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Abstract 

Rivers play an important role in the global water cycle, support biodiversity and 

ecological integrity. However, river flow and thermal regimes are heavily altered in dammed 

rivers. These impacts are being exacerbated and become more apparent in rivers fragmented 

by multiple dams. Recent studies mainly focused on evaluating the cumulative impact of 

cascade reservoirs on flow or thermal regimes, but the role of upstream reservoirs in shaping 

the hydrology and hydrodynamics of downstream reservoirs remains poorly understood. To 

improve the understanding of the hydrodynamics in cascade reservoirs, long-term 

observational data are used in combination with numerical modeling to investigate the 

changes in flow and thermal regime in three cascade reservoirs at the upper reach of the 

Yangtze River. The three studied reservoirs are Xiluodu (XLD), Xiangjiaba (XJB) and Three 

Gorges Reservoir (TGR). In addition, the effects of single reservoir operation (at 

seasonal/daily time scale) on hydrodynamics are examined in a large tributary of TGR. The 

results show that the inflow of TGR has been substantially altered by the two upstream 

reservoirs with a higher discharge in spring and winter and a reduced peak flow in summer. 

XJB had no obvious contribution to the variations in inflow of TGR. The seasonal water 

temperature of TGR was also widely affected by the upstream two reservoirs, i.e., an increase 

in winter and decrease in spring, associated with a delay in water temperature rise and fall. 

These effects will probably be intensified in the coming years due to the construction of new 

reservoirs. The study also underlines the importance of reservoir operation in shaping the 

hydrodynamics of TGR. The seasonal dynamics of density currents in a tributary bay of TGR 

are closely related to seasonal reservoir operations. In addition, high-frequency water level 

fluctuations and flow velocity variations were observed in response to periodic tributary bay 

oscillations, which are driven by the diurnal discharge variations caused by the operation of 

TGR. As another consequence of operation of cascade reservoirs, the changes in TGR inflow 

weakened spring thermal stratification and caused warming in spring, autumn and winter. In 

response to this change, the intrusions from TGR occurred more frequently as overflow and 

earlier in spring, which caused a sharp reduction in biomass and frequency of phytoplankton 

blooms in tributary bays of TGR. This study suggests that high-frequency bay oscillations can 
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potentially be used as an efficient management strategy for controlling algal blooms, which 

can be included in future multi-objective ecological conservation strategies.
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1 Introduction   

1.1 The accelerating hydropower development in the globe 

1.1.1 Global boom of hydropower development  

For thousands of years, dams have been built to control and manage water resources in 

the world for benefits of human society, and the number has increased markedly over the past 

60 years (Lehner et al., 2011). The 20th century experienced a bloom in dam construction. By 

early 21st century, > 50,000 dams that are higher than 15 m had been built in the world 

(Berga et al., 2006), among which about 8,600 dams were primarily designed for hydropower 

generation (International Commission on Large Dams (2011)). Future hydropower 

development is mainly concentrated in developing countries and emerging economies of 

Southeast Asia, South America, and Africa (Zarfl et al., 2014). In recent years, ability of dams 

to change natural river hydrology has increased in many river basins (Jiao et al., 2020; 

Magilligan and Nislow, 2005; Yan et al., 2010). On a global basis, 48% of rivers are 

moderately-to-severely affected by either flow regulation, fragmentation, or both, and the 

impacts might be doubled when currently planned dams are constructed by 2030 (Grill et al., 

2015). 

 

Figure 1. The global distribution of future hydropower dams planned or under construction per basin ( Red > 

100, Orange: 26ï100, Yellow: 11ï25, Green Ů 10, Gray no data available, adapted from Zarfl et al., 
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2014) 

1.1.2 Overview of the area of interest (Yangtze River Basin) 

China plays an important role in global hydropower development. The Yangtze River in 

China is an example for ongoing development of large cascading hydropower reservoirs, with a 

lot of large-scale hydropower projects planned, under construction, and completed (Yao et al., 

2006) (Figure 2). The installed capacity of the hydropower station in the Yangtze River Basin 

accounts for 53.2% of the country's total. Recently, in the lower reach of Jinsha River (upper 

reach of Yangtze River), four cascade hydropower reservoirs (Xiangjiaba, Xiluodu, Wudongde 

and Baihetan) had been built. The first two reservoirs have been in operation since 2012, 2013, 

respectively, and the other two are currently under construction at upstream of Xiluodu (Table 

1). The large number of dams and their associated environmental alterations resulted in a 

number of changes in hydrology (Wang et al., 2018; Xu and Zhang, 2018), water temperature 

(He et al., 2020; Wang et al., 2020), sediment load (Ren et al., 2020), greenhouse gases 

emissions (Li et al., 2020b) and fish communities (Yu et al., 2019). Thus, how to best assess 

the environmental impacts of these cascade reservoirs has become a burning issue. 

 

Figure 2. Map of the Yangtze River basin with names of proposed, under-construction, 

site-preparation, and completed hydropower dams in the main river. The lower left inset map shows 

the location of the studied region in China. The catchment area is marked by light blue color. The fiver 

dams (Wudongde, Baihetan, Xiluodu, Xiangjiaba and Three Gorges) mentioned in the study with an 

abbreviation in bracket, and major cities are marked by red filled circles, respectively. 
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Table 1. Main features of the studied cascade hydropower reservoirs (* denotes dams under construction). 

Dead water level refers to the lowest water level that allows the reservoir to operate under normal operation. 

m a.s.l. is abbreviation of meter above sea level). 

Reservoir 

Hydropower 

capacity 

(MW) 

Dam 

height 

(m) 

Normal Water 

level  

(m a.s.l.) 

Dead water 

level 

 (m a.s.l.) 

Storage 

capacity 

(108 m3) 

Hydraulic 

residence time 

(days) 

Operation 

year 

Three Gorges 

(TGD) 
22500 185 175 145 393 ~36 2003 

Xiangjiaba 

(XJB) 
7750 162 380 370 52 ~16 2012 

Xiluodu 

(XLD) 
13860 285.5 600 540 129 ~37 2013 

Baihetan 

(BHT)* 
16000 289 820 760 179 - 2022 

Wudongde 

(WDD) 
10200 270 950 920 43 - 2020 

1.2 The impacts of damming on flow and thermal regimes 

1.2.1 Dam-induced flow alteration  

Rivers play important roles in global cycle of water and biogeochemistry, sustaining 

aquatic biodiversity and ecological integrity (Arthington et al., 2006; Li et al., 2020a). In 

recent years, the river flow regimes were widely altered due to intensified dam constructions 

(Gierszewski et al., 2020; Poff and Matthews, 2013). Generally, most of dams operate with 

the goal to suppress peak flows, to compensate low flows, or to store or divert river flows. As 

a consequence, flow regimes in the downstream river can be seasonally modified in a way 

that the flow peaks are reduced during the flood season and the low flows in dry season are 

considerably enhanced (Jiang et al., 2014; Maingi and Marsh, 2002). These flow 

redistributions in time by dams can have far-reaching influences on river production, 

biodiversity, and ecosystem function (Nilsson et al., 2005). Thus, it is essential to gain a good 

understanding of the flow regime of rivers for ecological hydropower development as well as 

for reservoir operation. 

Recent studies over the past decade have discussed flow regime alterations caused by 

dams in many basins, e.g., Amazon River (Timpe and Kaplan, 2017), Mekong River (Hecht et 

al., 2019), and Yellow River (Yang et al., 2012). Long-term hydrological observations (Duan 

et al., 2016; Yang et al., 2008) and integrated modeling approaches (Wang et al., 2018; Xu 

and Zhang, 2018) are commonly applied in assessing dam-induced flow alterations. The 
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regional-scale flow alterations of individual or cascade dams at a basin scale are well 

documented (Gao et al., 2013; Hecht et al., 2019; Mp et al., 1996), along with the 

disturbances caused by climate change (Mittal et al., 2014; Yang et al., 2008). Dams are 

known to alter and homogenize regional flow regimes by comparing the pre-impoundment 

period (Poff et al., 2007). Compared to the seasonal hydrologic response to dam (Cui et al., 

2020), climate change causes gradual changes in the basin or global scale (Van Oorschot et al., 

2018). However, an important unresolved question is the intrinsic connection between flow 

alterations and downstream thermal regime or water quality.  

1.2.2 Dam-induced changes in river thermal regime  

The thermal regime of rivers plays an important role in the overall health of aquatic 

ecosystems, affecting water quality and the distribution of aquatic species in the river 

environment (Caissie, 2006). Damming can greatly modify riverine thermal regimes  (Olden 

and Naiman, 2010), especially in stratified reservoirs, where the vertical density gradient acts 

as a barrier suppressing mixing of the water column (Moreno-Ostos et al., 2008) and affects 

the vertical transfer of heat and thermal structure (Elçi, 2008). Furthermore, the discharged 

water differs greatly in temperature to that occurring naturally in the river (Caissie, 2006) and 

adversely alters downriver biotic conditions. It is therefore important to understand the 

thermal dynamics of rivers and related stratification processes in reservoirs. 

Reservoirs in general alter the downstream river water temperature with two main 

features (Liu et al., 2005; Long et al., 2019; Preece and Jones, 2002; Wang et al., 2020): i) 

homogenization effect ï reduction in the annual and daily fluctuations of water temperature; ii) 

hysteresis effect ï delay in water temperature rise and fall (spring cooling and winter warming) 

(Olden and Naiman, 2010). The degree of alteration depends largely on stratification behavior 

of the reservoir and selective withdrawl depth (Olden and Naiman, 2010). Many large 

reservoirs with strong thermal stratification, e.g., Tahtali Reservoir (¢alēĸkan and El­i, 2009) 

and Kouris reservoir (Ma et al., 2008), can selectively alter downstream river water 

temperature by releasing hypolimnetic (cold) or epilimnetic (warm) water. Well-mixed 

reservoirs can also directly modify a riverôs thermal regimes by distorting and blunting the 

definite synchronous behavior of interacting air and water temperature (Kňdra and Wiejaczka, 

2016; Poole and Berman, 2001). In addition, flow reduction and/or flow alteration can also 
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contribute to changes in downstream river water temperature (Caissie, 2006; Sinokrot and 

Gulliver, 2000). Given the important role of water temperature for biotic responses, the 

dynamics of stratification and reservoir operation on discharge are crucial to downstream 

river ecology and therefore should be better understood. 

1.3 The response of hydrodynamics to reservoir operation 

After the reservoir is filled, enlarged cross-sectional area causes a general reduction in 

flow velocity (Vörösmarty et al., 2003). The drastic changes in hydrodynamics (from lotic to 

lentic) (Agostinho et al., 2008; Casamitjana et al., 2003) are strongly related to the location 

and height of dam, volume of reservoir and water residence time (Schmutz and Sendzimir, 

2018). Water residence time can be calculated as the ratio of reservoir storage capacity to 

discharge (Straġkraba et al., 1995), which is closely related to mixing and transport processes, 

and seasonal changes in thermal stratification (Andradóttir et al., 2012; Rueda et al., 2006).  

Seasonal and inter-annual cycle of flow regulation and water level fluctuations (WLFs) 

are important features of reservoirs. Hydropower reservoirs generally free their storage 

capacity prior to flood seasons (for flood control) and refill  before dry seasons (for power 

generation). Seasonal WLFs are a key physical process that affects thermal stratification and 

ecosystem functioning in reservoirs (Geraldes and Boavida, 2005; Jin et al., 2019; Litvinov 

and Roshchupko, 2007). In addition to seasonal flow regulations, short-term reservoir 

hydrodynamics are also noticeably affected by various withdrawal schemes (¢alēĸkan and 

Elçi, 2009; Carr et al., 2020). Changing the schedule of discharge depth can alter vertical 

mixing regime (Johnson et al., 2004), which has large impacts on heat transport, distribution 

of dissolved oxygen and nutrients cycling (Meghan K. Carr et al., 2020). It has been simulated 

by numerical modeling that deep-water withdrawals tend to facilitate heat transfer in the water 

column and deepen the water mixing layer (Ma et al., 2008), in contrast to surface 

withdrawals that shrink the metalimnion and result in less mass transfer from the epilimnion 

to the hypolimnion (Zouabi-Aloui et al., 2015). 

Recently, artificial  hydrodynamics processes have been observed and simulated in 

reservoirs as a result of periodical discharge management (Sha et al., 2015; Xie et al., 2019). 

This periodic reservoir operation has been proven to be able to generate internal waves in 
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reservoirs (Bocaniov et al., 2014) and cause daily variations of water temperature (Xie et al., 

2019). In stratified waters, internal waves are an important forcing mechanism for vertical 

energy and mass transport and shown to have a number of ecological effects (Boehrer, 2000; 

Hodges et al., 2000). In comparison to most commonly observed wind-driven internal waves 

(Stevens, 1999; Vidal et al., 2005; Vidal et al., 2007), the reservoir oscillations caused by 

discharge regulations are still poorly studied. In addition, the understanding of physical 

properties of artificial  waves in reservoirs and their ecological impacts is still limited. 

Therefore, it is of great significance to conduct detailed hydrodynamic monitoring and 

quantify the impacts of reservoir operation. 

1.4 Cumulative impacts in cascade reservoirs 

With the number of dams increasing globally, the joint operations of cascade reservoirs 

has been widely adopted. In a cascade reservoirs system, the hydrodynamics in downstream 

reservoirs are not only affected by the size, location, operation of itself, but also affected by 

the water discharged from upstream reservoirs because of changes in flow rates (temperature). 

For example, inflow water often form a density current along the channel bottom due to lower 

temperature of the releasing water from upstream reservoirs (Chen et al., 2016a). The 

resulting hydrodynamics and thermal regime can both differ from that of a solitary reservoir 

(Chen et al., 2016a; Hocking and Straġkraba, 1994). Compared to the individual impacts of 

dam, multiple dams can have cumulative impacts on the ecological environment (Dos Santos 

et al., 2018; Wang et al., 2014).  

The cumulative environmental impacts induced by cascade hydropower reservoirs 

induce the superposition of impacts on the ecosystems that can be both spatial and temporal 

(Cooper and Sheate, 2002; Culp et al., 2000). However, the superposition of impacts is not a 

simple addition because of each other's interference. The influences can be either positive or 

negative mainly depending on diversion of the dams (Hou et al., 2011; Ma et al., 2018; Yi et 

al., 2019), which can develop via a supra-additive process (greater than the sum of the 

individual effects) or an infra-additive process (less than the sum of the individual effects). 

This indicates the integrated impacts from multiple dams can be diverse and multifactorial. 

For example, the impacts on hydrology can depend largely on the operational rules and, 
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naturally, size of reservoir, and on the actual number and location of the dams (Lauri et al., 

2012). The few existing observations revealed an increase of the overall degree of cumulative 

effect in response to the joint operation of cascade reservoirs (Ouyang et al., 2011; Song et al., 

2018). However, in most cases, the mechanisms how alterations propagate and potentially 

accumulate along the cascade are poorly understood. This may prevent us from having a 

systematic understanding of the ecological effects of dams in a cascade reservoir system. 

1.5 Current research and knowledge gaps in the study area 

The effects of dam on hydrologic regime (Duan et al., 2016), thermal regime (Wang et 

al., 2020; Xie et al., 2017) have been discussed in detail by field observation and model 

simulation in the Yangtze River. For example, TGR changed the magnitude of extreme flows, 

leading to increase of annual minimum flows and reduction of annual maximum flows (Chen et 

al., 2016b; Gao et al., 2013). And the annual cycle of water temperature experienced a 

damped response to air temperature and a marked seasonal alteration: spring cooling and 

winter warming (Cai et al., 2018; Tao et al., 2020). Previous studies examined the effect of 

TGR on downstream water temperature by simply comparing to pre-dam period (Dai et al., 

2012; Long et al., 2016), but it remains difficult to accurately evaluate the dynamic effects of 

dam on river because some key processes have been overlooked: 1) Little is known about the 

response of thermal regime to different operational stages; 2) The thermal and ecological 

impacts of the two upstream newly-built large reservoirs on TGR are poorly explored.  

Recently, the impacts of cascade reservoirs on the natural flow regime and water 

temperature in the Yangtze River have been investigated based on field observation by Chen 

et al., (2016) and hydrological model by Wang et al., (2020), and they found that ecological 

flows would be strongly influenced and the delays in temperature cycle will be further 

exacerbated when more reservoirs are involved. Nevertheless, both studies overlooked the 

mechanisms of alterations propagation and potentially accumulative process along the 

reservoir cascade. The role of individual reservoir in the cascade reservoirs system is poorly 

understood. Thus, it is of great significance to improve our understanding of flow alteration, 

thermal regime changes in cascade reservoirs, and reveal the impacts of upstream dams on 

hydrodynamics in downstream reservoirs. 

