
water

Article

Water Residence Time in a Typical Tributary Bay of
the Three Gorges Reservoir

Yao Cheng 1 , Zheng Mu 1, Haiyan Wang 2, Fengxia Zhao 1, Yu Li 1 and Lei Lin 3,*
1 School of Water Conservancy and Hydroelectric Power, Hebei University of Engineering,

Handan 056002, China
2 National Marine Environmental Forecasting Center, Beijing 100081, China
3 State Key Laboratory of Estuarine and Coastal Research, East China Normal University,

Shanghai 200062, China
* Correspondence: llin@sklec.ecnu.edu.cn

Received: 13 June 2019; Accepted: 29 July 2019; Published: 31 July 2019
����������
�������

Abstract: Tributary bays of the Three Gorges Reservoir (TGR) are suffering from environmental
problems, e.g., eutrophication and algae bloom, which could be related to the limited water exchange
capacity of the tributary bays. To understand and quantify the water exchange capacity of a tributary
bay, this study investigated the water residence time (RT) in a typical tributary bay of TGR, i.e.,
the Zhuyi Bay (ZB), using numerical simulation and the adjoint method to obtain the RT. The results
show that RT of ZB with an annual mean of 16.7 days increases from the bay mouth to the bay
top where the maximum can reach 50 days. There is a significant seasonal variation in RT, with
higher RT (average 20 days) in spring and autumn and lower RT (average < 5 days) in the summer.
The sensitivity experiments show that the TGR water level regulation has a strong influence on RT.
The increase in the water level could increase RT of ZB to some extent. Density currents induced
by the temperature difference between the mainstream and tributaries play an important role in the
water exchange of ZB, while the impacts of the river discharges and winds on RT are insignificant.
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1. Introduction

The fate of chemical and biological species in aquatic systems is determined by the combination of
(passive) transport and species-specific transformations [1]. Processes controlling planktonic biomass
and contaminant distributions in semi-enclosed bodies are linked to the water transport timescales.
Therefore, water transport timescales are important indicators for analyzing and estimating pollution
threats to the aquatic ecosystem [2–4]. The water transport timescales can be also adapted to quantify
the water exchange capacity of semi-enclosed water systems and quantify the transport rate of
contaminants that are taking place in both the dissolved and adsorbed phases [5,6].

There are several defined transport timescales, namely (1) the flushing time, (2) the age, (3) the
residence time (RT), and (4) the exposure time. The flushing time is a bulk or integrative parameter
that describes the general exchange characteristics of a waterbody without identifying the underlying
physical processes. The age is defined to be the time elapsed since the particle under consideration
left the region in which its age is prescribed to be zero. The RT of a water parcel in a control region
ω is the time taken by that water parcel to leave ω for the first time. The exposure time which is
actually a concept extension of RT is defined as the cumulative time spent by the particle in the
control domain, irrespective of its possible excursions out of ω [7–11]. Among these, RT is a very
helpful and popular concept widely used in hydro-ecological research. For instance, the export rate of
nutrients was proved to be strongly negatively related to the RT [12,13]. Shifts in bacterioplankton
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community composition along the salinity gradient of the Parker River estuary and Plum Island Sound,
in northeastern Massachusetts, were related to RT [14]. A linear relationship is established between the
RT and phytoplankton biomass expressed as chlorophyll-a concentrations in coral reef lagoons [15].
The available nutrient supply for algae growth and bloom is determined not only by the nutrient loads,
but also by the retention of nutrients, which is related to the RT of a system [12]. Moreover, the RT is a
key parameter for the occurrence of algal blooms, as they require that phytoplankton cells remain in
favorable conditions for long enough [16–18].

The construction of the Three Gorges Dam (TGD) is one of the most extensive anthropogenic
impacts on surface water in China. As the third longest river in the world and the longest river in
Asia, the Yangtze River, stretching from the Tibetan Plateau to eastern China, spans for a total length of
6300 km and drains an area of 1,800,000 km2 [19]. Its annual flow is 951.3 km3. The TGD, located at the
end of the upper Yangtze River, is 185 m high. Construction began in 1998 and was completed in 2003.
The TGR is currently one of the largest reservoirs in the world, with a capacity of 39.3 billion m3 over a
length of 663 km and an average width of 1.1 km [20,21].

