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ABSTRACT OF THE DISSERTATION 

 

Lake Dynamics in the Yangtze Basin  

Downstream of Three Gorges Dam  

Driven by Natural Determinants and Human Activities  

 

by  

 

Jida Wang 

Doctor of Philosophy in Geography 

University of California, Los Angeles, 2013 

Professor Yongwei Sheng, Chair  

 

       In the era of “Anthropocene”, lakes as essential stocks of terrestrial water resources 

are subject to increasing vulnerability from both climate change and human activities. 

There has been a widespread recognition of the need for further enhancing our 

monitoring and understanding of lake dynamics under complex human-environment 

interactions, particularly in populated and rapidly developing regions. To address this 

pressing need, this dissertation highlights the Yangtze River Basin downstream of 

China’s Three Gorges Dam (TGD), one of the world’s most populous areas and a critical 

eco-region, which hosts the largest cluster of freshwater lakes in East Asia. The TGD, 

thus far the world’s largest hydroelectric project, initiated water impoundment in June, 
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2003. Existing studies document that individual lakes in this region have recently 

experienced dramatic changes under the context of enduring climatic drought, continuous 

population growth, and extensive human water regulation. However, spatial and temporal 

patterns of lake dynamics across the complete downstream Yangtze basin are poorly 

characterized; and the underlying changing mechanisms remain largely unclear. With an 

emphasis of the controversial TGD impacts, this dissertation presents a comprehensive 

investigation integrating remote sensing, spatial statistics, and hydrological modeling to 

(1) understand the recent lake dynamics across the downstream Yangtze Basin before and 

after the initial TGD operation and (2) diagnose the driving mechanism from inducing 

factors of both climatic variability and major anthropogenic activities, i.e., the TGD 

operation and human water consumption.  

       A widespread net decline in lake inundation area was revealed across the 

downstream Yangtze Basin during 2000–2011 from daily optical imagery acquired from 

the Moderate Resolution Imaging Spectroradiometer (MODIS). The decreasing trend was 

tested significant in all seasons, leading to an evident phase drop of the average annual 

lake cycle before and after the TGD operation (hereafter referred to as “post-TGD 

decline”). The most substantial decline appears in fall, which intriguingly coincides with 

the TGD water storage season. Regional lake dynamics exhibits contrasting spatial 

patterns, with decrease and increase of aggregated lake area within and beyond the 

Yangtze floodplain, respectively. Decreasing lakes in the floodplain, whose elevations 

are below the natural Yangtze level maxima, pose further puzzling of TGD’s impacts on 

the lake system. 
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       To investigate the underlying mechanism driving the post-TGD lake decline, a 

diagnostic approach was proposed based on the conceptual chain where the impact of an 

inducing factor (e.g., TGD’s regulation) usually starts from the Yangtze flows, then 

propagates to the downstream Yangtze levels, and eventually the surrounding lake 

inundation areas. Using in situ measurements and hydrological modeling, daily Yangtze 

level changes were first quantified along the complete downstream range, as a combined 

result of i) TGD’s flow regulation and ii) Yangtze channel erosion due to reduced 

sediment load. Derivative impacts on lake inundation areas were then assessed as 

empirical functions of lake-outlet level changes. Results uncover an altered inundation 

regime of the downstream lake system by TGD’s water regulation, manifested as evident 

lake area decrease in fall and increase in spring and winter. As the most substantial 

influence, reduced lake area in fall explains ~18–83% of the observed post-TGD decline 

across the downstream Yangtze Basin. Concurrent Yangtze channel erosion slightly 

reinforced the area decrease in fall while counteracting ~34% of the area increase in 

winter. Human water consumption accumulated through the local river network led to 

constant Yangtze level decrease, which completely counteracted TGD-induced lake area 

increase in winter. However, human water consumption only adds minor contribution (< 

6%) to the post-TGD lake decline due to slow increasing rates during 2000–2011. The 

major proportions of seasonal post-TGD lake declines were tested to be largely triggered 

by the decadal climatic drought across the downstream Yangtze Basin; however, the 

quantified anthropogenic impacts are evident and anticipated to increase in the coming 

decades due to chronic Yangtze channel erosion and continuous population growth. 
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CHAPTER 1 

INTRODUCTION 

 

1.1. Overview  

       Lakes are hydrological entities of slowly flowing or standing water stored in inland 

basins or depressions [Downing et al., 2006; Herdendorf, 1982]. Covering ~2.7 million 

km
2
 of the global land surface, lakes and ponds (i.e., smaller lakes or impoundment) are 

crucially important components of the biophysical environment. The global water stock 

in lakes is estimated to be 175,000 km
3
, nearly ninety times of the storage capacity of 

river channels and four times of world’s annual river discharges [Oki and Kanae, 2006]. 

Despite a representation of only ~0.02 % of the global water resources [Herdendorf, 

1982; Nace, 1964; 1976; Oki and Kanae, 2006], lakes and reservoirs (i.e., artificial 

impoundment) hold the largest inventory of terrestrial surface water easily accessible to 

human use  [Herdendorf, 1982; 1990].  

       Lakes are “sentinels” of climate changes [Adrian et al., 2009; Schindler, 2009]. 

Different from other major terrestrial water stocks (such as glaciers and groundwater 

[Bredehoeft et al., 1982; Immerzeel et al., 2010; Oki and Kanae, 2006; Wada et al., 

2010]), lakes are distributed worldwide, exposed to various geophysical environments, 

and highly sensitive to climatic variations. During the past half century, human-induced 

greenhouse warming (as testified by the Mauna Loa Curve [Keeling and Whorf, 2005]) 

has raised global temperature at an unprecedented rate in the modern human history, 

driving a series of complex physical and ecological changes. As feedbacks to climatic 
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uncertainties, lakes in both adequacy (number) and area have experienced widespread 

changes worldwide, observed particularly across the circum-Arctic and (semi-)arid 

regions [Bai et al., 2011; Hinkel et al., 2007; Ma et al., 2010; Schindler, 2009; Sheng and 

Li, 2011; Sheng et al., 2008; Smith et al., 2005; Smith et al., 2007]. 

       In populated areas, lakes are subject to additional vulnerability from direct human 

activities. Climate-induced lake changes concurred with continuous increase of global 

population and water demand [Shen et al., 2008; Vörösmarty et al., 2000; Vörösmarty et 

al., 2010; Wada et al., 2013a]. In human societies, lakes and reservoirs function as 

indispensably valuable water resources for numerous purposes including water supplies, 

water-borne agriculture, recreation, hydroelectric power, and water assimilation 

[Herdendorf, 1982]. Particularly in the developing world, natural freshwater lakes have 

been extensively regulated or exploited for massive land reclamation, agricultural 

irrigation, and energy generation, resulting in dramatic lake degradations that have 

considerably exceeded the impacts of local climate changes [de Wit and Stankiewicz, 

2006; Gao et al., 2011; Ma et al., 2010; Verschuren et al., 2002].  

      In the era of “Anthropocene” [Crutzen, 2002], where humanity’s “footprints” on 

natural processes are evident and widespread, it is no longer sufficient to investigate lake 

changes only as natural geophysical responses. As essential components of the 

hydrological cycle, lakes exhibit intertwined relationships with climate and human 

activities. On the one hand, anthropogenic climate changes, together with human water 

consumption and regulation, have extensively influenced natural lake feedings from 

precipitation and surface/subsurface discharges [Arnell, 2004; Smith et al., 2005; 
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Vörösmarty et al., 2000; Vörösmarty et al., 2010; Wada et al., 2010; Wada et al., 2013a]. 

The consequential lake changes suggest an uprising instability and vulnerability of our 

future water stocks. On the other hand, lake area changes across vast geographic regions 

alters the available potential evaporation and near-surface humidity, which in turn 

intervenes with local hydrological and climatic circulations, and eventually affects the 

availability and distribution of renewable water resources carried in multiple formats. To 

better project, conserve, and adopt the rapidly changing water cycles, it is in pressing 

need to refine our knowledge of i) the spatial and temporal dynamics of large-scale lake 

changes and ii) the associated driving mechanisms from both natural and anthropogenic 

dimensions. 

 

1.2. Study area 

      Monitoring and understanding large-scale lake dynamics under contemporary impacts 

of climate change and human activities is of crucial importance to the stability of our 

future water stocks. For this reason, this dissertation highlights the Yangtze hydrological 

basin downstream of the Three Gorges Dam (TGD), a geographic region of 784,000 km
2
, 

considered ideal for lake dynamic studies under the context of human-environment 

interactions. The Yangtze basin downstream of the TGD (shown in Figure 1-1, hereafter 

referred to as “downstream Yangtze Basin”) is defined as the proportion of the 

hydrological catchment of the Yangtze River (the longest River in Asia or the third 

longest in the world) downstream of China’s Three Gorges Dam (30°49′23″N and 

111°00′12″E), thus far the world’s largest hydroelectric project [Nilsson et al., 2005]. 
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Constituting ~45% of the entire Yangtze hydrological basin, the studied downstream 

Yangtze Basin is home to ~15,000 km
2
 of freshwater lakes, constituting ~25% of the total 

freshwater lake area in East Asia or ~30% in China (estimated from the Global Lakes and 

Wetlands Database [Lehner and Döll, 2004] and Shuttle Radar Topography Mission 

Water Body Data [SWBD, 2005]). With an average surface density of ~2.0%, these lakes 

range from under 0.01 hectare to over 2,000 km
2
 in size (with a mean size of 2.5 km

2
), 

including the two largest freshwater lakes in China, i.e., Poyang and Dongting [Wang and 

Dou, 1998]. Together with local river discharges, these freshwater lakes provide essential 

water resources to sustain agricultural production and socioeconomic development in this 

region with nearly half of a billion population  [LandScan, 2008].  

       Approximately 80% of the local freshwater lakes are distributed in this Yangtze 

floodplain. Statuses of the floodplain lakes interact with the local Yangtze level in nature, 

manifested as large intra-annual variability in inundation area. Such natural connection 

between the Yangtze River and most surrounding lakes, however, have gradually 

diminished due to decades of local anthropogenic activities including levee construction, 

channel diversion, and floodgate controls [Du et al., 2011; Fang et al., 2005; Wang et al., 

2011; Wei et al., 2009; Zhang et al., 2006]. Alterations of the tributary network concurred 

with massive reclamation of lake surfaces into agricultural lands in order to support rapid 

population growth during 1950s-80s [Du et al., 2011; Fang et al., 2005; Huang et al., 

2007; Wang and Dou, 1998; Zhao and Fang, 2004]. As a consequence, the lake and 

wetland system in the downstream Yangtze Basin underwent a dramatic degradation over 
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the past half century [Du et al., 2011], and is presently considered as one of the most 

vulnerable freshwater eco-regions in the world [World Wildlife Fund, 2013].  

      Since the entrance to the new century, an enduring hydrological drought has plagued 

the downstream Yangtze Basin. On the one hand, severe hydrological drought leads to 

increased evaporative loss over lake surfaces while decreased precipitation and discharge 

feedings. A 50-year spring rainfall minimum recorded in the year 2011, for example, 

largely explains the extreme low-level anomalies observed in Lakes Poyang and 

Dongting [Feng et al., 2013; Feng et al., 2011a; Herve et al., 2011; Liu et al., 2013]. On 

the other hand, as human water demand from the local agricultural, industrial, and 

domestic sectors continuously increased in this economically active region during the 

recent decade, more consumptive loss has been deducted from the local river discharges, 

which further intensified the natural hydrological drought [Vörösmarty et al., 2010; Wada 

et al., 2013a; Wada et al., 2013b].  

       Concurrent with the decadal climatic drought and increased human water 

consumption, the TGD, thus far the world’s largest hydroelectric project [Nilsson et al., 

2005], has started operation in June, 2003. In less than one month, the Yangtze water 

level immediately upstream of the TGD was elevated by more than 50 m (to 135 m above 

the Yellow Sea Datum), creating the Three Gorges Reservoir (TGR) and submerging 

~500 km upstream [China Three Gorges Corporation, 2004] (Figure 1-2). The Yangtze 

River downstream of the TGD, accounting for 30% of this longest river in Asia, has been 

regulated under an altered flow regime [Gao et al., 2013]. TGD’s flow regulation, 

typically described as flow decrease in fall while increase in winter and spring [China 
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Three Gorges Corporation, 2004], interfered with the natural seasonality of the 

downstream Yangtze level, a crucial factor that governs hydrodynamics between the 

Yangtze River and connected lakes [Lai et al., 2013b; Liu et al., 2013]. Artificially 

regulated Yangtze levels changed the natural water gradients at lake outlets/mouths 

meeting the Yangtze River, and thus impacted inundation patterns of the downstream 

lake and wetland systems [Guo et al., 2012; Lai et al., 2012; 2013a; Sun et al., 2012]. 

Meanwhile, a large amount of sediment carried by the upstream Yangtze flow has been 

trapped in the impounded Three Gorges Reservoir (TGR) [Xu and Milliman, 2009]. 

Reduced sediment load from the TGD affected the equilibrium between sediment 

deposition and erosion along the downstream Yangtze channel, causing a long-term net 

deficiency of sediment supply and thus chronic downstream channel degradation (e.g., 

erosion) [Cheng et al., 2011; Dai and Liu, 2013; Li et al., 2009; Yang et al., 2007]. The 

consequential ordinate shifting of channel geometries lowered the Yangtze level in 

relation to flow, and thus further influenced inundation areas of the connected lakes.  

 

1.3. Motivations and objectives 

       It has been well recognized that lake changes across the downstream Yangtze Basin 

is driven by comprehensive interactions between environmental and anthropogenic 

factors. The negative effects of climatic drought and human water consumption were 

already perceptible in the past decade; yet perturbations of the TGD to this crucial lake 

system still remain as a puzzling issue. Particularly since the official admission of TGD’s 

environmental controversies by the Chinese State Council in 2011 (highlighted in Nature 
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news [Qiu, 2011]), there has been an abrupt increase of literature aiming at objective 

evaluations of the profound TGD impacts on the downstream hydrological cycle (see 

Tables 1-1 and 1-2 for detailed review). However, up to today, there has been no 

systematic assessment of lake dynamics across the entire downstream Yangtze Basin 

before and after the TGD operation. The precise influence of the TGD on the downstream 

lake system, in comparison with the impacts of climate and human water consumption, 

still remain unclear.  

       With emphasis on the downstream lake and wetland system, this dissertation work 

was motivated by the following over-arching research questions that are under inadequate 

investigation but concern a wide spectrum of communities ranging from scientists, 

economists, to policy makers: 

       (1) “How did the lake system in the downstream Yangtze Basin change during the 

past decade, before and after the initial operation of the TGD (June 1
st
, 2003)?”  

       (2) “What is the contribution of the TGD operation to the revealed lake area 

changes?”   

       (3) “How does the TGD contribution compare with the concurrent influences of 

climatic variability and other primary anthropogenic factor such as human water 

consumptive loss?”   

       A thorough understanding of lake changing mechanisms across the downstream 

Yangtze Basin requires a priori knowledge of the spatial and temporal patterns of the 

lake dynamics itself. Due to a substantial lack of in situ measurements, acquisition of this 

priori knowledge has to involve an extensive mapping of hundreds of major lakes across 
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the vast area of the downstream Yangtze Basin. Because of the intrinsic nature of strong 

intra-annual variability in the downstream lake areas (as explained in Section 1.2 “Study 

area”), the mapping procedure for each targeted lake must capture explicit inundation 

extents at high temporal frequencies in order to generalize accurate inter-annual trends of 

lake dynamics before and after the TGD operation. As elaborated in Table 1-1, multi-

temporal monitoring of lake inundation areas in the downstream Yangtze Basin has been 

performed using various methods including remote sensing, field survey, and historical 

documents. However, these existing efforts are restricted to either individual lake regions 

(e.g., Poyang and Dongting) [Chu et al., 2008; Feng et al., 2013; Feng et al., 2012b; 

Herve et al., 2011; Huang et al., 2012; Hui et al., 2008; Liu et al., 2013] or lake groups 

(e.g., in the central Jingjiang Plain) at discrete temporal snapshots insufficient to capture 

recent temporal dynamics [Du et al., 2011; Fang et al., 2005; Ma et al., 2010; Wang et 

al., 2011; Wei et al., 2009; Zhang et al., 2006; Zhao and Fang, 2004] (refer to Table 1-1 

for a detailed review). To the best of my knowledge, there has been no effort that depicts 

high-temporal-resolution lake area dynamics across the entire downstream Yangtze 

Basin.  

       Existing investigations of lake changing mechanism were emphasized on i) the lake 

cluster across the Jiangjiang Plain (located in the central portion of the studied 

downstream Yangtze Basin) [Du et al., 2011; Fang et al., 2005; Wang et al., 2011; Wei et 

al., 2009] and ii) the individual lakes of Poyang and Dongting [Dai et al., 2005; Ding and 

Li, 2011; Feng et al., 2013; Feng et al., 2012a; Feng et al., 2012b; Feng et al., 2011a; 

Feng et al., 2011b; Guo et al., 2012; Herve et al., 2011; Huang et al., 2011; Lai et al., 
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2013a; Liu et al., 2013; Ou et al., 2012; Sun et al., 2012; Zhang et al., 2012; Zhao and 

Fang, 2004] (see Table 1-2 for a detailed review). The former studies aimed to quantify 

the regional lake changes caused by a well-known historical transition of lake 

management policies in the middle reach of the Yangtze Basin: from the practice of lake 

impoldering and land reclamation before ~1980s to the gradual implementation of lake 

restoration after ~1990s. The conclusions were similarly drawn from spatial change 

detections of discrete snapshot maps with large temporal gaps (~5–20 years). Although 

these studies exemplified the significance of long-term human impacts on the regional 

environment, they provide no direct implications for the pressing concerns on the recent 

hydrological drought across the downstream basin or the concurrent TGD operation.  

       The decadal declines of lakes Poyang and Dongting were recently revealed by time-

series inundation areas and levels acquired from high-temporal-resolution remote sensing 

data (e.g., altimetry, and optical MODIS and Landsats) [Ding and Li, 2011; Feng et al., 

2013; Feng et al., 2012a; Feng et al., 2012b; Herve et al., 2011; Liu et al., 2013]. 

