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Abstract: Reservoir regulation has been playing an increasingly important role in water resources
development and its influence on the hydrological processes of downstream tributaries has attracted
much attention. The lower Han River is selected as a case study to examine the hydrological
and hydraulic influence of the upstream flow regulation of the Three Gorges Reservoir (TGR) in
the middle Yangtze River, China. Based on a hydrodynamic model and the observed data, the
hydrological processes in the lower Han River were simulated and their changes were analyzed under
the impoundment influences of the TGR. The results indicated that there were obviously hydrological
changes in the lower Han River after the TGR operation. The decreased stage downstream the TGR
during the impounding periods of the TGR resulted in an increase in the stage difference, current
speed, hydraulic gradient and the discharge ratio. In addition, the stage difference between the two
rivers was decreased during the periods of water compensation from the TGR, which led to the
outflow congestion in the lower Han River. The hydrological changes in the lower Han River were
the response to the flow regulation of the TGR and the inflow of the two rivers. The variation in the
rating curve in the lower Han River mainly resulted from the stage difference between the two rivers
during the dispatching periods of the TGR. These results help to explain the hydrological variability
under the impounding influence of the TGR for the lower Han River and they can be extended to
other river tributaries downstream to the reservoirs.

Keywords: the lower Han River; the Three Gorges Reservoir; hydrodynamic model; hydrological
regime

1. Introduction

Dam construction around the world has been playing an increasingly important role in water
resources development, electricity generation and flood control [1]. However, large-scale and dramatic
hydrological changes usually occur from upper to lower river basins, which result in significant changes
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in hydrological processes and hydraulic regime in the adjoining tributaries [2]. Tributaries widely exist
in the natural watershed and the lower tributaries are usually affected by the backwater level changes
in the confluent area of rivers [3]. The hydrodynamic balance is disturbed in the lower tributaries,
which does a great harm to the flood control and waterway maintenance [4,5]. Therefore, researching
on hydrodynamic characteristics in the lower tributaries is of significance for river health [6].

During the past several decades, an increasing number of scholars began to pay attention to
the response of water flow to the reservoir impoundment in the tributary sub-basins. Taylor [7]
firstly carried out an experimental study on the water movement in a rectangular open confluence
channel and he considered that the lateral flow separation in the confluent area played an important
role in the fluvial process. Given the impact of the resistance existence, Webber and Greated [8]
proposed a two-dimensional generalized model of confluent area by conformal transformation and they
determined the stagnation point and separation point in the upstream and downstream respectively.
Mosley [9] investigated the water and sediment transport in the Y-shaped river channels by field river
model experiments. The results indicated that the conjunction angle and velocity ratio of tributaries
and mainstream played a highly important role in the development of flow structure and channel
topography. Modi et al. [10] analyzed the flow structure of confluent area and its influence on the
tributary channels by the method of losses of frictional force. Best [11,12] had a study on the deposited
sediment transport in the confluent area and put forward the avalanche faces, deep central scour and
the bar within the separation zone as the three independent factors that changed with the development
of discharge ratio (tributary discharge to total discharge) and influence angle.

Moreover, Brion [13] and Bradbrook et al. [14] found that the difference of elevation between
tributaries and mainstream has an obvious effect on the flow structure and mixing process in the
lower tributaries. In addition, Hsu et al. [15] studied the changes of momentum and energy in the
terminal of flow separation area by analyzing the changes of talweg in the upstream and downstream
of the confluent area. Furthermore, in order to research the hydrodynamic characteristics of tributary
channels, the three-dimensional mathematical model was also widely used to explain some natural
phenomena occurred around river junctions [16,17]. Recently, Guillen et al. [18] examined the fluvial
process in the river confluence at a low discharge ratio, finding that the variation in sediment
transport could lead to some particular hydrodynamic regimes in the tributaries, such as a supercritical
flow regime.