As the largest hydropower project in the world, the Three Gorges Project has brought
remarkable benefits, including flood control, electricity generation, and shipping capacity improvement.
Meanwhile, the impacts of the Three Gorges Reservoir (TGR) on the ecosystem and environment
have been widely discussed [22–26]. After the impoundment in 2003, the TGR was formed along the
Yangtze River, starting from Chongqing to the dam site at Yichang. Approximately 40 tributaries were
transformed into tributary bays and became a part of the TGR. The total area of these bays accounts for
1/3 of the whole surface area of the TGR. It has dramatically changed the aquatic ecosystem from a
continuous lotic ecosystem to a huge reservoir, which exhibits complex hydrodynamic processes [27–30].
As a consequence, increasingly serious eutrophication and algal blooms usually occurred in spring and
autumn in tributary bays in the TGR which were induced by multiple factors, including the ecological
and hydrodynamic environment change [31–34]. The decline of ecological health and ecosystem
services function for river basins has become a worrying environmental problem [35,36]. Given that
the water RT is a good indicator quantifying the water exchange capacity, the magnitude of water RT
and its variation could be helpful to understand the cause of the seasonal eutrophication and algal
blooms in the tributary bays from the hydrodynamic point of view. However, the water RT and its
spatiotemporal variations in tributary bays of the TGR were not well documented.

In this study, the water RT in one of the TGR tributary bays (Zhuyi Bay) was characterized for the
first time using the adjoint method. The impact of dynamic factors on the variation of RT was examined,
including the water elevation regulation, tributary discharge, mainstream discharge, baroclinic forcing
(i.e., the stress induced by the water density difference), and wind.

2. Model Setup

2.1. Study Area

The Zhuyi River (ZR) is a primary tributary of the north bank of the Yangtze River (Figure 1),
which is located in the middle of the TGR and is 156 km away from the TGD. ZR has a watershed area
of 153.6 km2, a length of 31.4 km, and an annual average discharge of 2.54 m3/s which is much lower
than that of the Yangtze River’s ~11,000 m3/s. After the impoundment of the TGR, a 6-km-long bay
was formed, which was influenced by TGR regulation, which can modify the water level from 145 m to
175 m. Hereafter, this area is called Zhuyi Bay (ZB) in this paper. The ZB’s average depth is 36.23 m
and its maximum water depth is 80 m when the TGR is at the highest level in the winter (up to 175 m).
The wind over ZB is weak with an annual mean wind speed of 1.5 m/s.
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Figure 1. Illustration of the domain of interest, with (a) the Yangtze River basin. (b) the location of the 
Zhuyi Bay (ZB). 

2.2. Hydrodynamic Model 

A three-dimensional (3D) hydrodynamic model, i.e., the Marine Environment Research and 
Forecasting Model (MERF) [37], was used in this study. The model used a finite-difference scheme 
on a staggered C-grid in the horizontal direction. In the vertical direction, the terrain-following σ-
coordinate system was adopted to accurately represent both the free surface and the bottom 
topography. The model included baroclinic processes with complete thermodynamics and the 
turbulence parameterization scheme proposed by Munk and Anderson [38]. In spite of the use of the 
relatively simple turbulence closure scheme, the model results show the hydrodynamic model 
basically represented the hydrodynamic characteristics of the study area (Section 3.1) and the closure 
scheme was of high computational efficiency. Therefore, the turbulence parameterization scheme is 
deemed to be sufficient for this study. Advection terms in the model were discretized using a total 
variation diminishing (TVD) scheme with second-order accuracy [39]. The second-order accurate and 
semi-implicit scheme was employed to solve for the surface elevation. Diffusion terms are discretized 
using the space centered finite-difference method and solved implicitly and explicitly in the vertical 
and horizontal directions, respectively. The governing equations and more detailed information on 
the model are presented in Liu et al. [37]. 