However, diagnoses of the underlying causes in these studies were mostly based on 

statistical comparisons of historical climate or hydrological data before and after the TGD 

operation, instead of explicit quantification of the TGD impacts from measured Yangtze 

flow regulations. The precise influences of TGD’s operation still remain inclusive or 

speculative.  

      Although several other studies attempted to assess the TGD impacts on Lake Poyang 

or Dongting by using observed TGD inflows/outflows, some estimates were purely 

empirical (derived on statistical regression or artificial intelligence) and thus lacking 
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scientific justification [Huang et al., 2011; Sun et al., 2012; Zhang et al., 2012]. Only 

very few studies established the assessments on advanced hydrodynamic models with 

considerations of realistic river-lake interactions [Lai et al., 2013a; Lai et al., 2013b]. 

Nevertheless, the proposed modeling approaches only considered the influence of TGD’s 

flow regulation during selective periods after the initial TGD operation; the possible 

influence of downstream channel erosion induced by reduced sediment load is still 

unknown. Furthermore, since the assessments were only performed on lakes Poyang and 

Dongting, several important questions remain unsolved: (i) Does this impact apply to 

other lake individual in the downstream Yangtze Basin? How did the TGD alter the 

inundation seasonality of the entire downstream lake system? And how much does the 

TGD influence explain the post-TGD lake change compared to the mean annual lake 

cycle in the pre-TGD period?  

      Thus far, there has been no existing study that provides scientific comparisons among 

the impacts of TGD’s operation, climatic variability, and human water consumption on 

the downstream lake system. In the Yangtze Basin, a considerable volume of river 

discharge was consumed through local agricultural irrigation without being returned to 

the river network. This local water loss, after being accumulated through the complex 

mainstream and tributary network, can propagate, appear comparable to the TGD 

seasonal regulation and even considered as an anthropogenic equivalent of the climatic 

drought [Vörösmarty et al., 2010; Wada et al., 2013a]. To this end, quantifying the 

impact of human water consumption on the downstream lake system not only provides a 
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perceptible reference to the influences of the TGD, but also enhances our recognition of 

the potential anthropogenic impacts on this crucial lake system.  

 

1.4 Overall methodology and dissertation structure 

       In the pursuit of addressing the objectives described above, this dissertation proposed 

a two-step procedure that integrates the methods of remote sensing, spatial statistics, and 

hydrological modeling. The first step aims to reveal lake changing dynamics across the 

downstream Yangtze Basin in the recent decade. This was completed by first producing 

an original, systematic, and high-temporal-resolution mapping archive using advanced 

remote sensing mapping algorithms. Spatial and temporal patterns of the mapped lake 

areas were next comparatively analyzed using robust statistical methods under a novel 

lake classification scheme that categorized hundreds of studied downstream lakes into 

three targeted classes. Detailed methods and results are provided in Chapter 2. 

       Established on the monitored lake dynamics, the second step aims at a 

comprehensive diagnosis of lake changing mechanism from both perspectives of climatic 

variability and anthropogenic activities (i.e., the TGD operation and human water 

consumption). The diagnostic procedure follows a simple impact chain that captures the 

natural causal relationships of several essential constituents, i.e., Yangtze flows, Yangtze 

levels, and surrounding lake areas. As illustrated in Figure 1-3, regulated Yangtze flows 

by the TGD first impact the downstream Yangtze flows, which causes synchronous 

alterations of the Yangtze levels as governed by river hydraulic geometries (e.g., the 

stage-discharge ratings) [Leopold and Maddock, 1953]. Reduced sediment loads from the 
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TGD lead to concurrent downstream Yangtze channel erosion, which further alters the 

Yangtze levels in relation to flow (i.e., the stage-discharge ratings). Changed Yangtze 

levels by both effects of the TGD impact the natural water gradients between the 

surrounding lakes and the Yangtze main stem, a critical governing factor of lake-river 

interactions, and eventually intervene with the inundation patterns in the connected lake 

system. This theory also applies to the impacts of human water consumption and climatic 

variability (except that they only change flows/levels rather than channel bathymetries). 

By using this proposed impact chain, the influence of each studied inducing factor (i.e., 

the TGD, human water consumption, and climatic variability) was quantified on the 

downstream lake areas. Their contributions to the mapped lake dynamics were further 

compared to enhance our understanding of the comprehensive lake changing mechanism 

in the recent past: ultimately, to achieve effective lake conservations in the future. 

Diagnostic procedures for the impacts on Yangtze levels and lake areas are elaborated 

separately in Chapters 3 and 4, respectively. Succinct overviews of the chapters are 

provided below. 

 

1.4.1. Chapter 2 – Monitoring lake dynamics across the downstream Yangtze Basin 

       In order to track lake changing dynamics across the downstream Yangtze Basin, this 

chapter presents a high-temporal-resolution data archive that inventories spatially-explicit 

inundation areas of nearly 80% (~11,400 km
2
) of the total lake area in the downstream 

Yangtze Basin from 2000 to 2011. The lake mapping result was produced from the daily 

optical imagery of the Moderate Resolution Imaging Spectroradiometer (MODIS), post-
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processed by meticulous human-interactive quality control, and further validated using 

water levels measured in situ at selected lake outlets joining the Yangtze River. From the 

produced dataset, lake area dynamics were revealed at a ten-day temporal frequency 

using a novel classification system. This classification system categorized hundreds of 

studied downstream lake entities into three general classes based on their different 

discriminant relations to the Yangtze River. In each lake class, changes of inundation 

areas were comparatively quantified before and after TGD’s initial operation in order to 

facilitate continuous investigation of lake changing mechanisms. 

 

1.4.2. Chapter 3 – Quantifying TGD impacts on downstream Yangtze River levels 

       As illustrated in the impact chain (refer back to Figure 1-3), quantifying TGD’s 

impacts on the downstream Yangtze levels provides a necessary springboard for the 

diagnosis of lake changing mechanisms. This chapter provides a systematic assessment of 

the impacts of TGD operation on the seasonal level regime along the complete 

longitudinal range of the Yangtze River immediately downstream from TGD to its 

estuary in the East China Sea, by first comparatively quantifying the interactive impacts 

of two major outcomes of TGD operation: i) regulated Yangtze flow and ii) concurrent 

channel erosion due to reduced sediment load, during the full time period near TGD’s 

initial impoundment to almost today (2004–2012). Daily Yangtze level changes were 

assessed based on established stage-discharge rating curves using in situ gauging 

measurements and an advanced hydrological model. Results have immediate implications 

to the next chapter on the dynamics and sustainability of Yangtze-connected 
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lakes/wetlands in relation to the TGD. Both methods and results improve our 

understanding of how large-scale human water regulation changes the downstream 

hydrology and ecosystem. Results also facilitate the policy making of potential adaptation 

strategies for Yangtze level changes as well as the practice of downstream flood control, 

water supply, and navigation management. The research presented in this chapter has 

been published on:  

 Wang, J., Sheng, Y., Gleason, C.J., and Wada, Y., 2013. Downstream Yangtze 

River Levels Impacted by Three Gorges Dam. Environmental Research Letters, 8, 

044012.   

 

1.4.3. Chapter 4 – Diagnosing lake changing mechanisms 

       Extending the findings of the previous chapters, this chapter provides a 

comprehensive diagnosis of the underlying mechanisms driving the latest decadal lake 

area changes across the entire downstream Yangtze Basin, from both perspectives of 

climatic variability and major anthropogenic activities, i.e., TGD operation and human 

water consumption. This chapter starts with a synoptic review of lake area dynamics in 

the downstream lake system before and after the initial TGD impoundment. 

Contributions of the TGD operation (in terms of both flow regulation and channel 

erosion) to the revealed lake changes were estimated from the quantified impacts on 

downstream Yangtze levels (Chapter 3). To the best of my knowledge, this is the first 

attempt to assess the explicit impacts of the TGD operation on the entire downstream lake 

system. The impacts of human water consumption and climatic variability were next 
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assessed by using modeled daily river discharges that integrated human consumptive loss 

through the river routing network. The anthropogenic influences (i.e., the TGD and 

human water consumption) since the recent full-capacity operation of the TGD in 2009 

were further discussed to address the pressing need of future lake conservation.    
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Figure 1-1. Color image of the Yangtze hydrological basin downstream of the Three Gorges Dam (TGD) (highlighted in grey 

polygons) and its freshwater lakes (highlighted in blue polygons).  

       In this dissertation, the Taihu hydrological basin (smaller grey polygon) draining to the estuary portion of the Yangtze River is 

considered as part of the Yangtze Basin. The displayed lake areas are combined extents of the Shuttle Radar Topography Mission 

Water Body Data (SWBD) [SWBD, 2005] and the Global Lakes and Wetlands Database (GLWD) [Lehner and Döll, 2004]. 
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Figure 1-2. Three Gorges Dam (TGD) area as seen with Landsat images acquired in 

2000 and 20006, respectively before (a) and after (b) the reservoir water impoundment 

(source: NASA/Goddard Space Flight Center Scientific Visualization Studio United States 

Geological Survey, accessible from svs.gsfc.nasa.gov/vis/a000000/a003400/a003433/). 

(a) Year 2000 

(b) Year 2006 

http://svs.gsfc.nasa.gov/vis/a000000/a003400/a003433/


 18 

 

 

Figure 1-3. Schematic flowchart illustrating the driving mechanism of lake dynamics in 

the Yangtze Basin downstream of the TGD.  

       Double arrows represent interactive / mutual effects. Arrow sizes represent relative 

impact weights. Dotted lines represent exiting relations / impacts but not studied in this 

dissertation.  
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Table 1-1. Summative review of major existing studies of lake change monitoring in the downstream Yangtze Basin (listed in a 

chronological order) 

 
Study Lake object(s) Focus Monitoring methods Duration Temporal 

resolution 

Spatial 

resolution 

Main conclusions / limitations 

[Zhao and 

Fang, 2004] 

Dongting Land-cover 

changes 

Historical maps and 

optical remote sensing 

(Landsats) 

1930s–1998  1–2 decades;  ~30–60 m or 

coarser 

Lake impoldering before 1970s and 

lake restoration after 1978 

[Fang et al., 

2005] 

Lake group in 

Jianghan Plain 

Lake number 

ad area 

Historical maps and 

optical remotes sensing 

(Landsats) 

1950s–1998 2 decades Downgraded to 

90 m 

Lake decline in 1950s–1978 and lake 

recovery in 1978–1998 

[Chu et al., 

2008] 

Poyang, Dongting, 

Tai, and Chao 

Lake water 

level 

Radar altimetry remote 

sensing (ENVISAT 

GDR) 

2002–2005 > monthly 400 m Poyang and Dongting levels 

associated with Yangtze levels; Tai 

and Dongting conditionally controlled 

by floodgates. (Level fluctuations of 

Tai and Chao did not completely 

follow the Yangtze fluctuation.) 

[Hui et al., 

2008] 

Poyang Lake area Optical remote sensing 

(Landsats) 

1999–2000  ~ monthly 30 m  Limited snapshot images showing 

water coverage but insufficient to 

provide the spatiotemporal process 

[Wei et al., 

2009] 

Lake group in 

Jianghan Plain 

Lake number 

and area 

Historical/topographic 

maps and optical remote 

sensing (Landsats) 

1950s–2000  ~1 decade 30 m or coarser A general trend of decrease in lake 

area/number 

[Ma et al., 

2010] 

Lake group in China Lake number 

and area 

Historical/topographic 

maps, literature, Google-

Earth records, and optical 

remote sensing 

(Landsats, CBERS) 

1960s–

1980s, 

2005–2006  

Two-period 

comparison: 

1960s–1980s 

vs. 2005–2006  

Various, 

depending on 

data sources 

Dramatic declines of lake area and 

size, primarily associated with 

climate change in North China while 

human activities in South China 

[Du et al., 

2011] 

Lake group in 

Jianghan Plain and 

Dongting region 

Lake number 

and area 

Historical/topographic 

maps and optical remote 

sensing (Landsats) 

1930s–2000  2–3 decades 30 m or coarser Dramatic decrease of 58.06% in lake 

area, despite little change in lake 

number 

[Feng et al., 

2011b] 

Poyang Bottom 

topography 

In situ measurement and 

optical remote sensing 

(MODIS) 

2000–2009  ~ monthly  250 m Lake bottom experiencing more 

elevation increase than decrease 

[Ding and Li, 

2011] 

Dongting Lake area In situ measurement and 

microwave remote 

sensing (ENVISAT 

ASAR) 

2002–2009  ~2–3 months 150 m Lake area in dry seasons in the 2000s 

larger than that in the 1990s due to 

TGD water release. (Speculative 

conclusion; no explicit quantification) 

[Herve et al., 

2011] 

Poyang and 

Dongting 

Lake area 

and level 

Remote sensing: 

altimeter ENVISAT and 

optical MODIS 

2000–2008  10 days 250 m  Level/area variations of both lakes 

follow similar patterns, likely 

associated with climate and TGD 
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Study Lake object(s) Focus Monitoring methods Duration Temporal 

resolution 

Spatial 

resolution 

Main conclusions / limitations 

[Wang et al., 

2011] 

Landscape in 

Jianghan Plain 

Lake area Land use data product by 

Chinese Academy of 

Science (CAS) 

1995–2010  5 years ~1.0 km Constant increase of lake area from 

1995–2010 due to transition from 

farmland to lake surface. (2010 is a 

wet anomaly year; mapped lake 

increase might be a reflectance of 

specific climatic conditions.) 

[Feng et al., 

2012a] 

Poyang Lake area Optical remote sensing 

(MODIS) 

2000–May, 

2011 

~ monthly 250 m  Severe drought in 2011 primarily 

caused by low precipitation rather 

than the TGD.  

[Feng et al., 

2012b] 

Poyang Lake area Optical remote sensing 

(MODIS) 

2000–2010  > monthly  250 m Significant decline from 2000 to 

2010, but primarily driven by local 

precipitation in the tributary basin. 

(Lacking discussion of the dominant 

impact of the Yangtze flow) 

[Huang et al., 

2012] 

Dongting Lake area Optical remote sensing 

(MODIS) 

2000–2009  ~ monthly  250 m Large intra-annual variation and 

obvious area decline from 2000 to 

2009 

[Liu et al., 

2013] 

Poyang Lake area Optical remote sensing 

(Landsats) 

1973 – 2010 ~ half a year 30 m, 80 m An abrupt decreasing shift since 2006 

as a result of climate and the 

weakened blocking effect of the 

TGD. (No explicit quantification 

provided for the TGD impact) 

[Feng et al., 

2013] 

 Poyang and 

Dongting 

Lake area Optical remote sensing 

(MODIS) 

2000–2009  > monthly 250 m  Significant decreasing trends for both 

lakes highly likely associated with 

TGD. (Conclusions appear 

contradictory to the point conveyed 

by the authors’ previous work in 

[Feng et al., 2012a].)   

 Note: continued Table 1-1 from the previous page. Study limitations, drawbacks, or potential improvements are provided as the 

parenthesized italic text in the ‘Main conclusions / limitations’ column.
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Table 1-2. Summative review of major existing studies of lake change mechanisms in the downstream Yangtze Basin (listed in a 

chronological order) 

 
Study Lake object(s) Focus Diagnosing methods Duration Studied driving 

factor(s) 

Main conclusions / limitations 

[Zhao and 

Fang, 2004] 

Dongting Land-cover 

changes 

Spatial change detection 1930s–1998  Farmland reclamation 

and lake restoration) 

Lake impoldering before 1970s and lake restoration 

after 1978 

[Dai et al., 

2005] 

Dongting Lake 

sediment 

balance 

Historical data 

comparison 

1956–2003  Deforestation and 

reduced sediment 

release from the TGD 

Sediment flux from the Yangtze to Lake Dongting 

significant dropped in 2003 and is likely to continue 

decreasing in the future. 

[Fang et al., 

2005] 

Lake group in 

Jianghan Plain 

Lake 

number ad 

area 

Spatial change detection 1950s–1998 Farmland reclamation 

and lake restoration) 

Lake decline in 1950s–1978 and lake recovery in 

1978–1998 

[Huang et 

al., 2007] 

Hong Lake area 

and 

sediment 

balance 

Historical documents and 

qualitative assessment 

Recent ~2,000 

years 

Climate change and 

human activities 

(farmland reclamation 

and TGD operation) 

Significant area decrease in 1950s–1970s due to lake 

impoldering, levee and floodgate construction while 

area increase since 1990s due to lake restoration; lake 

level may increase in future due to continuous 

siltation unlikely to be changed by the TGD 

[Wei et al., 

2009] 

Lake group in 

Jianghan Plain 

Lake 

number and 

area 

Spatial change detection 1950s–2000  Land reclamation, soil 

erosion and 

sedimentation 

A general decreasing trend in lake area/number 

[Xu and 

Milliman, 

2009] 

Dongting Lake 

sediment 

balance 

Historical data 

comparison 

1950s–2006  Reduced sediment 

release from the TGD 

Due to reduced sediment transport from the TGD, 

Dongting lake, for the first time, changed from 

trapping to supplying net sediment to the Yangtze 

River in 2006. 

[Du et al., 

2011] 

Lake group in 

Jianghan Plain 

and Dongting 

region 

Lake 

number and 

area 

Spatial change detection 1930s–2000  Climate and mainly 

uncontrolled land 

reclamation 

A dramatic decrease of ~58% in lake area, despite 

little change in lake number 

[Ding and 

Li, 2011] 

Dongting Lake area Time series analysis and 

data comparison 

2002–2009  Climate and human 

activities (TGD’s flow 

regulation and lake 

restoration) 

Lake area in dry seasons of the 2000s larger than that 

of the 1990s due to TGD water release 

[Feng et al., 

2011a] 

Poyang Lake flow 

and budget 

Water balance modeling 2000–2009  TGD’s flow regulation A declining trend of Poyang outflow to the Yangtze 

River in 2000–2009; a rapid outflow from the Poyang 

in June 2003 due to TGD’s initial impoundment. 

(Estimated outflows are mixed consequences of both 

natural discharges and TGD regulation.) 