It is well known that there are many driving factors influencing the hydrological process in
different ways and with different time scales [19]. How to describe the hydrological changes under the
different conditions of upstream flow regulation is still in dispute [20]. Therefore, it is necessary to
find a proper way to quantitatively show the changes in the hydrological processes and its hysteresis
characteristics in the tributary reaches under the influences of flow regulation in the mainstream. In
this paper, the hydrological changes and hydraulic regime in the lower Han River, as the study case of
tributary river system, were investigated under the mainstream influences of flow regulation of the
Three Gorges Reservoir (TGR). Based on a hydrodynamic model of the study area, the hydrological
and hydraulic characteristics of water level, streamflow, discharge ratio and hydraulic gradients
at the different gauging stations were studied in the lower Han River. The hydrological changes
and hydrodynamic variation in the lower Han River were examined by comparing the hydrological
processes with and without the TGR. In addition, the significant impoundment impact of TGR on
hydrological hysteresis was analyzed and the relationship between the hydraulic gradient and the
discharge ratio in the lower Han River was also discussed.

2. Study Area and Datasets

2.1. Study Region

The Han River, with a watershed area of 1.59 x 10° km?, is the longest branch of the middle
Yangtze River, which originates from the Shaanxi province and flows across Shaanxi and the Hubei
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province and converges into the Yangtze River in Wuhan city, as shown in Figure 1. The river basin
is located in the area of tropical and subtropical monsoon climate. The mean annual precipitation in
this basin varies from 750 mm in the northwestern region to 1100 mm in the southeastern region. The
precipitation mostly concentrated in the summer and late autumn seasons (from June to November),
accounting for 75-80% of the annual total precipitation amount [21]. The lower Han River extends
from Shayang to its estuary, 282 km long, which is a typical meandering river channel (Figure 1).
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Figure 1. Location of the study region and the gauging stations.

The Danjiangkou Reservoir (DJKR) is the largest hydraulic engineering in the Han River basin,
which has been in service for more than 50 years. The locations of the gauging stations downstream
from the DJKR are presented in Figure 1. Xiantao station, below the DJKR, is the most downstream
hydrological station in the lower Han River, which monitors water and sediment discharges to
the Yangtze River from the Han River. Hankou station, downstream of the confluent area, is the
hydrological station monitoring stage and discharge processes in the middle Yangtze River. In addition,
the Zekou, Yuekou and Hanchuan are stage gauging stations, which record the variation process of
the water level. The detailed information for the gauging stations is shown in Table 1.

The Yangtze River, the third longest river in the world with a length of 6300 km, connects with
the Han River at its middle reach. Significant hydrological changes occurred after the construction of
cascade reservoirs in the upper Yangtze River, especially the TGR. The TGR was put into operation since
2003, which exerted an enormous influence upon the downstream hydrological processes. Generally,
there are four dispatching periods of the TGR: (1) pre-discharging periods from late April to June, the
reservoir is emptied to store the inflow during the flooding seasons; (2) flood regulation periods from
July to August, the peak discharge is regulated in order to protect the human life and property from
flood damage; (3) impounding periods from September to October, part of the inflow is stored in the
reservoir for the water consumption during the drying seasons; (4) water compensation periods from
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November to the next early April, more water than the inflow is discharged to the downstream for
agricultural irrigation and waterway maintenance.

Table 1. The detailed information of gauging stations in the river system.

. Station Location Watershed  Parameters
Series No. Py
Name Longitude Latitude Altitude (m)  Area (km®) Gauged
1 Xiangyang 112°09' E 32°01 N 66.45 103,261
2 Huangzhuang ~ 112°33' E 31°11' N 4511 142,056 water level
3 Shayang 112°35' E 30°42' N 41.45 144,219 Jischaree
4 Xiantao 113°26' B 30°22' N 34.14 144,683 1scharge
5 Hankou 114°19' E 30°37' N 26.52 1,488,036
6 Yicheng 112°17' E 31°43' N 53.64 103,815
7 Zekou 112°50' E 30°29' N 36.58 144,535
8 Yuekou 113°01’ E 30°31’ N 36.12 144,596 water level
9 Hanchuan 113°50' E 30°38' N 30.48 148,529