As shown in Figure 2, the model domain included the entire ZB and partial YR. The domain is 
discretized by 147 × 83 grids with a uniform grid spacing of 50 m. Uniform 10 σ-layers were used in 
the vertical direction. The time step is set to 5 s. The daily river discharge, water elevation and 
temperature of YR are prescribed at the boundaries OB1 and OB2 (Figure 2). The daily river discharge 
and water temperature of Zhuyi River in 2014 are prescribed at OB3 (Figure 2). Daily winds stress 
and heat flux are prescribed at the water surface. The wind stress and heat flux are calculated by bulk 
formulas [40]. The daily water level data were provided by the China Three Gorges Corporation. The 
daily meteorological data are obtained from the Fengjie Meteorological Bureau. The daily river water 
temperature data are interpolated from the monthly mean data. In addition, to validate the 
hydrodynamic model, we also conducted in situ observations at site OBS in ZB for 12 months. We 
measured the velocity and water temperature for one day for each month using the Nortek 
Velocimeter (Vector-300 m) and YSI (Yellow Springs Instruments Inc., Yellow springs, OH, USA) 
EXO2 multisensor sonde, respectively. 
  

Figure 1. Illustration of the domain of interest, with (a) the Yangtze River basin. (b) the location of the
Zhuyi Bay (ZB).

2.2. Hydrodynamic Model

A three-dimensional (3D) hydrodynamic model, i.e., the Marine Environment Research and
Forecasting Model (MERF) [37], was used in this study. The model used a finite-difference scheme
on a staggered C-grid in the horizontal direction. In the vertical direction, the terrain-following
σ-coordinate system was adopted to accurately represent both the free surface and the bottom
topography. The model included baroclinic processes with complete thermodynamics and the
turbulence parameterization scheme proposed by Munk and Anderson [38]. In spite of the use of
the relatively simple turbulence closure scheme, the model results show the hydrodynamic model
basically represented the hydrodynamic characteristics of the study area (Section 3.1) and the closure
scheme was of high computational efficiency. Therefore, the turbulence parameterization scheme is
deemed to be sufficient for this study. Advection terms in the model were discretized using a total
variation diminishing (TVD) scheme with second-order accuracy [39]. The second-order accurate and
semi-implicit scheme was employed to solve for the surface elevation. Diffusion terms are discretized
using the space centered finite-difference method and solved implicitly and explicitly in the vertical
and horizontal directions, respectively. The governing equations and more detailed information on the
model are presented in Liu et al. [37].

As shown in Figure 2, the model domain included the entire ZB and partial YR. The domain is
discretized by 147 × 83 grids with a uniform grid spacing of 50 m. Uniform 10 σ-layers were used
in the vertical direction. The time step is set to 5 s. The daily river discharge, water elevation and
temperature of YR are prescribed at the boundaries OB1 and OB2 (Figure 2). The daily river discharge
and water temperature of Zhuyi River in 2014 are prescribed at OB3 (Figure 2). Daily winds stress
and heat flux are prescribed at the water surface. The wind stress and heat flux are calculated by
bulk formulas [40]. The daily water level data were provided by the China Three Gorges Corporation.
The daily meteorological data are obtained from the Fengjie Meteorological Bureau. The daily river
water temperature data are interpolated from the monthly mean data. In addition, to validate the
hydrodynamic model, we also conducted in situ observations at site OBS in ZB for 12 months.
We measured the velocity and water temperature for one day for each month using the Nortek
Velocimeter (Vector-300 m) and YSI (Yellow Springs Instruments Inc., Yellow springs, OH, USA) EXO2
multisensor sonde, respectively.
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Assuming that the interannual variability of the hydrodynamics can be ignored compared to the
significant seasonal cycle and the annual TGR regulation is basically similar, we regard the forcing data
of 2014 as a climatological forcing to drive the model and attain the climatological hydrodynamics
of ZB. After 3 years spin-up, the modeled velocity and diffusion coefficient results in one year are
outputted to drive the RT model introduced in the next section.