In addition to hydrological and thermal regimes alteration, water quality and algal 

blooms in TGR have caught the attention of researchers from the globe (Fu et al., 2010; Stone, 



 

Introduction 

10 
 

2008; Xu et al., 2013). The main source of nutrients and other pollutants in tributary bays is 

the mainstream of the Yangtze River, which can intrude the tributary bays as a density current 

(Ma et al., 2015). The type of bidirectional density currents in the tributaries have great 

influence in nutrient and pollutant transport (Holbach et al., 2014), algal blooms (Yang et al., 

2018), water quality (Xia et al., 2018). Thus, it is important to understand the dynamics of 

density currents and their impacts on hydrodynamics in tributary bays. Despite the large 

number of site-specific measurements and simulations in TGR and its tributaries (Xiong et al., 

2013; Yang et al., 2010; Zhao et al., 2013; Zheng et al., 2011), direct long-term observations 

of density current are sparse and restricted to daily resolution. Besides, the response of the 

hydrodynamics in tributaries to high frequency (sub-daily) WLFs and the potential success of 

related mitigation measures remain speculative. Thus, a better understanding of ecological 

impacts of reservoir operation is needed with a more detailed study. 
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2 Hypotheses and research questions 

The one goal of this PhD thesis is to improve understanding of the stratification and 

hydrodynamics in three cascade reservoirs (XLD, XJB, and TGR, Fig. 2), figure out the 

downriver flow alteration, thermal regime change, and cumulative impacts. Besides, the other 

goal is to reveal the effect of upstream two dams and TGR operation on hydrodynamic and 

algal blooms in the eutrophic tributary (Xiangxi bay) of TGR. In order to achieve our goals, 

the following three research questions should be answered corresponding to three hypotheses. 

Question 1: How do the seasonal flow, thermal regimes, and stratification changes 

along the three cascade reservoirs? 

Hypothesis 1.1: The seasonal river flow variability are significantly affected by the XLD 

and XJB in the upper reach of Yangtze River, with maximum flows being reduced during the 

flood season and minimum flows being increased in dry season. 

Hypothesis 1.2: The river thermal regimes in the upper reach of Yangtze River are 

significantly altered by three above-mentioned reservoirs, with two features: i) 

homogenization effect; ii) hysteresis effect. 

Hypothesis 1.3: The stratifications gradually get weakened along the reservoir cascade.  

Question 2: What is the role of seasonal and diurnal  operation scheduling in 

hydrodynamics in TGR? 

Hypothesis 2.1: While seasonal operations that imply the large WLFs are closely related 

to the dynamics and shift of density currents among underflow, interflow, and overflow in 

tributary of TGR.  

Hypothesis 2.2: Diurnal operation causes high-frequency WLFs and velocity variations 

by the formation of internal wave. 

Question 3: What are the changes in hydrodynamics, and algal blooms in 

downstream reservoir (TGR) in response to the cascade reservoir operation?  

Hypothesis 3.1: The upstream dams weaken the spring stratification in the downstream 

reservoir by significantly increasing in discharge rates.  

Hypothesis 3.2: The recent changes of the thermal structure in Three Gorges Reservoir 

cause the shift of density currents and decrease the risk of algal bloom in tributary.  
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3 Outline  

The field investigation and numerical modelling used to answer the research questions 

are divided into three parts and the findings are presented in 4 articles. The articles, attached 

as Appendices, either have been published / accepted or are under review. The research 

approaches to answer three questions addressed in each part are outlined below.  

 

Part 1 

Long-term daily observations of discharge and water temperature in the Yangtze River 

before and after damming were conducted to evaluate the impacts of dams on downstream 

river flow and water temperature (Q 1). A two-dimensional, laterally averaged, hydrodynamic 

model (CE-QUAL-W2) was applied to simulate the spatial and temporal distribution of water 

temperature in the upstream two reservoirs. 

Appendix I - 

Lianghong Long, Daobin Ji, Defu Liu, Zhengjian Yang, Andreas Lorke (2019). Effect of 

Cascading Reservoirs on the Flow Variation and Thermal Regime in the Lower Reaches of 

the Jinsha River. Water, 11(5): 1008. doi.org/10.3390/w11051008 

Appendix - 

Lianghong Long, Zhengjian Yang, Liu Liu, Daobin Ji, Defu Liu, Andreas Lorke (2020). 

Recent changes of the thermal structure in Three Gorges Reservoir and its ecological impacts 

on tributary bays. Submitted to Science of Total Environment (4 November 2020), under 

review 

 

Part 2 

CE-QUAL-W2 was applied to simulate the hydrodynamics in a eutrophic tributary bay 

(Xiangxi Bay) of TGR and examine the seasonal dynamics of density currents in recent years 

(Q 2). High-frequency measurements of flow velocity and water level in Xiangxi Bay, as well 

as hourly outflow from TGR, were performed to examine the hydrodynamics in tributary bay 

of TGR in response to sub-daily operation (Q 2).  

Appendix  - 

Lianghong Long, Daobin Ji, Zhengjian Yang, Scott A. Wells, Jun Ma, Defu Liu (2019). 

Density driven water circulation in typical tributary of the Three Gorges Reservoir, China. 

River Research and Applications, 35: 833ï843. doi.org/10.1002/rra.3459 
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Appendix - 

Lianghong Long, Daobin Ji, Zhengjian Yang, Defu Liu, Heqing Cheng, Zhongyong Yang, 

Liu Liu, Andreas Lorke (2020). Tributary oscillations generated by diurnal discharge 

regulation in Three Gorges Reservoir. Environmental Research Letters 15(8): 084011. 

doi.org/10.1088/1748-9326/ab 8d80 

 

Part 3 

The seasonal variations of water temperature and discharge in the mid reaches of the 

Yangtze River were investigated by synthesizing multi-year (2004-2018) hydrological and 

meteorological data (Q 3). The effects of upstream dams on the stratification of TGR were 

investigated by examining water temperature depth profiles near the dam. The dynamics of 

spring density currents are analysed by a two-dimensional, laterally averaged, hydrodynamic 

model (CE-QUAL-W2) and eager to link up with spring phytoplankton blooms (represented 

by surface chlorophyll-a concentration) (Q 3). 

 

Appendix - 

Lianghong Long, Zhengjian Yang, Liu Liu, Daobin Ji, Defu Liu, Andreas Lorke (2020). 

Recent changes of the thermal structure in Three Gorges Reservoir and its ecological impacts 

on tributary bays. Submitted to Science of Total Environment (4 November 2020), under 

review
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4 Discussion 

The present work advances our understanding of effects of damming and reservoir 

operation on hydrodynamics and thermal regimes in large cascade reservoirs of the Yangtze 

River. In order to answer proposed research questions, the thesis presents the achievements 

and discussions in three parts. Three main achievements shown in figure 3 include: ( ) these 

three deep reservoirs presented a gradual weakening stratification, and the seasonal river flow 

have been significantly modified with higher discharge in spring and a reduction in summer. 

In addition, downstream river water temperature in the upstream two reservoirs experienced 

the significant warming in winter and cooling in spring and impose a noticeable hysteresis 

effect on water temperature rising and falling processes; ( ) the study reveals and underlines 

the importance of reservoir operation on hydrodynamic at different time scale. The seasonal 

operations are closely related to the seasonal dynamics of density currents in tributary bay 

(XXR) of TGR, while diurnal discharge operation caused high-frequency WFLs and velocity 

variations by the tributary oscillation (barotropic wave with a period of 2 h); ( ) after three 

cascade reservoirs operation, the spring stratification in TGR weakened and reservoir got 

warm, further resulting in the changes of density current and algal blooms in tributary bay 

(XXR) of TGR. 
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Figure 3. Summary of the main achievements in studying the effect of damming and reservoir 

operation on hydrodynamics and thermal regimes in large cascade reservoirs of the Yangtze 

River, China. 
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4.1 Effects of reservoir on river flow and thermal regime 

The seasonal river flow in mid reach of Yangtze River have been substantially modified 

due to the formation of cascade reservoirs with increased discharge in spring and reduced 

discharge in summer. In addition, downstream river water temperature in the three reservoirs 

experienced significant warming in winter and cooling in spring (Appendix I). This is 

consistent with previous studies (Lu et al., 2013; Tao et al., 2020) in addition to the 

superimposed hysteresis effect on seasonal water temperature cycle (Appendix I). These 

results supported our hypothesis that river flow and thermal regimes were altered significantly 

by the three cascade reservoirs (H 1.1-1.2). 

The seasonal outflow variability at the downstream of XJB was significantly affected by 

the larger upstream Xiluodu Reservoir (XLD, Fig. 2). In contrast, the smaller reservoir XJB 

did not significantly alter the seasonal flow regimes due to the milder water-level 

management strategy (Appendix I). This suggests that the reservoir operation of XJB did not 

contribute to cumulative effect in terms of downstream discharge variations. At the most 

downstream TGR, an increase of annual minimum flows and reduction of the annual 

maximum flows downstream were reported (Gao et al., 2013; Tian et al., 2019). This study 

further explored new changes in flow regimes after the formation of the two new reservoirs 

(XLD and XJB), e.g.,, a recent significant increase in spring averaged inflow of TGR at CUT, 

or a drop in summer discharge by ~2000 m
3
 s

-1
 (Appendix ). That results indicated the flow 

alterations from upstream reservoirs can directly affect the inflow conditions of downstream 

reservoir.  

Besides, this study also found the three deep reservoirs with a maximum depth of > 100 

m presented a gradual weakening of thermal stratifications (Fig. 3, H 1.3). In accordance with 

previous numerical simulations of the thermal structure in XLD (Xie et al., 2017), the 

formation of vertical temperature stratification in XLD is mainly due to density currents, i.e., 

an underflow during winter but a near-surface flow during spring-summer (Appendix I). In 

XJB, in contrast, a steep thermocline could not be observed with a brief and weakened 

stratification due to the shorter residence time and strong vertical mixing. Observations in 

TGR showed the vertical temperature differences were less pronounced only with a 

short-term stratification in April-May. In despite of the differences of stratification, the 
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homogenization effects from three reservoirs are similar. For example, monthly mean water 

temperature at XJB station was found to be smaller (- 2.8 ) in April , and warmer (+ 3.2 ) 

in December, while these effects of these two reservoirs (XLD and XJB) are slight smaller 

than the impacts of single operation of TGR, e.g., a decrease of 4.3  in April and an increase 

of 3.7  in December (Deng et al., 2016). The difference of alterations may be due to the 

twice storage capacity in TGR. After the formation of the two upstream reservoirs, mean 

outflow water temperature in TGR increased by 1.1 °C in spring and further by 0.8 °C in 

winter (Appendix ). These changes indicated the cumulative effect of cascade reservoirs is 

not simply linear addition.  

In addition, the study showed in summer the outflows from the three cascade reservoirs 

were slightly different (mostly < 1 °C) to the natural river temperature before the formation of 

the reservoirs (Appendix I, (Long et al., 2016)). This negligible summer cooling effect is in 

contrast to many other stratified reservoirs, e.g., a decrease by 3  in Hills Creek Dam 

(Angilletta Jr et al., 2008), and even by 5-6  in the regulated Lyon River (Jackson and 

Gibbins, 2007), caused by discharging (cold) hypolimnetic water. Contrasting patterns, i.e., an 

increase of summer discharge temperature, have been observed in small reservoirs where the 

release depth was located in the epilimnion (Lessard and Hayes, 2003). But in these studied 

reservoirs, the temperature of the discharged water in summer was not modified significantly 

by reservoirs because water was released from the well-mixed epilimnion (Appendix I, Fig. 3). 

Another noticeable change in temperature is the delay in the seasonal cycle. The nearly a 

month offset-time of water temperature was in close agreement with the hydraulic residence 

time in weak stratified XJB and mixed TGR. On the contrary, the delay of the annual cycle 

(~22 days) in the partially stratified XLD was only approximately half of its residence time 

due to limited mixing of the inflowing water with the hypolimnion in the reservoir (Appendix 

I). That suggests the residence time and stratification are the important factors in the delay of 

annual cycle and hysteresis effect.  

4.2 Importance of reservoir operation on hydrodynamic 

Appendix  and  suggest the importance of seasonal and diurnal reservoir operation in 

hydrodynamics in TGR. The seasonal operations with the large WLFs are closely related to 
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the seasonal dynamics of density currents in tributary bays of TGR, and more frequent 

transformations of density-driven water circulation could facilitate mixing in tributary bays (H 

2.1, Appendix ), while diurnal operation caused high-frequency WLFs and flow velocity 

variations by the tributary oscillations (H 2.2). But it is different to the above-mentioned 

hypothesis 2.2, this tributary oscillation with a period of 2 h is a barotropic wave, and 

represents a so far overlooked hydrodynamic feature of tributaries bays in large reservoirs 

(Appendix ). 

Previous studies (Ji et al., 2010; Yang et al., 2010) have revealed the ubiquitous density 

currents in TGR mainly caused by the temperature differences between mainstream and 

tributaries, and the density currents presented a frequent transformation among overflow, 

interflow and underflow (Appendix , Ma et al., 2015). Field measurements showed a change 

in the intrusion depth from TGR from mid depth to the water surface in response to a rapid 

water level rise (Liu et al., 2012). Ji et al. (2017) also found larger daily WLFs and a longer 

duration of water level rise would create an advantageous density-driven water circulation to 

prevent algal blooms. These studies indicate that the water level management is likely to play 

an important role on the hydrodynamics in tributary bays by changing density currents. 

Besides, compared to single operation of TGR, the findings in Appendix  also showed the 

spring warming which caused by the variation in discharge, induced lift-up of the intrusion 

from interflow to overflow one month earlier operation and caused a three-fold increase of the 

frequency of occurrence of overflows. This change in density current further led to alterations 

of the mixing regime in the tributary bay, i.e., deepening of the surface mixed layer 

(Appendix II) . The deeper mixed layer results in a reduction of the ratio of thickness of 

euphotic zone to mixing depth and therewith to unfavourable conditions for phytoplankton 

bloom in the XXR and potentially also in other tributary bays (Appendix III) .  

In addition to seasonal density current changes, the recent high-frequency observations 

of WLFs and flow velocity in a large tributary bay of TGR revealed standing waves with 2 h 

period which was generated by diurnal discharge regulation in TGR, represents a so far 

overlooked hydrodynamics in TGR (Appendix IV). As an important finding, the bay 

oscillations had a strong effect on the temporal dynamics and vertical distribution of flow 

velocity in the tributary. The periodic wave caused a frequent reversal of the density current 
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transporting water from TGR into the bay and resulted in a pulsating inflow of the river along 

the bed. This can cause more vertical mixing driven by shear production of turbulent kinetic 

energy at the velocity gradient at the edge of the density-driven intrusion (Ellison and Turner, 

2006). So the wave can be expected to provide an important control on the exchange of 

momentum, heat and solutes between both water masses (Sha et al., 2015), and then have a 

far-reaching impact on water quality (Shilei et al., 2020). Thus, accurately and timely 

understanding of the impacts of reservoir operation on hydrodynamics is important for 

assessing the impacts of hydropower development on the riverine ecosystem. To better 

conserve riverine ecology, this study suggests that an adaptive discharge management, 

whether in seasonal scale or daily scale, may provide an efficient mean to improve water 

quality and combat harmful algae blooms.  

4.3 Importance of cumulative impacts and its ecological implication in cascade dam 

operation 

As stated above, this study not only confirms the differences of stratifications along the 

reservoir cascade (H 1), but also reveals the impact mechanism of upstream dams on the 

development of thermal stratification in the downstream reservoir (H 3.1). In addition, this 

thesis also examined that the recent dynamics of density current and algal blooms in the 

tributary (XXR) of TGR are related to recent changes of thermal structure (H 3.2, Appendix 

).  

By comparing observations of cumulative impact induced by the cascade hydropower 

reservoirs in the other dammed rivers (Ouyang et al., 2011; Peng et al., 2014; Sabo et al., 

2017; Song et al., 2018), this study further reveals the interaction between cascade reservoirs 

and highlight the importance of cumulative impacts. Cumulative effects are not simply added 

by individual impacts because reservoirs may be inter-dependent in cascade dammed river 

(Appendix I). Compared to a single reservoir, inflow water often forms a density current 

along the sloping bottom due to lower temperature of the discharged water from the upstream 

reservoir (Chen et al., 2016a), and the increase or decrease in inflow discharge both can affect 

the stratification in the downstream reservoir. In these cases, the results showed that upstream 

reservoirs can weaken the development of thermal stratification in downstream reservoirs 

(Appendix I, Appendix IV). For example, in TGR, spring stratification becomes weak due to 
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the increase of inflow after upstream dam operation. 

In addition, the change in thermal stratification had far-reaching ecological impacts in 

the tributary of TGR (H 3.2), which was exemplified by the modified patterns of density 

currents and the reduced risk of algal blooms in tributary bays of TGR (Appendix IV) . 