[Feng et al., 

2011b] 

Poyang Bottom 

topography 

Time series analysis and 

data comparison 

2000–2009  Weather events and 

human activities (sand 

dredging and levee 

construction) 

Lake bottom experiencing more elevation increase  

than decrease 
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Study Lake object(s) Focus Diagnosing methods Duration Studied driving 

factor(s) 

Main conclusions / limitations 

[Herve et 

al., 2011] 

Poyang and 

Dongting 

Lake area 

and level 

Time series analysis and 

data comparison 

2000–2008  Climate and TGD’s 

flow regulation 

Level/area variations of both lakes follow similar 

patterns, likely associated with climate and TGD 

[Huang et 

al., 2011] 

Dongting Lake level Back-propagation neural 

network 

2003–2009  TGD’s flow regulation Lake outlet level decreased by 2–3 m due to TGD’s 

water storage in 2006 and 2009. (Estimation lacks 

physical explanations and considers no river-lake 

hydrodynamic interactions) 

[Wang et 

al., 2011] 

Landscape in 

Jianghan Plain 

Lake area Spatial change detection 1995–2010  Mainly lake 

restoration (transiting 

farmland and unused 

land to lake surface) 

Constant increase of lake area from 1995–2010 due 

to transition from farmland to lake surface. But lake 

increase could be a reflectance of specific climatic 

conditions. 

[Feng et al., 

2012a] 

Poyang Lake area Time series analysis and 

data comparison 

2000–May, 

2011 

Climate and TGD’s 

flow regulation 

Severe drought in 2011 primarily caused by low 

precipitation rather than the TGD.  

[Feng et al., 

2012b] 

Poyang Lake area Time series analysis and 

data comparison 

2000–2010  Climate (tributary 

precipitation and 

discharges) 

Significant decline from 2000 to 2010, but primarily 

driven by local precipitation in the tributary basin. 

(Lacking discussion of the dominant impact of the 

Yangtze flow) 

[Guo et al., 

2012] 

Poyang Lake level 

and 

discharge 

Historical data analysis 

and comparison 

2003–2008  TGD’s flow regulation Outlet levels changed by TGD seasonal water 

impounding and releasing; more lake flow to the 

Yangtze River in July-March due to weakened 

Yangtze forcing caused by TGD’s water storage. 

(Results derived from historical data comparison; 

explicit TGD impacts not quantified.) 

[Ou et al., 

2012] 

Dongting Lake outlet 

runoff and 

level 

Historical data 

comparison 

1951–2002, 

2003–2010  

TGD’s flow regulation Influences of TGD’s water dispatch modes on lake 

outlet runoff and levels vary in hydrological 

conditions of the years. (Conclusions made from 

historical data comparison; TGD’s impacts not 

explicit quantified) 

[Sun et al., 

2012] 

Dongting Lake 

sediment 

balance and 

level 

Historical data 

comparison; back-

propagation neural 

network 

2003–2009 (not 

continuous)  

TGD’s flow regulation 

and reduced sediment 

release 

Altered lake sediment balance: changing from 

trapping to supplying sediment to the Yangtze main 

stem in 2006; Water level decreased by ~2–3 m due 

to TGD’s water storage periods in 2006 and 2009 

[Zhang et 

al., 2012] 

Poyang Lake level Historical data 

comparison and 

statistical modeling 

(GAM) 

1980–2002, 

2004–2008  

TGD’s flow regulation Poyang water level reduced by TGD’s water storage 

from late summer to fall. (The model fails to reflect 

TGD’s blocking effect on lake levels in spring; model 

quantifications were not based on observed TGD 

inflows and outflows.) 

[Feng et al., 

2013] 

 Poyang and 

Dongting 

Lake area Time series analysis and 

data comparison 

2000–2009  Climate and TGD’s 

indirect/extensive 

influences on local 

hydrological 

conditions 

Significant decreasing trends for both lakes highly 

likely associated with TGD. (Conclusions appear 

contradictory to the point conveyed by the authors’ 

previous work in [Feng et al., 2012a])   
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Study Lake object(s) Focus Diagnosing methods Duration Studied driving 

factor(s) 

Main conclusions / limitations 

[Lai et al., 

2013a] 

Dongting Lake area 2-D Hydrodynamic 

modeling 

2008–2010 TGD’s flow regulation Inundation patterns altered by TGD’s flow 

regulation: area increase in spring and decrease in fall 

[Liu et al., 

2013] 

Poyang Lake area Time series analysis and 

data comparison 

1973 – 2010 Climate (precipitation, 

evaporation, 

discharges, 

temperature) and 

TGD’s flow regulation 

An abrupt decreasing shift since 2006 as a result of 

climate and the weakened blocking effect of the 

TGD. (No explicit quantification provided for the 

TGD impact.) 

 Note: continued Table 1-2 from the previous pages. Study limitations, drawbacks, or potential improvements are provided as the 

parenthesized italic text in the ‘Main conclusions / limitations’ column.
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CHAPTER 2 

MONITORING DECADAL LAKE DYNAMICS ACROSS THE YANGTZE BASIN  

DOWNSTREAM OF THREE GORGES DAM 

 

2.1. Introduction 

       Lakes and reservoirs are vitally important components of the hydrosphere, holding 

indispensable ecological values and providing the largest inventory of surface freshwater 

readily accessible to human consumption [Herdendorf, 1982; 1990; Lehner and Döll, 

2004]. Different from other major terrestrial water stocks (such as glaciers and 

groundwater) [Bredehoeft et al., 1982; Immerzeel et al., 2010; Oki and Kanae, 2006; 

Wada et al., 2010], lakes are distributed worldwide, under direct exposure to various 

physical environments, and highly sensitive to climate change [Adrian et al., 2009; 

Bredehoeft et al., 1982; Schindler, 2009; Sheng and Li, 2011; Smith et al., 2005; Smith et 

al., 2007]. In populated regions, lakes are subject to additional influences from human 

activities associated with water regulation, diversion, and consumption [Fang et al., 2005; 

Gao et al., 2011; Ma et al., 2010; Verschuren et al., 2002].  

       During the past half century, lakes in both abundance (number) and area have 

experienced widespread changes worldwide, from the circum-Arctic, North America, 

Middle and East Asia, to Africa [Bai et al., 2011; de Wit and Stankiewicz, 2006; Gao et 

al., 2011; Hinkel et al., 2007; Marsh et al., 2009; Schindler, 2009; Sheng and Li, 2011; 

Smith et al., 2005; Verschuren et al., 2002]. These dramatic lake changes suggest an 

uprising instability and vulnerability of future water stocks, concurrent with the 
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unprecedented increase of water demand from continuous population growth in the 

coming decades [Vörösmarty et al., 2000; Wada et al., 2011]. Lake changes across broad 

geographic areas substantially alter the available surface area of potential evaporation, 

which in turn intervenes with water and climate circulations, and eventually affect the 

availability and distribution of renewable water resources. To better understand, project, 

and adapt the continuously changing hydrologic cycles in the era of the “Anthropocene” 

[Crutzen, 2002], systematic documentation of accurate lake dynamics in high temporal 

resolutions, particularly in large regions under extensive climatic and anthropogenic 

influences, has appeared in a pressing need.  

         The Yangtze hydrological basin downstream of the TGD (hereafter referred to as 

“downstream Yangtze Basin”), a region of ~784,000 km
2
 (Figure 2-1), is home to 

approximately 5,900 (in number) or 15,000 km
2 

freshwater lakes, ponds, and reservoirs 

(estimated from Shuttle Radar Topography Mission Water Body Data set (SWBD) 

[SWBD, 2005]), accounting for ~25% of freshwater lake area in East Asia (freshwater 

lake regions identified using the Global Lakes and Wetlands Database (GLWD) [Lehner 

and Döll, 2004] and the Global Drainage Basin Data (GDBD) [Masutomi et al., 2009]). 

With an average surface density of ~2.0%, these lakes range from under 0.01 hectare to 

over 2,000 km
2
 in size (with a mean size of 2.5 km

2
), including the two largest freshwater 

lakes in China, i.e., Poyang and Dongting [Wang and Dou, 1998] (see Table 2-1 for 

detailed lake statistics). Despite various limnological conditions, these freshwater lakes 

are connected through the complex tributary system of the Yangtze River, and together 

with local river discharges, provide essential water resources to sustain agricultural 
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production and socioeconomic development in this region with nearly half of a billion 

population (estimated from the High Resolution Global Population Data Set (HRGPD) 

[LandScan, 2008]).  

       Under the influence of East Asian Monsoon, Yangtze River discharges reach the 

annual peak levels in summer (~June–August) and historically inundated a vast riparian 

zone, i.e., the Yangtze floodplain, a belt-shaped region of 135,000 km
2
 constituting ~17% 

of the downstream Yangtze Basin (Figure 2-1). Nearly 80% of the local freshwater lakes 

are distributed in this Yangtze floodplain. Statuses of the floodplain lakes interact with 

the local Yangtze level in nature, manifested as large intra-annual variability in 

inundation area. Such natural connection between the Yangtze River and most 

surrounding lakes, however, have gradually diminished due to decades of local 

anthropogenic activities including levee construction, channel diversion, and floodgate 

controls [Du et al., 2011; Fang et al., 2005; Wang et al., 2011; Wei et al., 2009; Zhang et 

al., 2006]. Alterations of the tributary network concurred with massive reclamation of 

lake surfaces into agricultural lands in order to support rapid population growth during 

1950s-80s [Du et al., 2011; Fang et al., 2005; Huang et al., 2007; Wang and Dou, 1998; 

Zhao and Fang, 2004]. As a consequence, the lake and wetland system in the 

downstream Yangtze Basin underwent a dramatic degradation over the past half century 

[Du et al., 2011], and is presently considered as one of the most vulnerable freshwater 

eco-regions in the world [World Wildlife Fund, 2013].  

      Since the entrance to the new Millennium, sustainability of the downstream lake 

system has been further threatened by an enduring hydrological drought across the 
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Yangtze Basin (manifested as higher temperature, higher evaporation, and lower 

precipitation than historical means [Feng et al., 2013; Liu et al., 2013]). Severe 

hydrological drought leads to increased evaporative loss over lake surfaces while 

decreased precipitation and discharge feedings. A 50-year spring rainfall minimum 

recorded in the year 2011, for example, largely explains the extreme low-level anomalies 

observed in Lakes Poyang and Dongting [Feng et al., 2013; Feng et al., 2011; Herve et 

al., 2011; Liu et al., 2013]. Moreover, as human water demand from the local agricultural, 

industrial, and domestic sectors continuously increased in this economically active region 

during the recent decade, more consumptive loss has been deducted from the local river 

discharges, which further intensified the natural hydrological drought [Vörösmarty et al., 

2010; Wada et al., 2013a; Wada et al., 2013b].  

       Concurrent with the decadal climatic drought and increased human water 

consumption, the TGD, thus far the world’s largest hydroelectric project [Nilsson et al., 

2005], has started operation in June, 2003. The Yangtze River downstream of the TGD, 

accounting for 30% of this longest river in Asia, has been regulated under an altered flow 

regime [Gao et al., 2013]. TGD’s flow regulation, typically described as flow decrease in 

fall while increase in winter and spring [China Three Gorges Corporation, 2004], 

interfered with the natural seasonality of the downstream Yangtze level, a crucial factor 

that governs hydrodynamics between the Yangtze River and connected lakes [Lai et al., 

2013b; Liu et al., 2013]. Artificially regulated Yangtze levels changed the natural water 

gradients at lake outlets/mouths meeting the Yangtze River, and thus impacted inundation 

patterns of the downstream lake and wetland systems [Guo et al., 2012; Lai et al., 2012; 
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2013a; Sun et al., 2012]. Meanwhile, a large amount of sediment carried by the upstream 

Yangtze flow has been trapped in the impounded Three Gorges Reservoir (TGR) [Xu and 

Milliman, 2009]. Reduced sediment load from the TGD affected the equilibrium between 

sediment deposition and erosion along the downstream Yangtze channel, causing a long-

term net deficiency of sediment supply and thus chronic downstream channel degradation 

(e.g., erosion) [Cheng et al., 2011; Dai and Liu, 2013; Li et al., 2009; Yang et al., 2007]. 

The consequential ordinate shifting of channel geometries lowered the Yangtze level in 

relation to flow, and thus further influenced inundation areas of the connected lakes.  

        An high-temporal-resolution mapping product of lake dynamics in the downstream 

Yangtze Basin provides fundamental but highly desirable monitoring that facilitates a 

thorough understanding of the comprehensive lake changing mechanism in the recent 

decade: ultimately, to achieve effective lake conservation in the future. This mapping 

requires exhaustive documentation of lake spatial extents in a daily-to-monthly time 

series in order to accurately capture the changing trends of downstream lake areas that 

exhibit large intrinsic temporal variability. Recent advancement of high-temporal-

resolution optical remote sensors (such as Moderate Resolution Imaging 

Spectroradiometer (MODIS), Landsats, and China-Brazil Earth Resources Satellite 

(CBERS) sensors) has made such lake monitoring feasible. Yet existing efforts are 

restricted to either individual lake regions (e.g., Poyang and Dongting) [Chu et al., 2008; 

Feng et al., 2013; Feng et al., 2012; Herve et al., 2011; Huang et al., 2012; Hui et al., 

2008; Liu et al., 2013] or lake groups at discrete temporal snapshots [Du et al., 2011; 

Fang et al., 2005; Ma et al., 2010; Wang et al., 2011; Wei et al., 2009; Zhang et al., 2006; 
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Zhao and Fang, 2004] (refer back to Table 1-1 for a detailed review). To the best of our 

knowledge, there has been no mapping product accessible to the global remote sensing 

community that depicts high-frequency lake area dynamics across the entire downstream 

Yangtze Basin. 

       This chapter presents a first, systematic lake mapping that documents explicit surface 

areas and dynamic changes of lake area in the downstream Yangtze Basin during 2000 to 

2011 at a ten-day temporal resolution. Following this introduction, Section 2.2 describes 

the studied lake regions and dataset used in the lake mapping, while detailed mapping 

methods and procedures are articulated in Section 2.3. Section 2.4 presents the quality of 

mapping results validated by in situ water-level measurements, and discusses the revealed 

decadal trends of lake changes across the downstream Yangtze Basin. Conclusions and 

further scientific implications are summarized in Section 2.5. 

 

2.2. Study lake regions and datasets used 

       The contemporary lake system in the downstream Yangtze Basin is here categorized 

into three classes based on their discriminant relations with the Yangtze River (Figure 2-

1). The majority of lakes (78.2% in area or 49.7% in number) were formed on the 

Yangtze floodplain historically inundated by high-level Yangtze flows. Yet after decades 

of artificial channel diversion/allocation and local floodgate controls, only 22.6% 

(2,639.0 km
2
) of the floodplain lakes today remain freely connected to the Yangtze River. 

These lakes are categorized as Class I in this study, restricted to six lake regions 

including Poyang, Dongting, Shijiu, and another three flood storage zones.  
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       The remaining lakes (9,061.0 km
2
) on the floodplain are categorized as Class II, 

considered as semi-natural lakes where interactions with the Yangtze River are strictly 

controlled by local water management schemes (i.e., mainly via flood gates). Despite 

reduced flooding risks, these lakes are under the exposure of extensive anthropogenic 

influences due to their vital importance of local agricultural production. The other 21.8% 

of lakes (3,281.2 km
2
) upstream of the floodplain, classified as Class III, are unaffected 

by the Yangtze River in nature because of their high water surfaces constantly above the 

range of Yangtze level fluctuation. Most of these lakes function as reservoirs for the 

purposes of local water supply or power generation. Regulated tributary flows from 

Class-III lakes further impact the downstream river discharge feeding to Class-II lakes 

and the Yangtze River (and thus Class-I lakes).  

       To track lake dynamic changes in each class, a total number of 90 regions of interest 

(ROIs) were defined across the downstream Yangtze basin (Figure 2-2). Each delineated 

ROI targets one major lake entity larger than 10–20 km
2
 and/or several water bodies in 

similar limnological conditions (e.g., belonging to the same class, being interconnected, 

located in the same inundation area or in close geographic proximity). The area of each 

ROI was designed to be ~2–5 times of the encapsulated lake surface to completely 

include the maximal inundation extent of the targeted lakes while excluding largely the 

surrounding artificial fishponds and irrigated croplands (identified with assistance of 

Landsat images). In total, these studied ROIs contain 76.0% of the downstream lake area 

(i.e., 100%, 80.3%, and 44.6% for Class I, II, and III, respectively) or over 1,100 water 
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bodies including the entire 78 major lakes larger than 20 km
2
 in the downstream Yangtze 

Basin. Further description of each lake ROI is detailed in Table 2-7.  

       MODIS imagery acquired by NASA’s Terra and Aqua satellites provides daily 

coverage over the studied downstream Yangtze Basin from late February, 2000 to today. 

The surface reflectance product (MOD 09) from Terra, atmospherically corrected for 

gases, aerosols and thin cirrus clouds [Vermote et al., 2011], was used here to extract 

discernible water surface in each ROI on a daily frequency (approximately 10:00 UTC) 

during 2000–2011. To optimize the accuracy of produced lake extents, the mapping 

procedure (see Section 2.3 Method) was primarily performed on Band 2 with a near-

infrared (NIR) spectrum of 841–876 nm at the highest spatial resolution of 250 m 

available in MODIS imagery. The NIR spectrum has been extensively used to 

successfully segment water surface and land [Jensen, 2006] as it is strongly absorbed by 

water and largely reflected by vegetation and soil [Jensen, 2006; McFeeters, 1996]. A 

spatial resolution of 250 m well satisfies the monitoring of temporal trends required by 

the studied lake sizes (larger than ~10–20 km
2
). Daily in situ water levels during 2004–

2011 at the outlets of three Class-I lake regions (A01, A02, and A04) were acquired from 

the Yangtze Waterway Bureau [www.cjhdj.com.cn] and used to validate lake mapping 

results. 

 

2.3. Methods 

       This new lake archive was produced through a sequence of three major steps: image 

selection, automated mapping, and interactive quality control. The first step aimed to 



44 
 

extract a subset of high-quality MODIS images that offer most frequent valid 

observations for each ROI. An advanced multi-step algorithm was then employed to 

optimize automated delineation of water surfaces in each selected image. The segmented 

lake spatial extents were next meticulously examined and, when necessary, 

edited/corrected by visual inspection with assistance of an efficient graphical user 

interface (GUI) specifically developed for this lake mapping. Details of each step are 

described in the following sections. 