2.3. Diagnosing RT by the Adjoint Method

In this study, the adjoint method for deriving RT developed by Delhez et al. [41] is used.
The governing equation of RT derived by Delhez et al. [41] is presented below:

∂θ
∂t

+ δω(x) + v · ∇θ+∇
[
K · ∇θ

]
= 0 (1)

where θ denotes RT, v is the velocity field, K is the diffusion tensor, and δω(x) is the characteristic

function of the domain of interest ω, and δω(x) =

1 ∀x ∈ ω

0 ∀x < ω
. Equation (1) must be integrated

backward in time with the reversed flow to solving θ [41].
Based on Equation (1), the RT model was established. The adjoint model is dealt with using the

same finite-difference method and the same grids and layers as the hydrodynamic model. A total
variation diminishing scheme with a Superbee and HSIMT (High-order Spatial Interpolation at the
Middle Temporal level) alternating flux limiter (TVDal) developed by Lin and Liu is used in the
advection term discretization [39]. The initial RT field is set to zero [42]. The ZB mouth connecting ZB
and YR is regarded as the open boundary of the control region. The homogenous Dirichlet boundary
conditions θ = 0 are prescribed on this boundary [42,43]. The impermeable boundary, i.e., n · ∇θ = 0, is
used at the closed boundaries (i.e., the water-air interface, the bottom and the lateral boundaries) [41,44].
We ran the RT model backward in time using previously saved velocity and diffusion coefficients fields.
The RT value in ZB reaches a stable value after 2 years spin-up, and the RT in the third year is used
for analysis.
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3. Results

3.1. Validation of the Hydrodynamic Model

Due to the TGR regulation, the water level decreases from about 173 m elevation in January to
145 m elevation in June, remains at this level for about two months, and then increases from 145 m
elevation in August to 175 m elevation in November and December. Due to the prescription on the open
boundary and the fast gravity wave speed, the simulated water level change is highly consistent with
the measured data, with the maximum error of less than 2 cm (Figure 3). The hydrodynamic model for
ZB is further validated using observed velocity and water temperature at site OBS in ZB (Figure 2)
in 2014. The simulated velocity shows a pattern of density current where the velocity directions in
the upper layer and lower layer are opposite for most of the months. The magnitude of the current is
basically less than 4 cm/s. The simulated flow field agrees well with the pattern of observed current
(Figure 4). The observed water temperature profiles show that the water temperature in ZB increases
from January to July and decreases from August to December and the annual mean difference between
the surface layer and the bottom layer is ~0.2 ◦C (Figure 5). The monthly variation and the vertical
distribution of the modeled water temperature are also consistent with the observations (Figure 5).
Overall, there is a good agreement between the model results and the observations, indicating that the
model used in this study can basically reproduce the main features of the hydrodynamics of ZB.
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3.2. Annual Mean RT of ZB

The annual mean RT of ZB is presented in Figure 6. The volume-averaged RT is 16.7 days. There is
a clear longitudinal variation of RT which increases from the bay mouth to the bay top. The vertical
mean RT ranges from 0 to 21 days in the lower ZB, 21 to 41 days in the middle ZB, and 41 to 53 days
in the upper ZB (Figure 6a). The averaged RT of the upper, middle, and lower ZB are 37.9, 24.5, and
6.0 days, respectively. A relatively rapid spatial variation in RT occurs in the middle ZB with a relatively
narrow channel. The RT distributions in the surface and bottom layers are basically consistent with the
vertical mean (Figure 6b,c). The vertical difference between the surface and bottom RT was less six
days in the entire ZB (Figure 6d). The mean surface RT of ZB was about 16.6 days which is slightly
lower than the mean bottom RT (18.7 days). As shown in Figure 7, RT is vertically uniform along the
deep channel section basically, while the surface RT was slightly larger than the bottom RT in the upper
ZB, while it was reversed in the middle and lower ZB. The magnitude of current is the order of 1 cm/s.
For the horizontal length of 6 km, the timescale of horizontal transport is about 69 days. The mixing
coefficient is about the order of 0.003 m2/s. For the average water depth of 20 m, the timescale of
vertical mixing is about 1.5 days, which is much smaller than that of the horizontal transport. Therefore,
the annual mean RT exhibits little vertical variability.
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3.3. Seasonal Variation of RT

The RT of ZB exhibits a remarkable monthly variation (Figure 8). The smallest average RT value is
less than 10 days which occurs in the late spring and early summer (May-July), while in other seasons,
the average RT is more than 15 days. The average RT in February-April and August-October are
longest which are even more than 20 days. This seasonal variation in RT implies that soluble nutrients
in ZB could have a relatively short retention time in summer. In contrast, nutrient released in the
spring and autumn has a longer retention time in the ZB, which could provide favorable conditions for
the algae bloom in spring.
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The RT variations along the bay for different months are shown in Figure 9. The RT decreases from
the bay top to the bay mouth in all months. More significant monthly variation occurs at the upper ZB.
In the upper ZB, the largest RT can reach more than 60 days in winter and RT in June is only 10 days.
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At the bay mouth, RT is basically less than 10 days for all months. In addition, there are minor vertical
differences in the entire ZB, and the vertical difference is less than 10 days (results are not shown).
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4. Discussion

