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Abstract. The construction of large reservoirs results in the
formation of tributary bays, and tributary bays are inevitably
influenced by backwater jacking and intrusions from the
main reservoir. In this paper, a typical tributary bay (Tangxi
River) of the Three Gorges Reservoir (TGR) was selected
to study the hydrodynamic and environmental characteris-
tics of a tributary bay influenced by the jacking and intru-
sions from the main reservoir. The flow field, water tempera-
ture, and water quality of Tangxi River were simulated using
the hydrodynamic and water quality model CE-QUAL-W2
(thomas and Scott, 2008), and the eutrophication status of
the tributary bay was also evaluated. The results showed that
the main reservoir had different effects on its tributary bay in
each month. The tributary bay was mainly affected by back-
water jacking from the main reservoir when the water level of
the main reservoir dropped and by intrusions from the main
reservoir when the water level of the main reservoir rose. An
obvious water quality concentration boundary existed in the
tributary bay, which was consistent with the regional bound-
ary in the flow field. The flow field and water quality on both
sides of the boundary were quite different. The results of
this study can help us figure out how the backwater jacking
and intrusions from the main reservoir influence the hydrody-
namic and water environment characteristics of the tributary
bay and provide guidance for water environment protection
in tributary bays.

1 Introduction

The functions of water conservancy and hydropower projects
include power generation, flood control, irrigation, and ship-
ping, which play an important role in human social life (Deng
and Bai, 2016; Zhang, 2014; Peng et al., 2014). In recent
years, a large number of high dams, with heights of even
300 m, have been planned or completed in the middle and
upper reaches of the Yangtze River to meet the increasing
energy demand (Zhou et al., 2013). These dams block fish
migration routes between upstream and downstream regions
(Oldani and Claudio, 2002; Ziv et al., 2012) and change the
fish communities (Gao et al., 2010). In the flood season, flood
discharge produces water that is supersaturated in dissolved
gas in the downstream river channel (Feng et al., 2014; Lu
et al., 2011; Wang et al., 2011; McGrath et al., 2006). In
the reservoir area, the elevated water level produces a much
slower water velocity, which results in sediment deposition,
eutrophication, and stratification in terms of water tempera-
ture and water quality (Zhu, 2017; Wu, 2013; Zheng et al.,
2011).

Backwater extends to some tributaries after the construc-
tion of dammed-river reservoirs, which causes the water
depth to increase and the water velocity to slow in these trib-
utaries, thus forming water areas similar to lakes known as
a tributary bay (Yu et al., 2013). Backwater areas represent
the connection between different habitats in the main stream
and the tributary and are also an important location for phys-
ical, chemical, and biological exchanges between adjacent
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habitats (Zhang et al., 2010). After the impoundment of a
reservoir, the hydrodynamic conditions and the environmen-
tal factors (water temperature, water quality, etc.) of the trib-
utaries in the reservoir area are affected by the main stream
and exhibit complex distribution characteristics (Xiong et al.,
2013). Backwater jacking occurs in tributaries when dams
or other obstructions raise the surface of the water upstream
from them. Intrusion is the process by which water from the
main stream intrudes into the tributary. A tributary bay is al-
ways influenced by backwater jacking and intrusions under
fluctuations of the water level of the main reservoir, because
such changes induce changes in the hydrodynamic condi-
tions in the tributary bay (Ji et al., 2010; Wang et al., 2014).
The horizontal flow velocity near the confluence becomes
uneven in the tributary bay, and the flow field distribution
tends to gradually change with increasing distance from the
confluence (Hu et al., 2013; Yin et al., 2013). The water level
of a reservoir changes constantly to meet multiple require-
ments, which results in changes in water temperature and wa-
ter environment in tributary bays (Fu et al., 2010; Holbach et
al., 2014; Yang et al., 2013). Existing studies have shown that
water level fluctuation has become a major cause of recent
eutrophication and pollution problems in the Three Gorges
Reservoir (TGR), particularly within its tributary backwaters
(Holbach et al., 2015). After the impoundment of reservoirs,
eutrophication and eutrophication-related problems often oc-
cur in tributary bays due to changes in nutrient patterns (Yang
etal., 2010; Liu et al., 2012; Ran et al., 2019). Therefore, ex-
ploring the distribution and evolution of the hydrodynamic
and water environment characteristics of tributary bays in re-
sponse to backwater jacking and intrusions from the main
reservoir is key to solving eutrophication problems.

