion at the JTO in different periods. ‘Estimated’
represents the discharge diversion under no channel change.

Downloaded from https://iwaponline.com/hr/article-pdf/366949/nh047s10161.pdf
by guest

able future (Gao et al. b, c), thereby further lowering
the water level with the same discharge. The channel

Y. Li et al.

172

Table 2

|

|

Quantifying the effects of channel change on the discharge diversion

Hydrology Research

|

47.S1

|

2016

Comparison of the observed and estimated discharge diversion ratios in 2003–2014

Year

Xinjiangkou (%)

Shadaoguan (%)

Mituosi (%)

Obs

Obs

Obs

Est

Est

Est

Ouchi (kang) (%)

Ouchi (guan) (%)

Total (%)

Obs

Obs

Obs

Est

Est

Est

1994–2002

7.46

7.46

1.90

1.89

3.51

3.46

0.26

0.26

4.19

4.18

17.31

17.26

2003

7.34

7.94

2.04

2.22

3.09

3.76

0.21

0.31

3.81

4.73

16.50

18.96

2004

7.52

7.74

1.83

1.82

3.18

3.69

0.15

0.22

3.32

4.01

16.00

17.49

2005

8.22

8.00

2.18

2.09

3.43

3.78

0.20

0.28

3.90

4.53

17.94

18.68

2006

5.14

5.76

0.53

0.63

1.73

2.30

0.02

0.04

1.46

1.84

8.89

10.57

2007

7.64

7.75

1.89

2.02

3.04

3.59

0.18

0.28

3.72

4.43

16.46

18.08

2008

7.31

7.64

1.72

1.82

2.86

3.60

0.12

0.22

3.39

3.95

15.41

17.22

2009

6.89

7.54

1.62

1.75

2.84

3.52

0.11

0.21

3.05

3.83

14.51

16.85

2010

7.87

7.78

1.93

1.95

3.30

3.68

0.18

0.25

4.07

4.22

17.35

17.88

2011

6.23

6.47

0.95

1.08

1.94

2.83

0.03

0.10

1.87

2.59

11.02

13.07

2012

8.35

8.08

2.10

2.16

3.12

3.83

0.18

0.29

3.94

4.67

17.70

19.05

2013

7.10

7.34

1.49

1.64

2.45

3.41

0.06

0.19

2.76

3.61

13.85

16.19

2014

7.49

7.88

1.90

1.95

2.67

3.76

0.10

0.24

3.56

4.20

15.71

18.03

2003–2014

7.26

7.45

1.68

1.76

2.81

3.48

0.13

0.22

3.24

3.89

15.11

16.79

‘Obs’ represents the actual discharge diversion ratio. ‘Est’ represents the discharge diversion ratio under no channel change.

deposition at the JTO entrance will also continue to occur

2003–2014. The hydrological variations of the main

(Lu et al. ). In the future, the discharge diversion ratio

stream are the dominant factor in decreasing the

may inevitably decrease, which could increase the ﬂood

amount of discharge diversion after the TGD operation.

pressure of the lower reaches during the ﬂood season.

(3) The discharge diversion ratio decreased by 2.20%, nearly

Thus, the ﬂood diversion program downstream of the

76.36% of which was attributed to the channel changes

Yangtze River should be considered.

after the TGD operation. The channel changes were the
primary factor in facilitating the discharge diversion
ratio decrease. The discharge diversion ratio will inevita-

CONCLUSIONS

bly further reduce in the near future with the continuous
channel erosion at the main stream and the channel

This study aims to detect the responses of the discharge
diversion at the JTO to the signiﬁcant channel changes
that occurred at the main stream and the JTO after the
TGD operation. The major ﬁndings are as follows:

deposition at the JTO. This result will potentially increase
the ﬂood pressure for the lower reaches in the ﬂood
season. Hence, the ﬂood diversion program downstream
of the Yangtze River should be considered.

(1) The channel morphology changed tremendously based
on the rating curves and cross-sectional channel proﬁle
analysis after the TGD operation. The channel incision
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