Previous studies demonstrated that density currents have significant impacts on the 

hydrodynamics, thermal structure, and phytoplankton blooms in the tributaries of TGR (Ji et 

al., 2017; Liu et al., 2012; Yang et al., 2010). As stated above, compared to standalone 

operation of TGR, the spring warming during cascade operation period caused a new 

hydrodynamics regime in the tributary bay, e.g., the earlier occurrence of overflow in spring 

and a three-fold increase in the occurrence frequency (Appendix ). Since 2012, flow 

regulation with large WLFs had been proposed in TGR for the purpose of phytoplankton 

control (Liu et al., 2012), and then the scheduling scheme with WLF patterns of different 

ñtide-typesò was formulated (Yang et al., 2013), because this flow regulation can affect the 

density-driven water circulation in tributary. However, large manmade WLFs are difficult to 

implement constrained by the strict rules for flood control. The study suggests the operation 

of upstream reservoirs is a potential and effective way to improve water quality by affecting 

the hydrodynamic in downstream reservoir, and the ecological operation of the 

multi-reservoirs have application prospect in future.  

In future, with the joint operation of two new reservoirs (WDD and BHT) upstream of 

XLD, new hydrological and thermal regimes can form (Wang et al., 2020; Wang et al., 2018). 

By recognizing the comparable large storage capacities of the reservoirs (Liu, 2007), the two 

new reservoirs can potentially develop thermal stratification and intensify the changes in the 

flow and temperature regime in the coming years as predicted by He et al., (2020). This thesis 

identified the importance of incorporating also longer-term variability and trends into 

assessments and process-based analysis of the hydrological, thermal, biogeochemical and 

ecological impacts of cascade reservoirs. Future research should overcome site-specific 

assessments in cascade reservoirs, which are typically associated with upstream reservoir 

operation. The interactions of individual reservoir with up- and downstream located reservoirs 

should be taken into consideration systematically.  
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5 Conclusion 

This thesis advances our understanding of the effects of reservoir cascade on river flow 

and thermal regimes and highlights the importance of reservoir operation. The joint operations 

of cascade reservoirs substantially altered the hydrology of TGR: higher discharge in spring 

and lower discharge in summer were observed, while XJB, the reservoir directly upstream of 

TGR had no obvious contribution to the discharge variations in TGR. The outflow water 

temperature of the three reservoirs experienced significant winter warming and spring cooling 

(except for TGR), in addition to a noticeable hysteresis effect on the seasonal water 

temperature cycle.  

This study also underlines the importance of reservoir operation in reservoir 

hydrodynamics. The seasonal dynamics of density currents in tributary bays of TGR are 

closely related to seasonal hydrological cycle of TGR. Meanwhile, high-frequency WLFs and 

flow velocity variations in tributary bays were attributable to bay oscillations (barotropic 

wave with a period of 2 h) that were excited by diurnal discharge regulations of TGR. 

Furthermore, as a consequence of joint operations of cascade reservoirs, the changes in 

inflow weakened thermal stratification and caused warming in TGR. It further had 

far-reaching effects on hydrodynamics and algal blooms in tributary bays, e.g., earlier and 

extended time period of occurrence of overflow and a sharp reduction in phytoplankton 

blooms. In future studies, cumulative effects of cascade reservoirs should be systematically 

investigated.
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Abstract: We analyze the alteration of discharge and water temperature caused by two newly 

established reservoirs in the lower reaches of the Jinsha River. In comparison to longer-term 

observations from the pre-impoundment period, the seasonal flow variability was s ignificantly 

affected by the larger, upstream-located Xiluodu reservoir, with higher discharge in spring and 

reduced discharge in summer. The smaller, downstream located Xiangjiaba reservoir did not 

contribute significantly to the total hydrological altera tion caused by the reservoir cascade. Thermal 

stratification occurred in spring and summer in Xiluodu reservoir, but was not observed in 

Xiangjiaba reservoir. The vertical structure and seasonal dynamics of thermal stratification was 

mainly governed by the  water temperature of the inflow and the depth of the water outlet. Despite 

the different thermal structure, both reservoirs reduced the amplitude of annual temperature 

variations and delayed the seasonal temperature cycle in the downstream river water. In  contrast to 

discharge variation, thermal effects were accumulative along the cascading reservoirs. 

Homogenization and delay effects can be expected to increase further with the completion of 

ongoing reservoir construction upstream of the two studied reser voirs. Based on our findings, we 

discuss the larger-scale impacts of cascading hydropower developments and emphasize the need for 

taking water temperature and its variation into account when developing optimized operation or 

mitigation strategies for these systems.    

Keywords: Flow alteration; thermal regime; stratification; cascading reservoirs; cumulative effect  

1. Introduction  

Reservoirs provide comprehensive ecosystem services to the human society, such as flood control, 

electricity generation, navigation, irrigation and drinking water storage, and have been promoting 

economic and social development [1,2]. However, dam construction and reservoir operation are 

associated with drastic changes of the physical environment in the impounded water body (reservoir), 

as well as in downstream river reaches, with globally significant impacts on biodiversity  [3,4], 

biogeochemical cycling [5,6] and greenhouse gas emissions [7,8].  

Flow velocity and its temporal dynamics are among the primarily affected physical 

characteristics of the impounded river. Enlarged cross-sectional area causes a general reduction of the 

flow velocity, an increase of water residence time [9], and often changes the characteristics of the 

water body from lotic to lentic  [10,11]. In consequence, reservoirs can develop seasonal or diurnal 

thermal stratification, depending mainly on residence time and water depth  [12,13]. Vertical density 

stratification acts as a barrier restraining mixing of the water column  [14] and affects the vertical 

mailto:lorke@uni-landau.de
mailto:dbji01101@ctgu.edu.cn
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distribution of suspended and dissolved material, including nutrients, algae and oxygen  [15,16]. 

Downstream of reservoirs, river discharge is strongly altered, with higher dry season flows and 

reduced flood peaks [17,18]. Furthermore, downstream water  temperature and its seasonal dynamics 

can differ strongly from the pre -impoundment conditions  [19]. Common alterations include a 

reduction in the annual and daily fluctuations of water temperature, lower summer maximum 

temperature, and a delay in the annual cycle of temperature variations  [20].  

With the number of dams increasing globally  [21], cascading reservoir configurations, where the 

inflowing water into impoundments is already affected by upstream dam operation, become more 

frequent. Although th e few existing observations revealed an increase of the overall degree of 

hydrological alteration for the combined operation of cascading reservoirs  [22,23], the mechanisms by 

which alterations propagate and potentially accumulate along cascading reservoir s are poorly 

understood. The impact of reservoir operations on hydrology depends largely on the operation rules 

applied and, naturally, on the actual number and location of the dams  [24]. The hydrodynamics in 

reservoirs, which receive inflowing water from upstream impoundments, is not only affected by flow 

regulation, but also by discharge temperature. Inflowing water often form a density current along the 

channel bottom due to lower release temperature of the upstream reservoir. The resulting thermal 

regime can therefore differ from that of a solitary reservoir  [25,26]. Most studies on the impact of 

cascading reservoirs on river systems have mainly been focusing on discharge and sediment transport, 

whereas the impact of reservoir operation on the thermal regime in downstream reservoirs and river 

reaches has rarely been studied. 

The Jinsha River, which is the upper stretch of the Yangtze River in China, is an example for 

ongoing development of cascading reservoir construction. The upper Yangtze River is extensively 

used for hydropower production, with seven large -scale hydropower projects planned, two being 

under construction, and two recently completed dams  [27]. Xiluodu and Xiangjiaba hydroelectric 

power stations are located in the lower reaches of the Jinsha River. Xiangjiaba is the most downstream 

located reservoir at the Jinsha River and started operation in 2012. Xiluodu reservoir is located 

upstream of Xiangjiaba and started operation in 2013. Two additional reservoirs are currently under 

construction up stream of Xiluodu. The environmental impacts of cascading reservoirs in the Jinsha 

River have been studied in respect to the hydrologic regime [28,29], the thermal regime [30], fish 

diversity  [31], dissolved gas pressure [32], sediment accumulation or siltation  [33,34], and water 

quality  [35]. Studies on alterations of downstream flow and thermal regime, however, are sparse and 

were mostly based on design data, without validation by field measurements. Recently, Xie et al, (2017) 

analyzed the water temperature characteristics and the formation of thermal stratification in Xiluodu 

reservoir. The accumulation of the hydrological and thermal impacts of the combined operation of 

Xiluodu and Xiangjiaba reservoir, however, were not considered.  

This study aims at improving current understanding of the cumulative effects of cascading 

reservoirs by analyzing the thermal regime and flow alteration in two newly constructed reservoirs in 

the lower reaches of the Jinsha River (Xiluodu and Xiangjiaba). We used field measurements of water 

temperature in both reservoirs and combined these with longer -term observations of discharge and 

temperature in the Jinsha River during pre -impoundment conditions. A set of indices are used to 

evaluate the accumulation effect of water temperature after impoundment of both reservoirs and to 

analyze flow alteration from 1980 to 2015. We used the measured data to calibrate a two-dimensional 

hydrodynamic model (CE -QUAL -W2), which we applied to analyze the spatial and temporal 

distributio n of water temperature and the formation of thermal stratification in both reservoirs.  

2. Materials and Method  

2.1. Study Site 

Xiluodu and Xiangjiaba reservoirs are the most downstream located reservoirs in the Jinsha River 

(Fig. 1). Their main functions include hydropower generation, flood control, and increase of shipping 

and commerce in the region. Two additional reservoirs (Baihetan (BHT) and Wudon gde (WDD)) are 
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currently under construction upstream of Xiluodu and are planned to be put into operation in 

2020-2022. The basins of Xiluodu and Xiangjiaba are a typical canyon-shaped and the slope of the 

ÙÐÝÌÙÉÌËɯÐÚɯÈÙÖÜÕËɯƕȭƕƖɯǕɯÈÕËɯƔȭƛƛɯǕȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭ The length of Xiluodu reservoir is about 200 km 

and its width varies between 150 and 1000 m. The impoundment of Xiluodu reservoir was initiated on 

4 May 2013 and the water level varied widely between 540 and 600 m (above sea level) throughout the 

followin g years. The length of Xiangjiaba reservoir is about 156 km and its width varies between 130 

and 1500 m. The impoundment of Xiangjiaba reservoir was initiated on 10 October 2012 and its water 

level varies between 370 and 380 m throughout the year. The two reservoirs are located in a 

subtropical valley where perennial mean temperature is about 11.6 Ņ and the average annual rainfall 

is about 893 mm. The rainfall displays an uneven characteristic, with the seasonal average of 136, 513, 

212, 32 mm from spring to winter, respectively. The main features of the four cascading hydroelectric 

reservoirs are summarized in Table 1. In this paper, period I (1980-2011) will be considered as the 

pre-impoundment situation and period ň (after 2012) as the current hydrologic situation. 

 

Figure 1. Map of the lower Jinsha River (black solid line, the flow direction is f rom south to north) with 

major tributaries (thin black lines). The inset shows the location of the main map within the Yangtze 

River basin (blue line) in China (not to scale). Symbols mark the location of Xiluodu and Xiangjiaba dam, 

as well as the location of weather stations (SJWS, YSWS), hydrological stations (XJBGS, PSGS, XLDGS, 

HTGS) and sampling points for field monitoring (P1 -P6). 
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Table 1. Main features of the cascading hydroelectric reservoirs in the lower reaches of Jinsha River (* 

denote dams under construction). Dead water level refers to the lowest water level that allows the 

reservoir to operate under normal operation ). 

Reservoir 

Hydropower 

capacity 

(MW) 

Dam 

height 

(m) 

Normal Water 

level  

(m a.s.l.) 

Dead water 

level 

 (m a.s.l.) 

Storage 

capacity 

(108 m3) 

Hydraulic 

residence time 

(days) 

Operation 

year 

Xiangjiaba 7750 162 380 370 52 16  2012 

Xiluodu 13860 285.5 600 540 129 37  2013 

Baihetan* 16000 289 820 760 179 - 2022 

Wudongde* 10200 270 950 920 43 - 2020 

2.2. Data  

Daily mean values of river  discharge from 1980 to 2015 and daily mean water temperature from 

2000 to 2015 were available from four different hydrological stations: Huatan gauge station (HTGS, 

235 km upstream of Xiluodu dam); Xiluodu gauge station (XLDGS, 2.9 km downstream to of Xil uodu 

Dam, measured from 2013); Pingshan gaging station (PSGS, 29 km upstream of Xiangjiaba Dam, 

abandoned after 2012) and Xiangjiaba gaging station (XJBGS, 2.4 km downstream to Xiangjiaba Dam). 

Basic parameters of reservoir operation including water level,  inflow, outflow and outlet locations 

were provided by the hydropower company. All the hydrological and meteorological data used in 

this study are summarized in Table S1.  

Meteorological data for the hydrodynamic model were available from Suijiang and Yongshan 

meteorological stations (Fig.1). The data from 1 January 2014 to 31 December 2015 included daily 

average values of air temperature, wind speed and direction, number of  sunshine hours and relative 

humidity, as well as annual average air temperature  and precipitation.  

Depth profiles of water temperature for model calibration were measured in 2014 at six sampling 

sites (P1-P6), which were nearly evenly spaced along both reservoirs (sites P1 to P3 in Xiangjiaba 

reservoir, sites P4-P6 in Xiluodu reservoir, Fig. 1). Measurements were conducted in both reservoirs 

on 24-27 April, 15-17 August and 17-19 December 2014. Vertical profiles of water temperature were 

recorded with 2 m depth increments using a multi -parameter water quality probe (YSI EXO2, USA). 

Annual mean precipitation in the Jinsha River basin was estimated from data was provided by 

China Meteorological Science data sharing Service network (http://www.data.cma.cn/) for 30 

meteorological stations. Air temperature at the two reservoirs was estimated from data recorded by 

three weather stations, located on the upper, middle and lower reaches of the reservoir, respectively 

(see Table S2 in supplementary information). Parts of the data analysis were conducted for seasonal 

time scales, which we defined as spring (March-May), summer (June-August), autumn 

(September-November), and winter (December -February). 

2.3. Assessment method 

In a riverine system, seasonal water temperature variations can be described by an annual 

periodic function  [19], and alterations of water temperature dynamics after reservoir construction in 

terms of changes in its amplitude and phase [20]. We use the baseline deviation index, phase offset 

index and the extreme value amplitude index to evaluate the water temperature change after 

impoundment of Xiangjiaba and Xiluodu reservoir  [36,37].  

The baseline deviation index  Ὅ  is the annual sum of squared differences in monthly mean 

water temperature before impoundment ( Ὕȟ, the index i ȹƕɯȀɯi ȀɯƕƖȺɯÙÌÍÌÙÚɯÛÖɯÔÖÕÛÏȺɯÈÕËɯÈÍÛÌÙɯ

impoundment ( Ὕȟ), normalized by the squared mean deviation of monthly mean temperature from 

the annual mean temperature before impoundment ( Ὕ): 

    Ὅ В Ὕȟ Ὕȟ ȾВ ὝȢ Ὕ                    Eq. 1 

http://www.data.cma.cn/
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The phase offset time index (Ὅ ) is defined as the phase difference between the river water 

temperature and the natural river reference water temperature before the construction of the reservoir.  

The calculation formula is as follows:    

) ÔÁÎ- В ȟ ȟ

В ȟ ȟ
-ÔÁÎ- В ȟ ȟ

В ȟ ȟ
               Eq. 2 

The —ȟ and —ȟ are vector angles of water temperature in month number i after impoundment 

and before impoundment. With 365 days corresponding to a phase shift of 360°, one month 

corresponds to a phase shift of 30°).  

The extreme fluctuation index (Ὅ ) is the ratio of signed differences of annual extreme values of 

monthly mean water temperature after (  Ὕ ȟ ÁÎÄ Ὕ ȟ ) and before (Ὕ ȟ  and Ὕ ȟ ) 

impoundment:  

Ὅ Ὕ ȟ Ὕ ȟ ȾὝ ȟ Ὕ ȟ                     Eq. 3 

The theoretical mean hydraulic residence time of the reservoirs (HRT) was estimated following  

[38]: 
HRT= Volume / Q outflow                                      Eq. 4 

Where Volume is the storage capacity of reservoir, and Q outflow  is the perennial average 

discharge in the lower reaches of the Jinsha River. 