Many recent studies have paid attention to the deteriora-
tion of the water environment in tributary bays. In response
to the operation of cascade reservoirs, a series of profound
geological, morphological, ecological, and biogeochemical
responses will appear in the estuary, delta, and coastal sea of
the Yangtze River subaqueous delta (Bangqi Hu et al., 2009).
Some scholars have found that the water quality of the TGR
was relatively stable before and after impoundment, but the
water quality of tributary bays deteriorated, resulting in fre-
quent algal blooms (Liu et al., 2016; Zou and Zhai, 2016;
Cai and Hu, 2006). Changes in the vertical mixing of layers
driven by stratified density currents were the key factor in
the formation of algal blooms (Tang et al., 2016). Through
isotopic measurements in the Xiangxi River or other tribu-
taries of the TGR, it has been found that the nutrients in trib-
utary bays did not originate solely in the tributary basins but
instead were mainly from the main stream of the Yangtze
River, and the nutrient levels were affected by constantly
changing hydrodynamic conditions across seasons (Holbach
et al., 2014; Yang et al., 2018; Zheng et al., 2016). A rise in
the water level may lead to a rise or decline in the chloro-
phyll content, depending on the water cycle mode in the trib-
utary (Ji et al., 2017). Previous studies have paid consid-
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erable attention to changes in hydrodynamic characteristics
and the deterioration of the water environment in the tribu-
taries but have not considered the influence of the main reser-
voir (Zhao, 2017; Long et al., 2019). There are few system-
atic studies on the variation in the hydrodynamic and water
environment characteristics of tributary bays influenced by
backwater jacking and intrusions from the main reservoir.
There are many open questions regarding the functions of
these types of systems: how does the operation of the main
reservoir affect tributary bays, how do hydrodynamic forces
and the water environment of tributary bays respond to back-
water jacking and the intrusion of water from the main reser-
voir, and what controls the water environment of tributary
bays. These questions have not yet been resolved.

Tangxi River is a typical tributary bay of the TGR, and it
has been severely influenced by backwater jacking and intru-
sions in recent years. This phenomenon accelerates the de-
terioration of the water environment of Tangxi River. Thus,
Tangxi River was selected as the focus of this study. Based
on the collection and analysis of basic data, we simulated the
flow field, water temperature, and water quality of Tangxi
River using the hydrodynamic and water quality model CE-
QUAL-W?2 (Thomas and Scott, 2008). This model performs
well in computing the velocity, the intrusion layer at the
plunge point, and the travel distance of the density-driven
current (Long et al., 2019), and many scholars have obtained
good results using this model to simulate the hydrodynam-
ics, water temperature, and water quality of reservoirs and
lakes (Bowen and Hieronymus, 2003; Lung and Nice, 2007,
Berger and Wells, 2008; Debele et al., 2008; Noori et al.,
2015; Long et al., 2018). We also evaluated the eutrophica-
tion status of the tributary bay and systematically identified
the influence of backwater jacking and intrusions from the
main reservoir on the tributary bay. The results of this study
can help us to figure out how the backwater jacking and
intrusions from the main reservoir influenced the hydrody-
namic and water environment characteristics of the tributary
bay and provide guidance for water environment protection
in tributary bays.

2 Materials and methods
2.1 Research area

The main stream of the Yangtze River has a total length of
approximately 6300 km and a drainage area of approximately
1.8 x 10 km?. The reach between Yichang City in Hubei and
Yibin City in Sichuan is considered the upper reaches of the
Yangtze River, which has a length of 1045 km and a natural
drop of 220 m. The drainage area of the upper Yangtze River
is 527000km?, and the average annual flow at the location
of Three Gorges Dam is 14300 m3s~! (Fan, 2007).

Tangxi River is a first-order tributary of the upper Yangtze
River; it has a total length of 104km, a drainage area of
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1707 km?2, and an average annual flow of 57.2 m3s~L. Af-
ter the completion of the TGR, Tangxi River became a trib-
utary bay of the TGR. In this paper, the 42.6 km long reach
of Tangxi River affected by the backwater jacking and intru-
sions from the TGR was selected as the study area (Fig. 1).

2.2 Numerical simulation of hydrodynamic and
environmental factors in the tributary bay

2.2.1 Mathematical model

The vertical two-dimensional model CE-QUAL-W?2 solves
the width-averaged equations and is appropriate for simu-
lating flow in long, narrow water bodies. This model was
adopted for the calculation of the hydrodynamic conditions,
water temperature, and water quality in the tributary bay
(Thomas and Scott, 2008). The model is solved by coupling
the governing equations, a transport equation, and a surface
heat exchange equation. The computational domain was di-
vided into 107 x 38 (longitudinal x vertical) rectangular cell
grids with a longitudinal dimension of 400 m and vertical di-
mension of 2 m (Fig. 2).