2.2. Datasets

In this study, the daily streamflow and stage data that were observed at the gauging stations were
collected from the Changjiang Water Resource Commission, China. The inflow and outflow data of the
TGR were obtained from China Three Gorges Corporation. The data series are complete and in a good
consistency, which cover a period of 2005-2011. The reliability and homogeneity of the hydrological
data were carefully checked and firmly controlled before their release [22,23]. The monthly average
inflow and outflow volume of the TGR from 2005 to 2011 is shown in Figure 2. There was evident
volume difference between the inflow and outflow during the different dispatching periods of the
TGR, which changed the outflow boundary conditions of the Han River with different degree. In
addition, the topographic map used for model simulation in this paper was observed from 2005 to
2007. Therefore, the datasets observed in 2005 and 2007, e.g., stage, discharge and topographic map
along the Han River, were applied for model calibration and validation.
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Figure 2. Monthly average inflow and outflow volumes of the TGR from 2005 to 2011.
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3. Methodology

3.1. 1D Hydrodynamic Model

In order to evaluate the hydrological and hydraulic changes in the lower Han River after the TGR
operation, a data-driven modeling approach was applied based on the MIKE11 model package. Several
sub-modules, e.g., rainfall-runoff (RR), hydrodynamic (HD), advection-dispersion (AD), composed of
the MIKE11 model [24]. The other sub-modules can be used by coupling with the HD sub-module for
modeling purposes of water resource management, environmental management and planning and
designing applications. Therefore, the MIKE11 model was widely used all over the world after its
development by the Danish Hydraulic Institute. In this study, the 1D hydrodynamic module of the
MIKE11 was applied to simulate the hydrological regime in the lower Han River. The Saint-Venant
equations of the hydrodynamic module are used to describe the unsteady flow in rivers as follows:
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in which, x, t are spatial coordinate (m) and temporal coordinate (s) respectively; A is water cross
section area (m2); Q is flow discharge (m3/s); h is the stage above datum (m); g is the lateral inflow
per unit width (m?/s); 1 is roughness coefficient; R is the hydraulic radius (m); « is the momentum
correction coefficient; ¢ is acceleration of gravity (m/s?). The Saint-Venant equations are solved by a
six-point implicit staggered grid finite difference scheme [25].

3.2. Quantitative Description of Hydrological Hysteresis

Hydrological hysteresis occasionally occurred in the lower Han River due to the changes in
stage of the Yangtze River, especially after the flow regulation of the TGR. Therefore, the quantitative
description of the hydrological hysteresis is highly necessary. In this study, the dimensionless hysteresis
degree was applied to define the hydrological hysteresis as follows [26]:

Pon = ’ Q’(f)dh'(f)‘ 3)

in which, Q’(¢) and h/(t) are normalized flow and stage to eliminate the dimensional differences in
this study.
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where, the subscripts ‘min” and ‘max” denote the minimum and maximum values of the stage and
flow data series. For a hydrological data sequence with its sample size of N, Q; and F; are the 5-day
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3.3. Simulation Scenarios

The hydrological changes occurred downstream of the TGR exerted a profound influence on the
hydrological regime in the Yangtze River basin. As a tributary of the Yangtze River, the Han River is
experiencing its changed outflow boundary conditions at the river estuary. Two simulation scenarios
were carried out to examine the influence of the TGR flow regulation on the hydrological regime in



Water 2018, 10, 1670 60f17

the lower Han River. One was the real hydrological process simulation with the TGR flow regulation
and the other was the natural process without the flow regulations of the TGR. The inflow boundary
of the Yangtze River for the hydrodynamic model was assigned with the flood routing results from
the inflow to the TGR based on the Muskingum method [27]. The inflow boundary for the Han River
was applied by the observed discharge at the Shayang station. The downstream condition for the
hydrodynamic model was set up with the rating curve at the Hankou station. The lower Han River
channels were divided into 300 reaches by 299 cross sections. The separation distance between the
sections extended from 180 m to 2000 m. Moreover, the simulation periods for the two scenarios were
from January 2008 to December 2012.