2.4. Numerical simulation 

CE-QUAL -W2 is a two-dimensional (longitudinal and vertical), laterally averaged, 

hydrodynamic and water quality model  [39]. The model has been used to simulate flow velocity, 

temperature and various water quality parameters in lakes and reservoirs [40,41]. We used the 

observed temperature profiles measured in 2014 in both reservoirs to calibrate and to validate the 

model. The initial and boundary conditions, model parameters and results of the model calibration are 

presented as supplementary information (see Fig. S2 ɬ S6). The model performance in simulating the 

water temperature stratification was comparable to that achieved in other studies  [42-44], indicating 

that the model parameters were set reasonably and the simulations of thermal regimes was accurate 

and credible. Using the calibrated model, we simulated the spatial and temporal distribution of water 

temperature in both reservoirs 2015.  

The effect of Xiluodu reservoir on the temperature stratification in Xiangjiaba reservoir in  2015 

was additionally analyzed in a hypothetical scenario, without the upstream Xiluodu reservoir. We 

simulated the water temperature dynamics in Xiangjiaba reservoir with inflow rate and inflow 

temperature data measured at HTGS, i.e. upstream of Xiluodu reservoir. The inflow conditions were 

corrected according to the longitudinal water temperature and flow gradient between HTGS station 

and Xiangjiaba reservoir observed in the long-term hydrological observations during the 

pre-impoundment period. Daily out flow from Xiangjiaba reservoir was estimated by the 

storage-capacity curve and known pre -dam daily water levels. Direct measurements were used for the 

withdrawal height at Xiangjiaba and meteorological conditions during the simulated scenario.  

3. Results 

3.1. Long-term flow variability and hydrological alteration 

3.1.1. Annual mean discharge 

Discharge in the Jinsha River showed pronounced inter-annual variations, which were consistent 

at both gaging station (HTGS and PSGS, Fig. 2). The more than three decades of pre-impoundment 

observations existed distinct hydro -meteorological dynamics. Between 1980 and 1997, annual mean 

precipitation and discharge fluctuated from year to year (mean value ± standard deviation: 623 ± 31 

mm/year and 4274 ± 487 m3/s, respectively), but had no significant trend. In 1998, precipitation and 

discharge were maximal and then decreased gradually with significant linear trends until the 
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impoundment of Xiangjiaba reservoir in 2012. However, no significant abrupt change for precipit ation 

and discharge was detected in former time series analysis of data from PSGS [45,46]. The increase of 

precipitation and river discharge conditions in 1998 has been documented as an extreme event (the 

biggest flood of the Yangtze River in nearly 50 years) in former studies  [45]. We consider 1980-2011 as 

the pre-impoundment period in our analysis the pre -impoundment period and 2012 -2016 as the 

post-impoundment period. The annual mean discharge at the upstream and downstream gaging 

stations was highly cor related during pre -impoundment period ( r2 = 0.95, /ÌÈÙÚÖÕɀÚ r=0.98, p < 0.05). 

The few data points from the post -impoundment period did not deviate from the regression curve, 

indicating that dams operation had no significant influence on annual mean discharge.  The annual 

average discharge was correlated with precipitation dur ing the pre-impoundment period ( r2 = 0.53, 

Pearson correlation coefficient r=0.73, p < 0.05), but discrete points were biased to one side of the 

regression curve after impoundment (see figure S1 in supplementary information).  

 

Figure 2. Time series of annual mean precipitation in the Jinsha River basin (a) and annual mean 

discharge (b) at gauging stations located upstream (HTGS), and downstream (PSGS,  XJBGS) of the 

two studied reservoirs (cf. Fig. 1). The filling of Xiangjiaba reservoir in 2012 (vertical dashed line) 

divides the time series into the pre- and post-impoundment periods, respectively.  

3.1.2. Seasonal discharge distribution  

The monthly mean discharge showed pronounced seasonal variations at both gaging stations. 

During 1980-2011, discharge was typically low with only small inter -annual variations (1601 ± 294 

m3/s) in the dry season (January to April). Highest monthly mean discharge and largest inter -annual 

discharge variability occurred in July -August (9530 ± 2860 m3/s). Although the number of observations 

from the post-impoundment period is rather limited and show large inter -annual variability, they 

indicate a clear modification of the seasonal discharge distribution (Fig. 3). While the monthly 

averaged discharge during the dry season (January to April) were up to 69 % higher than that in the 

pre-impoundment period, the summer discharge (June to September) was exceptionally low and up to 

26 % below the pre-impoundment average. Monthly discharge during May and December di d not 

show pronounced deviations from the longer -term average discharge. The seasonal pattern and 

magnitude of the post -impoundment discharge anomalies were nearly identical in both reservoirs (Fig. 

3). This is expected as the inflow of Xiangjiaba reservoir is the release of Xiluodu reservoir and there 

are no larger tributaries along this section. Discharge alteration was mainly caused by the larger 

Xiluodu reservoir, which has a storage volume almost 2.5-fold higher than that of Xiangjiaba 

reservoir.  
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Figure 3. The seasonal distribution of the mean percentage change of discharge at XLDGS (a) and 

XJBGS (b) relative to the pre-impoundment period . Percentage change = (monthly mean discharge after 

impoundment -monthly mean discharge in pre -impoundment period) ×100 %/ monthly mean 

discharge in pre-impoundment period . 

3.2. Long-term temperature alterations 

3.2.1. Water temperature variation 

The water temperature in the Jinsha River showed consistent inter-annual variations at both 

gaging stations with mean water temperature of 17.7 ± 0.5 Ņ and 18.8 ± 0.4 Ņ at HTGS and PSGS, 

respectively (Fig. 4a). Temperature was increasing at a rate of 0.06 Ņ/yr  at HTGS ȹ/ÌÙÚÖÕɀÚ r = 0.54, p < 

0.05). At the 0.05 level, the temperature trend at PSGS from 1980 to 2015 was not significant, probably 

because of a slight decrease of mean water temperature after dam construction. Monthly mean water 

temperature was closely related to air temperature at /2&2ɯȹ/ÌÈÙÚÖÕɀÚ r = 0.98, p < 0.05) during the 

pre-impoundment period (Fig. 4b), but this consistent relationship broke up into two seasonally 

different linear relationships during the post -impoundment period (Fig. 4b and 4c).  

 

Figure 4. (a) Annual  mean water temperature at HTGS, PSGS, XJBGS from 2000 to 2015. Black symbols 

show annual mean air temperature in the reservoir basin. Solid lines indicate significant linear trends of 
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mean water temperature at HTGS; (b) Correlation between monthly mean air tem perature and water 

temperature during the pre -impoundment period. The solid line shows a linear regression (according to 

the equation in the legend); (c) Correlation between monthly mean air temperature and water 

temperature during the post -impoundment per iod with different color denoting different seasons (see 

legend). Solid lines show linear regressions (equations provided in legend). 

Filling of Xiluodu reservoir was associated with rapid drop in water temperature in February and 

March 2014 (Fig. 5), causing the lowest annual minimum temperature within the observation period in 

2014 (Fig. 4a). The consistent increase of water temperature between the locations of both dams that 

was evident in the mean water temperature before 2012 was not observed after the filling of both 

reservoirs (Fig. 4).  

3.2.2. Seasonal temperature variation and alteration indices 

Water temperature followed a seasonal cycle with lowest monthly mean temperature in January 

and highest values in June to August. Before impoundment (2000-2011), inter-annual variations of 

monthly -mean temperatures were relatively small, mostly within ±1.0 Ņ  (Fig. 5a). After 

impoundment, the observations showed a decrease in the amplitude of seasonal temperature 

variations ( IEC = 0.83-0.92), as well as a delay in the seasonal cycle of the discharge temperature at both 

dams (Offset-time Й 20 d at Xiluodu; Offset-time Й 30 d at Xiangjiaba, table 2). Monthly mean 

water temperature was reduced (maximum: 2.8 Ņ) between March and June, and consistently higher 

(maximum: 3.2 Ņ) than the long-term monthly average temperature between October and January 

(Fig. 5b). In February and July-September, no great change in water temperature was observed. 

 

Figure 5. (a) Box plot of monthly mean water temperature between 2000 and 2011 (pre-impoundment 

period) at PSGS (see caption of Fig. 3 for explanations of the box plot elements). The line plot show 

measured water temperature at XJBGS in 2013-2015 (post-impoundment).  (b) Monthly mean 

temperature difference between the post- and pre-impoundment periods at XJBGS (monthly average 

temperature in 2013-2015 minus monthly average temperature from 2000 to 2011). 

In 2013, when only Xiangjiaba reservoir was in operation, a low baseline deviation index ( IBD = 

0.12) indicated little alteration of water temperature (Table 2). The extreme fluctuation index was 

slightly higher than unity  (IEC = 1.13), indicating above average seasonal variation amplitude. 

Furthermore, the offset-time was about 16 days, which corresponds to the hydraulic residence time of 

Xiangjiaba reservoir (Table 1). However, after Xiluodu impoundment (2014 and 2015), IBD at XLDGS 

was almost twofold higher (average 0.21), than during Xiangjiaba single operation in 2013. The offset 

time was exceeding 20 days already at the outlet of Xiluodu reservoir. In the downstream reservoir 

(XJBGS), both the baseline deviation and the phase shift index increased further from the values at the 

upstream reservoir (Table 2). Also the extreme fluctuation index decreased, indicating 

homogenization of the seasonal temperature cycle.  The offset-time at the outlet of Xiangjiaba 
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reservoir eventually exceeded one month. All indices indicate accumulative effects of Xiluodu and 

Xiangjiaba reservoirs on river water temperature.  

Table 2. Baseline deviation index (IBD, Eq. 1), phase shift index (IPS, Eq. 2), extreme fluctuation index 

(IEC, Eq. 3) and offset-time for the discharge temperature at both dams. We considered the monthly 

average water temperature at PSGS from 2000-2011 as the natural water temperature baseline 

(pre-impoundment period).  

Site Year IBD IPO (days) IEC 

XLDGS 
2014 0.23 23 0.92 

2015 0.19 20 0.88 

XJBGS 

2013 0.12 16 1.13 

2014 0.37 34 0.90 

2015 0.33 31 0.83 

3.3. Stratification in the reservoirs 

3.3.1. Stratification features in Xiluodu and Xiangjiaba reservoirs 

The simulated longitudinal and vertical distribution of water temperature in both reservoirs is 

shown for four different seasons in Fig. 6. Water temperature in Xiluodu reservoir stratified gradually 

during the low discharge period in spring, when a thermo cline occurred below the elevation of the 

reservoir outlet (power tunnels, see Fig. S2). Surface water warmed up from 13.0 °C in January to 

19.5 °C in April. Between April and July, the temperature differences between the epilimnion and 

hypolimnion slowly increased from 3.6 °C on 17 April to 8.1 °C on 25 July because of further warming 

of the epilimnion. Epilimnion temperature was highest (23 °C) in June -August when the reservoir was 

operated at low water level. Flood discharge at the beginning of September, when inflow and outflow 

rates sharply increased to more than 1 104 m3/s and water was mainly released through the bottom 

hole (see Fig. S4), the thermocline moved down quickly at a rate of 1.7 m/d, and the hypolimnion 

shrunk gradually. After October, the  inflowing water became colder and formed an underflow, while 

surface water temperature decreased more slowly. Ultimately, water temperature in the entire 

reservoir became increasingly homogenous in winter.  

In Xiangjiaba reservoir, vertical temperature st ratification was less pronounced. The warmer 

water released from the epilimnion of Xiluodu reservoir in winter, delayed the seasonal cooling of the 

water at the Xiangjiaba outflow and temperature gradients were mainly in the longitudinal direction. 

During spring, in contrast, the inflow of Xiangjiaba reservoir was cooler than the river water, causing 

a delayed warming of the surface water in Xiangjiaba reservoir and weak vertical temperature 

stratification. The bottom water heated up quickly by vertical mix ing, and the temperature differences 

between surface and bottom decreased from 6.1 Ņ in May to 2.0 Ņ in July when the hypolimnion 

had almost disappeared. The near-surface temperature close to dam was relatively high due to 

warming by surface heat fluxes. Vertical temperature gradients disappeared after July and then water 

temperature gradually decreased from 21 Ņ to 15 Ņ during winter.  
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Figure 6. Simulated vertical and longitudinal distribution of water temperature in Xiluodu and 

Xiangjiaba reservoirs during (a) winter, (b) spring, (c) autumn and (d) winter 2015. The location of the 

turbine intakes as well as in and outflow rates are indicated by labels. 

3.3.2. Influence of upstream reservoir on stratification structure of downstream reservoir  

The results presented above suggest that the discharge flow and temperature of the upstream 

reservoir (Xiluodu) affected the vertical stratification and thermal regimes of the downstream 

reservoir (Xiangjiaba) by weakening or inhibiting thermal stratification.  Without Xiluodu reservoir, 

the inflow water temperature of Xiangjiaba would have been warmer in spring and summer and 

lower in autumn and winter, possibly promoting stronger thermal stratification by forming an 

overflow and an underflow, respectively. In a hypothetic model scenario we simulated the variation 

of the thermal structure in Xiangjiaba reservoir in 2015 for modified inflow conditions, reflecting the 

absence of Xiluodu reservoir. Inflow temperatures were estimated from measurements at HTGS using 

the regression equation (ὝὖὛὋὛ=1.0zὝὌὝὋὛ+1.1Ņ). The inflow rate Q was estimated using the formula 

(QHTGS=1.1 × QPSGS + 112.1 m3/s), which we derived from the linear trend of the long -term observations 

(r2 = 0.99).  

The simulations revealed no obvious differences in vertical thermal stratification in the 

Xiangjiaba reservoir, depending on whether the inflowing water was coming from the Jinsha River or 

from the upstream located Xiluodu reservoir (Fig. 7). One obvious i mpact of the upstream reservoir, 

however, is the delay in the seasonal cycle of water temperature that was verified by field 

measurement (Table 2). Nevertheless, the simulation confirms the additive effect of both reservoirs for 

the discharge temperature at Xiangjiaba reservoir (Fig. 8). Without Xiluodu reservoir, water 

temperature in April and May is warmer, indicating that spring warming was delayed with Xiluodu 

operation. In July-September, in contrast, there was no obvious difference in water temperature 

between the three different situations. The amplitude of annual temperature fluctuations without dam 

(12.5 - 23.3 Ņ) were larger than that with Xiangjiaba operation (14.2 - 23.2 Ņ) and the joint operation 

of both reservoirs (14.2 - 23.6 Ņ). With only Xiangjiaba reservoir in operation, the delay of the annual 

temperature cycle (Offset-time) was about 16 days. In the joint operation of both reservoirs, the delay 

increased to 31-34 days, which is in good agreement with the offset time estimated from time series 

analysis (Table 2).  
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Figure 7. Contour plots of simulated water temperature at a cross-section near to Xiangjiaba dam from 

March to August in 2015 with Xiluodu reservoir (a) and without Xiluodu operation (b). 

 

Figure 8. Water temperature of the discharge at Xiangjiaba reservoir in 2015 for  different situations 

(without dam: average water temperature from 2000 to 2011, Xiangjiaba: Xiangjiaba dam with river 

water temperature inflow; Xiangjiaba+Xiluodu: both dams in operation ). 

4. Discussion 

4.1. Effect of reservoir construction on river discharge dynamics 

Construction and operation of Xiluodu and Xiangjiaba reservoir caused changes of the seasonal 

flow variability, with higher discharge during the dry season (up to 50% increase in January -April) 

and reduced high discharge during the wet season. Although the decrease was only about 25% of the 

mean summer discharge, the flow decreased by more than 2000 m3/s. Comparable homogenization of 

the seasonal discharge regime has been observed in other reservoirs [4]. The two reservoirs studied 

here, however, were only four (Xiangjiaba) and three (Xiluodu) years in operation, respectively, and 

the limited period of observations is certainly too short to derive common quantitative indices 

describing the degree of alteration in comparison to the complex natural discharge dynamics  [47]. 

Analysis of longer -term flow variability in the Jinsha River, revealed pronounced inter -annual 
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variability of discharge, which before dam construction was closely correlated to pre cipitation. In the 

few years after impoundment, this correlation appeared to be broken, indicating additional effects of 

the impoundments on longer -term flow variability related to multi -year weather phenomena. In 

contrast to the annual mean discharge, we found large inter -annual variability of the seasonal 

discharge distributions after impoundment. For example, exceptional low discharge in June and 

August in 2015, as well as in August and September in 2016. It remains open, if this variability was 

related to the initial filling and dam implementation, or if the strong inter -annual discharge variability 

persists also during regular reservoir operation.  

Interestingly, the comparison of the percentage change of the average seasonal discharge 

distributions at both reservoirs showed, that discharge alteration can mainly be attributed to the larger 

upstream reservoir (Xiluodu), and remained nearly unchanged during the passage through Xiangjiaba 

reservoir (weaker water -level fluctuation, Fig. S3). Hence, the discharge in the downstream river will 

mainly be controlled by Xiluodu reservoir and that the cascading operation of Xiangjiaba and Xiluodu 

dam were not accumulative in terms of downstream discharge variations.  