 

2.3.1. Image selection  

       To ensure the validity of lake mapping, a subset of high-quality images were selected 

from the complete Terra MODIS daily archive. The selection criteria are defined as 

having within each lake ROI: i) minor cloud contamination, ii) minimal atmospheric 

interference, iii) high data qualities for the NIR band, and iv) close-to-nadir sensor 

viewing geometry. Given any acquisition date, pixel locations of cloud cover, performed 

atmospheric correction, and highest data quality were flagged using the 250 m-resolution 

MODIS Quality Assurance (QA) product [Vermote et al., 2011]. The viewing geometry 

was retrieved from the sensor zenith angle product at a 1 km spatial resolution.  

       Within each lake ROI, the average sensor zenith angle and percentages of pixels 

flagged as cloud, performed atmospheric correction, and highest quality were 

respectively calculated and compared against the selection thresholds as defined in Table 

2-2. Acquisition dates with image qualities satisfying all criteria were selected for the 

next-step lake mapping. Such selection criteria were applied repetitively to different ROIs 
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in order to achieve the optimal temporal coverage for each studied lake region. Due to 

large sizes, lake regions for Poyang (A01) and Dongting (A02) were assigned with less 

strict criteria (Table 2-2), given a balanced consideration of selected image quality and 

sufficient number of observation dates. 

 

2.3.2. Automated lake mapping 

       Although water delineation is usually considered as a straightforward task in image 

classification, precisely segmenting lake areas from MODIS images across the studied 

Yangtze Basin is confronted with several challenges, primarily caused by the complex 

spectral conditions on lake surfaces (e.g., suspended sediment and aquatic vegetation), 

the various land cover types (e.g., irrigated agriculture and wetland), and the coarse 

MODIS pixel size (≥ 250 m). Since a large number of lakes in the downstream Yangtze 

Basin exhibit great temporal variations in inundation area, it is practically difficult to find 

training samples in constant water and land regions required by supervised image 

classification methods. Therefore, an advanced thematic mapping algorithm was 

preferably adopted for water extraction in each ROI.  

       This algorithm was designed to automate a two-step mapping scheme (Figure 2-3) 

that imitates how a regular human operator performs water segmentation on a multi-band 

spectral image. In a typical condition, water and land appear in distinct contrast under the 

NIR reflectance [Jensen, 2006], manifested as a bimodal (two-peak) distribution of the 

pixel NIR values in a studied lake ROI. An NIR threshold that generally segment water 

from land points to the valley of these two peaks. Such a threshold was first 
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approximated mathematically (Figure 2-3), and used to flag possible water surfaces 

within an ROI image.  

       In the second step, each water entity segmented by the initial NIR threshold was 

revisited. The delineated water-land boundary was adjusted using an iterative buffering 

method to fine-tune the segmentation threshold, until the spatial extent of the classified 

water entity appears stable. Through this process, an initial lake extent was redefined by 

an updated boundary threshold that delicately matches the unique spectral condition of 

this lake surface in contrast to the background land covers. This iterative method was also 

able to correct effectively the misrecognized topological relations among multiple lakes 

(such as expanding several underestimated entities to a larger single water body in 

reality). For further detailed description of this iterative method, one can refer to the work 

of [Li and Sheng, 2012; Sheng et al., 2008].  

       The effectiveness of this NIR-based approach is, however, largely conditioned on a 

generally clear and open lake surface. When the water column in part of a lake is shallow 

or rich in organic/inorganic constituents (such as surface vegetation and sediment), NIR 

radiant flux leaving the water surface tends to increase. This leads to a spectral mixture of 

land and water in image pixels, and likely an underestimated segmentation threshold and 

lake area [Jensen, 2006]. If such a situation was frequently identified in a studied ROI, 

the Normalized Difference of Water Index (NDWI) was considered to substitute for NIR 

as the classifier in the described mapping scheme. The NDWI [McFeeters, 1996] is a 

simple band-ratio index, defined as (G – NIR) / (G + NIR), where G and NIR are 

respectively surface reflectance of the green and NIR spectra. This formulation of both 
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bandwidths further enhances the presence of water features (towards the NDWI value of 

+1) while suppressing or eliminating the presence of vegetation/soil (towards the NDWI 

value of -1). Water turbidity appears to be less pronounced under the sharpened contrast 

of land and water in an NDWI image. Nevertheless, since the MODIS green band (Band 

4) is stored at a 500 m resolution, adopting NDWI would sacrifice the spatial accuracy of 

delineated lake boundaries, and thus only considered when the derived lake mapping 

result is observed to be evidently superior to that of NIR. 

      The iterative nature of this mapping scheme, in combination with the described 

thresholding method, identifies only high-percentage water pixels. This leads to slightly 

conservative lake extents, which is necessary for many lakes surrounded by irrigated 

agriculture. However, the narrow or dendritic portions of some lakes/reservoirs could be 

missing in the mapping result due to their mixture with surrounding land in MODIS 

pixels. If this omission, mostly along the lake littoral zone, is substantial in proportion to 

the lake size, a supervised classification using multiple bands of NIR, red and green 

based on the sophisticated support vector machine (SVM) algorithm [Cortes and Vapnik, 

1995] was employed to produce more complete lake area in the associated ROI.  As 

previously stated, such a supervised classification requires the identification of constant 

water regions for the training sample; thus its effective application was limited to 

relatively stable lakes. Lake boundaries delineated by the SVM algorithm could be 

slightly overestimated due to the coarser pixel resolution in the red and green bands (500 

m) and the nature of spectral mixture along the littoral zones. Thus the final selection of 

the above-mentioned mapping options was determined based on the overall accuracy of 
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the automated extraction. Mapping errors that remain in the automated result awaited 

further correction in the next step of human-interactive quality control.  

 

2.3.3. Interactive quality control 

       A rigorous process of quality control was performed by visual interpretation on the 

linear/vector lake shorelines derived from the automation. In each ROI, the automated 

result of every mapping date was examined on the color-composite MODIS image, and a 

sample of these mapping dates was further selected at a targeted minimal interval of ten 

days. This temporal frequency (every ten days) was determined as a compromise between 

i) a sufficient sample size to precisely depict the temporal trend of lake area dynamics 

and ii) a reasonable workload for human editing in the quality control. Higher sampling 

frequencies could be employed in certain ROIs if the automated mapping required no/less 

human editing or substantial lake changes were identified within a ten-day period 

(particularly in summer flood seasons).  However, this targeted temporal resolution was 

not always possible considering the existence of longer intervals between available high-

quality images.  

      Given any sampled mapping date, the interactive quality control aims at enhancing 

the automated result if any of the following tasks applied: 

i) Water features not considered as part of the studied lake system (such as 

irrigated cropland or artificial fishponds) were removed. 

ii) Any lake entity missing by the automation was digitized and recovered. 
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iii) Fake islands or missing lake surface caused by disturbing factors such as thin 

clouds, suspended sediments, or surface aquatic vegetation (such as algae) were 

filled or repaired. Recognition of suspended sediment and aquatic vegetation 

was assisted by the middle-infrared (MIR) reflectance in Band 6 (500 m 

resolution) where water remains in low reflectance with less sensitivity to 

turbidity. 

iv) Overestimated lake portions lacking evident spectral confirmation as open water 

were truncated, deleted, and re-delineated. 

       To facilitate lake digitizing and editing in the quality control process, a GUI-based 

mapping tool under the environment of ESRI’s ArcGIS was developed in the computing 

language of Visual Basic for Applications (later migrated to Visual Basic .Nets). 

Conceptually, this mapping tool functions in the same logic of the described thematic 

mapping scheme, but enables human decision making in a dynamic and interactive mode. 

It was proven to have significantly improved the efficiency and accuracy in lake 

digitizing and topological correction, and can be potentially applied to the extraction of 

other features from images at various spatial resolutions. Details functionality of this tool 

is illustrated in Figure 2-4. 

       As the ultimate goal, the final lake extents after quality control well matched the 

image observations. The delineated lake boundaries are in general slightly conservative 

due to the inherent sensitivity of NIR reflectance in lake littoral zones. The average 

discrepancy between the mapped and observed lake shorelines were, however, 

systematically controlled within one MODIS pixel (250 m), and lake area changes 
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revealed from the mapping results were compared to be valid. For these reasons, the final 

lake mapping is considered to have achieved the optimal fidelity given the spectral 

characteristics of MODIS imagery. 

 

2.4. Results and discussion 

       The produced mapping result inventories spatially-explicit water extents in 90 

studied lake regions (including 78 major lakes larger than 20 km
2
) across the downstream 

Yangtze Basin at a ten-day temporal frequency during 2000–2011. Using these mapped 

lake extents, Figure 2-5 reveals the spatial patterns of inundation frequencies in each lake 

region at the 250 m MODIS spatial resolution. In each ROI, the inundation frequency at 

any location (indexed by a pixel) depicts the number of days in 2000–2011 when this 

location was historically inundated as a percentage of the total number of mapping days. 

The revealed inundation frequencies provide synoptic information for historical lake area 

variations associated with climatic/hydrological conditions, human activities, and lake 

basin bathymetries, and can be potentially applied into hydrodynamic modeling, local 

flood control, and lake/wetland conservation. Detailed inundation patterns for selected 

major lake regions in each class were highlighted in Figures 2-5b to h. Class-I lakes 

indicate greater inundation variability due to free interactions with the Yangtze flows. 

      The summarized inundation patterns, however, do not convey temporal trends of lake 

area changes. Thus this section presents a detailed analysis of the decadal lake area 

dynamics across the downstream Yangtze Basin from the produced mapping result, for a 

better understanding and monitoring of the potential changes of this crucial lake system. 
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Prior to this, a brief discussion of the mapping samples and accuracy was first provided to 

ensure the validity of the revealed lake change result.   

 

2.4.1. Statistics of mapping samples 

       Veracity of a trend analysis is usually conditioned on an equal temporal distribution 

of the time series data. This is particularly necessary for the majority of studied Yangtze 

lakes whose inundation areas exhibit strong seasonal variability. Sample statistics in the 

produced lake mapping was here reported in a ten-day time series from February, 2000 to 

December 2011. Figure 2-6 visualizes the complete sampling matrix where an index 

value represents the sampling rate, i.e., the number of mapping dates during any ten-day 

period (the column index) in any lake ROI (the row index).  These sampling rates range 

from 0 to 6, determined by the available days of high-quality images and lake area 

variation in each ten-day period.  

       Dividing the total mapping days in each ten-day period by the ROI number (i.e., 90) 

produces Figure 2-7, illustrating the time series of average sampling rate (in the number 

of days) per lake region. Despite short-term fluctuations from 0 to ~3.3, the mean 

sampling rate during the studied decade stays fairly constant at ~1.0 per ten days, which 

is consistent with the targeted temporal resolution. Due to a large geographic area in the 

downstream Yangtze Basin, high-quality images are unlikely to be available 

simultaneously in all studied lake regions, resulting in incomplete mapping coverage in 

space. As shown in Figure 2-8, a mean spatial coverage was calculated to be 65.5%, 

indicating that mapped lake extents are constantly available in more than half of the 
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studied lake regions every ten days from 2000 to 2011. No temporal trend was found in 

either the sampling rate or the sampling spatial coverage, suggesting valid/unbiased lake 

area dynamics derived from the mapping result. 

 

2.4.2. Mapping validation and accuracy 

       The interactive quality control (refer back to Section 2.3.3) ensures high spectral 

accuracies of the lake mapping result. Here lake inundation areas were further validated 

using in situ measurements of daily water levels. Restricted to data accessibility, daily 

water levels were acquired for the time period from 2004 to 2011 at three Yangtze 

gauging stations, i.e., Hukou, Chenglingji, and Jianli, located at/near the outlets of Lakes 

Poyang (A01), Dongting (A02), and Changjianggudao (A04), respectively. These three 

ROIs account for 96.4 % of the total area of Class-I lake regions where inundation areas 

are highly associated and controlled by water levels at the outlets meeting the Yangtze 

main stem.  

       As shown in Figure 2-9, measured daily outlet levels agree well with inundation 

areas calculated from the mapping result in all three selected lake regions. These relations 

can be captured by compound quadratic functions with high goodness of fitting (R-

squared reaching ~0.86–0.96). Few identified outliers, as confirmed by the source 

MODIS images, are not results of major mapping errors but largely associated with the 

inherent uncertainties within the plotted level-area relations. For example, the greater 

inundation areas on March 11, 2010 for Poyang and July 23, 2004 for Dongting (Figures 

2-9a & b) concurred with excessive tributary flows and precipitation in the respective 
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lake basin (see Chapters 3 and 4 for more diagnosis). High agreement of the level-area 

relations, even for the much smaller lake region of A04 (Figure 2-9c), verify a high 

fidelity of the mapping result. These relations can also be potentially applied to diagnose 

the impact of altered Yangtze levels (e.g., induced by TGD’s flow regulation) on the 

inundation patterns of the surrounding lake/wetland system (see Chapters 3 and 4). 

 

2.4.3. Dynamics of lake inundation areas 

       Lake dynamics across the downstream Yangtze Basin is revealed in 2000–2011 from 

the produced lake mapping. Driven by the profound influences of the TGD, inundation 

areas in the downstream lake classes was comparatively analyzed between the pre- and 

post-TGD periods (i.e., before and after TGD’s initial operation in June 1
st
, 2003) with 

emphasis of three perspectives: i) temporal trends, ii) changes of average annual cycles, 

and iii) changes of inundation frequencies. In the first two analyses, unmapped daily lake 

areas were first interpolated by lake areas of the nearest mapping dates using a simple 

linear estimation; daily lake areas were then averaged in each ten-day of a month. The 

Kendall-Theil robust line [Conover, 1980; Helsel and Hirsch, 1992; Theil, 1950] was 

used to estimate the annual and seasonal monotonic trends of lake area dynamics, while 

the two-sample rank-sum test [Helsel and Hirsch, 1992; Wilcoxon, 1945] was employed 

to compare average lake areas before and after the TGD’s initial operation. Different 

from traditional regression and two-sample t-test, the applied methods require no 

assumption of the data distribution and are less affected by outliers, thus appropriate for 

quantifying dynamic changes in the studied lake inundation areas.  
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A decadal lake decline across the downstream Yangtze Basin 

       The time series of inundation areas aggregated from all studied lake regions (Figure 

2-10) indicate a widespread lake decline across the downstream Yangtze Basin. An 

annual decline rate of 73.7 km
2
 (0.6% yr

-1
) was calculated from 2000 to 2011, equivalent 

to 884.5 km
2 

or 7.7% of total lake area loss accumulated throughout this whole period. 

Despite an excessive precipitation anomaly in the recent year of 2010, this declining 

trend was tested to be continuous and significant (α = 0.05) in all seasons (Figure 2-11, 

Table 2-3). The decadal lake area minimum (8592.4 km
2
) did not occur in the typical dry 

season of winters, but surprisingly in the spring (specifically, mid-May, 2011) when the 

downstream Yangtze Basin usually experiences precipitation increase along with rising 

agricultural water demand (Figure 2-10). The average lake area in the spring of 2011 is 

respectively 15.0% and 8.6% lower than the spring and winter averages in the entire 

period (2000–2011). Considering the fact that the TGD functions to increase outflows in 

spring for the preparation of summer flood control, this lake area minimum was primarily 

induced by an extreme climatic drought associated with a 50-year lowest spring 

precipitation in 2011 [Feng et al., 2012; Xin, 2011]. This drought, intriguingly, occurred 

right after the 2010 precipitation anomaly and immediately before the summer flood in 

2011. The consequential dramatic fluctuations of lake inundation areas imply an intricate 

but instant linkage of this fragile downstream lake system to the regional climate and 

environment. 
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       The TGD operation since June, 2003 has posed additional puzzling to the revealed 

decadal lake decline. In order to gradually adopt the water management scheme, the 

annual maximal water level at the TGR continuously increased from ~140 m in 2003 to 

the reservoir capacity maximum of 175 m in the fall of 2010. One the one hand, 

cumulative water impounding during these years led to a net water budget reduction in 

the downstream Yangtze River. This concurred with a significant post-TGD decreasing 

trend in lake inundation area (–53.0 km
2 

yr
-1

 or –0.5% yr
-1

) in contrast to a slight 

increasing trend in the pre-TGD period (Figure 2-10). On the other hand, TGD’s flow 

regulation have been intensified in each annual cycle under different seasonal dispatch 

modes, which are generally described as major flow release in winter and spring, minor 

water control in summer, and major flow decrease in fall. These seasonal regulations 

appear to match the post-TGD lake area trend uncovered in each season (Figure 2-11 and 

Table 2-3): despite an overall annual decrease, a weak increasing trend occurred in winter 

and the decreasing trend was tested non-significant in spring, while the area decline was 

detected most evident in fall.  

       Compared with the average annual cycle before the TGD operation, the total 

downstream lake area in the post-TGD period exhibits a year-round net decline of 176.8–

1313.7 km
2  

(see Figure 2-18a). This post-TGD decline of average lake areas was tested 

to be significant in each season (shown in the rank-sum test in Table 2-3) including 

TGD’s water releasing dispatch modes in winter and spring, which suggests a more 

dominant influence of climatic drought than that of direct human water regulation. 

However, reduced Yangtze flow during TGR’s water storage mode in fall inevitably 
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intensified the downstream hydrological drought, which partially explained the 

substantial lake area decline of 797.6 (±362.6) km
2
 identified in October–November 

(Figure 2-18a).   

      The post-TGD lake decline is also reflected by the cumulative lake areas as a function 

of inundation frequency. As illustrated in Figure 2-19a, the total lake area in the 

downstream Yangtze Basin decreases as the inundated lake area becomes more 

‘permanent’, i.e., with greater inundation frequency. In 2000–2011, a total area of 3288.2 

km
2
 was constantly inundated (frequency = 1.0) in the downstream Yangtze Basin, 

covering 13.8% of the maximal inundation area of 23,820.1 km
2
 (where the minimal 

frequency = 0). A lake area of 11,175.7 km
2 

(or 46.9 %) was inundated at least 50% of 

the studied time (minimal frequency = 0.5). In comparison to the pre-TGD condition, 

post-TGD lake areas under the same inundation frequencies decreased systematically by 

an average of 522.4 km
2
 or 2.2% of the maximal inundation area. The total lake area 

under a minimal inundation frequency of 0.50, for instance, drops from 11,519.9 to 

11,010.2 km
2
 (by ~2.1%) between the pre- and post-TGD periods.  