In order to quantitatively evaluate the simulation results, the Nash-Sutcliffe efficiency coefficients
(NSE), the normalized root mean squared error (RMSE) and relative error (R) were applied to compare
the simulated and observed results as follows [28-30]:

N 2 XN _2
NSE=1-Y (T,— )%/ Y(T;—-T) ©)
i=1 i=1
RMSE = li(T-—T)Z/T @)
Ni:1 i 1 i
1 Y- T
R=g L7 ®

where, N denotes the number of data sample; T; is the observed data; T; is the predicted value of the
hydrodynamic model; T; is the mean observed data.

4. Results

4.1. Model Calibration and Validation

The model calibration and validation are the most significant procedures to obtain an accurate
running model. In this study, the hydrological processes in 2007 and 2005 that covered flooding
and drying events were selected for model calibration and validation respectively. The Manning’s
roughness coefficients (1) in the different reaches are the key parameters to adjust until there is a
good agreement between the observed and simulated stage along the river channels. The calibration
results show a physically acceptable variation range of the Manning’s roughness coefficients from
0.021 to 0.042. Concerning the distribution of the roughness coefficients, it should be noted that there
are obvious differences between different reaches. The roughness coefficients of straight reaches with
smooth riverbed are much smaller than the bend reaches with deep pools and large shoals. In addition,
the point bars are much coarser than the deep channels in the lower Han River.

The calibration and validation results of the hydrodynamic model are shown in Figures 3 and 4.
Comparison between the predicted and observed stage at the gauging stations (Zekou, Yuekou, Xiantao
and Hanchuan) indicates a good agreement between the both (Figure 3). In addition, the computed
flow processes are quite consonant with the observed one at the Xiantao station. As shown in the
Figures 3 and 4, the hydrodynamic model can accurately simulate the flooding and drying events.
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Figure 3. Calibration and validation results of water level at the different gauging stations along the

lower Han River channels. The flow processes in 2007 is used for model calibration and the one in 2005

is for model validation.
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Figure 4. Calibration and validation results of flow processes at the Xiantao station in 2007 and 2005.

Table 2 presents the evaluation results of the model simulation. The NSE for the calibration and
validation stage processes is larger than 0.9744 at all the gauging stations along the lower Han River
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and the RMSE is smaller than 0.011, which indicates that the hydrodynamic model has a high accuracy
for stage simulation. Similarly, the NSE for flow discharge of the calibration and validation processes is
larger than 0.9908 and the RMSE is smaller than 0.0063 at the Xiantao station. In particular, the relative
errors of the simulated stage and discharge are less than 1.02% and 5.98% respectively, which show a
good agreement between the simulated hydrological processes and the observed ones. Therefore, the
hydrodynamic model can be used to predict and evaluate the hydrological changes accurately in the
lower Han River under the influence of the TGR operation.

Table 2. Model evaluation results in calibration and validation periods.

Gauging Calibration (2007) Validation (2005)
Items .
Stations NSE RMSE R NSE RMSE R
Zekou 0.9744 0.011 0.0102 0.9868 0.0042 0.0019
Water Yuekou 0.9977 0.004 0.003 0.9977 0.0042 0.0018
lever Xiantao 0.9985 0.0041 0.0029 0.9989 0.0034 0.0016
Hanchuan 0.9987 0.006 0.0038 0.9937 0.0100 0.0062