4.1. Relationship between RT and TGR Regulation

The TGR regulation changes the water level of tributary bays, which in turn influences the water
depth and velocity in tributary bays. The daily variation in RT of ZB shows a good correlation to the
water level (Figure 10). Therefore, it is of interest to examine the impact of TGR regulation on the RT.
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As shown in Figure 10, the water level declines from January to June, remains low for two months
(i.e., June and July), and elevates form August to December. A similar variation happens to the RT
in ZB which decreases rapidly before June and increase after July (Figure 10). Average RT of ZB
in June and July are lowest in a year, corresponding to the lowest water level in these two months.
The Pearson correlation between water level and the RT of the upper, middle, lower, and ZB average
is 0.735, 0.153, 0.141 and 0.552, respectively, and the correlations are all significant at the 0.01 level,
indicating a significant influence of TGR regulation on the tributary bay RT, though the correlation
between the water level and RT is different for different regions of ZB.
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To further examine the impact of TGR regulation on the RT, a sensitivity experiment in which
the water level is maintained at an annual mean level of 162.30 m is conducted. The results of the
experiment show that the RT of ZB is significantly modified where the water level was maintained
constant (Figure 11). The average RT in June and July increases to two times comparing to the original
RT, which suggests that the low water level are favorable for the water exchange of the tributary bay
while the high water level maintained by TGR could increase the water RT in the tributary bay.
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In the spring and autumn, the water level of TGR is relatively high which could induce a higher
RT of ZB than that of the other seasons, especially in the upper and middle reaches (Figure 9), which
would result in water environment problems. Previous research has shown that the algae bloom often
occurred in spring and autumn at the upper and middle reach of the tributary bay [45–48]. The high RT
in this region of tributary suggested that the nutrient could have the longer retention time and could
not be diluted immediately, which could be beneficial to phytoplankton growth, and algae bloom
occurred as the result.

4.2. Influences of Dynamic Processes on the RT

The above analyses suggest that the water level of TGR plays an important role in the seasonal
variation in the RT of ZB. To further understand the impacts of other dynamic factors on the tributary
bay RT, we conducted a set of sensitivity experiments. In the experiments, we artificially modified
the driving forces and calculate the RT again. Four cases (Table 1) were designed to examine the
influences of driving forces, including local winds, baroclinic forcing, and river discharge on the RT.
When running each of these cases, only one driving force from the control case (hereafter referred to
as Case 0, whose results were presented in Section 4) is changed. In the experiment of Case 4 with
no baroclinic forcing, the water temperature in the entire domain was set to be uniform and constant.
The uniform and constant temperature formed a field of uniform water density, thus the baroclinic
forcing is zero in Case 4. Both the hydrodynamic model and the RT model were run again to obtain a
new ZB RT for each case (Table 1). The new RTs for different cases were compared to the RT of the
control case to quantify the impact of different dynamic processes on the RT of ZB.

The variation of RT is generally believed to be highly related to the river discharge [49,50].
The effects of the tributary discharge and Yangtze River discharge on the RT are examined. Both the
change of the tributary discharge and Yangtze River discharge account for a minor percentage of the
variation of the RT (Figure 12). When the Zhuyi River discharge was decreased by 50% (Case 1), the RT
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in different regions increased only several days. When the Yangtze River discharge was decreased by
50% (Case 2), there was a similar pattern to Case 1. The little change of RT in Cases 1 and 2 indicate
that the tributary RT is not dominated by the river discharge, which may be due to the weak discharge
of the Zhuyi River and the weak impact of the Yangtze River flow on the water exchange of ZB.

Table 1. Configurations of sensitivity experiments for Case 0 to Case 4.