 

Lake dynamics in each class 

       The widespread net decline in total lake area masks several interesting patterns 

among different lake classes. First, lake areas exhibit different temporal trends within and 

beyond the Yangtze floodplain. Lake areas in both Classes I and II within the floodplain 

experienced monotonic decreasing trends with annual and seasonal declines similar to 

those of the total lake area (see Figures 2-12 to 2-15 and Tables 2-4 to 2-5 for details). 
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Particularly in fall, annual decrease of the Class-I lake area accumulated to 903.4 km
2
 

from 2003 to 2011, accounting for 28.4% of the average lake area observed in the post-

TGD fall seasons. Due to excessive precipitation in the year 2010, the post-TGD 

decreasing trend in Class II appears less significant. However, the influence of 2010 

anomaly is considered to be temporary as a strong declining trend (i.e., –42.8 km
2
 yr

-1
, 

comparable to –59.9 km
2
 yr

-1
 in Class-I lakes) existed prior to 2010 and continued in 

2011. Contrary to such declines in the floodplain, a significant increasing trend (+8.7 km
2
 

yr
-1

 or +0.6% yr
-1

) is observed from the aggregated lake area beyond the floodplain, i.e., 

the Class-III regions (Figures 2-16 & 2-17, Table 2-6). Considering the prevailing 

climatic drought across the Yangtze Basin [Feng et al., 2013; Lai et al., 2013b; Liu et al., 

2013; Qiu, 2011; Xin, 2011], this distinct contrast of lake dynamic trends, as also shown 

in the annual lake area cycles in Figure 2-18, implies strengthened tributary water 

regulation at Class-III lakes/reservoirs that concurred with the Yangtze flow control at the 

TGD [Hu et al., 2010; Lu et al., 2002]. The contrasting lake changes between the 

floodplain (Classes I & II) and Class-III lakes are also reflected in the inundation 

frequencies before and after the TGD operation as shown in Figure 2-19.  

       Second, the variability in inundation area varies among different lake classes. The 

observed lake area variation across the downstream Yangtze Basin is dominantly driven 

by Class-I lakes. During 2000–2011, the average annual variation of Class-I lake areas is 

±1189.9 km
2
, accounting for over 35% of its area mean (3144.8 km

2
), approximately 

eight times of the variation in Class II (6920.2 (±157.9) km
2
) and sixteen times in Class 

III (1478.6 (±74.1) km
2
). This large area fluctuation in Class I is a result of natural 
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hydrodynamic interactions between lake water storage and rising/receding of the Yangtze 

flow. The contemporary Class-II lakes, although formed in the Yangtze floodplain, stay 

much more stable likely due to artificial disconnection from the Yangtze River. As shown 

in Figure 2-19c, the constantly inundated area in Class-II lakes covers 25.9% of the 

maximal inundation extent, the highest in all classes (8.3% for Class III and only 0.9% 

for Class I). The least variability in Class-III lakes is attributed to their smaller lake areas, 

steeper lake basin bathymetry, and less surface area fluctuation in nature as located 

beyond the Yangtze floodplain. However, by comparing the annual variation against the 

mean lake area (i.e., coefficient of variation), Class-III lakes show a greater inherent 

variability than the strictly controlled Class-II lakes (0.05 in Class III > 0.02 in Class II). 

Because of this weakened annual variation, Class-II lakes exhibit a more evident area 

decline than Class I during the post-TGD period before the wet anomaly year of 2010: 

the cumulative decline in Class-II area is equivalent to 119.0% of its annual variation, 

four times greater than 31.6% in Class I. One the one hand, reduced intra-annual 

variations stabilized the inundation area of the agriculturally critical Class-II lakes. On 

the other hand, likely due to a lack of water exchange with the local Yangtze River, 

Class-II lakes appear more instable to inter-annual climatic and anthropogenic 

perturbation. Additional example is the dramatic area fluctuation in Class-II lakes 

induced by frequent wet and dry anomalies in 2010 and 2011.  

       Third, annual cycles of lake areas suggest different driving mechanisms of 

inundation dynamics in the studied lake classes. Further evidence of anthropogenic 

impacts on Class-II and -III lakes is manifested in the patterns of annual area cycles 
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which appear highly discrepant from those of Class-I lakes (Figure 2-18). Nearly 

opposite to the natural climatic seasonality, the inundation area of Class-II lakes starts to 

decrease in early March and reaches the annual minimum in summer (around June), 

implying voluminous water consumption from these lakes in spring to supply 

surrounding agricultural irrigation. The Class-II lake area gradually recovers in summer 

under local floodgate controls, along with increasing precipitation and tributary feedings, 

and achieves the annual maximum in late fall and winter for the preparation of water 

supply in the next annual cycle. Despite the strong anthropogenic control and weakened 

influence of the Yangtze River, the Class-II lake area still underwent a year-round post-

TGD decline under the enduring hydrological drought intensified by human consumptive 

loss and water regulation. This is consistent with the revealed declining trends for the 

floodplain lakes in both Classes I and II. The Class-III lake area cycle, although similar to 

that of Class II, was driven by a different mechanism. Located further upstream in the 

tributary catchments, these lakes are mostly artificial reservoirs whose annual area cycles 

reflect seasonal regulations of the natural tributary flow. Contrary to the decline of Class-

II lakes, the post-TGD increase of Class-III lake areas indicates a dominant impact of 

human water regulation (e.g., impoundment) regardless of the concurrent climatic 

drought across the Yangtze Basin. Evident water storage is observed at large Class-III 

reservoirs such as Danjiangkou (C01) [Hu et al., 2010], Zhelin (C02) [Lu et al., 2002], 

and Zhexi (C03), located upstream of the lake group in Wuhan, Lake Poyang, and Lake 

Poyang, respectively. Detailed lake area changes in each studied region were elaborated 

in Table 2-7. 



60 
 

 

2.5. Summary and concluding remarks 

       This chapter has presented a high-temporal-resolution mapping and monitoring of 

inundation areas in 90 lake regions covering about three quarters of the freshwater lake 

area across the downstream Yangtze Basin from 2000 to 2011. Lake area dynamics in the 

recent decade was revealed a ten-day temporal frequency using a novel classification 

system. This classification system categorized hundreds of studied downstream lake 

entities into three general classes based on their different relations to the Yangtze River. 

In each lake class, changes of inundation areas were comparatively quantified before and 

after TGD’s initial operation in order to facilitate further study of the impacts of TGD on 

the downstream lakes.  

        The comprehensive results discussed in Section 2.4 articulate a widespread net 

decline in lake inundation area across the downstream Yangtze Basin, primarily driven 

by the majority of lakes within the Yangtze floodplain. The cumulative lake area decrease 

from 2000 to 2011 was estimated to be 884.5 km
2
 or 7.7% of the area mean in this period. 

This decadal lake area decline occurred under an intricate context of enduring 

hydrological droughts, increasing human water consumptive loss, and intensified TGD 

regulation of the Yangtze River flow. As further summarized in Figure 2-20, 

approximately 40–50% of the lake regions in number, covering ~45–60% (or ~5500–

7000 km
2
) of the studied downstream lake surface, have experienced significant area 

decrease since the initial operation of the TGD. In addition to the generally decreasing 

trends, inter-annual lake areas within the Yangtze floodplain also exhibit amplified 
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instability associated with frequent climatic anomalies (e.g., extreme wet in 2010 and 

extreme drought in 2006 and 2011).  

       Lake area declines in Classes I and II concurred in a sharp contrast with an overall 

area increase in Class-III lakes, implying additional vulnerability of the floodplain lake 

system. Climate-induced hydrological drought, together with local human water 

consumption, certainly impacted tributary feedings to Classes I and II, while upstream 

water impounding as suggested by Class-III lake area increase might further reduce 

downstream tributary discharges and thus deteriorate floodplain lake declines. Besides 

tributary influences, inundation patterns of Class-I lakes – where water exchange with the 

Yangtze River remains natural – could be further influenced by the altered seasonality of 

Yangtze River levels induced by TGD’s water regulation. However, precise effects of the 

TGD on the downstream Yangtze levels and ultimately on the surrounding lake system 

are still unclear. To this end, the produced lake mapping result and derived lake area 

dynamics across the downstream Yangtze Basin provides a systematic and highly 

necessary monitoring basis for the continuous investigation of lake change mechanisms 

in the remaining chapters. 
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Figure 2-1. (a) Comprehensive map of the Yangtze hydrological basin downstream of the Three Gorges Dam (a total area of ~784,000 km2, 

accounting for 44.6% of the entire Yangtze Basin) and the studied lake system. (b) Size distribution of the document lakes in the downstream 

Yangtze basin (blue) and proportions studied. (c) Sampling rate of lake area in each class.  

(a) 

(b) 

(c) 



 63 

 

Figure 2-2. Defined lake regions of interest (ROIs, a total of 90 in number).  

       ROI numbers in lake classes of I, II, and III are 6, 56, and 28, respectively. Lake ROIs are named as “A”, “B”, “C” representing Classes I, II, 

III, respectively, followed by numbers in a descending order of ROI size. 
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Figure 2-3. Schematic procedure of  the automated lake mapping algorithm.  

       Clipped remote sensing images are displayed in MODIS’s native sinusoidal projection.  
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Figure 2-4. Operating procedure and functionality of the interactive lake mapping tool.  

       Clipped remote sensing images are displayed in MODIS’s native sinusoidal projection. 

  



 66 

 

 

 

 

 

 

 

 

 

 

[Note for Figure 2-4] 

This example briefly illustrates how this interactive mapping tool functions to facilitate a user 

to repair lake regions, (in this case) omitted by the automated mapping algorithm due to high 

NIR reflectance from surface water rich in suspended sediment. Under the ArcMap editing 

mode, a user needs to first define a repair region by simply drawing a polygon (ROI) that 

circumscribes the omitted lake surface (Step 1), and then select the appropriate ‘classifier’ 

from the avaiable options, i.e., ‘NIR’, ‘NDWI’, and ‘MIR’ (middle Infrared). The option of 

‘NDWI’ is selected in this case as suspended sediment on water surface usually appears less 

evident in an NDWI image. By clicking on the ‘ROI’ button, an NDWI image for this ROI is 

generated (Step 2) and the associated distribution of pixel NDWI values is visualized in the 

GUI. The generated bimodal histogram serves as a graphical reference for the user to 

determine the optimal NDWI threshold (near the central valley) for water extraction. The 

optimal threshold is interactively approximated by sliding the scrollbar beneath the histogram. 

‘Water extent’ (blue region in Step 3) segmented by the NDWI value pointed by the scroller 

(-0.04 in this example) is synchronously displayed in the source MODIS image. The user 

visually interprets the classified water extent in a dynamic mode as the threshold is being 

adjusted along the scroll bar. When the optimal solution is reached, the user clicks on the 

“Vectorize” button to append the recovered lake extent to the edited lake layer (Step 4). It is 

estimated that this interactive tool expedites the tedious lake editing process by at least ~10-

50 times, and was effectively used in many other scenarios that cause lake mapping errors 

such as surface algae, ice, and thin cloud coverage.   
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Figure 2-5. Spatial inundation patterns (2000–2011) within studied lake regions (ROIs) (a). Selected ROIs are highlighted in (b)–(h).
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Figure 2-6. Matrix of the lake mapping rate (number of days) for studied lake regions (ROIs) (row indices) in a ten-day time series during 2000–

2011 (column indices).  
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Figure 2-7. Average mapping rates (number of days mapped per ROI) for studied lake ROIs in a ten-day time series during 2000–2011.  
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Figure 2-8. Spatial mapping coverage (% of the total ROI number) across the downstream Yangtze Basin in a ten-day time series during 2000–

2011.  
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Figure 2-9. Relationships between mapped daily lake areas and observed water levels at/near 

lake outlets: (a) ROI A01 (Lake Poyang), (b) ROI A02 (Lake Dongting), and (c) ROI A04 

(Lake Changjianggudao).
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Figure 2-10. Ten-day time series of aggregated inundation areas in all studied lakes (left axis) and mean precipitations in the entire Yangtze 

Basin (right axis) during 2000–2011.  

 

 

 

 

 

 

 

 

A total decrease of 476.8 km
2 
in 2003–2011, equivalent to an 

annual decreasing rate of 53.0 km
2
 or 0.46% (p = 0.037) 
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[Note for Figure 2-10] 

Dots represent the maximal/minimal lake areas mapped in each ten-day period while lines illustrate the ten-day averages. Monotonic trends in 

the pre- and post-TGD periods (blue and red, respectively) were fitted using the Kendall-Theil robust line [Theil, 1950] based on ten-day 

averages. The TGD initialized operation in June, 2003. However, the pre- and post-TGD periods used for trend analysis were defined as 2000–

2003 and 2003–2011, respectively. The complete annual cycle of 2003 was included for both periods in order to exclude the influence of half an 

annual cycle in inter-annual trend fitting. Trend analysis in the other lake classes (in Figures 2-11 to 2-17) are based on the same method 

described here. Ten-day precipitations (grey) were calculated based on the three-hour Tropical Rainfall Measuring Mission (TRMM) 

precipitation data (accessed from mirador.gsfc.nasa.gov/), averaged within the geographic region of the entire Yangtze Basin considering that 

downstream lakes (particularly Class-I lakes) were influenced by Yangtze discharges accumulated through the drainage networks from the basin 

portions both upstream and downstream of the TGD.  

 

http://mirador.gsfc.nasa.gov/
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Figure 2-11. Ten-day time series of seasonal inundation areas in all studied lakes (Classes I, II, and III combined): (a) winter, (b) spring, (c) 

summer, and (d) fall.  

       Legends are consistent with Figure 2-10. 
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Figure 2-12. Ten-day time series of aggregated inundation areas in Class-I lakes during 2000–2011.  

       Legends are consistent with Figure 2-10. 

  

A total decrease of 436.7 km
2 
in 2003–2011, equivalent to an 

annual decreasing rate of 48.5 km
2
 or 1.60% (p = 0.018) 
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Figure 2-13. Ten-day time series of seasonal inundation areas in Class-I lakes: (a) winter, (b) spring, (c) summer, and (d) fall.  

       Legends are consistent with Figure 2-10. 
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Figure 2-14. Ten-day time series of aggregated inundation areas in Class-II lakes during 2000–2011.  

       Legends are consistent with Figure 2-10. 
  

A total decrease of 299.9 km
2 
in 2003–2009, equivalent to 

an annual decreasing rate of 42.8 km
2
 or 0.62% (p < 0.001) 

Post-TGD decrease in 2003–2011 insignificant due to 
excessive precipitation anomaly in 2010 
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Figure 2-15. Ten-day time series of seasonal inundation areas in Class-II lakes: (a) winter, (b) spring, (c) summer, and (d) in fall.  

       Legends are consistent with Figure 2-10. 
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Figure 2-16. Ten-day time series of aggregated inundation areas in Class-III lakes during 2000–2011.  

       Legends are consistent with Figure 2-10. 

  

A total increase of 78.0 km
2 
in 2003–2011, equivalent to an 

annual increasing rate of 8.7 km
2
 or 0.58% (p < 0.001) 
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Figure 2-17. Ten-day time series of seasonal inundation areas in Class-III lakes: (a) winter, (b) spring, (c) summer, and (d) fall.  

       Legends are consistent with Figure 2-10. 
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Figure 2-18. Mean annual cycles of aggregated inundation areas during the pre- and post-

TGD periods in all studied lakes (a) and lakes in Classes I (b), II (c), and III (d).  

       The pre- and post-TGD periods used for the calculation of mean annual cycles were 

defined as the time periods exactly before and after the TGD’s initial operation (June 1st, 

2003), respectively. Standard deviations were computed from daily lake areas. 
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Figure 2-19. Relationships of inundation frequency (i.e., proportion of the total time) and 

cumulative inundation area during the entire study period (2000–2011; black), and the pre- 

and post-TGD periods (i.e., before and after June 1st, 2003; blue and red), in all studied lakes 

(a) and lakes in Classes I (b), II (c), and III (d).  
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Figure 2-20. Graphic summary of lake area changes in each and all classes. 

       (a) Number of lake regions that experienced significant monotonic changing trends of 

inundation area during the post-TGD period (2003–2011) (based on the Kendall-Theil test). 

(b) Number of lake regions that experienced significant post-TGD changes of inundation area 

compared to the pre-TGD means (based on two-sample rank-sum test). (c) Total lake area 

that experienced significant monotonic changing trends during the post-TGD period. (b) 

Total lake area that experienced significant post-TGD changes compared to the pre-TGD 

means.  

Trend (2003–2011) Pre-TGD vs. Post-TGD 

Pre-TGD vs. Post-TGD Trend (2003–2011) 
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Table 2-1. Lake statistics in the defined classes across the downstream Yangtze Basin. 

Downstream 

Yangtze Basin 

Land area 

(km
2
) 

Lake 

density (%) 

Lake 

class 

Lake number Total lake area (km
2
) Mean lake size (km

2
) 

Documented Studied Documented Studied Documented Studied 

Floodplain 135,423 8.6 I 494 494 100% 2,639.0 2,639.0 100% 5.3 5.3 

II 2,437 527 21.6% 9,061.0 7,272.5 80.3% 3.7 13.8 

Others 649,418 0.5 III 2,964 117 3.9% 3,281.2 1,463.2 44.6% 1.1 12.9 

Total 784,511 1.91 All 5,895 1,138 19.3% 14,957.3 11,374.7 76.0% 2.5 9.6 

Note: Lake statistics in both number and area was calculated from the SWBD [SWBD, 2005]. These values reflect the lake surface situation in 

February, 2000 when the SRTM mission was performed, and is only used here for background information. The calculated lake statistics could 

be discrepant from the MODIS mapping result (produced in this chapter) which incorporates lake area variability during the period of 2000–

2011.  
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Table 2-2. Summary of MODIS image selection criteria. 

Category Selection Criteria 

A01 & A02 Other ROIs 

Cloud coverage Cloud state = ‘clear’  

or ‘assumed clear’ 

>= 60% >= 80% 

Atmospheric 

interference 

Atmospheric correction  

performed = ‘yes’ 

>= 60% >= 90% 

Band data quality Band 2 (NIR) = ‘highest quality’ >= 90% >= 90% 

Viewing geometry  Sensor zenith angle No control <= 45° 

Note: Assigned image quality-insurance (QA) values (in quoting marks) are referred to 

MODIS Surface Reflectance User’s Guide [Vermote et al., 2011] accessed from 

http://dratmos.geog.umd.edu/products/MOD09_UserGuide_v1_3.pdf.  