Discharge Xiantao 0.9917 0.0081 0.0598 0.9908 0.0063 0.0551

4.2. Response of Hydrological Regime to the TGR Impoundment

The confluence area between the Yangtze River and the estuary of the Han River is the downstream
boundary of the lower Han River. Therefore, the changed water level at the confluence area after the
TGR operation inevitably has an impact on the water level in the lower Han River. The stage differences
between the natural processes and the processes under the flow regulation of the TGR are shown in
Figure 5. The monthly average water level at the gauging stations during the water compensation and
flood pre-discharging periods of the TGR increased from 0.023 m to 0.433 m, while it decreased from
0.015 m to 0.713 m during the other periods. In particular, the water level obviously decreased during
the impounding periods (from September to October) of the TGR. The flow regulation of the TGR
during these periods significantly changed the hydrological processes in the Yangtze River, especially
the water level at the confluence area, which resulted in the large stage difference variation from
—0.962 m to 0.812 m. Therefore, the closer to the Han River estuary of the gauging station is, the
larger changes in water level are. The maximum and minimum values of the monthly average stage
differences at the Hanchuan station were 0.604 m and —0.663 m respectively. The variation ranges of
the Xiantao station in the upper reaches were less than 0.2 m during the most time periods.

With the changes in the downstream stage at the estuary of the Han River, there were also some
variations in the discharging processes along the lower Han River. Flow differences at the gauging
stations between the natural processes and the processes under the flow regulation of the TGR from
2008 to 2011 are shown in Figure 6. There was a good agreement of the flow variation between the
gauging stations. Large flow differences predominantly occurred during the flooding and impounding
periods. The outflow increase from the Han River to the Yangtze River mostly occurred during the
impounding periods and part time of the flooding periods. There was an obvious flow increase along
the lower Han River during the impounding periods of the TGR in 2011 and the maximum monthly
average flow increase at the Zekou, Yuekou, Xiantao and Hanchuan stations was about 9.33 m3/s,
13.75m3/s, 12.75 m3/s and 7.11 m3/s. It should be noted that the flow regulation of the TGR was not
the only factor influencing the outflow processes of the Han River. Other factors such as the upstream
inflow from the Yangtze River and the Han River, flood combinations are closely associated with the
outflow of the Han River. Therefore, the monthly average flow differences along the lower Han River
were different between the research periods.
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Figure 5. Monthly average stage differences at the gauging stations in the lower Han River with and
without the TGR operation from January 2008 to December 2011. The positive stage difference at the
gauging stations indicates the natural stage without the TGR is lower than the one under the flow
regulation of the TGR and vice versa.
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Figure 6. Monthly average flow differences at the gauging stations along the lower Han River between
the natural processes and the processes under the flow regulation of the TGR from 2008 to 2011. The
Qrr and Qnp denote the flow discharge at the gauging stations with and without the influence of
TGR operation.
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4.3. Variation in Stage-Flow Relationships and Measurement of Hysteresis

The influences of the flow regulation of the TGR are not only on the hydrological regime but
also on the stage-flow relationship. The comparison of the stage-flow relationships at the Zekou and
Xiantao stations with and without the TGR is shown in Figure 7. The selected gauging stations are
located in the key sites of the upstream and downstream research channels. In addition, the listed
research periods in the Figure 7 include two integrated schedule cycles from November 2008 to October
2010, which cover a dry year cycle and a wet year cycle (Figure 2). Therefore, the comparison between
the stage-flow relationships at the two gauging stations in the Figure 7 can reveal the response of the
rating curves to the flow regulation of the TGR.
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Figure 7. Stage-discharge relationships at the Zekou and Xiantao stations with and without the
TGR from November 2008 to October 2010. /; and Qj are the 5-day moving average stage and
flow respectively.