Case Tributary Discharge Yangtze River Discharge Local Winds Baroclinic Forcing

0 Yes Yes Yes Yes
1 0.5 times Yes Yes Yes
2 Yes 0.5 times Yes Yes
3 Yes Yes No Yes
4 Yes Yes Yes NoWater 2019, 11, x FOR PEER REVIEW 11 of 14 
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The influence of wind on estuarine and semi-enclosed sea circulation has long been
recognized [51–53]. However, the comparison between Case 3 and Case 0 suggests that the impact of
winds on the tributary RT is also insignificant (Figure 12). The average speed of wind over ZB is only
1.45 m/s, which is much weaker than the wind over estuaries and semi-enclosed seas, and thus the
influence of wind on tributary RT is very limited as suggested by the sensitivity experiment.

The exclusion of baroclinic forcing (Case 4) significantly increases the RT in ZB (Figure 12).
Comparing to the control case, RT in the upper, middle and lower ZB increase 77.3 days, 56.2 days and
9.7 days, respectively. The average RT of ZB increases from 44% to 503%. The experiment suggests
that the baroclinic current induced by the density difference is critical for the RT in ZB and thus plays a
dominant role in the water exchange of ZB.

There is an apparent seasonal variation in the temperature difference between ZB and Yangtze
River (Figure 13). The water temperature difference can induce the density current (see Figure 4) and
enhance the water exchange between the tributary and Yangtze River. The density-induced circulation
accelerated the water exchange was also found in the James River [54], the Bohai Sea [55] and the
Seto Inland Sea [56]. The larger difference of water temperature in June and July could enhance the
density current. The intense density current along with a smaller volume induces the lowest RT in
June and July. In addition, the seasonal variation in the difference in water temperature could account
for the seasonal variation in RT in ZB for the experiment with the constant water level. Therefore, the
density-induced circulation is an important dynamic process for the water exchange of ZB.
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4.3. The Potential Relationship between RT and Algal Blooms in the Tributary

Previous studies have shown that the algal bloom showed a longitudinal characteristic in tributary
bays of TGR. Algal blooms often occurred in the upper and middle reaches of tributary bays [48,57].
The relationship between phytoplankton biomass and transport time [2] may explain this phenomenon.
There is a clear longitudinal variation in RT which increases from the lower ZB to the upper ZB.
The longer RT in the upper and middle bay indicates that the algal growth could be faster than the loss
(i.e., transported out of the bay) in this region. By contrast, the shorter RT in the lower bay suggests
that the loss may be faster than the growth and the phytoplankton biomass decreases in this region.
Therefore, the possibility of algae bloom in the lower bay is very small.

In addition, previous studies also showed that the algae bloom in tributary bays of TGR often
occurred in the spring and autumn [32,58] when the RT is longer and the longitudinal gradient of
RT is also larger compared to summer (Figure 8). The algal growth may be faster than the loss in
these months. Therefore, possibility of algae bloom in these months is relatively large. The seasonal
variation in RT can provide a hydrodynamic explanation for the seasonal algal bloom. However, the
mechanism of algal blooms still needs to be further investigated by means of biogeochemical analyses
and phytoplankton ecosystem numerical modeling.

5. Conclusions

To understand the water exchange capacity of the tributary bay of TGR, this study investigated
the spatiotemporal variation in RT in one of typical tributary bay of TGR, i.e., ZB, using the numerical
simulation and the adjoint method for obtaining RT. The impacts of the water level, river discharge,
wind, and baroclinic forcing on the variation of RT were further discussed based on sensitivity
experiments. The main conclusions are summarized as follows. (1) The annual mean RT of ZB is
16.7 days. There were minor vertical differences (<6 days) in the entire ZB due to the water being
well mixed in ZB. (2) The RT of ZB increases from the bay mouth (<5 days) to the bay top (>50 days).
(3) There is a significant seasonal variation of RT, with high RT in the spring and autumn and lower RT
in the summer. (4) The TGR water level regulation has a strong influence on tributary RT. The increase
in the water level could increase the RT in the tributary bay. (5) The impact of the tributary discharge,
the Yangtze River discharge, and wind on RT are minimal, while the baroclinic forcing induced by the
temperature difference between the mainstream and tributary exerts a significant impact on RT.
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Abbreviations

Acronym Full Name
TGR Three Gorges Reservoir
TGD Three Gorges Dam
ZB Zhuyi Bay
RT Residence time
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