4.2. Effect of reservoir stratification on river water temperature 

Most longer -term studies on the thermal impact of reservoirs on river water temperature showed 

that the main thermal effects of impoundment and regulation are a raise of mean water temperature, 

reduction of summer maximum temperature, del ay of the annual cycle and reduction in diurnal 

fluctuation  [20,48]. Surprisingly, the effects of Xiluodu and Xiangjiaba dams on annual mean and 

maximum temperatures in the downstream river were small and within their inter -annual variability 

before impoun dment. The annual minimum temperature, however, has been increasing during the 

three years after initial filling of Xiluodu reservoir. More pronounced effects have been found for the 

seasonal temperature cycle. The offset-time of water temperature was in c lose agreement with the 

hydraulic residence time in Xiangjiaba reservoir. Contrarily, in the partially stratified Xiluodu 

reservoir, the delay of the annual cycle (22 days) was only approximately half of its residence time due 

to limited mixing of the infl owing water with the hypolimnion in the reservoir.  

Monthly mean water temperature was found to be smaller (average - 2.4 Ņ) in March -May, and 

warmer (average + 2.3 Ņ) in November -January, while during summer the alterations were small, 

(mostly < 1 °C). This observation is contrary to many other reservoirs where cooler water is released 

during summer  [49,50]. For example, summer water temperature decreased by 3 Ņ  after the 

construction of Hills Creek Dam  [51], and even by 5-6 Ņ in the regulated Lyon River  [50].  The 

reason for the lower discharge temperature during in these studies was thermal stratification of the 

reservoir and water withdrawal from the hypolimnion. Contrasting patterns, i.e. an increase of 

summer discharge temperature, have been observed in reservoirs where the release depth was located 

in the epilimnion  [52].   

Discharge temperature can strongly be affected by thermal stratification in reservoirs  [20] with 

larger alterations of the natural temperature regime caused by thermally stratified  reservoirs. In 

accordance with previous numerical simulations of the thermal structure in Xiluodu reservoir  [30], we 

found seasonal vertical temperature stratification. As analyzed by Xie in greater detail  [30], the 

formation of vertical temperature strat ification in Xiluodu is mainly controlled by the temperature of 

the inflowing water, which supports vertical stratification by forming density currents, i.e. by forming 

an underflow during winter and a near -surface flow during spring and summer. The streng th of the 

vertical stratification is strongly controlled by the water residence time as well as by the epilimnetic 

release depth. In Xiangjiaba reservoir, in contrast, a strong thermocline did not develop. In addition to 

shorter residence time and shallower water depth, the homogenization of the seasonal temperature 

cycle by the upstream located Xiluodu reservoir was expected to contribute to the absence of 

stratification in Xiangjiaba reservoir. Similarly, a reduction of thermal stratification along cascad ing 

reservoirs due to homogenization of inflow temperature has been found for two reservoirs at the 

Yalong River [53]. Our scenario simulation for Xiangjiaba reservoir, however, suggests that thermal 
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stratification was also absent when its inflow temperatu re was not affected by Xiluodu reservoir, most 

likely on account of its short residence time and strong vertical mixing.  

4.3. Importance of cumulative impacts in cascading reservoirs   

In contrast to the accumulative effects of cascading dams on downstream water temperature, the 

discharge in the Jinsha River way mainly affected by the larger, upstream located reservoir with only 

small additional changes during the passage of the downstream reservoir. Two additional reservoirs, 

located further upstream of Xiluodu reservoir, are currently under construction and planned to be put 

into operation in 2020 and 2022. With discharge being primarily controlled by reservoir operation and 

management, it remains unclear to what extent the seasonal discharge variations will be affected in 

the future after completion of the two additional dams.  

For the two existing dams, we found accumulative effects for the delay of seasonal water 

temperature variation s. The two additional reservoirs will more than double the existing storage 

capacity (Table 1) and probably add to the existing alteration of the temperature regime. With dam 

heights comparable to that of Xiluodu reservoir and larger storage capacity, the new reservoirs can 

potentially develop thermal stratification. On the other hand, the changing inflow temperature will 

probably further weaken the stratification in Xiluodu reservoir, which now is strongly affected by 

density currents formed by the inflowi ng water.  

Comparable observations of alterations of seasonal temperature variations from other cascading 

reservoirs at large Asian rivers [54-56] demonstrate the increasing importance of cascading reservoirs 

on water temperature dynamics. Besides water temperature, current research aims at understanding 

sediment transport and trapping, greenhouse gas emissions and pollutant transport along these 

systems [22,57]. Despite these efforts, existing strategies for optimization of reservoir operation in 

terms of minimizing alterations of natural variations and maintaining good ecological state of 

downstream river reaches, mostly focus on flow regulation  [58,59], and do not include temperature. 

The measurements and simulations presented here emphasize the two -dimensional nature of the 

temperature dynamics in reservoirs. Thus, at least two-dimensional hydrodynamic models are 

required to resolve density -driven flows and the longitudinal variations in temperature and vertical 

stratification along individual an d cascading reservoirs. Future research should aim at overcoming the 

case and site-specific assessments, which are typically associated with such complex simulations, by 

providing a physical -based framework for assessing and predicting thermal impacts of r eservoirs and 

reservoir cascades based on bulk parameters. In a simplified approach, the two-dimensional nature of 

temperature stratification could be described in terms of longitudinal and vertical temperature 

gradients, which develop as a function of the  rate of change of inflow temperature, residence time, 

surface heat fluxes and vertical mixing along the reservoirs. In a system-analytical approach, the 

interactions of individual reservoirs with up - and downstream located reservoirs and with the 

atmosphere can be prescribed as annually periodic boundary conditions with amplitude and phase. 

That approach could potentially be linked to existing frameworks describing the ecological impacts of 

cascading reservoirs, such as the cascade reservoir continuum concept [60].  

Our analysis further revealed the existence of pronounced inter -annual variability of the natural 

flow and temperature regime in the Jinsha River during the pre -impoundment period. Before 

impoundment, river discharge was correlated to annual mea n precipitation, which varied strongly 

during the more than 30 years of observation. River water temperature without reservoir operation 

showed an increasing trend. The observed rate of increase of the mean water temperature during the 

last ten years before impoundment was with 0.06 °C/year among the highest rates observed globally 

in aquatic systems [61,62]. These rather rapid climatic changes proceed in addition to reservoir 

construction and underline d the importance of incorporating also longer -term vari ability and trends 

into assessments and process-based analysis of the hydrological, thermal, but also biogeochemical and 

ecological impacts of cascading reservoirs.    

5. Conclusions 
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Before dam construction, annual mean discharge in the lower reaches of the Jinsha River was 

mainly controlled by precipitation. After 2012 flow regulation by newly established cascading 

reservoirs caused significant changes of the seasonal flow distribution, with higher discharge during 

the dry season (especially in March and April) and reduced high discharge during the wet season. The 

discharge in the downstream river was mainly controlled by the upstream -located Xiluodu reservoir.  

Inflow temperature and outflow depth were dominant factors in controlling the thermal structure 

in both reservoirs as well as the downstream river water temperature. Xiluodu reservoir stratified 

gradually in spring, partially caused by the inflow and longitudinal spreading of warmer in the upper 

mixed layer. Vertical temperature stratification disappe ared in autumn  after continuous deepening of 

the thermocline during summer. The homogenization of the seasonal temperature cycle by the 

upstream located Xiluodu reservoir had no effect on the temporary development of thermal 

stratification in the downstream-located Xiangjiaba reservoir. 

Water temperature effects (homogenization and delay of the seasonal cycle) were additive along 

the two cascading reservoirs, and will probably be exacerbated in the upcoming years with additional 

reservoirs being under construction upstream of the two study sites.  
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Supplemental information for ñEffect of cascading reservoirs on the flow variation and 

thermal regime in the lower reaches of the Jinsha Riverò 

Data information 

All data available to the present study, including station name, locations, measurement time and resolution are 

summarized in Table S1. From 1980 to 2015, annual mean precipitation and air temperature from 30 

meteorological stations in the Jinsha River basin were provided by China Meteorological Science data sharing 

Service network (http://www.data.cma.cn/) (Table S2). The average annual precipitation in this basin was 

estimated as the mean values from these 30 stations. Average air temperature was estimated as the mean value 

measured at three stations (marked by an *) in table S2. These stations are located near the upper, middle and 

lower reaches of the reservoirs, respectively. 

 

Table S1 Summary of hydrological and meteorological data used in this study (see Fig. 1 for locations of the 

measurement stations, all data resolution: daily mean) 

Station Description Data type Record period 

HTGS 
Huatan gauging station 

235.1 km upstream of XLD Dam 

Water temperature 

Flow rate 

2000-2015  

1980-2015 

XLDGS 
XLD gauging station 

2.9 km downstream of XLD Dam 

Water temperature 

Outflow rate 

2014-2015  

2014-2016 

PSGS 
Pingshan gauging station 

29.1 km upstream of XJB Dam 

Water temperature 

Flow rate 

2000-2011 

1980-2011 

XJBGS 
XJB gauging station 

2.4 km downstream to XJB Dam 

Water temperature 

Outflow rate 

2012-2015  

2012-2016 

SJWS Suijiang city, middle of XJB reservoir  
Air temperature, wind speed, 

precipitation, cloud cover  
2014-2015 

YSWS Yongshan city, near to XLD dam 
Air temperature, wind speed, 

precipitation, cloud cover 
2014-2015 

 

Table S2 List of the meteorological stations used in the Jinsha Basin 

Station ID Station name Longitude (8E) Latitude (8N) 

Jinsha River 

52908 Wudaoliang 93.08 35.22 

56004 Tuotuohe 92.43 34.21 

56021 Qumalai 95.78 34.13 

56029 Yushu 97.01 33.01 

56144 Dege 98.57 31.73 

56247 Batang 99.01 30 

56443 Xiangcheng 99.08 28.93 

56543 Xianggelila 99.7 27.83 

56487 Meigu 103.31 28.03 

56565 Yanyuan 101.52 27.43 

56578 Ningnan 102.75 27.07 

http://www.data.cma.cn/
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56651 Lijiang 100.21 26.86 

56664 Huaping 101.26 26.63 

56675 Huidong 102.58 26.65 

56684 Huize* 103.28 26.41 

56752 Binchuan 100.57 25.83 

56763 Yuanmou 101.87 25.73 

56768 Chuxiong 101.53 25.02 

56778 Kunming 102.68 25.02 

56586 Zhaotong* 103.71 27.35 

56596 Weixin 105.01 27.85 

56492 Yibin*  104.06 28.08 

Yalong River (main tributary of Jinsha River ) 

56034 Qingshuihe 97.13 33.8 

56038 Shiqu 98.1 32.98 

56146 Ganzi 100 31.62 

56167 Daofu 101.12 30.98 

56267 Yajiang 101.02 30.03 

56462 Jiulong 101.5 29 

56474 Mianning 102.02 28.55 

56571 Xichang 102.27 27.9 

Note: 1.the Yalong River is largest tributary of the Jinsha River. 

 

 

Fig. S1: (a) Discharge measures at PSGS in 1980-2011 and XJBGS in 2012-2016 (x-axis) and HTGS in 

1980-2016 (y-axis); b) Correlation between annual mean precipitation in Jinsha Basin and discharge at the 

downstream gauging station (PSGS, 1980-2011; XJBGS, 2012-2016). Solid blue lines in both panels show linear 

regression for the pre-impoundment period according to the equations shown as labels. 

Model description 

Model grid generalization 

According to the principle of grid division, the bathymetry of XJB reservoir was formed as single main branch 

with 149 segments along a longitudinal axis and 118 vertical layers, each 1m deep (Fig. S.2). Each segment is 

approximately 1 km long. Similarly, the bathymetry of XLD reservoir is composed of 159 longitudinal segments 

and 121 vertical layers. The length of the longitudinal grid cell varied between 50 and 4000 m, and the vertical 
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cell size was set to 2 m. The top elevation of the reservoir was 384 m in XJB and 614 m in XLD reservoir. The 

minimum time-step was 0.5 s and the maximum time-step was 3600 s. Approximately 2-3 hours of runtime was 

needed by a Pentium PC for the simulation period of 1 year. 

 

 

Fig. S2: Grid geometry of the representation of XLD and XJB reservoir in the CE-QUAL-W2 model. 

 

Initial conditions 

The initial conditions required in CE-QUAL-W2 model include inflow, outflow, flow velocity, and water 

temperature. The inflow conditions include upstream flow, water temperature and outflow, are the discharges at 

the dams. The initial water temperature was set to 15 , and the flow velocity to zero. The sediment temperature 

is set to 15.5  that is the local annual mean temperature.  

Boundary conditions 

Meteorological conditions (wind speed, air temperature) are shown in Fig. S3. Inflow, outflow from different 

position and water level in both reservoirs from 2014 to 2015 are shown in Fig. S4. 

 

Fig. S3: (a) Daily mean air temperature and (b) wind speed at SJWS and YSWS meteorological station 

(representative for XLD and XJB reservoir, respectively). 
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Fig. S4: Measured inflow, outflow, and water level in XLD reservoir (a) and XJB reservoir (b) in 2014-2015. 

The outflows through the hydroelectric station, bottom hole and spillways as well as water level elevation in 

front of dam are denoted by different color (see legend) 

Calibration 

Model performance was evaluated as the mean absolute error (MAE) and the root mean square error (RMSE):  

-!%
Вȿ ȿ

  
                               Eq. (S.1) 

2-3%
В

  
                          Eq. (S.2) 

The water balance during the simulation was validated by comparing predicted elevation with observed elevation 

(Fig. S5), which had MAE and RMSE of less than 0.1 m. The results show that the bathymetry is correct and the 

inflow and outflow data are accurate.  

 

Fig. S5: Observed and simulated water level in front of XLD (a) and XJB (b) dam (MAE: Mean Absolute Error; 

RMSE: Root Mean Square Error; Start time, 01/01/2014)  
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Through sensitivity analysis of hydrodynamic model parameters, we found that the most sensitive parameter on 

temperature is the wind sheltering coefficient (WSC) in XJB reservoir, next dynamic shading (DYNSH) and the 

light extinction coefficient (EXH2O). In XLD reservoir, temperature predictions were most sensitive to the 

DYNSH, then the WSC and AZC. The calibrated parameter values for both reservoirs were obtained by 

repeatedly adjusting the value of the parameters until the best match between predicted and observed 

temperatures was obtained for (Table S3). 

The calibration of the CE-QUAL-W2 model focused on the simulated temperature profiles at six monitoring 

points at which temperature profiles were measured in 2014 (Fig. S6). These points represent the upper, middle 

and lower reaches of both reservoirs, respectively. The average MAE of all 9 measured profiles in XLD and XJB 

reservoirs were 0.36 , 0.52 , respectively. The average RMSE in these two reservoirs were 0.46 , 0.63 , 

respectively. Comparing the performance of CE-QUAL-W2 model in other reservoirs (Kim and Kim 2006, 

Smith et al. 2012) (MAE Ó 0.8 ; RMSE Ó 1.2 ), the model performed well in simulating the water 

temperature stratification. The MAEs of April were higher in initial stratification (Fig.8). In XJB reservoir, as 

can be seen from Fig.14a, the thermal regime at P1 exhibits two thermoclines in April and disappeared in 

summer and in winter. In XLD reservoir, Fig.14b illustrates the model's ability to produce the thermocline 

development in April, the strong thermocline present in August, and the mixing in December. The mean errors in 

model predictions in the two reservoirs are within 0.5 , most of them are much less, indicating that the model 

parameters are set reasonably.  

 

Table S3 Main hydraulic coefficients in different reservoirs 

Variable name Description Values in XJB reservoir Values in XLD reservoir 

[AZC]  Vertical Turbulence Algorithm THE W2 

[EXH2O] Water Extinction Coefficients [m
-1
] 0.35 0.45 

[WSC] Wind Sheltering Coefficient 0.7 0.7 

[DYNSH] Dynamic Shading or Static Shading 0.7 0.9 

[TSED] Sediment Temperature [ ] 17.2 17.2 

 

 

Fig. S6: Simulated and observed vertical temperature profiles in XJB reservoir (left) and XLD reservoir (right) 

(cf. Fig. 1). 
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Abstract: A 2-D hydrodynamic model was developed for 

modeling water circulation from 2008-2011 in a typical 

tributary of the Three Gorges Reservoir. The model is capable of 

describing flow behavior and mixing mechanisms for different 

density current patterns and performs well in computing the 

velocity, the intrusion layer at the plunge point, and the travel 

distance of the density current. The effects of 10 flow patterns 

on thermal stratification, hydrodynamics, and algal bloom risk 

are discussed and classified in terms of algal growth. Patterns 

(6) and (10) can effectively prevent algal blooms; patterns (7) 

and (8) are good for algal blooms. More frequent 

transformations of flow-driven patterns, as observed in 

2010-2011, could create more eddies and mixing and thus 

reduce bloom risk. Further studies are necessary and 

recommended for more accurate predictions and assessing the 

impact of water level fluctuations on transform flow patterns 

and water quality.  