As shown in Figure 7, the responses of the stage-flow relationships to the flow regulation of the
TGR were obviously different between the scheduling periods. There was a slightly higher water
level at the gauging stations under the same flow discharge when the water compensation from the
TGR being carried out during November to the following April (Figure 7a,e,i,m). In addition, there
was no one-to-one correspondence between the stage and discharge during the water compensation
except for the period from November 2009 to April 2010 at the Zekou station. It implied that there
was a wide scope of water compensation influence of the TGR along the Han River during the dry
seasons. On the contrary, the backwater effects of the Yangtze River on the lower Han River began to
weaken during the periods from May to June and the stage under the same flow discharge decreased
from 0.003 m to 0.021 m at the Zekou station (Figure 7b,f). When the flood regulation of the TGR
was carried out from July to August, the downstream stage of the TGR deceased along the channels.
Consequently, there was a lower stage under the same discharge at the Zekou and Xiantao stations
(Figure 7c,g k,0). In particular, the stage-flow relationships were various because of the complicated
coupling floods between the two rivers during the flooding periods. However, the rating curves at
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the gauging stations had an obvious one-to-one correspondence between the stage and discharge at
the gauging stations during the periods of TGR impoundment (Figure 7d,h,1,p). Compared to the
relationships of the natural processes, the water level at the gauging stations obviously decreased due
to the increase in the hydraulic gradient along the lower Han River. In addition, the nearer to the
estuary of the Han River, there are larger differences between the natural and regulated flow processes
due to the influence of the TGR operation.

The variations in the stage-flow relationships indicated the hydrological changes after the TGR
operation and the hysteretic relationships between the river flow and stage at the gauging stations
along the lower Han River (Table 3). As shown in Table 3, the degree of stage-flow hysteresis under the
flow regulation of the TGR was lower than the one in the natural processes during water compensation
and pre-discharging periods, while it was larger during flooding and impounding periods of the
TGR. In addition, there was an increasing trend of the degree of stage-flow hysteresis from upstream
to downstream stations, which implied the greater influences of the hydrological processes on the
downstream Han River.

Table 3. Hysteretic relationships between the river flow and the stage at the gauging stations.

Gauging Stations

Hydrological Periods

Zekou Yuekou Xiantao Hanchuan

‘ 0.134 0.137 0.139 0.144

November-next April 0.153 * 0.161* 0.165* 0.169 *

May_June 0.277 0.282 0.287 0.294

y 0.280 * 0.284 * 0.292 * 0.298 *

fuly-August 0.154 0.159 0.185 0.184

y=Aug 0.143 * 0.151 * 0.169 * 0173 *

0.145 0.149 0.153 0.155

September—October 0.139 * 0.142 * 0.146 * 0.147 *

Note: The data with the asterisks (*) denote the calculated results from the natural processes.

4.4. Spatiotemporal Variation in Hydrodynamic Characteristics

The hydrodynamic regime in the lower Han River is significantly affected by the runoff process
and the stage changes in the Yangtze River [31]. Therefore, the variation in the hydraulic gradient
and the flow velocity in the lower Han River inevitably occurred due to the changed hydrological
processes at the estuary of the Han River. The hydraulic gradient, as one of the key influencing factors
of water movement, is mainly determined by the upstream and downstream boundary conditions
of the channels. There are significant influences of the hydrological changes of the two rivers on the
boundary conditions. The variation in hydraulic gradient at the gauging stations along the Han River
is shown in Figure 8. Although there were no significant changes in hydraulic gradient on the whole,
the differences of the hydraulic gradient during the different periods were not kept the same between
each other.



Water 2018, 10, 1670 12 of 17

(a) Zekou (b) Yuekou

91 9-
Y —— Flow regulation

% 8 —— Natural processes

€ 74 74
Q

T 6 61
()]

L2 54 5
>

o

5 4 4+
T

34 3+

T T T T T T T T T T T T
Mar.-8 Nov.-8 Jul.-9 Mar.-10 Nov.-10 Jul.-11 Mar.-8 Nov.-8 Jul.-9 Mar.-10 Nov.-10 Jul.-11

10 18+
. (c) Xiantao 1 (d) Hanchuan
~ i
o
\‘;/8* 14+
571 12
©
© 6 104
[}
L5 8
>
o
T 4 6+
>
T
34 44

T T T T T T T T T T T T
Mar.-8 Nov.-8 Jul.-9 Mar.-10 Nov.-10 Jul.-11 Mar.-8 Nov.-8 Jul.-9 Mar.-10 Nov.-10 Jul.-11
Time (M-Y) Time (M-Y)

Figure 8. The monthly average hydraulic gradient at the different gauging stations with and without
the TGR. The shaded area denotes the monthly minimum and maximum hydraulic gradient.