  

http://dratmos.geog.umd.edu/products/MOD09_UserGuide_v1_3.pdf
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Table 2-3. Statistical summary of area changes in all studied lakes. 

 

(All lakes) 

Periods 

Entire period (2000–2011) Pre-TGD period (2000–2003) Post-TGD period (2003–2011) Pre-TGD vs. Post-TGD 

Rate of change (yr
-1

) Rate of change (yr
-1

) Rate of change (yr
-1

) 

Area (km
2
) % of mean p-value Area (km

2
) % of mean p-value Area (km

2
) % of mean p-value Rank-sum test 

Year-round -73.711 -0.638 <0.001 +174.973 +1.466 0.078 -52.973 -0.464 0.037 Pre > Post, p < 0.001 

Spring -61.014 -0.554 0.025 +508.483 +4.421 <0.001 -18.030 -0.167 0.380 Pre > Post, p = 0.001 

Summer -71.252 -0.552 0.007 +683.312 +5.140 0.007 -86.462 -0.676 0.032 Pre > Post, p = 0.018 

Fall -135.285 -1.128 <0.001 -762.904 -6.008 0.002 -128.494 -1.086 0.027 Pre > Post, p = 0.007 

Winter -36.306 -0.354 0.022 +1.675 +0.016 0.500 +35.123 +0.348 0.060 Pre > Post, p < 0.001 

Note: The annual changing rates were calculated from the monotonic trends fitted using the Kendall-Theil robust line [Theil, 1950]. As 

explained in Figures 2-10 and 2-18, the pre- and post-TGD periods used for trend analysis were defined as the full annual cycles of 2000–2003 

and 2003–2011, respectively, while these periods used for the two-sample rank-sum test [Wilcoxon, 1945] were defined as the time periods 

exactly before and after the TGD’s initial operation (June 1st, 2003), respectively. Numbers and texts notating significant area changes (α = 

0.05) were colored in red for significant decline and blue for significant increase. The described methods and definitions also apply to Tables 2-

4 to 2-7. 
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Table 2-4. Statistical summary of area changes in Class-I lakes. 

 

(Class I) 

Periods 

Entire period (2000–2011) Pre-TGD period (2000–2003) Post-TGD period (2003–2011) PreTGD- vs. Post-TGD 

Rate of change (yr
-1

) Rate of change (yr
-1

) Rate of change (yr
-1

) 

Area (km
2
) % of mean p-value Area (km

2
) % of mean p-value Area (km

2
) % of mean p-value Rank-sum test  

Year-round -68.878 -2.179 <0.001 +17.646 +0.503 0.431 -48.517 -1.602 0.018 Pre > Post, p < 0.001 

Spring -54.530 -1.980 0.012 +383.8365 +12.113 <0.001 -12.650 -0.497 0.387 Pre > Post, p < 0.001 

Summer -68.894 -1.474 0.001 +272.534 +5.468 0.067 -81.403 -1.781 0.013 Pre > Post, p = 0.011 

Fall -131.270 -3.905 <0.001 -823.909 21.072 <0.001 -100.381 -3.158 0.032 Pre > Post, p = 0.004 

Winter -35.577 -1.985 <0.001 +92.210 +4.333 0.198 +9.831 +0.590 0.235 Pre > Post, p < 0.001 
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Table 2-5. Statistical summary of area changes in Class-II lakes. 

 

(Class II) 

Periods 

Entire period (2000–2011/2009) Pre-TGD period (2000–2003) Post-TGD period (2003–2011/2009) Pre-TGD vs. Post-TGD 

Rate of change (yr
-1

) Rate of change (yr
-1

) Rate of change (yr
-1

) 

Area (km
2
) % of mean p-value Area (km

2
) % of mean p-value Area (km

2
) % of mean p-value Rank-sum test 

Year-round -6.182 

-25.175 

-0.089 

-0.365 

0.040 

< 0.001 

+130.825 

-- 

+1.869 

-- 

< 0.001  

 -- 

-4.503 

-42.848 

-0.065 

-0.626 

0.239 

< 0.001 

Pre > Post, p < 0.001 

Pre > Post, p < 0.001 

Spring -18.922 

-26.237 

-0.275 

-0.376 

0.011 

0.003 

+97.706 

-- 

+1.398 

-- 

< 0.001 

-- 

-0.989 

-8.126 

-0.015 

-0.117 

0.479 

0.311 

Pre > Post, p < 0.001 

Pre > Post, p < 0.001 

Summer -1.012 

-24.983 

-0.015 

-0.358 

0.474 

0.003 

+309.636 

-- 

+4.536 

-- 

< 0.001 

-- 

+0.105 

-63.602 

+0.002 

-0.919 

0.500 

<0.001 

Pre > Post, p = 0.134 

Pre > Post, p < 0.017 

Fall -3.763 

-24.609 

-0.053 

-0.353 

0.284 

0.001 

+133.664 

-- 

+1.885 

-- 

0.011 

-- 

-2.838 

-40.290 

-0.040 

-0.582 

0.392 

< 0.001 

Pre > Post, p = 0.180 

Pre > Post, p < 0.032 

Winter -9.388 

-25.856 

-0.134 

-0.371 

0.052 

<0.001 

+2.467 

-- 

+0.035 

-- 

0.476 

-- 

+14.239 

-0.145 

+0.205 

-0.002 

0.043 

0.497 

Pre > Post, p < 0.001 

Pre > Post, p < 0.001 

Note: Due to the influence of 2010 heavy precipitation anomaly on Class-II lakes, statistical tests for both time periods up to 2011 and 2009 

were provided under the panels of ‘Entire period’ and ‘Post-TGD period’. In each tested period (under the ‘Periods’ panel), statistical results for 

time periods up to 2011 and 2009 were provided in the first (upper) and second (lower) rows, respectively. 
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Table 2-6. Statistical summary of area changes in Class-III lakes. 

 

(Class III) 

Periods 

Entire period (2000–2011) Pre-TGD period (2000–2003) Post-TGD period (2003–2011) Pre-TGD vs. Post-TGD 

Rate of change (yr
-1

) Rate of change (yr
-1

) Rate of change (yr
-1

) 

Area (km
2
) % of mean p-value Area (km

2
) % of mean p-value Area (km

2
) % of mean p-value Rank-sum test 

Year-round +9.104 +0.616 <0.001 +9.416 +0.660 0.244 +8.668 +0.578 < 0.001 Pre < Post, p < 0.001 

Spring +9.935 +0.713 <0.001 +32.066 +2.388 0.023 +0.227 +0.016 0.486 Pre < Post, p < 0.001 

Summer +4.921 +0.331 0.069 +62.317 +4.206 0.025 +9.014 +0.606 0.024 Pre < Post, p = 0.469 

Fall +9.210 +0.586 <0.001 -65.983 -4.382 0.030 +5.425 +0.340 0.026 Pre < Post, p < 0.001 

Winter +7.980 +0.545 0.030 -104.617 -7.455 0.001 +1.771 +0.119 0.402 Pre < Post, p = 0.002 
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Table 2-7. Summary of lake names, areas and changes within studied ROIs. 

ROI Major lake(s) Total lake area 

(mean ± std. km2) 

Trend (Rates reported in % yr-1) 

  

Rank-sum 

test 

00-11 Rate 03-11 Rate 03-09 Rate 

Total 90 ROIs 11564.43 ± 1456.46 30 ↓  28 ↑ 33 ↓  29 ↑ 39 ↓  19 ↑ 41 ↓  22 ↑ 

Class I 6 ROIs 3165.71 ± 1379.68 3 ↓  1 ↑  3 ↓  1 ↑ 3 ↓  0 ↑ 5 ↓  0 ↑ 

A01 Poyang 1941.13 ± 799.67 ↓ -2.295 ↓ -1.831 ↓ -2.496 ↓ 

A02 Dongting 1035.70 ± 543.06 ↓ -2.063 ↓ -1.432 ↓ -1.419 ↓ 

A03 Shijiu 152.43 ± 36.16 ↑ 0.549 ↑ 0.777 ↑ 0.544 ↓ 

A04 Changjianggudao 19.13 ± 10.75 ↓ -1.786 ↓ -1.595 ↓ -1.463 ↓ 

A05 Heiwawugudao 14.18 ± 6.33 ↓ -0.541 ↑ 1.740 ↑ 0.828 ↓ 

A06 Dongwu, Nanwu 18.16 ± 17.07 ↓ -1.080 ↑ 1.215 ↑ 0.215 ↓ 

Class II 56 ROIs 6919.40 ± 281.30 21 ↓  13 ↑ 22 ↓  14 ↑ 26 ↓  7 ↑ 25 ↓  11 ↑ 

B01 Tai 2340.29 ± 58.96 ↓ -0.111 ↓ -0.240 ↓ -0.038 ↓ 

B02 Liangzi, Niushan, 

Bao’an, Sanshan, 

Ya’er 

386.89 ± 35.31 ↓ -0.076 ↑ 0.227 ↓ -1.330 ↓ 

B03 Longgan, Longhu, 

Daguan, Huang, Bohu 

598.50 ± 89.77 ↓ -0.997 ↓ -0.084 ↓ -3.055 ↓ 

B04 Chao 769.05 ± 6.28 ↑ 0.040 ↓ -0.003 ↓ -0.046 ↑ 

B05 Wanghu, Zhupo 97.33 ± 19.04 ↑ 1.297 ↑ 1.689 ↑ 0.249 ↓ 

B06 Caizi, Baitu, Xizi 141.18 ± 48.54 ↑ 0.426 ↑ 0.205 ↑ 1.339 ↑ 

B07 Junshan 148.94 ± 7.72 ↓ -0.220 ↓ -0.248 ↓ -0.421 ↓ 

B08 Hong 252.40 ± 35.38 ↓ -0.794 ↓ -2.039 ↓ -4.847 ↓ 

B09 Houguan  43.78 ± 5.88 ↓ -0.559 ↓ -0.925 ↓ -2.095 ↓ 

B10 Futou 116.70 ± 16.25 ↑ 1.159 ↑ 1.017 ↑ 0.427 ↑ 

B11 Shengjin 92.31 ± 20.37 ↑ 0.338 ↑ 1.328 ↑ 0.608 ↓ 

B12 Changhu 114.50 ± 7.49 ↑ 0.406 ↑ 0.175 ↑ 0.518 ↑ 

B13 Wuchang, Qingcao 68.55 ± 12.29 ↓ -1.006 ↓ -1.362 ↓ -3.904 ↓ 

B14 Daye, Taibai 55.10 ± 7.54 ↓ -0.279 ↑ 0.132 ↓ -1.365 ↓ 

B15 Nanhu 149.18 ± 21.36 ↑ 0.920 ↑ 0.619 ↑ 0.322 ↑ 

B16 Xiliang 66.17 ± 7.36 ↑ 0.011 ↑ 0.891 ↓ -0.173 ↓ 

B17 Huanggai 64.54 ± 12.25 ↑ 0.245 ↑ 0.111 ↓ -0.168 ↑ 

B18 Chidong, Chijiao, 

Honghu, Hongtu 

24.36 ± 7.52 ↑ 1.721 ↑ 2.776 ↑ 2.467 ↑ 

B19 Central Poyang 80.95 ± 11.38 ↑ 0.155 ↓ -0.315 ↓ -0.723 ↑ 

B20 Yangcheng 109.21 ± 5.41 ↓ -0.458 ↓ -0.481 ↓ -0.485 ↓ 

B21 Taipo 28.75 ± 4.73 ↓ -0.255 ↑ 0.236 ↓ -0.735 ↓ 

B22 Saihu, Bali, 

Changgang, Xuehu 

63.11 ± 6.06 ↑ 0.230 ↑ 0.323 ↑ 0.237 ↑ 

B23 Gehu 131.06 ± 12.10 ↑ 0.312 ↑ 0.233 ↓ -0.117 ↑ 

B24 Baidang 39.33 ± 5.35 ↓ -1.640 ↓ -2.461 ↓ -2.348 ↓ 

B25 Chihu 40.79 ± 7.32 ↓ -1.422 ↓ -2.865 ↓ -5.319 ↓ 

B26  Donghu, Yanxi 39.74 ± 3.10 ↓ -0.721 ↓ -0.625 ↓ -0.926 ↓ 

B27 Luhu 29.62 ± 7.67 ↑ 0.363 ↑ 0.276 ↓ -0.266 ↓ 

B28 Dianshan 68.85 ± 1.98 ↓ -0.351 ↓ -0.235 ↓ -0.503 ↓ 

B29 Tangsun 36.75 ± 2.92 ↓ -0.164 ↑ 0.354 ↓ -0.125 ↓ 

B30 Fengsha, Zhusi 36.99 ± 8.40 ↓ -0.638 ↓ -2.101 ↓ -3.481 ↓ 
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ROI Major lake(s) Total lake area 

(mean ± std. km2) 

Trend (Rates reported in % yr-1) 

  

Rank-sum 

test 

00-11 Rate 03-11 Rate 03-09 Rate 

B31 Pogang, Guanqiao, 

Shitang 

39.76 ± 4.71 ↑ 0.060 ↓ -0.059 ↓ -0.956 ↓ 

B32 Yuni 12.76 ± 1.88 ↓ -0.891 ↓ -1.009 ↓ -1.182 ↓ 

B33 Niunai 15.37 ± 2.35 ↑ 0.634 ↑ 0.433 ↑ 0.196 ↑ 

B34 Maoli 22.35 ± 1.65 ↑ 0.571 ↑ 0.615 ↑ 0.229 ↑ 

B35 Changdang 76.69 ± 6.05 ↓ -0.046 ↓ -0.296 ↑ 0.026 ↑ 

B36 Chenhu 24.48 ± 12.66 ↑ 3.692 ↑ 5.657 ↑ 4.589 ↑ 

B37 Yezhu 22.55 ± 2.29 ↓ -0.762 ↓ -0.885 ↓ -0.770 ↓ 

B38 Huama 17.11 ± 2.92 ↓ -0.439 ↑ 0.342 ↓ -1.211 ↓ 

B39 Donghu 22.83 ± 2.55 ↓ -0.915 ↓ -0.851 ↓ -1.727 ↓ 

B40 Datong 77.62 ± 2.30 ↓ -0.003 ↓ -0.100 ↓ -0.353 ↓ 

B41 Houhu 14.75 ± 3.10 ↓ -1.883 ↓ -2.091 ↓ -3.236 ↓ 

B42 Taibai 27.89 ± 2.20 ↑ 0.098 ↓ -0.041 ↑ 0.030 ↓ 

B43 Chenghu 40.48 ± 4.87 ↑ 0.013 ↑ 3.375 ↑ 3.505 ↓ 

B44 Dongxicha 19.48 ± 3.18 ↑ 0.576 ↓ -0.366 ↑ 0.073 ↑ 

B45 Wuhu 19.90 ± 4.02 ↓ -1.741 ↓ -0.941 ↓ -2.021 ↓ 

B46 Shatangudao 14.08 ± 1.81 ↑ 0.509 ↑ 0.695 ↑ 0.890 ↓ 

B47 Chenjia 16.03 ± 1.50 ↑ 0.199 ↑ 0.054 ↑ 0.471 ↑ 

B48 Lanni 11.07 ± 1.61 ↓ -0.358 ↓ -0.053 ↑ 0.250 ↓ 

B49 Yaohu 16.04 ± 1.33 ↓ -0.135 ↓ -0.242 ↑ 0.785 ↑ 

B50 Zhangdu 29.35 ± 8.16 ↓ -0.040 ↑ 0.257 ↑ 0.216 ↓ 

B51 Gucheng 24.23 ± 2.34 ↑ 0.370 ↑ 0.337 ↓ -0.238 ↑ 

B52 Wangmu 7.15 ± 0.72 ↓ -0.433 ↓ -0.602 ↓ -0.868 ↓ 

B53 Laojiang 16.23 ± 0.96 ↑ 0.047 ↓ -0.218 ↓ -0.047 ↑ 

B54 Wushan 14.93 ± 0.79 ↑ 0.104 ↑ 0.167 ↓ -0.404 ↓ 

B55 Longsai 10.79 ± 1.18 ↓ -0.077 ↓ -0.403 ↑ 0.356 ↑ 

B56 Shanpo 19.10 ± 0.30 ↓ -0.044 ↓ -0.191 ↓ -0.124 ↑ 

Class III 28 ROIs 1479.32 ± 119.42 6 ↓  14 ↑ 8 ↓  14 ↑ 10 ↓  12 ↑ 11 ↓  11 ↑ 

C01 Danjiangkou 423.47 ± 91.75 ↑ 0.868 ↑ 0.541 ↑ 0.887 ↑ 

C02 Zhelin 225.80 ± 25.28 ↑ 1.363 ↑ 1.171 ↑ 0.636 ↑ 

C03 Zhexi 59.45 ± 10.37 ↓ -0.731 ↑ 0.477 ↑ 1.457 ↓ 

C04 Wan’an 58.17 ± 8.51 ↑ 1.166 ↑  2.060 ↑ 2.286 ↑ 

C05 Hongmen 34.39 ± 7.22 ↑ 1.160 ↑ 2.985 ↑ 3.101 ↓ 

C06 Yinghu 41.46 ± 6.70 ↑  0.491 ↑ 0.807 ↑ 1.411 ↑ 

C07 Dongjiang 97.00 ± 9.28 ↓ -0.058 ↑ 1.043 ↑ 1.525 ↓ 

C08 Zhanghe 72.15 ± 7.16 ↑ 0.509 ↓ -0.032 ↑ 1.204 ↑ 

C09 Bailianhe 18.42 ± 4.56 ↑ 0.474 ↑ 1.192 ↑ 0.518 ↓ 

C10 Xujiahe 34.65 ± 5.83 ↑ 0.492 ↓ -2.640 ↓ -2.947 ↑ 

C11 Taiping 50.32 ± 7.49 ↑ 0.960 ↑ 2.052 ↑ 0.988 ↓ 

C12 Fushui 44.93 ± 5.77 ↓ -0.419 ↓ -0.586 ↓ -2.388 ↓ 

C13 Yahekou 53.32 ± 10.55 ↓ -1.144 ↓ -2.920 ↓ -0.759 ↑ 

C14 Jiangkou 36.43 ± 3.63 ↑ 0.797 ↑ 1.261 ↑ 0.859 ↑ 

C15 Fuqiaohe 11.44 ± 3.38 ↑ 3.908 ↑ 1.836 ↑ 3.167 ↑ 

C16 Hualiangting 33.43 ± 5.68 ↓ -0.362 ↓ -0.592 ↓ -1.970 ↓ 
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ROI Major lake(s) Total lake area 