 

Keywords: Three Gorges Reservoir; Density currents; 

Thermal stratification; Algal blooms; CE-QUAL-W2 

1 Introduction  

Hydrodynamic processes significantly affect the water quality and bioproductivity of reservoirs. These 

processes ultimately provide the conditions for the ecosystem to function (Dubnyak and Timchenko 2000). In 

estuaries, freshwater inflows produce net seaward transport, whereas tides lead to periodic seaward and landward 

transport. Hence, different types of flow patterns exist under the interactions of river flow, tidal currents, and basin 

morphology, affecting the species compositions and distributions of flora and fauna (Mao et al. 2004; Ji et al. 

2007). Flow patterns are also evident in reservoirs, and their modes of circulation can be defined by the interaction 

of reservoir morphometry with inflows. In analyzing hydrodynamic processes, ecological characteristics and water 

quality dynamics, transport time scales such as residence time are often used to characterize transport processes in 

a water body. These time scales help to explain how some water quality parameters (such as dissolved oxygen and 

mailto:dbji01101@ctgu.edu.cn
mailto:20141031@hbut.edu.cn%20(Zhengjian
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chlorophyll-a concentrations) vary (Chen 2007). A óreservoirô or ólakeô with a long residence time and a stratified 

water column is more likely to host anoxic conditions at the bottom than a lake with a short residence time and a 

well-mixed water column. Mixing in lakes, reservoirs, estuaries, coastal and offshore marine waters occurs 

through several mechanisms, including wind-induced turbulence, convective mixing, and mixing due to 

inflows/outflows (Martin and McCutcheon 1998; Imboden and Wüest 1995). During a mixing event, nutrients can 

be mixed to the upper portion of the water column, where they can fuel algal blooms (Lawson and Anderson 2007).  

The Three Gorges Reservoir (TGR) is a very large reservoir that was impounded in June 2003. There are forty 

tributaries comprising a watershed area of more than 100 km
2 
(Zhang et al. 2008). Eutrophication and algal blooms 

appeared in some tributary arms as the reservoir was filled (Fu et al. 2010; Ye et al. 2007). It is known that the 

tributary bays have much greater thermal stratification than does the mainstream. Since the minimum flow rate of 

the TGR is higher than 5500 m
3
/s, the high flow rate causes strong vertical disturbance and mixing intensity in the 

TGR mainstream so that vertical differences in water temperature and stratification are reduced (Ji et al. 2013). As 

a result, the water density profiles of the TGR mainstream and those of tributary bays would be different from the 

mainstream TGR (Ji et al. 2010a; Yang et al. 2010). Water from the TGR mainstream intrudes into the side arms as 

a density current (Yang et al. 2010; Ji et al. 2010a).  

Since the upstream inflow water temperature is often higher or lower than the water at the ends of the side 

arms, surface and bottom density currents are induced. Based on the water temperature difference between the 

mainstream and bay, overflow, upper-interflow, interflow, lower-interflow, and underflow intrusions will occur. 

Two types of downward density currents caused by upstream inflows and five types of intrusion gravity flows 

have been identified, which drive complex water circulation and vertical mixing processes in the tributary side 

arms (Ji et al. 2013). These density currents have a strong influence on the tributary water quality. Ecological 

simulation models have been used to predict these circulation processes and their resultant impact on water quality 

(Tufford and McKellar 1999). 2-D models are used broadly in different kinds of water bodies all over the world. 

The main advantages of 2-D models are that much finer resolution can be achieved in the longitudinal and vertical 

directions and numerical dispersion can be better controlled than in comparable 3-D models. 2-D models are also 

computationally less expensive than 3-D models and are better able to provide simulations over longer time scales 

(e.g., seasons) (Kurup et al. 2000; Davies and Gerritsen 1994).  

In this study, a 2-D hydrodynamic model is adopted to (1) model the density currents in Xiangxi River (XXR), 

a typical tributary arm of the TGR; (2) identify and classify density-driven circulation; (3) characterize the 

hydrodynamics, temperature distribution and vertical mixing responses of tributary circulation; and (4) discuss the 

environmental impacts on thermal structure, nutrient distribution and algal bloom risk and provide suggestions for 

reservoir operations. 

2 Study Area 

The Three Gorges Dam (TGD) is located in the mainstream of the Yangtze River (China). Construction of the 

TGD formed a giant subtropical reservoir (Three Gorges Reservoir, TGR) that is one of the largest artificial lakes 

in the world, with a capacity of 3.93×10
10

 m
3
, water level of 175 m ASL, surface area of 1080 km

2
 and watershed 

area of over 1.00 ×10
6
 km

2 
(Huang et al. 2006; Xu et al. 2011). The XXR (Yang et al. 2013), the largest tributary in 

the lower reach of the TGR (32 km from the Three Gorges Dam), can be considered as a representative of most 

eutrophic side arms of the TGR. It encompasses a watershed area of 3,095 km
2
 and has an annual average flow of 

47.4 m
3
/s. It extends from 110Á25ǋ E to 111Á06ǋ E to 30Á57ǋ N to 31Á34ǋ N (Fig. 1). A deep riverine bay was formed 

as the lower 24 km were submerged by backwater after the initial filling of the TGR in June 2003 to a water level 
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of 135 m. The backwater reach extended upstream approximately 40 km when the TGR was filled to a normal 

water level (175 m).

 

Fig. 1 (a) Location of the Three Gorges Reservoir (TGR) in China; (b) Location of Xiangxi Bay in the TGR, outlined in red 

3 Model descriptions 

The CE-QUAL-W2 model is a two-dimensional, laterally averaged, hydrodynamic and water quality model. 

Based on applications for more than 400 different water bodies (rivers, reservoirs, lakes, slough and estuaries) and 

under a wide variety of conditions, the model can accurately simulate water temperature, hydrodynamics and 

water quality (Berger and Wells 2008; Bowen and Hieronymus 2003; Martin 1988; Lung and Nice 2007; Chung 

and Gu 1998; Ma et al. 2015). The CE-QUAL-W2 model was selected for this study because it can well-reproduce 

the dominant density currents in the side arms of the TGR. Currents induced by density effects are simulated in the 

model by solving the equation of state, which relates density to the temperature and concentration of dissolved 

substances.  

The XXR has a length-to-width ratio of approximately 400, making it appropriate for the application of the 

laterally averaged CE-QUAL-W2 model. A computational grid of the XXR was developed based on bathymetric 

and geometric data for the reservoir. The XXR was represented by 64 longitudinal segments between 500 and 1000 

m in length and 109 vertical layers of 1-m thickness. Model widths ranged from 20 to 1300 m. The accuracy of the 

bathymetry data was confirmed by comparing the observed and simulated storage water elevation curves. The 

time period from January 1, 2008-December 31, 2011 was chosen as the simulation period. Variable time steps 

were used in the simulations, which are a fraction of the maximum time step calculated from the numerical 

stability criterion with an auto-stepping algorithm. The boundary and initial conditions, as well as the model 

calibration and validation, are shown in the appendix. 

4 Results and discussion 

4.1 Classifications and analyses of flow patterns in the XXR 

Existing monitoring and analysis (Ji et al. 2010a; Yang et al. 2013; Yang et al. 2010) have shown the 

occurrence of density currents at the confluences of the TGR mainstream and side arms due to the combined 

effects of differences in temperature and suspended solids in the inflows to the XXR and temperature differences 

between the XXR and the TGR mainstream. As shown in Fig. 2, two kinds of downward density currents caused 

by upstream inflows and five kinds of intrusion gravity flows can occur in the side arms of TGR.  

Ten major flow patterns were distinguished. Representative longitudinal/vertical profiles of flow patterns with 
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temperature and flow field with vertical mixing intensity distributions were selected from a four-year modeling 

period (2008-2011) in the XXR to characterize the density-driven circulations. The ten circulations are sketched 

in Fig. 2. Representative flow patterns simulated by the model are shown in Fig. 3 (patterns (1)-(5) and Fig. 4 

(patterns (6)-(10)). 

 

Fig. 2 Schematic graph of ten flow patterns driven by two upstream inflows and five mainstream intrusions 

Note: (1) Upstream: Overflow, Mainstream: Overflow; (2) Upstream: Overflow, Mainstream: Upper-Interflow; (3) Upstream: 

Overflow, Mainstream: Middle-Interflow; (4) Upstream: Overflow, Mainstream: Lower-Interflow; (5) Upstream: Overflow, 

Mainstream: Underflow; (6) Upstream: Underflow, Mainstream: Overflow; (7) Upstream: Underflow, Mainstream: 

Upper-Interflow; (8) Upstream: Underflow, Mainstream: Middle-Interflow; (9) Upstream: Underflow, Mainstream: 

Lower-Interflow; (10) Upstream: Underflow, Mainstream: Underflow. 

̂1̃Upstream: Overflow, Mainstream: Overflow 

As Fig. 3(A), (B) shows, water of the TGR mainstream flowed into the XXR through the surface layer, while 

upstream runoff also entered the surface layer at the end of the XXR. Since momentum is conserved, water below 

the mainstream intrusion would flow toward the mouth of the XXR, forming a large, clockwise circulation at the 

lower reach. A small counterclockwise circulation would occur at the end of the XXR. Because the overflows 

collide, the middle reach often has a longer residence time, with more local eddies and mixing (Fig. 3(B)). 

However, the location and intensity of mixing depended on the relative magnitudes of the two surface overflows. 

̂2̃Upstream: Overflow, Mainstream: Upper-Interflow  

As shown in Fig. 3(C), (D), the TGR mainstream water intruded into the XXR at depths of 3.0-30.0 m and 

9.0-38.0 m, respectively. The upstream runoff flowed as surface layer inflow at the end of the XXR. Water below 

the intrusion layer was forced to flow toward the mouth of the XXR, leading to a large, clockwise circulation, 

wherein water above the intruding water flowed toward the mouth of the XXR to form a weak, thin, 

counterclockwise circulation (Fig. 3(C), (D)). When the upstream surface overflow was small enough and located 

away from the lower counterclockwise circulation, the subsurface water experienced weak vertical mixing such 

that it warmed quickly (Fig. 3(D)). 

̂3̃Upstream: Overflow, Mainstream: Middle-Interflow  

In Fig. 3(E), (F), the upstream runoff still flowed into the surface layer at the end of the XXR, but the TGR 

mainstream water intruded into the XXR from the middle layer at depths of 14.3-53.3 m and 9.4-46.4 m. The water 

layer below the intruding water formed a clockwise circulation, and the water layer above the intruding water 

flowed downward to cause a weak, counterclockwise circulation (Fig. 3(E), (F)). Local eddies and vertical mixing 

tended to occur in the deep layer, and the surface water was relatively stable.  

̂4̃Upstream: Overflow, Mainstream: Lower-Interflow  

As shown in Fig. 3(G), (H), the upstream runoff still flowed through the surface layer of the XXR despite 

relatively low inflow rates of 23.1 m
3
/s and 20.7 m

3
/s, and the TGR mainstream water intruded into the XXR from 
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the middle-lower layer at depths of 27.4-76.4 m and 38.1-83.1 m. The intruding water flowed toward the mouth of 

the XXR, leading to a counterclockwise circulation (Fig. 3(G), (H)). On Feb. 6, 2009, a large, counterclockwise 

circulation originated from the mouth of the XXR and rose up to the surface in the middle reach, and then flowed 

back through the surface (Fig. 3(H)). In this pattern, the counterclockwise circulation could decrease the water 

residence time in the areas it influenced, even up to the water surface. Strong vertical mixing and large-scale 

eddies could occur in the upper reach of the XXR, which is unfavorable to water temperature stratification. 

̂5̃Upstream: Overflow, Mainstream: Underflow 

In Fig. 3(I), (J), the upstream runoff still flowed into the surface layer at the end of the XXR. The TGR 

mainstream water intruded into the XXR through the bottom layer. This formed a counterclockwise circulation in 

the lower reach (Fig. 3(I)). During the development of the mainstream intruding underflow, an eddy formed in 

front of the underflow (Fig. 3(J)), and a small, counterclockwise circulation formed at the end of the XXR (Fig. 

3(J)). In this flow pattern, the downstream underflow increased the lower layer velocity and the upstream overflow 

surface velocity at the end of the XXR, resulting in more rapid water exchange and mixing (Fig. 3(I), (J)). 

̂6̃Upstream: Underflow, Mainstream: Overflow 

The upstream runoff flowed through the bottom of the XXR, and the TGR mainstream water intruded into the 

XXR through the surface layer at the mouth of the XXR to cause a large, clockwise circulation in the lower reach. 

In this pattern, both downstream overflow and upstream underflow would increase water velocity, causing more 

flow movement (Fig. 4(A), (B)). The large-scale eddies and mixing led to rapid breaking of the temperature 

stratification (Fig. 4(A), (B)).  

̂7̃Upstream: Underflow, Mainstream: Upper-Interflow  

As shown in Fig. 4(C), (D), the TGR mainstream water intruded into the XXR at depths of 3.8-29.8 m and 

23.0-28.0 m, and the upstream runoff flowed into the XXR as an underflow. Water below the intrusion formed a 

large, clockwise circulation, and subsurface water flowed slowly toward the mouth of the XXR driven by a thin, 

counterclockwise circulation (Fig. (D)). A large, clockwise circulation was evident in the deeper layer of the XXR. 

The upstream underflow merged with the submerged, clockwise circulation in the lower reach, accelerating the 

movement of water near the bottom (Fig. 4(C), (D)). In this flow pattern, the surface layer was approximately 5 m 

deep and tended to be stagnant with a longer residence time, which is good for surface stratification (Fig. 4(C), 

(D)).  

̂8̃Upstream: Underflow, Mainstream: Middle-Interflow  

As shown in Fig. 4(E), (F), the upstream runoff flowed along the bottom of the XXR. The TGR mainstream 

water intruded into the XXR from the middle layer at depths of 21.1-55.1 m and 20.9-54.9 m. Water above the 

intruding water flowed toward the mouth of the XXR to form a counterclockwise circulation (Fig. 4(E), (F)). The 

momentum of the TGR mainstream intrusion was more likely to be balanced by upstream underflow, causing a 

large, clockwise circulation originating from the mouth of the XXR and rising up to the subsurface of the upper 

reach, enclosing the upstream underflow (Fig. 4(E)). Eddies in the middle reach were created when the TGR 

mainstream intrusion encountered the upstream underflow (Fig. 4(F)). Similar to pattern (7), surface stratification 

was observed (Fig. 4(E), (F)).  

̂9̃Upstream: Underflow, Mainstream: Lower-Interflow  

The upstream runoff flowed along the bottom of the XXR, and the TGR mainstream water intruded into the 

XXR from the middle-lower layer at depths of 20.3-68.3 m and 36.9-85.9 m (Fig. 4(G), (H)). Water above the 

intruding water flowed toward the mouth of the XXR, forming a counterclockwise circulation. In this pattern, a 

large, counterclockwise circulation originated from the mouth of the XXR, rising to the surface of the upper reach. 
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As a result, there was no temperature difference in the deep water (Fig. 4(G)). On October 7, 2011, upstream 

inflows were so large that some of the intrusion water joined the bottom underflow and flowed out of the XXR (Fig. 

4(H)). Strong circulation and mixing caused a much shorter water retention time in the XXR.  

̂10̃Upstream: Underflow, Mainstream: Underflow 

As shown in Fig. 4(I), (J), the upstream runoff flowed along the bottom of the XXR, and the TGR mainstream 

water intruded in the XXR near the bottom. The TGR mainstream underflow intruded and caused a 

counterclockwise circulation within the middle-lower reach. In these cases, upstream underflows would meet the 

TGR mainstream intrusion water and flow toward the bay (Fig. 4(I), (J)). A local clockwise circulation was 

generated in the upper reach of the XXR, with more local eddies and mixing, such as on October 24, 2011 (Fig. 

4(J)).  