The downstream stage of the TGR along the channels of the Yangtze River significantly decreased
during the TGR impoundment from September to October, which increased the hydraulic gradient at
the gauging stations with different degree in the lower Han River. The maximum differences of the
monthly average hydraulic gradient during the TGR impoundment from 2008 to 2011 at the Zekou,
Yuekou, Xiantao and Hanchuan stations were 0.44 x 1072, 0.42 x 107>, 0.66 x 10~° and 1.27 x 10~°.
Meanwhile, the hydraulic gradient slightly decreased during the water compensation and the periods
of TGR pre-discharging from December to the following June. The maximum decreases of the monthly
average hydraulic gradient during December to the following June from 2008 to 2011 at the Zekou,
Yuekou, Xiantao and Hanchuan stations were 0.23 x 107>, 0.39 x 10~>,0.61 x 10~ % and 1.21x 10~°.

Figure 9 presents the variations in the current speed that resulted from the flow regulation of the
TGR at the different gauging stations. Similarly to the variation in the hydraulic gradient, the velocities
at the gauging stations during the TGR impounding periods were larger than the ones without the
flow regulation, while they were smaller during the water compensation and pre-discharging periods.
The maximum velocity increases during the TGR impounding periods at the Zekou, Yuekou, Xiantao
and Hanchuan stations were 0.019 m/s, 0.022 m/s, 0.039 m/s, 0.052 m/s and the maximum velocity
decreases were 0.022 m/s, 0.035 m/s, 0.018 m/s, 0.032 m/s respectively. Consequently, the sediment
transport capacity of the flood flow at the lower Han River increased during the TGR impounding
periods and decreased during the water compensation periods, which further exacerbated river bed
armoring [32]. In addition, the velocity changes were also obvious during the flooding periods.
However, there was no good agreement of the velocity variation during the flooding periods between
the gauging stations, which partly resulted from the variation in the flood processes of the two rivers.
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Figure 9. Comparison of the monthly average current speed between the natural processes and the
processes under the TGR operation at the different gauging stations along the lower Han River. The
positive velocity differences indicate the velocities at the gauging stations are smaller than the ones of
the natural processes and vice versa.

5. Discussion

This study uncovered the hydrological and hydraulic changes along the lower Han River with
and without the TGR. The changed hydrological processes in the Yangtze River, as the important
outflow boundary conditions to the Han River, had an obvious influence on the water movement in
the lower Han River. In particular, the variation in the stage difference between the Yangtze River and
the Han River contributed a lot to the hydrological and hydraulic changes along the lower Han River.
A stage-discharge relationship at the gauging station of Xiantao under the different water level of the
Yangtze River is shown in Figure 10. It indicated that the stage-discharge relationship was greatly
affected by the stage variation in the Yangtze River. When the water level of the Yangtze River was
higher than 22.0 m, there was no longer a simple one-to-one correspondence between streamflow and
water level at the Xiantao station.

Furthermore, the higher water level is in the Yangtze River, the more scattered are the points of the
stage-discharge relationship. Water movement in the lower Han River was significantly affected by the
backwater of the Yangtze River during the high stage periods in the Yangtze River. Consequently, the
water level in the lower Han River continually increased even with low inflow from the upstream Han
River. Therefore, the stage-discharge relationship at the Xiantao station cannot keep up the one-to-one
correspondence all the time. When the TGR annually began to impound water since September, the
water level decreased gradually near the estuary of Han River [33]. As a result, the hydraulic gradient
and flow velocity increased along the lower Han River. On the contrary, the stage at the estuary of the
Han River increased when the water compensation from the TGR occurred during the dry seasons,
which contributed to a certain extent to blocking the outflow from the Han River. Therefore, the natural
flow discharge that without the TGR was slightly larger than the one with TGR during the dry seasons.
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Figure 10. Stage-discharge relationship at the Xiantao Hydrological station under different water level
of the Yangtze River.