The governing equations of the model are as follows: the
continuity equation is

oUB 0WB
+ =qB, (D
ax 0z

the x-momentum equation is

UB OUUB OWUB _ . BOP
= gBsina — — —

ot ox 0z ¢ o
lathx lathZ’ )

p 0x p 0z

the z-momentum equation is

1oP
;a—Z:—gCOSOl, (3)

the free water surface equation is

om 8 (7 "
B ’7=_f Ude—/ gBdz, @

)75 ax h h

and the equation of state is

o= f(Tw, P1ps, Piss); )

where x and z represent the horizontal distance and vertical
elevation, respectively; U and W are the temporal mean ve-
locity components in the horizontal and vertical directions,
respectively; B is the channel width; g is the discharge; ¢ de-
notes the time; g is the acceleration due to gravity; « is the
angle of the riverbed with respect to the x direction; P repre-
sents pressure; T, and T, are the lateral average shear stress
in the x direction and z direction, respectively; p represents
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density; n and & are the water surface and water depth, re-
spectively; and f (Tw, @Tps, Piss) is a density function de-
pendent upon temperature, total dissolved solids or salinity,
and inorganic suspended solids.

Accurate hydrodynamic calculations require accurate wa-
ter densities. The following equation of state relating the den-
sity to the water temperature was used in the model:

PTw = 999.845259 4 6.793952 x 1072 Ty, —9.19529
x 107372 41.001685 x 107473 — 1.120083
x 107572 +6.536332 x 107°T3, (6)

where ptw denotes density and Ty is the water temperature
°O).

The universal transport equation for scalar variables, such
as temperature and chemical oxygen demand (COD), is as
follows:

IB® JUBD OWBD 9 (BD:I2)
+ + -
ot ox 9z ax
(BDZ%E)
Z
—_—BZ=Q¢B+S¢B, @)

where @ is the laterally averaged constituent concentration;
D, and D, are the temperature and constituent dispersion
coefficient in the horizontal and vertical directions, respec-
tively; go represents the lateral inflow or outflow mass flow
rate of the constituent per unit volume; and S¢ denotes the
laterally averaged source/sink term.

Heat exchange at the water surface includes net solar
shortwave radiation, net longwave radiation, evaporation and
conduction. The surface heat exchange is computed as fol-
lows:

Hn:Hs+Ha+He+HC_(Hsr+Ha.r+Hbr)» (8)

where H, is the net rate of heat exchange across the water
surface; Hj is the incident shortwave solar radiation; H, rep-
resents the incident longwave radiation; Hg and Hy repre-
sent the reflected solar radiation of shortwave and longwave
radiation, respectively; Hy, is the back radiation from the wa-
ter surface; H. is the evaporative heat loss; and H, represents
the heat conduction.

The shortwave absorption model we used was based on
Bears law (Thomas and Scott, 2008). The attenuation coeffi-
cients in the model include the fraction absorbed at the water
surface and the extinction coefficient, which were 0.45 and
0.45m™!, respectively. Most of the shortwave radiation was
absorbed by the water, and the other small part of shortwave
radiation reaching the bottom was considered being reflected
back into the water column.

2.2.2 Model validation

The water quality at the Tangxi River bridge was monitored
in 2017, and the data were used to verify the model and the

Hydrol. Earth Syst. Sci., 24, 5057-5076, 2020



5060

X. Li et al.: Hydrodynamic and environmental characteristics of a tributary bay

o
Ye/[(zw.Rl\;w‘

- 0 5 10

() (©) 108°40'E

— — M

T
108°50'E N

I
109°0'E A
31°20' N
iangkoukliown!
X 31°10'N
* Q'anx-i ylown!
K

31°0' N+

~"\~~— Watershed boundary
~"~~— River

20 “Ns~ Research section  3(°50'N-

%  Point pollution
1 1

Figure 1. Research area and hydrologic system of the Tangxi River basin. (a) Location of the research area relative to the country scale. (b)
Location of the research area relative to the city scale. (¢) Hydrologic system of the research area.

Grid division: 107 x 38 (longitudinal x vertical)

Longitudinal dimension: 400m

Vertical dimension: 2m

Figure 2. Grid structure of the research area.

degradation coefficient of each water quality parameter. Av-
erage simulated values at 0-5m depth were used to com-
pare with the measured values. The Tangxi River bridge is
18 km from the confluence. Due to the low water level of
the main reservoir, the backwater did not reach the Tangxi
River bridge from June to August. Therefore, only the data
from January to May and from September to December were
selected to verify the simulated results of water temperature
(T), ammonia nitrogen (NH3-N), total phosphorus (TP), and
total nitrogen (TN). COD values were not measured. The
degradation coefficients of COD, NH3-N, TP, and TN are
0.0032, 0.0032, 0.0018, and 0.0018d !, respectively.