(mean ± std. km2) 

Trend (Rates reported in % yr-1) 

  

Rank-sum 

test 

00-11 Rate 03-11 Rate 03-09 Rate 

C17 Shangyoujiang 23.30 ± 3.85 ↑ 0.844 ↑ 0.999 ↑ 0.992 ↑ 

C18 Longhekou 29.58 ± 4.44 ↑ 1.370 ↑ 1.525 ↑ 1.420 ↑ 

C19 Shuifumiao 23.76 ± 3.01 ↓ -0.089 ↓ -0.582 ↓ -1.445 ↓ 

C20 Fushui 26.37 ± 3.40 ↑ 0.036 ↑ 0.963 ↓ -0.233 ↓ 

C21 Tieshan 27.96 ± 4.61 ↓ -0.504 ↑ 0.034 ↓ -4.127 ↓ 

C22 Wangying 25.31 ± 2.62 ↑ 0.814 ↑ 0.625 ↓ -0.626 ↑ 

C23 Xipaizihe 18.56 ± 3.04 ↑ 1.999 ↑ 0.355 ↑ 1.068 ↑ 

C24 Wenxiakou 14.51 ± 2.28 ↓ -0.198 ↓ -0.973 ↑ 1.579 ↑ 

C25 Dongpu 12.33 ± 2.10 ↓ -0.023 ↓ -0.820 ↓ -3.125 ↑ 

C26 Weishui 14.97 ± 1.22 ↓ -0.249 ↑ 0.187 ↓ -0.338 ↓ 

C27 Songjiachang 6.77 ± 1.89 ↓ -3.243 ↓ -4.680 ↓ -9.922 ↓ 

C28 Nanhu 8.81 ± 2.26 ↓ -0.654 ↓ -2.203 ↓ -1.663 ↑ 

Note: Upward and downward pointing arrows notate lake area increase and decrease in the 

ROIs, respectively. Numbers and notations in ROIs with significant lake area changes are 

colored: red for increase and blue for decrease. Statistical significance was tested using the 

same methods of Tables 2-3 to 2-6. 
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CHAPTER 3 

DOWNSTREAM YANGTZE RIVER LEVELS IMPACTED BY THREE GORGES DAM 

 

3.0. Preface 

       The research presented in this chapter was published on: 

 Wang, J., Sheng, Y., Gleason, C.J., and Wada, Y., 2013. Downstream Yangtze 

River Levels Impacted by Three Gorges Dam. Environmental Research Letters, 8, 

044012.   

       The original structure used in the published journal paper is kept in this chapter. Two 

sections of Supplementary Materials (i.e., Sections 3.6 and 3.7) are provided in the end.        

 

3.1. Introduction 

       China’s Three Gorges Dam (TGD), thus far the world’s largest hydroelectric project 

[Nilsson et al., 2005], initialized water impoundment in June, 2003. In less than one 

month, the water level of the Yangtze River immediately upstream of the TGD was 

elevated by more than 50 m (to 135 m above the Yellow Sea Datum), creating the Three 

Gorges Reservoir (TGR) and submerging ~500 km upstream [China Three Gorges 

Corporation, 2004]. The Yangtze River downstream from the TGD (Figure 3-1a), a total 

length of ~1,600 km constituting nearly 30% of this longest river in Asia, has since been 

regulated under an altered flow regime [Gao et al., 2013].  

      In a typical annual cycle, Yangtze outflow from the TGD is controlled under four 

water dispatch modes, namely, i) pre-discharge dispatch: TGR water release in late May–
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early June for the preparation of downstream summer flood control, ii) flood-control 

dispatch: flow adjustment in July–August, iii) water-storage dispatch: water impounding 

in mid-September–October for the preparation of electricity generation and water supply 

in winter, and iv) water-supplement dispatch: water release in January–March [China 

Three Gorges Corporation, 2004; Ou et al., 2012]. Such a dispatch scheme has been 

gradually adopted with yearly intensified water regulation since TGR’s initial 

impoundment (i.e., June, 2003) (Figure 3-2a). Correspondingly, the maximal TGR level 

reached in each water-storage dispatch mode steadily increased from ~135 m in 2003–

2005, ~155 m in 2006–2007, ~170 m in 2008–2009, to the maximal capacity level of 175 

m since 2010 (Figure 3-2b).  

       As with some other largest hydroelectric projects, the TGD has received worldwide 

attention due to its profound impacts on downstream hydraulics, channel morphology, 

and ecological systems [Fearnside, 1988; Li et al., 2009; Qiu, 2011; Sun et al., 2012; 

Tullos, 2009]. The Yangtze Basin downstream of the TGD is a critical ecoregion that 

contains ~40% of freshwater lake area and ~30% of freshwater marsh/wetland area in 

China (estimated from the Global Lakes and Wetlands Database by [Lehner and Döll, 

2004]). As the majority of these lakes and wetlands are located in the Yangtze floodplain, 

their inundation levels and areas interact with local Yangtze levels [Guo et al., 2012; Yin 

et al., 2007], which vary predictably with changing flows [Leopold and Maddock, 1953]. 

TGD regulation, typically described as flow decrease in fall while increase in winter and 

spring, interfered with the natural seasonality of downstream Yangtze levels and thus 
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river-lake interactions [Guo et al., 2012; Hu et al., 2007; Liu et al., 2013; Ou et al., 2012; 

Zhang et al., 2012].  

      Concurrent with TGD’s flow regulation, a considerable amount of sediment in the 

upstream Yangtze flow (e.g., ~60% in 2003–2006 estimated by [Xu and Milliman, 2009]) 

has been retained in the TGR, leading to decrease of sediment load released from the dam 

and long-term geometric/morphologic changes (e.g., erosion) to the downstream Yangtze 

channel [Cheng et al., 2011; Dai and Liu, 2013; Li et al., 2009; Xu and Milliman, 2009; 

Yang et al., 2007]. Channel-derived sediment in the downstream reach did not completely 

offset the sediment loss in the TGR [Yang et al., 2007]. Continuous channel erosion due 

to sediment supply deficiency in turn lowers Yangtze water levels in relation to flows, 

complicates anticipated level changes induced by flow regulation, and therefore further 

impacts the integrity of the surrounding riparian environment and ecosystems.  

       Existing studies of TGD’s downstream impacts have primarily focused on i) the 

alteration of Yangtze flows [Dai et al., 2008; Gao et al., 2013; Xiao and Chen, 2011], ii) 

the decrease of sediment transport rate and the consequential channel degradation/erosion 

[Cheng et al., 2011; Dai and Liu, 2013; Hu et al., 2009; Li et al., 2009; Xu and Milliman, 

2009; Yang et al., 2007; Yang et al., 2006], and iii) the change of inundation level/area of 

individual lakes in the riparian zone and their water exchange with the Yangtze main 

stem [Dai et al., 2010; Feng et al., 2012; Feng et al., 2011; Guo et al., 2012; Hayashi et 

al., 2008; Huang et al., 2011; Lai et al., 2012; Liu et al., 2013; Zhao et al., 2011]. 

Assessments of TGD’s impacts on Yangtze River levels are limited to part of the 

downstream segment or small fractions of time periods [Huang et al., 2011; Lai et al., 
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2012; Sun et al., 2012; Zhou, 2010], and are lacking a longitudinal depiction of the intra-

annual patterns of downstream levels altered by TGD’s flow and sediment regulation. 

       Here this chapter presents a first systematic assessment of the TGD influence on the 

seasonal regime of Yangtze River levels immediately downstream from the TGD water 

control system to the Yangtze estuary, by comparatively quantifying the impacts of two 

major outcomes of TGD operation: i) regulated Yangtze flow and ii) concurrent channel 

erosion due to reduced sediment load. Specifically, the analysis was targeted to address 

three scientific questions currently under inadequate investigation in the literature. First, 

in what magnitude has TGD’s regular flow regulation influenced the downstream 

Yangtze level: e.g., how does the influence compare to natural level variability in typical 

annual cycles? Second, how has the magnitude and time lag of the influence vary from 

the TGD to the estuary? Third, how much has riverbed erosion in the downstream 

Yangtze channels further complicated (i.e., counteracted or reinforced) the seasonal level 

changes induced by TGD’s flow regulation? Given the essential importance of Yangtze 

levels in the downstream hydrology, findings of this study provide scientific implications 

on the extended investigation of TGD-induced impacts on the dynamics and 

sustainability of Yangtze-connected lakes, wetlands and related ecosystems. The 

quantitative relations between TGD’s flow regulation and downstream Yangtze levels 

provided here also facilitate the policy making of potential adaptation strategies for 

Yangtze level changes as well as the practice of downstream flood control, water supply, 

and navigation management. 
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3.2. Data and methods 

       To diagnose TGD’s influences on the complete downstream reach, 15 gauging 

stations was selected along the Yangtze River with a total length of 1,406 km (Figure 3-

1). These stations start from the downstream side of the Gezhouba (GZB) dam (st.1) and 

end with Zhenjiang (st.15) near the Yangtze estuary to the East China Sea, and are 

divided into three major segments (termed as Jingjiang, middle, and lower reaches) 

defined by Chenglingji (st.5) and Hukou (st.10) at the outlets of China’s two largest 

freshwater lakes, Dongting and Poyang, respectively. Three sets of stations are found in 

very close proximities (< 50 km), located immediately downstream from the GZB (i.e., 6 

km between st.1–2) and near the upstream/downstream edges of large lakes (i.e., 32 km 

between st.5–6 and 17 km between st.9–10). Excluding these short distance intervals, the 

studied stations are distributed along the downstream Yangtze River with an average 

interval of 119.4 (±36.5) km. The GZB dam, part of the Three Gorges water control 

system, is a small afterbay located 38 km downstream from the TGD, with limited 

storage capacity of ~4% of the TGR’s [China Three Gorges Corporation, 2004]. Its 

primary function is to adjust the tail water flow from the TGD and improve navigation 

conditions of the Yangtze segment between the two dams. Flow regulation by the GZB is 

negligible as verified by high agreement of daily outflows from both dams (see Figure 3-

6 in the supplementary method). Daily water levels at downstream GZB (st.1) and TGD 

inflows/outflows were acquired from the China Three Gorges Corporation 

[www.ctgpc.com.cn]. Daily measurements of both levels and discharges at st.2–15 during 

2004–2012 were acquired from the Yangtze Waterway Bureau [www.cjhdj.com.cn].  

http://www.ctgpc.com.cn/
http://www.cjhdj.com.cn/
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       Two hypothetical scenarios were formulated to account for the influences of TGD’s 

flow regulation and Yangtze channel geometric changes, respectively: i) a non-regulation 

scenario assuming no flow regulation from the TGD (i.e., natural flows) but 

changing/realistic downstream channel geometries, and ii) a static-channel scenario 

assuming no flow regulation and constant downstream channel geometry since the year 

2004. Specifically, the non-regulation scenario aims to replicate natural downstream 

levels during the post-dam period when downstream channel erosion still likely occurred 

due to continuous sediment deposition in the impounded TGR, while the static-channel 

scenario further removes the influence of channel geometric changes on the non-

regulated downstream levels.  

       The hydrological model PCR-GLOBWB [van Beek et al., 2011; Wada et al., 2011; 

Wada et al., 2013] was applied to simulate regulated (Qr) and natural (Qn) daily Yangtze 

flows during 2004–2012. Daily amounts of flow regulation exerted on each station (ΔQ) 

were calculated as Qr subtracting Qn, and corrected by flow time lags identified from 

daily series of observed levels between stations. Simulated ΔQ are subject to uncertainties 

caused by complex interactions between the Yangtze main stem and adjacent large 

lakes/tributaries which were not considered by the applied model (refer to supplementary 

method). To capture channel geometric changes at each station, stage-discharge rating 

curve for individual years in 2004–2012 were established as compound power-law 

functions [Leopold and Maddock, 1953] fitted to the observed daily levels and discharges. 

However, the acquired discharge record was limited to st.2, 3, 6, 7, 9, and 12; daily 

discharges at the other stations (st.4, 5, 8, 10, 11, 13–15) were estimated by model 
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simulations calibrated by observed discharges at nearby stations. For these stations, 

yearly rating curves were established using observed levels and simulated discharges (see 

Table 3-2 for fitting statistics). All station discharges were further adjusted using 

observed levels to reduce erroneous level estimations caused by backwater and unsteady 

flows [Chow, 1959]. Natural discharges were calculated as adjusted station discharges 

added by simulated ΔQ. Station water levels under the non-regulation scenario were 

hence estimated from natural discharges and yearly rating curves, while levels under the 

static-channel scenario were recovered from natural discharges and the rating curves of 

2004. The static-channel scenario was not performed at Huangshi (st.8) due to absence of 

level observations prior to 2010, nor at Nanjing (st.14) or Zhenjiang (st.15) due to 

complicated ratings likely caused by amplified uncertainties of flow simulations. The 

detailed method and estimation uncertainties are elaborated in the supplementary method.  

 

3.3. Results and discussion 

       Station levels in both hypothetical scenarios (non-regulation and static-channel) were 

calculated on a daily basis for 2004–2012. The period of regular TGD operation since 

2009 (refer to Figure 3-2) is here emphasized in order to assess the full influence of flow 

control on the downstream Yangtze levels. The average annual variations of daily station 

levels in 2009–2012 are provided in Figure 3-3, while the corresponding daily and 

seasonal station level changes are presented in Figures 3-4 and 3-5, respectively. 
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3.3.1. Influence of flow regulation 

       The seasonality of downstream Yangtze levels was considerably altered by TGD’s 

flow regulation, primarily reflected by the significant and persistent level changes under 

TGD’s four major water dispatch modes (thickened lines in Figures 3-3 and 3-4). In a 

regular annual cycle (e.g., the average of 2009–2012), the TGR started the preparation of 

electricity generation in the fall recession season (mid-September–October), elevating the 

water level from ~145 m to the storage capacity maximum of 175 m in the water-storage 

dispatch mode. As a consequence, downstream Yangtze levels were decreased by 27.5–

45.9% of the natural annual level variations at the studied stations (see Figure 3-4a and 

the supplementary result). Additional level drops of 1.17 (±1.29) m and 0.97 (±1.05) m 

attributed to this dispatch mode were estimated at Chenglingji (st.5) and Hukou (st.10), 

the outlets of Lakes Dongting and Poyang, respectively. Such level decrease accelerated 

the water drainage of connected lakes and wetlands (i.e., the ‘emptying effect’ [Zhang et 

al., 2012]), and partially contributed to the observed area decline of Lakes Dongting and 

Poyang in the recent fall seasons [Feng et al., 2013; Guo et al., 2012]. The TGR level 

was steadily lowered to 155 m under the following water-supplement dispatch mode in 

January–March. This lowering corresponded to increased outflow from the TGD that 

elevated downstream station levels by 9.7–32.5% of the annual level variations and 

largely eliminated the natural minimum levels in late-February (Figure 3-3). The TGR 

level was further decreased to the operation minimum level (145 m) under the pre-

discharge dispatch mode in May–early June for the preparation of summer flood storage. 

Continuous flow release during this dispatch mode increased downstream station levels 
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by 11.4–32.2% of the annual level variations, e.g., with additional rise of 0.62 (±0.56) m 

and 0.43 (±0.44) m estimated at Chenglingji (st.5) and Hukou (st.10), respectively. Such 

level rise tended to restrict tributary/lake outflow to the Yangtze River (i.e., the ‘blocking 

effect’ [Hu et al., 2007; Zhang et al., 2012]), leading to further increased lake areas 

during the spring rainy season in the downstream Yangtze Basin. The coming flood-

control dispatch mode in July–August stabilized the Yangtze flows and helped mitigate 

flood pressure by reducing 12.7–27.2% of the natural summer fluctuation in the 

downstream station levels. The overall impact of TGD’s flow regulation reduced the 

natural variation of downstream station levels by 9.1–13.5% in the Jingjiang reach (st.1–

4), 4.5–7.5% in the middle reach (st.5–9), and 3.9–4.4% in the lower reach (st.10–15). 

These influences (averaged for 2009–2012) are double to triple the influences averaged 

for 2004–2012, and can be considered as the full impact of TGD’s flow regulation on the 

downstream Yangtze levels.  

       Although the seasonality of altered levels prevailed in the entire downstream 

Yangtze River, the occurrence time and magnitude of level changes varied among the 

selected stations. The occurrence time of level change relates to the travel time of TGD 

outflow as a function of distance and wave velocity. Results indicate an average time lag 

of ~9–12 d for any flow regulation at the TGD to impact the Yangtze flow/level near the 

estuary (Table 3-1). Magnitude of level change is determined by i) the proportion of flow 

regulation relative to local Yangtze discharge and ii) the sensitivity of level change to 

flow regulation associated with channel hydraulic geometry. Station observations 

revealed a stepwise accumulation of Yangtze flow downstream from the TGD (Figure 3-
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10), primarily demarcated by major tributary confluences, i.e., Chenglingji (st.5), Hankou 

(st.7, Han River confluence), and Hukou (st.10); Yangtze flows in segments between and 

beyond these confluences stayed fairly constant with minor fluctuations. As a result, 

influence on the downstream level generally diminished with increased distance from the 

TGD (Figures 3-3 and 3-4) while strengthened TGD influence in local segments (such as 

the Jingjiang reach) was mainly attributed to the variation of channel cross-sectional 

geometry, i.e., reduced width or increased gradients along the segment. Specifically, the 

maximum daily level drop under a regular water-storage dispatch mode (2009–2012) 

increased downstream along the Jingjiang reach from 2.89 m to 3.36 m, and then 

gradually decreased along the middle and lower reaches from 2.44 m to 0.67 m. Similarly, 

maximum daily level increase under the water-supplement dispatch mode increased 

downstream along the Jingjiang reach from 1.11 m to 2.09 m, and then declined along the 

middle and lower reaches from 1.42 m to 0.23 m.  