The stage differences during the different scheduling periods of the TGR not only directly
resulted in the variation in the hydraulic gradient in the lower Han River but also changed the
flow processes. Figure 11 presents the relationship between the hydraulic gradient and the discharge
ratio of the Han River to the Yangtze River. As shown in the Figure 11, there was a good agreement
between the hydraulic gradient and the discharge ratio. The discharge ratio decreased when the
water compensation was carried out during the dry seasons, while the discharge ratio increased when
the water impoundment occurred from September to October. In addition, the flow regulation of
the TGR changed the flood processes during the flood seasons downstream of Yangtze River, which
significantly changed the relationship between the hydraulic gradient and discharge ratio. Therefore,
the discharge ratio of the Han River to the Yangtze River dramatically increased when the outflow
from the TGR was greatly decreased during the flood periods (Figure 11c). Consequently, a huge
inflow from the upstream Han River made the hydraulic gradient and flow velocity become larger in
the lower Han River, which generally lead to intense erosion and lots of bed materials being carried
into the Yangtze River [34]. Therefore, the large stage difference between the two rivers in the flooding
and impounding periods has an important effect on the flood control and channel maintenance for
ship navigation in the lower Han River.
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during the different scheduling periods of the TGR. n denotes the discharge ratio and J is the hydraulic
gradient at the gauging stations.

6. Conclusions

Hydrological processes in the lower Han River with and without the flow regulation influences

of the TGR were investigated in this study. The hydrological and hydraulic variations were greatly
affected by the stage difference between the Yangtze River and the Han River. Based on the data

analysis and comparative research, the interesting and important conclusions have been drawn
as follows:

1.

There were evident differences in the response of hydrological regime to the flow regulation of the
TGR during the different dispatching periods in the lower Han River. The water level increased
along the lower Han River and the downstream channels of the TGR during the periods of water
compensation, which resulted in the decrease in the stage difference between the two rivers,
hydraulic gradient and flow velocity in the lower Han River. On the contrary, the increased stage
differences during the water impoundment of the TGR contributed to increasing the flow velocity,
hydraulic gradient and the outflow from the Han River to the Yangtze River.

The variation in the stage-flow relationships and hydrological hysteresis was another response
to the flow regulation of the TGR. There were different changes in the relationships between
the stage and the streamflow at the gauging stations during the dispatching periods of the TGR.
The water level along the lower Han River increased with different degrees under the same flow
during the water compensation of the TGR, while it decreased when the water impoundment
was carried out from September to October. In addition, flow regulation of the TGR lowered the
degree of stage-flow hysteresis during water compensation and pre-discharging periods. On
the contrary, the degree of stage-flow hysteresis increased during the flooding and impounding
periods of the TGR.

The changed hydrological processes downstream of the TGR under the flow regulation obviously
contributed to the variation in the hydraulic regime in the lower Han River. The flow velocity
and hydraulic gradient increased along the lower Han River, which contributed to the maximum
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monthly average flow increase around 10 m3/s during the TGR impoundment and flood
regulation periods. However, the decreased stage differences between the two rivers during
water compensation resulted in the decrease in the hydraulic gradient and flow velocity, which
restrained the outflow from the Han River. The changes in the flow velocity and hydraulic
gradient not only increased the bed erosion after flood seasons but also significantly contributed
to maintaining the channel dimensions for ship navigation during the different dispatching
periods of the TGR. In addition, the discharge ratio of the Han River to the Yangtze River varied
with the changes in the flow velocity and hydraulic gradient during the different dispatching
periods of the TGR. Therefore, much more attention should be paid to the flow regulation of
the TGR during different dispatching periods for its obvious influences on the hydrological and
hydraulic regime in the downstream river basin.
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