The results showed that the simulated values of T, TP, and
TN fit well with the measured values. The difference in T be-
tween the simulated value and the measured value was 0.6—
4.7°C, and the root-mean-square error was 1.8 °C. The dif-
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ference in TP between the simulated value and the measured
value was 0.004-0.03 mgL~!, and the root-mean-square er-
ror was 0.01 mg L. The difference in TN between the sim-
ulated value and the measured value was 0.02-0.26 mg L1,
and root-mean-square error was 0.16mgL~!. For NH3-N,
the difference between the simulated value and the measured
value was 0.03-0.08 mg ™!, the root-mean-square error was
0.06mgL~", and the relative error was greater than 30 %.
The degradation process of NH3-N usually exhibits complex
characteristics, and many factors affect the degradation co-
efficient of NH3-N, such as the water microbial properties,
hydrodynamic conditions, water pollution degree, suspended
solids, and pH (Bockelmann et al., 2004; Wang et al., 2016;
Pan et al., 2020), which resulted in a higher simulation error
compared with the other values.

2.2.3 Boundary conditions

The boundary conditions of the calculation included the me-
teorology, water temperature of the inflow, discharge flow,
water quality, and water level of the TGR (Fig. 3). The
daily average multiyear meteorological data (2011-2018)
were obtained from Yunyang County weather station, which
is 19.7km away from the tributary bay (Fig. 4). The pollu-
tion loads of point sources and non-point sources were cal-
culated and included as inputs to the numerical simulations
(Table 1). The daily average multiyear data on the boundary
conditions of flow, water level, water temperature, and water
quality were also considered (Fig. 5). The diurnal cycle of
the simulation lasted 3 years.

https://doi.org/10.5194/hess-24-5057-2020
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Figure 3. Comparison between the average simulated values at 0-5 m depth and measured values at the Tangxi River bridge in each month.
(a) Comparison of water temperature; (b) comparison of ammonia nitrogen; (¢) comparison of total phosphorus; and (d) comparison of total

nitrogen.
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2.3 Simulation of eutrophication

The comprehensive nutrition index (TLI (3 )) method (Carl-
son, 1977) was used to evaluate the nutritional status of the
tributary bay. Lakes and reservoirs can be classified into dif-
ferent nutritional statuses based on their TLI () values:

— if TLI (})) < 30, then it is oligotrophic;
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- if
- if
- if
- if

30 < TLI (D)) <50, then it is mesotrophic;

TLI (3_)> 50, then it is eutrophic;

50 < TLI (})) < 60, then it is slightly eutrophic;

60 < TLI (}_) <70, then it is moderately eutrophic;

and

- if

TLI (3_)>70, then it is severely eutrophic.
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Table 1. Statistics of pollution load in the Tangxi River research area.

Factors cop(ta~!) | NHzN¢a™h) | TP@tal) | TN (ta™!)
Point  Non-point ‘ Point  Non-point ‘ Point  Non-point ‘ Point  Non-point
Pollution load  2093.58 1537.35 ‘ 354.21 154.46 ‘ 35.08 23.90 ‘ 2093.58 1537.35
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Figure 5. Simulation boundary conditions. (a) Daily water temperatures of the main reservoir and tail of the tributary bay; (b) water level
of the main reservoir; (c) daily inflow of the tributary bay; (d) daily inflow of the main reservoir; and (e~h) monthly water quality (COD,
NHj3-N, TP, and TN) of the main reservoir and tributary bay, respectively.

The formula for calculating the TLI (") is as follows:

TLIY ) = ZTZIW,- -TLI(j),

®

where TLI (3 ) is the comprehensive nutrition index; W; rep-
resents the correlation weight of the nutrition state index of
the jth parameter; and TLI (j) denotes the nutritional status
index of the jth parameter.
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Considering chlorophyll a (chl a) as the reference param-
eter, the normalized correlation weight formula of the jth
parameter is as follows:

(10)
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Table 2. The correlation coefficients r;; and rl.zj between chl a and
other parameters.

Parameter TP TN SD CODwmp
r,-2]- 0.84 0.82 —0.83 0.83
i 0.7056  0.6724  0.6889 0.6889

where r;; is the correlation coefficient between the jth pa-
rameter and the reference parameter chl a, and m represents
the number of evaluation parameters.
The correlation coefficients r;; and rl.zj between chl a and
other parameters are shown in Table 2 (Li and Zhang, 1993).
The calculation formula of the nutritional status index of
each parameter are shown as follows:

TLI(TP) = 10(9.436 4 1.624InTP), (11)
TLI(TN) = 10(5.453 + 1.694InTN), (12)
TLI(SD) = 10(5.118 4 1.941nSD), (13)
TLI(CODpy) = 10(0.109 4 2.6611nCODyy) , (14)

where TP is total phosphorus; TN represents the total ni-
trogen; SD represents the Secchi depth, a measure of trans-
parency; and CODyy, is the chemical oxygen demand.