 

Fig. 3 Representative flow patterns driven by Upstream: Overflow; Mainstream: Overflow, Upper-Interflow, Middle-Interflow, 

Middle-Interflow, Underflow, respectively 
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Fig. 4 Representative circulations driven by Upstream: Underflow; Mainstream: Overflow, Upper- Interflow, Middle-Interflow, 

Lower-Interflow, Underflow, respectively

4.2 Categorization of water circulation by algal growth  

4.2.1 Water circulation that inhibits  algal blooms 

During most of the year, as shown in Fig. 5, inflows of the XXR originate from the Shennongjia forest, which 

has much lower water temperatures than the XXR (Ji et al. 2010a). At the same time, runoff will be stored in the 

upstream cascade reservoirs to generate electricity, so the colder inflows from the outlets will enter the XXR and 

plunge to the bottom, forming an underflow. At this point, if the TGR mainstream water intrudes through the 

surface at the mouth of the XXR (Fig. 4(A), (B), Table 1 pattern (6)), a large, clockwise circulation will occur in 
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the entire XXR. This increases the velocity at the 

surface and then decreases the water residence time 

rapidly, with numerous large eddies intensifying the 

vertical mixing (Fig. 4(A), (B)). As a result, the 

thermal stratification of the entire XXR would be 

rapidly broken down by the disturbance, and algal 

blooms at the surface would be inhibited (Table 1). 

This pattern was most common at the ends of flood 

storage periods, which explained why autumn algal 

blooms disappeared as the water level increased at the 

end of flood season (Yang et al. 2010; Ji et al. 2010b). 

On the other hand, if the TGR mainstream water at 

this time intrudes through the bottom at the mouth of 

the XXR to form a large, counterclockwise circulation 

that exchanges the upper layer water, the upper layer 

water residence time would decrease. If the power of 

the upstream underflow is lower than that of the 

mainstream intrusion, the upstream underflows will be 

lifted to push the upper layer water to the end of the 

XXR and facilitate a complete exchange (pattern (10)). 

In this flow pattern, the vertical mixing in most parts 

of the XXR was very large, weakening the thermal 

stratification (Fig. 4(I), (J), Table 1). This pattern of 

inhibiting algal blooms often occurs in the long period 

after impoundment, which is why thermal 

stratification in the XXR continued to weaken, due to 

strong mixing (Yang et al. 2010; Liu et al. 2012). 

Additionally, upstream inflows moved through 

the surface layer at the end of the XXR and progressed 

downstream, and ultimately merged with the 

counterclockwise circulation in the upper layer that 

was caused by the lower-interflow and underflow 

from the TGR mainstream (patterns (4), (5)). This 

could also greatly increase surface velocity and 

shorten the surface water residence time, even 

triggering eddies that would increase the intensity of 

surface mixing. The subsurface thermal stratification 

would then be broken, further inhibiting algal blooms 

(Table 1).
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Fig. 5 Temperature of upstream inflows VS water in XXR 

4.2.2 Water circulation that promotes algal blooms 

In patterns (7) and (8), the intrusion flow created a clockwise circulation with the upstream underflow, 

causing the formation of eddies between the two density currents and strengthening the vertical mixing. As a result, 

thermal stratification in the lower depths would be weakened or eliminated (Fig. 4(D), (F)). However, in the 

surface layers in the middle and lower reaches, even though there is a weak, counterclockwise circulation, the 

velocities are still relatively small, and surface water commonly could not be mixed or moved quickly. When 

thermal stratification formed, and a special, vertical temperature profile such as a ñdouble epilimnion-metalimnionò 

would be witnessed in the lower reaches and a "semi-U" type would form in the upper, shallow reaches (Yang et al. 

2012). At the same time, if nutrients were sufficient, these two flow patterns would have the greatest risk of algal 

blooms, particularly in the upper reaches. From Table 1, the two patterns are prevalent most of the year, which is 

why algal blooms can occur at any time of year (Fang et al. 2013; Wang et al. 2011; Zhu et al. 2013).  

In addition, in patterns (2) and (3), the lower layer water below the intruding water formed a clockwise 

circulation and the water over the intruding water flowed downward. This occurred in March 2008 and in 

March-April  from 2009 to 2011 (Fig. 6). However, in general, the cascade reservoirs located in the upstream XXR 

operated with small discharges in the dry season, with an average flow rate of 24.9 m
3
/s and a minimum flow rate 

of only 9.9 m
3
/s. The lower inflow rates resulted in a smaller surface velocity in the upper reach of the XXR, as 

residence time generally increased in the upper reach of the XXR, promoting subsurface thermal stratification 

(Table 1). Thus, algal bloom risk in the upper reach of the XXR could increase. Fortunately, these water 

circulations only occurred in March and early April for a short time, when water temperature becomes a factor to 

be considered.

4.2.3 Water circulation in between 

In pattern (9) the intrusion flow created a counterclockwise circulation, creating many violent eddies between 

the two density currents in the upper reach of the XXR (Fig. 4(G)). However, the magnitudes of eddies and 

mixing depended on the intensity of the counterclockwise circulation that was caused by the TGR mainstream 

lower-interflow. If the counterclockwise circulation is strong enough to accelerate upstream vertical mixing, algal 

blooms would be controlled. However, if this local clockwise circulation is weak, the abundant nutrients and 

suitable temperature would increase the risk of algal blooms.  

In addition, in pattern (1), if the downstream intrusion flow increased, it could greatly increase surface 
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velocity and shorten surface water residence time, even triggering eddies in the upper reach of the XXR (Fig. 

3(A)). Subsurface vertical mixing would then increase, which also prompts algal blooms. If the intrusion water 

was also a small volume, the slow hydrodynamic process would be good for algal blooms (Fig. 3(B)). However, 

in general, surface water velocities were always low at this time, and the hydrodynamic effect of density-driven 

water circulation would not be dominant. The predominant temperature and abundant sunlight would become 

dominant factors that cannot be ignored in early spring. 

 

Fig. 6 Emergence and order statistics of the circular patterns in each month from 2008-2011 

4.3 Impacts of flow patterns on algal blooms 

In Fig. 6, statistics are listed for the flow patterns, which include the order and duration for each month from 

2008 to 2011. Mass statistical analyses found that patterns (1)-(5) only occurred in January-April every year when 

the upstream inflow water temperature was higher or close to that of the water at the end of the XXR, such as in 

March 2008 and FebruaryïApril  from 2009 to 2011 (Fig. 5). The sum of the duration of the patterns (1)-(5) was 

only 25, 81, 34, and 42 days in these four years, respectively, and all occurred during low-risk periods of algal 

bloom. Thus, we focused on the final five circulation patterns and their effect on algal blooms. 

In 2008, (Fig. 6(A)), bad patterns (7) and (8) dominated from April 28 to September 28, except for seven-days 

(pattern (9)) in late August. Patterns (7) and (8) would result in relatively stable thermal stratification in the surface 
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layer, which might be one of the causes for the 2008 summer blue-green algal blooms. Patterns (7) and (8) also 

lasted for a long periods from early June to early August in 2009, which provided appropriate flow and thermal 

stratification conditions for algal blooms. However, there were many more circulation patterns and frequent 

alternations for each month of 2010 and 2011 (Fig. 6(C), (D)). Patterns (7) and (8) lasted for 40 days from July to 

August in both 2010 and 2011, but lasted much shorter times in 2008 and 2009.  

As previously described, favorable patterns (6) and (10) are capable of forming large-scale flow patterns that 

cause local turbulence and increase vertical mixing in the bay. This often has a profound impact on hydrodynamic 

characteristics, nutrient distributions and algal blooms in the side arms of the TGR. As shown in Fig. 7(a), pattern 

(6) appeared five times in 2008 and four times in 2009. It appeared 19 times in 2010 and 17 times in 2011, showing 

a significant increase. Similar to pattern (6), pattern (10) appeared seven times in 2010 and eight times in 2011, 

being more frequent than in 2008 and 2009 when it respectively appeared three times and five times. There was 

also an increasing trend for the maximum durations of patterns (6) and (10) from 2008 to 2010 (Fig. 7(b)). For 

pattern (6), it lasted 14 days, 4 days and 15 days, respectively. For pattern (10), it lasted 20 days, 46 days and 66 

days, respectively. In 2011, durations of 9 days for pattern (6) and 38 days for pattern (10) were still long enough to 

cause circulation and vertical mixing to efficiently and profoundly affect the water quality. Ji and Yang (Ji et al. 

2010b; Yang et al. 2010) performed extensive field monitoring during the impoundment period after the flood 

season, and revealed that pattern (6) moved and accelerated the surface water, strengthened the mixing, breaking 

the temperature stratification, increasing the mixing depth of the algae, and reducing the proportion of euphotic 

depth versus mixing depth (Zeup/Zmix) that inhibits the rapid growth of phytoplankton. As a whole, flow 

circulations in the XXR were dynamic and changeable.  

 

Fig. 7 Frequency and maximum duration of (6) and (10) in 2008-2011, (a) Frequency, (b) Maximum duration 

In addition, transformations between patterns in 2010 and 2011 occurred at a higher frequency than in 2008 

and 2009. For example, in April 2010 and June 2011, there were frequent transformations of flow patterns (Fig. 

6(C), (D)). Different patterns would intrude into the side arms through different layers, with different intensities. A 
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shift from one pattern to another could strongly disturb the water body and break the thermal stratification. The 

faster the patterns transformed, the greater and stronger the disturbance and the lower the risk of algal blooms. A 

reason for the faster transformations of flow patterns since 2010 may be related to frequent fluctuations in water 

level (Yang et al. 2013). Fig. 8 also shows that more frequent daily fluctuations led to a lower risk and smaller 

peaks of algal blooms, especially in 2010. The search for deeper reasons requires further research. It can be further 

speculated that some flow patterns, such as patterns (5), (6) and (10), appear suddenly and have very short 

durations, but could also have a dramatic impact; as such, they are well worth attention and further study. 

 

Fig. 8 Dynamics of Chl.a in XXR arm versus Daily WLF process 

5 Conclusions 

In the ten representative circulations in the XXR, patterns (1)-(5) indicate that upstream inflows through the 

surface layer and the TGR mainstream water intrude at different layers at the mouth of the XXR, but they only 

occurred between January and April each year. At most times year, upstream runoff flows into the XXR near the 

bottom to form an underflow, and then the TGR mainstream water intrudes from different layers at the mouth of 

the XXR, as characterized by patterns (6)-(10). Advantageous patterns (6) and (10) caused large, clockwise or 

counterclockwise circulations in the entire bay, accelerating the surface water. The thermal stratification was 

always broken down rapidly, and thus, algal blooms could be controlled. Patterns (7) or (8) seem to be more 

common throughout the year. When these patterns occur, the surface layer is often stable with longer residence 

time and weaker vertical mixing. Thermal stratification is sustained, generating a higher risk of algal blooms. 

More frequent transformations of density-driven patterns could facilitate mixing in the tributary, especially 

for patterns (6) and (10). However, the transformations were more complicated and appear to be irregular, as those 

representative flow patterns transition from one pattern to another and because water circulation also depended on 

the strength of the density current. The effects of water circulations on thermal stratification and algal blooms risk 

were discussed, along with the vertical mixing characteristics of these patterns. Further studies are necessary and 

recommended for more accurate predictions and for assessing the impact of water level fluctuations on such 

transformations of flow patterns and water quality. The model in this study is a robust water quality model, but a 

future water quality model coupled with the TGR mainstream is also needed to evaluate the mutual link among 

hydrodynamic conditions, water quality, phytoplankton and reservoir operations. 
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Abstract 

Among the major consequences of dam construction and operation are the deterioration of water quality and the 

increasing frequency of occurrence of harmful algae blooms in reservoirs and their tributaries. Former studies at 

Three Gorges Reservoir demonstrated that the Yangtze River main stream is the main source of nutrients and 

pollutants to connected tributary bays. Eutrophication and other water quality problems reported for the 

tributaries along Three Gorges Reservoir are likely a consequence of density-driven exchange flows. Past work 

has focused mainly on the influence of seasonal and daily flow regulation on exchange flows, less attention has 

been paid to hydrodynamic processes resulting from sub-daily discharge dynamics. High-frequency measurements 

of flow velocity and water level in a eutrophic tributary (Xiangxi River) of Three Gorges Reservoir revealed the 

persistent nature of bidirectional density currents within the bay. Superimposed on this mean flow, we observed 

ubiquitous flow oscillations with a period of approximately 2 h. The flow variations were associated with periodic 

water level fluctuations with increasing amplitude for increasing distance from the river mouth (up to ± 0.1 m at a 

distance of 27.4 km from the river mouth). They were caused by a standing wave in the tributary bay, which was 

generated by rapid increase or decrease in discharge following peak-shaving operation modes at Three Gorges 

Dam. The high-frequency wave made up the largest contribution to the temporal variance of flow velocity in the 

tributary bay and represents a so far overlooked hydrodynamic feature of tributaries bays in large reservoirs.  

 

1 Introduction 

Physical, chemical and biological characteristics 

of aquatic ecosystems are strongly affected by water 

level fluctuations (WLF) [1, 2]. Long-term, e.g. 

seasonal or multi-year WLF are the result of a 

variable water balance and often controlled by 

meteorological and hydrological processes. 

Short-term WLF, with periods in the order of seconds 

to hours can be generated by hydrodynamic processes 

(e.g., standing and propagating surface waves) [3]. 

Particularly in reservoirs, WLF are, to a large extent, 

subject to daily discharge regulations [4] and 

shiplock operation [5].  
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Three Gorges Reservoir (TGR) is one of the 

largest reservoirs in the world and among the most 

controversial hydraulic engineering projects in China 

[6]. High environmental costs have caught the 

attention of researchers from the globe [7, 8]. Among 

the major consequences of reservoir construction and 

operation is the deterioration of water quality in more 

than 38 tributaries and the continuously increasing 

frequency of occurrence of harmful algae blooms in 

tributaries [6]. The main source of nutrients and other 

pollutants in tributary bays is the Yangtze River, 

which can flow into the bays as a density current [9]. 

The type of bidirectional water exchange at the river 

mouth affects nutrient and pollutant dynamics [10], 

algal blooms [11, 12], water quality [13, 14], 

phytoplankton composition [15] and sediment 

deposition [16] in the tributary bays. WLF of TGR 

can enhance the water exchange between the bays 

and the main reservoir  and reservoir operation rules 

have been proposed to improve water quality  in 

tributaries by controlling WLF by short-term (daily) 

discharge regulation at the dam [17, 18]. Despite the 

extensive number of measurements and simulations 

that have been conducted in TGR and its tributaries, 

direct observations of exchange flows at the river 

confluences are sparse and restricted to daily 

resolution. The response of the density currents to 

high frequency (sub-daily) WLF and the potential 

success of related mitigation measures remain rather 

speculative.     

The objective of this study is to investigate the 

effect of short-term WLFs caused by discharge 

regulation of TGR on the variability of flow velocity 

and density-driven flows in its tributaries. For this 

purpose, we conducted high-frequency measurements 

of flow velocity and water level in the eutrophic 

Xiangxi Bay (XXB) in combination with the water 

level and discharge observations. The results will 

provide new perspective for understanding of 

hydrodynamic processes and water quality 

management in large reservoirs.  

2 Materials and Methods 

2.1 Study area 

Three Gorges Dam is located in the middle 

course of the Yangtze River (China). The Xiangxi 

River (XXR) is the largest tributary of TGR which is 

in close proximity to the dam (Fig. 1). The river has a 

watershed area of 3095 km
2
, a length of 94 km and a 

mean annual discharge of 47.4 m
3
 s
ī1

. Xiangxi Bay 

(XXB) formed after the initial filling of TGR in June 

2003 and extends up to 40 km from the river mouth 

when the reservoir is filled to its maximum water 

level of 175 m.a.s.l. (meter above sea level). 

2.2 Data and measurements 

Absolute water level measurements (in m.a.s.l.) 

from six gauging stations along TGR (Fig. 1) and 

discharge data were provided by China Three Gorges 

Corporation. The data included time series of 

sea-level referenced water levels with a resolution of 

5 min and discharge at a resolution of 1 h for the 

period of January to November 2018. The relative 

water level and vertical profiles of flow velocity were 

measured in the middle and upper section of XXB 

(17.5 and 27.4 km upstream of the river mouth) from 

September 16 to October 12, 2018. Two Acoustic 

Doppler Current Profilers (ADCP, Teledyne RDI 

Sentinel 600 kHz and 1200 kHz) were deployed at 

the bottom of the river (~0.5 m above the riverbed). 

The ADCPs were configured to measure vertical 

profiles of flow velocity with a vertical resolution 

(bin size) of 0.5 m and a temporal resolution of 15 

min. Hydrostatic pressure recorded by both 

instruments was converted to water depth (relative 

water level) using water density at in-situ temperature. 

Horizontal current velocities were measured in earth 

coordinates and rotated into longitudinal (along the 

river channel) and transversal velocity components 

by rotation into the respective mean (depth and 

temporarily averaged) flow direction at the sampling 

sites. To analyze daily and sub-daily fluctuations of 

water level, water depth and flow velocity, the 

respective time series were high-pass filtered with 

cut-off frequencies corresponding to periods of 36 h 
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(7.7 10
-6
 Hz) and 4 h (7.7 10

-6
 Hz). The frequency 

distribution of variance in water level and velocity 

fluctuations was analyzed in terms of power spectral 

density, which was calculated using Welchôs method 

[19]. 