Among the parameters listed above, TP and TN are piv-
otal, and a limitation of TP or TN can limit algae blooms
(Bennett et al., 2017; Morgenstern et al., 2015; Lewis et al.,
2011). The nutrient status of the surface water in the Tangxi
River tributary bay in different months was evaluated in this
study according to the TLI (3 ") method. The influence of wa-
ter temperature was also considered during the nutrient status
evaluation.

3 Results and discussion
3.1 Hydrological situation

The temporal variations in confluence flow and water level
are shown in Fig. 6a. During July and from August to Oc-
tober, the flow value at the confluence was negative, which
indicated that the tributary bay was mainly affected by back-
water intrusions from the main reservoir. In contrast, the
tributary bay was mainly affected by backwater jacking
from the main reservoir in other months (January—June and
November—December). The backwater intrusion weakened
when the water level of the main reservoir dropped, and it
became obvious when the water level of the main reservoir
rose.

Periods of intrusions occurring in other tributaries were
investigated in previous studies. Backwater intrusions were
mainly concentrated during low-water-level operation and
impoundment periods in the Daning River (Zhao, 2017).
The water of the main stream of TGR flowed backward into

https://doi.org/10.5194/hess-24-5057-2020
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the Xiangxi bay in the density current at different plunging
depths during the process of TGR impoundment at the end
of the flood season in autumn, and the intrusion was weak
when the water level fell (Ji et al., 2010; Yang et al., 2018).
The results of this study and previous studies indicated that
the backwater intrusions showed obvious seasonal changes
and the intrusion time was almost the same.

The temporal variation in confluence flow and the length
of backwater are shown in Fig. 6b. With the change in the
flow at the confluence, the length of the backwater also
changed. During January to April and October to December,
the water level of the main reservoir was between 160 and
175 m and the backwater reached distances of 39.8—42.6 km
from the confluence simultaneously. During May to Septem-
ber, the water level of the main reservoir remained at 145—
160 m, and the backwater reached distances of 12.6-23.8 km
from the confluence.

The water level and the length of backwater had a neg-
ative correlation with the confluence flow. When the water
level dropped, the value of the confluence flow was positive,
and the length of backwater decreased. The tributary bay was
mainly affected by the jacking of the main reservoir during
this period. Conversely, when the water level rose, the wa-
ter flow at the confluence was negative, and the length of the
backwater increased. The tributary bay was mainly affected
by backwater intrusions at this time.

3.2 Hydrodynamics

The distribution of the flow field in each month is shown in
Fig. 7. In each month, the upstream water flowed along the
surface of the tributary bay or sank to the bottom. The back-
water from the main reservoir entered the confluence at dif-
ferent depths simultaneously, forming one or two flow circu-
lations in the tributary bay. A similar flow field distribution
occurred in other tributary bays of the TGR (Ji et al., 2017).

In response to the jacking of the main reservoir in Jan-
uary, the water from the tail of the tributary bay first flowed
along the surface and then sank to the bottom. Under the in-
fluence of geography, the backwater from the main reservoir
formed a large counterclockwise circulation in the tributary
bay. The water level gradually decreased from February to
March, and the backwater effect of the main reservoir also
gradually weakened. The water from the tail formed one cir-
culation (February) or two circulations (March) in the trib-
utary bay. From April to June, as the upstream water of the
tributary bay joined the surface layer, the circulation zone
disappeared. The upstream water gradually sank as it neared
the confluence, and at the same time, the backwater from the
main reservoir entered the tributary bay in the upper mid-
dle layers and formed a small counterclockwise circulation.
From July to August, the upstream water of the tributary bay
directly flowed to the confluence along the surface layer, and
the backwater from the main reservoir entered the tributary
bay in the middle and lower layers, forming one circula-
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tion in August and two circulations in July. In September,
the upstream water first flowed through the surface layer and
then sank to the middle of the tributary bay. The backwa-
ter from the main reservoir inclined upward from the lower
layer and formed two circulations. The upper circulation was
a smaller, clockwise circulation, while the lower circulation
was a larger, counterclockwise circulation. The water level
increased significantly from October to December, and the
influence of the backwater increased simultaneously. The up-
stream water of the tributary bay flowed along the surface
layer and then sank to the bottom.

According to the distribution of the flow field, the tribu-
tary bay was divided into two different areas. Zone 1 repre-
sented the area mainly affected by the water from the tail of
the tributary bay, and zone 2 was the area mainly affected
by the backwater from the main reservoir. Due to the vari-
ations in water level and flow value, the ranges of zone 1
and zone 2 differed in each month. The proportions of zone
1 and zone 2 varied with the water level and time (Fig. 8).
From January to April, the backwater reach was from the
confluence to Jiangkou Town. With the decrease in the water
levels, the proportion of zone 1 increased, while the propor-
tion of zone 2 decreased. From May to September, the length
of backwater decreased, and it only reached Nanxi Town.
With the fluctuation in the water level in these months, the
trend of the proportions of zone 1 and zone 2 became irreg-
ular. From October to November, with the rise in the water
level, the proportion of zone 1 decreased, while the propor-
tion of zone 2 increased. The opposite results were obtained
from November to December when the water level gradu-
ally decreased. From October to December, the backwater
again reached Jiangkou Town. These results suggested that
the backwater had a greater impact on the tributary bay when
the main reservoir was at a high water level and had a smaller
impact when the main reservoir was at a low water level.

3.3 Water temperature

Previous studies showed that the water temperature between
the main reservoir and tributary bays were different, which
led to the stratification of water temperature in the tributary
bays (Ji et al., 2013). The water temperature distribution of
the tributary bay in different months is shown in Fig. 9. From
January to February, July to August, and October to Decem-
ber, the water temperatures in zone 1 and zone 2 were quite
different. There was an obvious temperature boundary, which
was mainly affected by the large difference between the up-
stream water temperature in the tributary bay and the back-
water temperature from the main reservoir. From March to
June and in September, the water temperature in zone 1 was
similar to that of zone 2 due to the small difference between
the water temperature at the tail of the tributary bay and the
water temperature of the backwater from the main reservoir.

The surface water temperatures of the tributary bay in each
month are shown in Fig. 10a. From March to June, due to
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the small difference between the upstream water tempera-
ture of the tributary bay and the backwater temperature of
the main reservoir, the surface water temperature changed
gently across the bay. The water temperature gradually de-
creased from the confluence to the tail of the tributary bay
from July to August and gradually increased from September
to October. The water temperature in the middle reaches was
slightly lower than the temperature at the confluence and the
tail of the tributary bay from January to February and from
November to December.

The vertical water temperature in the confluence is shown
in Fig. 10b. Affected by solar radiation and air temperature,
the water temperature at the surface was relatively higher
than that at the bottom (Zeng et al., 2016; Carey et al.,
2012). The temperature in the middle layers changed little.
There was a small thermocline in the surface water from May
to August, and sinking of cold water occurred in January,
February, and September to December.

The average water temperatures of zone 1 and zone 2 in
different months are shown in Fig. 10c. The average water
temperatures of zone 1 and zone 2 were similar from March
to June and in September, while a difference of more than
1.5 °C existed in other months. As the water of zone 1 mainly
came from upstream of the tributary bay, it was significantly
affected by the air temperature (Mohseni and Stefan, 1999).
Zone 2 was mainly affected by the backwater from the main
reservoir. Therefore, the average water temperature in zone
1 was higher than that in zone 2 in summer, and the average
water temperature in zone 1 was lower than that in zone 2 in
winter.

3.4 Water quality

The water exchange between the main reservoir and tributary
bay was an important factor driving the variation of water
quality distribution and nutrient structure in the tributary bay
(Zhao et al., 2015; Han et al., 2020). As shown in Fig. 11,
the COD concentration in the tributary bay ranged from 0
to 13mgL~!. There was no significant difference in COD
concentrations between the tail of the tributary bay and the
backwater from the main reservoir, of which both had values
between 8 and 11 mgL~!. With a decreasing trend along the
bay, the concentration of COD reached a minimum value at
the intersection of zone 1 and zone 2.

The NH3-N concentration in the tributary bay was in the
range of 0-0.3mgL~! (Fig. 12). Since the concentration of
NH3-N in the tail of the tributary bay was higher than that of
the backwater from the main reservoir, the concentration of
NH3-N in zone 1 was higher than that in zone 2 from Jan-
uary to March and July to December. There was no signifi-
cant difference in NH3-N between the tail of the tributary bay
and the backwater from the main reservoir in April to June.
Additionally, with a decreasing trend along the bay, the con-
centration of NH3-N was lower at the intersection of zones 1
and 2 than at the tail of the tributary bay or the confluence.
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Figure 8. Proportions of zone 1 and zone 2 and the variation in water level. The orange bar represents zone 2, and the blue bar represents
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Figure 10. Changes in water temperature. (a) Variation in surface water temperature in each month along the tributary bay; (b) variation in
the vertical water temperature at the confluence in each month; (c¢) average water temperatures of zone 1 and zone 2 in each month. The blue

bar represents zone 1, and the orange bar represents zone 2 in panel (c).