 

Figure 1. Map of Three Gorges Reservoir at the Yangtze River with major tributaries. The location of Three Gorges 

Reservoir is marked by red box in the overview map shown in the top left corner. Gauging stations used in this study are 

marked by red circles. The inset map in the lower right corner shows the tributary bay of the Xiangxi River at greater detail. 

The sampling sites for water level fluctuations and flow velocity (ADCP ï Acoustic Doppler Current Profile) are marked by 

red star-shaped symbols.  

 

2.3 Theoretical modes of bay oscillation  

We compare basin-scale water level fluctuations 

in XXB with the fundamental period of standing 

waves in a semi-closed basin. With an open boundary 

at the mouth of the tributary, the fundamental period 

corresponds to the Helmholtz mode, with a node 

(minimum wave amplitude) at the mouth and an 

antinode (maximum wave amplitude) at the upstream 

end of the tributary bay. The oscillation period (T0) of 

the Helmholtz mode depends on basin length (L) and 

water depth (H) as: 

 Ὕ ‌ςὒȾÇ Ὄ Ⱦ               

                  (1) 

with g denoting gravitational acceleration [20]. The 

factor Ŭ depends on basin geometry and is equal to 

two for rectangular basin of uniform depth and width. 

For linearly decreasing water depth from H at the 

open mouth to zero at the upstream end of XXB, we 

used a value of Ŭ=2.618 [20]. 
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Figure 2. Water level and water level fluctuations: a) Seasonal water level at six gauging stations along Three Gorges 

Reservoir (TGR, see map in Fig. 1). The stations are located 2.3 km (Zigui) to 369.5 km (Zhongxian) upstream of Three 

Gorges Dam. b) Seasonal dynamics of daily water level fluctuations (high-passed filtered water level fluctuations with 

periods <36 h) at Zigui. Grey background color marks the sampling period in Xiangxi Bay (XXB). c) Daily water level 

fluctuations in TGR (Zigui) and in XXB (Xiakou and Pingyikou). d) As c), but zoom-in on period 4-5 October (grey box in 

panel c). 

3 Results 

3.1 Water level fluctuations  

The amplitude of seasonal water level 

variation in TGR was about 30 m, with low water 

level from June to September (Fig. 2a). With 

differences in water level smaller than 0.1 m along 

the up to 360 km distance between the gauging 

stations, the water level slope was negligible during 

high water levels, but increased slightly up to 0.02 ă 

during summer. The high-pass filtered water level 

time series revealed daily WLF of varying 

amplitude and pattern throughout most time of the 

year (Fig. 2b). The daily dynamics closely followed 

variations in discharge at Three Gorges Dam (Fig. 

S1) and are the result of the seasonally varying 

daily pattern in hydropower generation (examples 

for the different modes of daily dynamics of water 

level and discharge are shown in Fig. S1). The 

rapid changes in discharge resulted in transient 

WLFs, i.e., depressions or elevations in front of the 

dam, which propagated upstream with decreasing 

amplitudes. Cross-correlation analysis of WLF at 

the different gauging stations showed a linear 

increase in time lag with the increasing distance 

from the dam, suggesting a nearly constant speed 

of propagation of the daily WLFs (20 m s
-1
) (Fig. 

S2). This speed corresponds to the phase speed (c) 

of a linear shallow-water gravity wave at a water 

depth (H) of 37 m (c = (gH)
1/2

, with g denoting 

gravitational acceleration). The estimated depth can 

be considered as the equivalent water depth of a 

rectangular channel, while the seasonal-mean water 

depth at the main river channel varies strongly (21 - 

115 m, Table S1). Within the one month 

measurement period in XXB, the water level 

increased from 154 to 172 m.a.s.l., (Fig. S1). The 

water depth at the two sites where ADCPs were 

deployed increased from 30 to 48 m, and from 12 
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to 30 m, respectively. Daily WLFs with amplitudes 

between 0.1 - 0.2 m were observed throughout the 

entire sampling period (Fig. 2c). In XXB, daily 

WLFs occurred nearly synchronously and of 

similar amplitude as in TGR. A more detailed view 

(Fig.2 d), however, identified high-frequency 

fluctuations (with a period ~2 h), which were 

superimposed on the daily WLFs in XXB, but are 

absent in TGR (Fig. 2d). These oscillations were 

nearly ubiquitously present throughout the 

sampling period. The amplitudes were consistently 

higher (up to 0.1 m) at the more upstream located 

sampling site (Pingyikou), compared to 

mid-section site (Xiakou). This observation is 

further evident in the power spectra of WLFs, 

which show a peak in spectral variance around a 

period of ͘2 h at the both sampling sites in XXB 

(see Fig. S3), which is absent the spectra from TGR.

 

Figure 3. a) Water level fluctuations (4 h and 36 h high-pass filtered) and b) longitudinal flow velocity in Xiangxi Bay 

(XXB) at Pingyikou. Positive flow velocity corresponds to upstream flow (from TGR into XXB); negative velocity is in the 

direction of river flow. The red line in b) shows water depth (the measurement range of the current profiler was limited to 24 

m). Black selectrect color marks the zoomed time period of panel c and d. c) and d) show a close-up to a 24 h period in a) 

and b), respectively. 

 

3.2 Flow velocity in Xiangxi Bay 

The temporal dynamics of flow velocity in 

XXB was similar at both monitoring sites and is 

exemplified for the upper course (Pingyikou) in Fig. 

3 (data from Xiakou are presented in Fig. S4). A 

two-layered flow structure was clearly visible at 

both sites, indicative of opposing density currents 

of river inflow along the bottom (underflow) and 

water flowing into XXB from TGR at mid depth 

and near the surface (interflow or overflow) (Fig. 

3b). The river inflow occurred within a maximal 6 

m (Pingyikou) to 10 m (Xiakou) thick layer along 

the bottom of the bay. In this bottom layer, the 

average longitudinal flow velocities were negative 

and maximal near the bottom (-0.11 ± 0.05 m s
-1
 at 

Pingyikou and -0.12 ± 0.06 m s
-1
 at Xiakou; 

vertical profiles of mean flow velocities are shown 

in Fig. S5a). Above the inflowing water, the mean 

flow was directed upstream, (positive longitudinal 

velocity) with maximum magnitudes at 10.5 m 

above the bed at Pingyikou (0.03 ± 0.03 m s
-1
) and  
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Figure 4. Illustration of the generation mechanism of bay waves in Xiangxi Bay (XXB): a) Water level fluctuations in 

Three Gorges Reservoir (TGR, Zigui gauging station) are shown as high-pass filtered time series with cut-off periods of 36 h 

to emphasize daily fluctuations (green line) and 4 h (high-frequency fluctuations, black line). Discharge at Three Gorges 

Dam is shown by the olive line (grey bars mark periods of discharge regulation). b) High-pass filtered (<4 h periods) water 

level fluctuations at both monitoring sites in XXB (Xiakou: red line, Pingyikou: blue line). Note that the applied high-pass 

filter has a finite response to a step change. Therefore, it appears in a) that the water levels start to decrease before the actual 

change in discharge. This is an artifact of the filter. 

 

at 17.6 m above the bed (0.04 ± 0.03 m s-1) at 

Xiakou. Currents in both layers show synoptic 

variability, e.g. intensification of river inflow at the 

end of September and a change of the inflow from 

TGR from overflow to interflow occurring around 

the same period (Fig. 3b). This longer-term 

variability is most likely related to precipitation and 

the continuously increasing of water level in TGR. 

No notable variability in flow was observed at a 

daily time scale, i.e. in response to daily WLFs (Fig. 

3 a and b).  

The high-frequency WLFs (2 h period), 

however, were accompanied by strong periodic 

flows with amplitudes up to ¤0.05 m s
-1
 (Fig. 3c 

and d). These periodic flows were superimposed on 

the density currents and caused periodic variations 

of the thickness of the river underflow as well as 

frequent reversals of flow direction in the upper 

layer. In accordance with the amplitudes of WLFs, 

also the magnitudes of flow velocity were 

consistently larger at Pingyikou, compared to 

Xiakou. Analysis of high-pass filtered longitudinal 

flow velocities (<4 h periods) revealed that the 

wave amplitude and phase were constant over the 

entire water depth at both sites (Fig. S4c). Spectral 

analysis of velocity variance shows a significant 

contribution of the high-frequency wave to flow 

velocity variance at all depths. Variance-preserving 

spectra of velocity revealed that the majority of 

velocity variance was associated with the 2 h wave 

period at the both sampling sites in XXB (Fig. 

S5b).   

3.3 Nature and generation mechanism of the 

bay oscillation  

The detailed diurnal dynamics of water level 

and discharge of TGR leading to the generation of 

the bay oscillation in XXB is illustrated in Fig. 4:  

A rapid decrease or increase in discharge from 

TGR leads to a transient pile-up or depression of 

water level in front of the dam. These water level 

disturbances are only 1-2 cm in height at the dam 

(cf. water level fluctuation in Zigui filtered at 4 h in 

Fig. 4a) and propagate as a surge in the upstream 

direction of TGR and XXB. The period (better 

duration, because it is not periodic) of this surge is 

~2 h. During the initiation of the wave by changing 

discharge at the dam, the amplitudes of the 

high-frequency WLFs in XXB are comparable, or 

only slightly higher than those in TGR. However, 

during the following wave cycles, amplitudes are 

strongly amplified in XXB, while no further WLF 
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occur in TGR. By the time the surge has 

propagated to the upstream end of XXB (0.35 ï 

0.37 h), the water level at the river mouth has 

continued to change by typically ±5 cm, which 

adds to the wave amplitude and results in growing 

wave amplitudes during the period of discharge 

change. Persistent high-frequency bay oscillations 

of variable amplitudes are generated by both 

increasing as well as decreasing in discharge from 

TGR. Interfering waves generated by subsequent 

discharge variations lead to amplification or 

extinction (Fig. 4).  

The uniform vertical distribution of 

wave-induced flow velocity (Fig. 3d) suggests that 

the 2 h oscillation in XXB represents a surface 

wave, rather than an internal wave. The latter 

would be supported by vertical density 

stratification and characterized by opposing flows 

in different layers of the water column. With a 

basin length L = 34-40 km and depth H = 72-90 m, 

as it was observed during the year 2018 (see Table 

S1), the fundamental period of a basin-scale 

surface wave (Eq. 1) varies between 1.84 and 1.94 

h, which is in close agreement with observed 

periods (1.85 - 1.95 h). Consistent with our 

observations, the amplitude of the bay wave 

depends on location and increases with increasing 

distance from the river mouth (Fig. 2d and 4b). For 

this oscillation, the theoretical ratio of wave heights 

at the two measurement locations had a nearly 

constant value of 1.19 (Fig. S6). The observed ratio 

(1.48) is higher, which can be attributed to changes 

of channel width and depth.  

4 Discussion and Conclusions 

High-frequency observations of WLF and 

flow velocity in a large tributary bay of TGR 

revealed the ubiquitous presence of a bay 

oscillation. A standing wave of fundamental mode 

(Helmholtz mode) with a period of 2 h is generated 

by rapid discharge regulation at Three Gorges Dam. 

Although the wave-induced WLFs at the sampling 

sites were considerably smaller than daily WLFs 

due to discharge regulation, its projected maximum 

amplitude at the end of the impoundment is 

expected to be of comparable magnitude. Bay and 

harbor oscillations have been extensively studied in 

coastal and lake environments, where they can be 

generated by wind or tides [21, 22]. To our 

knowledge, such waves have not been observed in 

reservoirs in response to discharge regulation.  

The observed wave period in XXB agreed well 

with a theoretical prediction based on basin 

geometry and water depth (Eq. 1, [20]). The 

oscillation amplitude can be expected to depend on 

the type and intensity of the initial perturbation [23]. 

For periodic forcing, forced oscillations are 

produced with amplitudes depending on friction 

and the proximity of the forcing frequency to the 

natural frequency of the system [21]. The forcing 

frequency in XXB is related to the duration of a 

transient water level change in TGR, and is only 

indirectly related to the periodicity of daily 

discharge regulation. Wave excitation can be 

expected to occur also for different daily patterns 

of discharge regulation at other seasons (Fig. S1) 

and in other tributaries. Our findings showed that 

the wave amplitude is mostly controlled by 

superposition and inference of waves generated 

during sequential changes in discharge. The 

resulting temporal dynamics of wave amplitudes is 

highly variable and make predictions of wave 

amplitudes at other seasons and in other tributaries 

having different resonance frequencies, rather 

difficult.  

As an important finding, our measurements 

revealed that the bay oscillation had a strong effect 

on the temporal dynamics and vertical distribution 

of flow velocity in the tributary. Despite the 

comparably small contribution to WLFs, the 2 h 

bay oscillations made up the largest contribution of 

velocity variance in the bay. The wave caused a 

frequent reversal of the density current transporting 

water from TGR into the bay and resulted in a 

pulsating inflow of the river along the bed. Because 

vertical mixing is mainly driven by shear 

production of turbulent kinetic energy at the 

velocity gradient at the edge of the density-driven 

intrusion [24], the wave can be expected to provide 

an important control on the exchange of 

momentum, heat and solutes between both water 

masses [18]. Former studies emphasized the 

importance of the exchange flows for water quality 

in XXB by demonstrating that the Yangtze River 

main stream appeared to be the major contributor 

of dissolved and particulate water constituents [25], 

including heavy metals [10] and nutrients [11]. 

Eutrophication and other water quality problems 

reported for the tributaries along TGR are likely a 

consequence of this exchange. In fact, the upstream 

section of XXB, where we found the largest wave 

amplitudes and wave-induced velocity variations, 

has been identified as the hot zone where plankton 

blooms favorably develop [26].  

Given the dominant control of the 

wave-induced currents on velocity and velocity 

shear in XXB, it appears surprising that the bay 

oscillations have been overlooked in the extensive 

research that had been conducted at this particular 

tributary. While field observations have been 

limited to discrete (daily) velocity measurements 

[27, 28], water level and discharge were mostly 

specified as daily varying boundary conditions in 

most numerical models [9, 26]. These studies 

captured the characteristics of density current in 

tributaries, but did not resolve the high-frequency 

bay oscillations. The detailed dynamics of 
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exchange flows in a tributary of TGR in response 

to reservoir discharge regulation has been analyzed 

by Sha et al., [18] using a one-dimensional 

hydrodynamic model. They suggested that rapid 

changes in discharge at Three Gorges Dam can 

result in a tidal-like flushing of the tributaries. 

High-frequency bay oscillations that are excited by 

rapid increase or decrease in discharge, however, 

were not reported in that study, indicating the 

importance for improving hydrodynamic models.  

Numerous studies over the last decade have 

suggested that WLFs in TGR can be used to control 

the exchange flow between the main stream and the 

tributaries and to improve water quality in the 

tributaries bays [17, 29]. However, these studies 

are based on simulations and observations, which 

resolved seasonal or daily time-scales of discharge 

variations. Our findings suggest that 

high-frequency bay oscillations need to be 

considered in the development of multi-objective 

ecological scheduling strategies for optimizing 

power generation, as well as upstream and 

downstream flows [30]. Adaptive discharge 

regulation, which is synchronized with the phase of 

previously excited bay oscillations, may provide an 

efficient means for controlling vertical mixing in 

tributaries for improving water quality and 

combating harmful algae blooms.  
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Figure S1. Examples of daily variation of outflow at Three Gorges Dam and high-pass filtered (< 36 h) water 

level fluctuations at six gauging stations along the reservoir at different seasons (see legend and Fig. 1 for 

location of the gauging sites). a) A sharp decline and rise of outflow occurred at midnight and early morning, 

respectively with one cycle in 24 h. b) No significant change in 24 hours. c) Discharge was varied with two 

cycles in 24 hours. 

 

Figure S2. (a) Cross-covariance of high-pass filtered (<36 h hour period) water level variations between the 

near-dam station (Zigui) and the upstream located gauging stations versus lag time (see Fig. 1 for a map of the 

stations). Symbols and vertical lines mark the respective maxima. The covariance is scaled such that the 

auto-covariance of water level fluctuations at Zigui is equal to 1 at zero lag. (b) lag time corresponding to the 

covariance maxima of the high-pass filtered water level fluctuations along TGR (see left panel) versus distance 

of the respective gauging station from the dam (see Table S1). Except for the first gauging station (Zigui, 2.3 km 

upstream of the dam), the lag time increases linearly with distance, suggesting a nearly constant speed of 

propagation of the diurnal water-level fluctuations (see regression line and statistics in the legend). The slope is 

1.15 km min
-1
 corresponding to a speed of 20 m s

-1
. The speed corresponds to the phase speed of a linear 