The distributions of TP (Fig. 13) and TN (Fig. 14) proved
that the nutrients in tributary bays did not originate solely
in the tributary bays but instead were mainly from the main
reservoir, and they also showed that the nutrient levels were
different across seasons. The distributions of TP and TN in
the tributary bay were almost the same. The concentration
near the confluence was relatively high. With the mixing of
the water from the tail of the tributary bay and the back-
water from the main reservoir and with the degradation of
water quality, the concentrations of TP and TN gradually
decreased. In particular, the concentration of TP was in the
range of 0.04-0.12 mg L', and the concentration of TN was
in the range of 0.8-2.1 mg L™!. The concentrations of TP and
TN in zone 2 were higher than those in zone 1. There was an
obvious quality concentration boundary in the tributary bay,
which was consistent with the regional boundary of the flow
field. Furthermore, there was an obvious transition zone near
the quality boundary in January to May and September to
December, while the transition zone in June to August was
very weak.

The COD, NH3-N, TP, and TN in the surface water of the
tributary bay in different months are shown in Fig. 15. The
concentrations of COD and NH3-N were generally higher on
the two sides and lower in the middle. The concentrations of
TP and TN were higher in the confluence and lower in the
tail of the tributary bay.

https://doi.org/10.5194/hess-24-5057-2020

The vertical changes in COD, NH3-N, TP, and TN in dif-
ferent months at the confluence are shown in Fig. 16. There
was no obvious regularity in the vertical water quality dis-
tributions of COD and NH3-N. The average vertical varia-
tion in COD was 4.6mgL~" over 12 months. The largest
change appeared in December, with a value of 7.0 mgL ™!,
and the smallest change appeared in June, with a value of
1.6mgL~!. The average vertical variation in NH3-N was
0.06 mgL~!. The largest change appeared in January, with
a value of 0.02mgL~!, and the smallest change appeared in
July, with a value of 0.12mgL~!.

The concentrations of TP and TN were higher in the sur-
face water and lower in the bottom in January to March and
September to December, which was contrary to that in July
and August. From April to June, the concentrations of TP
and TN first increased and then decreased from the surface
to the bottom. The concentration gradient in the upper 10 m
surface layer was relatively large.

The average concentrations of COD, NH3-N, TP, and TN
in zone 1 and zone 2 are shown in Fig. 17. The COD concen-
tration in zone 2 was higher than that in zone 1 in all months
except September. The concentration of NH3-N in zone 1
was generally higher than that in zone 2 due to the higher
concentration of NH3-N in the water from the tail of the trib-
utary bay. For TP and TN, the concentrations in zone 2 were
higher than those in zone 1.

Hydrol. Earth Syst. Sci., 24, 5057-5076, 2020
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Figure 11. Distribution of COD in each month. The black curve in the figure is the boundary between zone 1 and zone 2. The brown curves

with arrows are streamlines.

3.5 Water eutrophication

The distribution of the TLI (3_) values in the surface wa-
ter of the tributary bay in different months is shown in
Fig. 18. The TLI (>) within 0.5km of the confluence was
relatively higher than in other areas throughout the year,
reaching the level of light eutrophication. Additionally, the
reach with high TLI (") values in February and in Septem-
ber to December had a long range. From January to March
and September to December, the reach approximately 25 km
from the confluence had low TLI (") values, reaching olig-
otrophic status. In the rest of the time and area, the TLI
(>") values correspond to a medium nutrient level. Addition-
ally, the water temperature near the confluence was less than
20°C, and the light conditions were poor in January to April
and November to December. Temperature and light condi-
tions are important factors in the occurrence of eutrophica-
tion, and neither low temperatures nor poor light conditions
are conducive to the growth of algae (Singh and Singh, 2015;
Romarheim et al., 2015; Paerl et al., 2011; Reynolds, 2006).
Physical dynamics play a critical role in estuarine biologi-
cal production, material transport, and water quality (Kasai
et al., 2010). The results of this study showed that the trib-

Hydrol. Earth Syst. Sci., 24, 5057-5076, 2020

utary bay was mainly affected by backwater intrusions from
the main reservoir in July and from August to October. Dur-
ing this time, the vertical mixing of water near the conflu-
ence was severe, which was also not conducive to the growth
of algae (Gao et al., 2017; Lindim et al., 2011; Huisman et
al., 2006). In conclusion, considering the influence of hydro-
dynamics, water temperature, and water quality, the risk of
eutrophication in the tributary bay was highest in the sec-
tion within 0.5 km of the confluence from May to June. Wu
et al. (2013) constantly monitored the eutrophication of the
Daning River, a tributary bay of the TGR, and found that al-
gal blooms frequently occurred in the area close to the con-
fluence from March to June, which was similar to the results
of the present study.

3.6 Sensitivity of the results to the model forcing
factors

The link between the main reservoir and its tributary bay is
the hydrodynamic condition, and it is mostly affected by wa-
ter level fluctuations (Sha et al., 2015). Thus, in previous sec-
tions, we mainly discussed the effect of water level fluctua-
tions in detail. Air temperature and wind conditions were also

https://doi.org/10.5194/hess-24-5057-2020
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Figure 12. Distribution of NH3-N in each month. The black curve in the figure is the boundary between zone 1 and zone 2. The brown curves

with arrows are streamlines.

important factors affecting the results (Yu et al., 2013; Huang
et al., 2016). Air temperature can affect the surface water
temperature by promoting the formation of thermal stratifi-
cation (Jin et al., 2019). From July to August, air tempera-
ture was a dominant variable and the stratification of water
temperature was obvious. A comparison of the distributions
of the water temperature and water quality showed that air

temperature had almost no effect on the water quality distri- 2

bution, while the water level fluctuation was a determining
factor. The results were not sensitive to wind conditions be-
cause the wind varied little throughout the year and the wind
speed was low (1-1.8 ms~!) in the study area.

4 Conclusions and future work

In this paper, the effect of the backwater jacking and intru-
sions from the main reservoir on the hydrodynamics and wa-
ter environment of Tangxi River, a tributary bay of the TGR,
are studied. The following conclusions were reached as a re-
sult of this research:

1. The intrusion was weak when the water level of the
main reservoir dropped, and the tributary bay was

https://doi.org/10.5194/hess-24-5057-2020

mainly affected by the backwater jacking of the main
reservoir. The periods of intrusions in the tributary bay
ranged from July to October. Conversely, when the wa-
ter level of the main reservoir rose, the tributary bay was
mainly affected by backwater intrusions from the main
reservoir.

. The water from the tail flowed along the surface of the

tributary bay or sank to the bottom in each month. The
backwater from the main reservoir entered the conflu-
ence at different depths simultaneously, forming one or
two circulations in the tributary bay. The backwater had
a greater impact on the tributary bay when the main
reservoir was at high water level and had a smaller im-
pact when the main reservoir was at a low water level.

The water temperature of the tributary bay was not
greatly affected by the backwater from the main reser-
voir. The concentrations of COD and NH3-N in the trib-
utary bay were generally higher at the two ends of the
bay and lower in the middle. For TP and TN, there was
an obvious quality concentration boundary in the tribu-
tary bay, which was consistent with the regional bound-

Hydrol. Earth Syst. Sci., 24, 5057-5076, 2020
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Figure 13. Distribution of TP in each month. The black curve in the figure is the boundary between zone 1 and zone 2. The brown curves

with arrows are streamlines.

ary of the flow field. The concentrations of TP and TN
were higher at the side near the confluence.

4. Nutrients in the tributary bay were mainly from the
main reservoir, and the nutrient levels were affected by
the constantly changing hydrodynamic conditions and
environmental factors across seasons. The risk of eu-
trophication of the tributary bay was high within 0.5 km
of the confluence in May and June.

This paper only studied the influence of the main reser-
voir on the tributary bay in terms of hydrodynamics and wa-
ter environment. The tributary bay may also influence the
main reservoir. The influence of the tributary bay on the main
reservoir and the interaction between the main reservoir and
the tributary bay are still unclear. In the future, numerical
simulation of the main reservoir’s hydrodynamics and water
environment based on the results of this paper should be car-
ried out to explore the interaction between the main reservoir
and the tributary bay.

Future work should also explore control measures to im-
prove the water environment of the tributary bay based on its
interaction with the main reservoir. At present, some scholars
have proposed that preventing and controlling eutrophication

Hydrol. Earth Syst. Sci., 24, 5057-5076, 2020

in tributary bays can be achieved by the method of “double
nutrient reduction”, which involves the simultaneous control
of the nutrient inputs from the main stream and the tribu-
tary (Liang et al., 2014). It is also possible to use ecological
methods, such as emergent plants, submerged plants, phyto-
plankton, benthic organisms, and fish, to improve water eu-
trophication (Srivastava et al., 2017; Li et al., 2013; Soares
et al., 2011). In addition, the concept of improving the hy-
drodynamic conditions of the main stream and controlling
the eutrophication of the water body through manually con-
trolled operation has been widely accepted by many experts
and scholars (Yao et al., 2012; Zheng et al., 2011; Naselli-
Flores and Barone, 2005). It is believed that such work men-
tioned above could help propose better protection measures
for the water environment of tributary bays.

Data availability. Data are available from the authors on request.
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Figure 18. Eutrophication results of surface water in the tributary
bay. The nutrient status of the tributary bay is divided into three
states (oligotrophic, mesotrophic, and eutrophic) according to the
comprehensive nutrient index.
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