       Such distance-decay patterns are also observed in the seasonal means of level 

changes summarized in Figure 3-5. It is noted that despite the effect of flood mitigation, 

the Yangtze level means in summer slightly increased due to the baseline control of 

TGR’s minimum operation level (145 m). The complexity of summer flow regulation 

was reflected by the large level variations. In addition to level changes, relative 

regulation intensities were calculated to compare the altered seasonal levels in proportion 

to natural seasonal variations. In winter, the regulated levels along the Jingjiang reach 

were constantly above the natural level fluctuation (intensities > 100% at St.1–5). 

Although the influence was gradually weakened downstream, regulation intensity still 
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exceeded 40% near the estuary. The consequential increase and decrease of downstream 

Yangtze levels, as regulated in spring and fall respectively, were generally in sync with 

the natural rise and fall of the downstream levels but ~20–50% stronger. 

 

3.3.2. Influence of channel geometric changes 

       Channel geometric changes have complicated the effects of TGD operation on the 

Yangtze levels beyond flow regulation. Instead of direct alteration of the Yangtze flow, 

channel geometric changes reshaped stage-discharge ratings and thus impacted the 

downstream levels in relation to flows. Since the TGD closure, gradually intensified flow 

regulation concurrent with continuous declines of downstream levels, particularly at low-

flow stages, suggests a chronic process of channel scouring along the Yangtze River. As 

illustrated further in the supplementary result (Figure 3-11), the channel erosion rate at 

the stage of the first-quartile flow during 2004–2012, for instance, decreases from 10.2–

3.4 cm yr
-1

 downstream along the Jingjiang reach, 4.9–2.5 cm y
-1

 along the middle reach, 

to 1.7–0.9 cm y
-1

 along the lower reach. Despite the relatively slow erosion rates, 

riverbed degradation accumulated over multiple years could lead to significant 

discrepancy from the anticipated level influence of flow regulation alone. 

       The daily/seasonal Yangtze levels under the static-channel scenario for selected 

stations (shown in Figures 3-3 to 3-5) were calculated in order to take account of the 

influences induced by channel changes erosion (manifested as additional level drop) 

throughout the cross-sectional channel profiles in the downstream Yangtze River. On the 

one hand, the substantial erosion in low-stage portions of the channel conflicted with the 
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expected level increase under TGD’s dispatch modes in winter and spring; on the other 

hand, erosion-induced level drops near middle-stage channel portions reinforced Yangtze 

level decline caused by the water-storage dispatch mode in fall. Compared to the natural 

flow levels in 2004, flow-induced level increments at the selected stations during 2009–

2012 were counteracted by 15.1–123.6% in winter (9 out of the 12 assessed stations over 

50%) and 11.6–79.4% in spring (9 stations over 30%), except downstream GZB (st.1) 

where slight channel aggradation (~0.25 m) occurred in its low-stage portion (Figure 3-5). 

Particularly at Hankou (st.7), the average winter level increase was completely 

counteracted by its deep channel scouring, resulting in a net level change of –0.11 (±0.29) 

m in winter. The spring ‘blocking effect’ for Lakes Dongting and Poyang were partially 

alleviated as indicated by the erosion-induced level drops at Chenglingji (st.5) and Huku 

(st.10) that respectively counteract 11.6% and 42.4% of flow-induced level increase. 

Conversely, channel erosion strengthened the anticipated Yangtze level decrease due to 

TGD’s water storage in fall by up to 69.5% (8 stations over 20%). The fall ‘emptying 

effect’ for Lake Poyang was further reinforced as channel erosion at Hukou (st.10) 

triggered another 22.8% of level drop (negligible erosion was detected at Chenglingji in 

fall). Supported by daily observation data, this study found that water levels at Jiujiang 

(st.9) were affected by both channel changes of its own and channel changes at Hukou. 

The considerable volume of tributary flow from Lake Poyang to the Yangtze through 

Hukou, constituting ~15–45% of the local conflux, generated consistently strong 

backwater effects on the upstream vicinity and complicated the stage-discharge relation 

at Jiujiang (located ~20 km upstream). As a result, Yangtze levels at Jiujiang were 
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predominantly associated with Hukou levels, and subject to declines caused by channel 

degradation at both stations. Combining such dual effects, an average year-round net 

reduction (2009–2012) was identified for the Jiujiang Yangtze levels: from 0.00 (±0.19) 

m in spring to –0.83 (±0.58) m in fall (Figure 3-5).  

      Similar to the flow-induced level changes, level changes caused by channel 

degradation generally reduced with increased distance from the TGD. This is attributed to 

the combined effects of recovered sediment load from the upstream and tributary sources, 

decreased flow regulation intensities, and wider or lower-gradient channel cross sections 

(associated with weaker incision/scouring effects of the flow on riverbeds). Intriguingly, 

the magnitudes of level changes caused by flow regulation and channel geometric 

changes tend to follow generally symmetrical patterns despite the exceptions of st.4–6 

and in summer. This suggests an intrinsic association between channel cross-sectional 

morphology and erosion rate: higher channel gradients are not only more sensitive to 

flow-induced level changes but also likely to undergo faster erosion. Except the distance 

from the TGD and channel morphology, the more complex longitudinal pattern of 

erosion-induced level changes (Figure 3-5) implies many other important factors such as 

riverbed materials, the extent of local sediment supply, and the sediment transport 

capacity of the flow [Li et al., 2009]. For example, the negligible level changes at 

Chenglingji (st.5) and Luoshan (st.6) in both winter and spring implied certain degrees of 

channel aggradation during regular TGD operation, most likely through the increased 

sediment load from Lake Dongting [Li et al., 2009; Sun et al., 2012; Xu and Milliman, 

2009]. However, this influence appeared rather regional; evident deep channel scouring 
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continued from Hankou (st.7) and was gradually weakened in the lower reach. Water 

levels at high-flow stages were subject to additional lifting (i.e., at subcritical flows) due 

to rising backwater downstream in the flood season. Thus, the estimated summer level 

increase (primarily at st.4–7) may not necessarily indicate upper channel aggradation, and 

the erosion-induced level drops calculated in fall were considered to be conservative.   

 

3.4. Summary and concluding remarks 

       This chapter has shown an altered regime of the downstream Yangtze levels driven 

by two major outcomes of TGD operation: i) regulated flows and ii) degraded channels 

due to reduced sediment load. During the average annual cycle of TGD’s full operation 

since 2009, the regulated Yangtze flow have reduced the natural annual variations of 

downstream levels by 3.9–13.5% among the studied gauging stations, primarily resulting 

from increased levels in winters (up to 0.20–2.09 m) and decreased levels in falls (up to 

0.67–3.36 m). Level changes induced by flow regulation appeared to be magnified 

downstream along the Jingjiang reach and then gradually diminished in the middle and 

lower reaches, with a time lag of ~9–12 d in total to reach Zhenjiang (St.15) near the 

estuary. Chronic channel degradation concurred in the downstream Yangtze River, 

mostly substantial in the low-stage channel portions.   

       In general, the impacts of flow regulation and channel erosion were complementary 

in late summer and fall but conflicting in spring and winter, which had profound 

implications on the downstream hydrologic system. As of 2009–2012, channel erosion 

had counteracted nearly half or more of the anticipated level increments in spring and 
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winter by at most studied gauging stations. While such deep channel erosion partially 

alleviated the ‘blocking effect’ on downstream tributaries and lakes in spring, it also 

reduced the potential benefit of level increase from the flow release in winter. In contrast, 

the accelerated drainage of downstream lakes/wetlands induced by TGR’s water 

impoundment in fall, i.e., the ‘emptying effect’, was further reinforced by additional 

Yangtze level drop up to 69.5% (e.g., 22.8% at Hukou) triggered by concurrent channel 

degradation. Due to accessibility of data, the effect of channel changes was assessed 

relative to the benchmark levels in the year 2004 rather than the pre-dam period before 

June, 2003. Considering that channel degradation occurred immediately after the TGD 

closure [Dai and Liu, 2013], the provided estimations of erosion-induced influences may 

be slightly conservative. Since TGD’s flow control is already in full operation while 

channel erosion still remains as a chronic and continuous process, the impact of channel 

morphologic changes on the downstream Yangtze levels is anticipated to be further 

amplified and hence increasingly important in the future decades.  

 

3.5. Supplementary Methods 

3.5.1. Simulation of Yangtze discharges        

       The purpose of discharge (a.k.a. flow) simulation is to estimate i) TGD-regulated 

discharges (  ) at the gauging stations missing in situ flow measurements, i.e., st.4, 5, 8, 

10, 11, 13–15 (refer to Figure 3-1 in the main for station numbers), and ii) non-

regulated/natural discharges (  ) at all studied gauging stations, on a daily temporal scale 
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during the post-impoundment period of 2004–2012. Two major steps were followed as 

explained below: 

 

Model simulation 

       The global hydrological model PCR-GLOBWB [van Beek et al., 2011; Wada et al., 

2011; Wada et al., 2013] was used to simulate natural and regulated daily discharges ( ̂  

and  ̂ ) during 2004–2012 in the Yangtze Basin downstream of the TGD. Detailed model 

descriptions are provided in van Beek et al. [2011], Wada et al. [2011], Wada et al. 

[2013]. In brief, the PCR-GLOBWB model simulates for each grid cell (~10 km by ~10 

km in this study) and for each time step (daily) the water storage in two vertically stacked 

soil layers and an underlying groundwater layer. The model computes the water exchange 

between the soil layers, and between the top layer and the atmosphere (rainfall, 

evapotranspiration, and snowmelt). Simulated specific runoff from the two soil layers 

(direct runoff and interflow) and the underlying groundwater layer (base flow) was routed 

along the drainage network based on HydroSHEDS [Lehner et al., 2006] by using the 

characteristic distances, where volumes of water are transported over a distance [Wada et 

al., 2013]. The model was forced with daily fields of precipitation, reference (potential) 

evapotranspiration (with the Hamon method) and temperature that were retrieved and 

computed from the ERA-Interim reanalysis climate dataset European Center for 

Medium-Range Weather Forecasts [www.ecmwf.int/research/era/do/get/era-interim].  

      To simulate  ̂  and  ̂ , two model runs were performed on the years 2004–2012, 

using fixed climatic forcings in the Yangtze Basin downstream of the TGD but different 
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entry flows at the TGD grid cell calibrated by observed daily TGD inflows (   ) and 

outflows (    ), respectively. The amount of Yangtze flow regulated by the TGD is 

quantified as the difference between      and    . The secondary regulation of      by 

the Gezhouba (GZB) dam was ignored, considering the fact that daily      agree highly 

with GZB outflows (approximated by observed flows at Yichang located only ~6 km 

downstream from the GZB) (shown in Figure 3-6). The simulated  ̂  correlate well with 

daily observations (      ) available at st.2–3, 6, 7, 9, and 12 (with relative root-mean-

square error of 12.93–22.64%), despite time lag/postpone up to ~7–8 days (d) identified 

from the simulations at st.8–15 (explained in “Discharge calibration”). Such delays 

represent an aspect of the model uncertainties, resulting from multiple factors combined, 

including the model spatial resolution (~10 km), the accuracy of the local drainage 

gradients and directions represented by the HydroShed drainage network map, the 

accuracy of the climate parameters used to drive the model (the ERA-Interim reanalysis 

climate dataset). To reduce simulation errors and time lags, daily  ̂  and  ̂  were further 

calibrated using in situ measurement as described below. 

 

Discharge calibration 

       A two-step procedure was performed to calibrate the simulated discharges ( ̂  and 

 ̂ ) at each studied gauging station. In general, the identified time lag was first removed 

from the daily simulations. For the stations missing in situ flows, the derived lag-free 

simulations were next calibrated by flow observations (      ) at adjacent stations.  

       In the first step, station simulations were adjusted as below: 
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           ̂       ̂                                                                                                         (3-1) 

           ̂       ̂                                                                                                         (3-2) 

where   denotes any day,   the time lag (d) between simulated and observed/realistic 

flows,  ̂   and  ̂   the regulated and natural flow simulations (m
3
 s

-1
) with removal of 

time lags, respectively. This step is skipped for st.1–7 where no time lags were identified 

from the simulations.  

       To identify the simulation lags ( ), the daily time series of observed station levels 

(synchronous with flows) was used to calculate the cumulative flow-path travel time (T, 

in d) from the TGD to any downstream station in both dry (November–April) and wet 

(May–October) seasons. Similarly, the simulated travel time (  ̂ ) was calculated by 

comparing the daily time series of simulated station flows. For each station, the time lag 

( ) was calculated as  ̂ subtracting T. Analysis using either station observations or model 

simulation identified no or little systematic difference (in d) between the simulation lags 

in the dry and wet seasons during 2004–2012. However, the Yangtze-flow travel time 

study by [Xiao and Chen, 2011] suggested i) additional delays up to ~4 d in the dry 

season due to reduced wave velocity, as speculated from Manning equation using 

constant hydraulic parameters in each studied Yangtze reach, and ii) likely slight 

discrepancy between the travel time under the regulated and natural scenarios. As such, 

the derived estimation of TGD-induced level changes, particularly in dry/low-flow 

seasons, may be subject to minor uncertainty in time, e.g., ~1–4 d. The estimated travel 

time from the TGD to each gauging station is reported in Table 3-1.  
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       The TGD flow regulations superimposed on each station (  ̂) were then calculated 

as: 

            ̂      ̂       ̂         ̂                                                                        (3-3) 

where   ̂  denotes the change of flow regulation due to simulation time lags (  ). 

Specifically,   ̂  was calculated as:  

            ̂                             ̂       ̂           ̂                          (3-4) 

       Given any day t,          and           denote the TGD inflow and outflow on day 

(t – T).  Based on several expert consultations, daily TGD inflows acquired from the 

Three Gorges Corporation were derived from the TGR budget variations using in situ 

measurements of TGD outflows. In this sense, the difference between inflow and outflow 

excludes water loss/gain in the reservoir region and thus well represent the realistic flow 

control by the TGD alone. Since T is the flow-path travel time from the TGD to the 

studied station,                      refers to the initial flow regulation at the TGD 

yielding the flow change at the studied station on day t. An initial TGD flow regulation 

gradually changes with increased distance from the TGD due to cumulative evaporation 

loss. Such a change was simulated as                          ̂       ̂       in a 

total period of  ̂ days, which was   days longer than the realistic travel time T. In this 

sense, the simulated regulation at this station    ̂       ̂      was underestimated by 

the extra change in   days. By assuming that flow regulation decreased linearly with 

exposure time, this underestimated proportion was estimated to be    ̂ , thus the 

regulation change (  ̂ ) was calculated as Equation 3-4. 

       In the second step,  ̂  at stations missing flow observations were further calibrated as: 
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                 = [(      ) 
]
   

 (  ̂       ̂       )                                                (3-5) 

where         denotes the TGD-regulated discharges calibrated on day t at any station 

missing flow observations, a the closest gauging station with flow observations (referred 

as reference station in the following text), and   the travel time from the reference station 

to the calibrated station (  ≤ 0 d when the calibrated station is located upstream). The 

other parameter notations are consistent with those explained before.  

       As shown in Equation 3-5, this calibration was composed of two elements: i) the in 

situ flows at a reference station, i.e., [(      ) 
]
   

, and ii) the simulated natural flow 

changes between the reference and calibrated stations during the travel time (  ), 

i.e.,(  ̂       ̂       ). The calibrated   s were considered as a proximate estimation 

of the regulated discharges at the gauging stations missing flow observations by 

integrating the proximal in situ measurements and the outputs of a well-developed 

hydrological model. This was also confirmed by the significantly improved stage-

discharge (S-D) relations at all calibrated stations; for instance, the S-D relations at 

Chenglingji (st.5) and Hukou (st.10) before and after the calibration were respectively 

compared in Figure 3-7.   

       In theory, natural discharges (  ) at each studied gauging station can then be simply 

calibrated as regulated discharges subtracting the simulated regulations (  ̂): 

                 ̂                                                                                                        (3-6) 

where    denotes the observed discharges at the stations with in situ flows (where 

         ) and the calibrated discharges at the other stations missing in situ flows. 
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However, in order to reduce erroneous level estimations caused by backwater and 

unsteady flows (e.g., hysteresis) [Chow, 1959; Eisenlohr, 1964],    (either observed or 

calibrated) was further adjusted by using the observed station levels before deriving 

natural discharges for level estimations. This procedure will be later elaborated in the 

section of “Estimation of Yangtze levels”. 

 

3.5.2. Establishment of stage-discharge (S-D) rating curves 

       S-D relations (a.k.a. ratings) are essential for the quantification of TGD influences on 

the downstream Yangtze levels as they describe the hydraulic geometries (in terms of 

depth) for the given river cross sections [Leopold and Maddock, 1953]. The rating curves 

at each gauging station were established on a yearly basis (2004–2012) in order to 

account for the influence of channel geometric changes due to reduced sediment load 

since the TGD closure. For stations missing in situ flows, the rating curves were fitted on 

the yearly relations between observed levels (      ) and calibrated discharges (  , a 

proxy of in situ flows; see “Discharge calibration”), while for the other stations with flow 

measurements, the rating curves were fitted on observed levels (      ) and observed 

discharges (         ). 

       The power-law function was employed in rating curve fitting, as intensively used in 

river hydraulic studies, e.g., by [Ferguson, 1986; International Organization for 

Standardization (ISO), 1998; Lambie, 1978; Leopold and Maddock, 1953; Smith and 

Pavelsky, 2008]. For very wide channels such as the studied downstream Yangtze, the S-

D relation usually exhibits multiple segments under different water level ranges. To 
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accurately capture the S-D relations, rating curves were established as compound power 

functions that consisted of three segments (i.e., lower-, medium-, and high-flow/overbank 

stages) for st.1–4 and 7, and two segments (i.e., low- and high-flow stages) for the other 

stations except Jiujiang (st.9) where rating curves were not modeled (further explained in 

Section “Estimation and Yangtze level and its uncertainties”). For each station, the level 

segmentation was consistent throughout the years of 2004–2012. 

       The mathematical expression for a two-segment rating curve, for instance, was given 

below [Kennedy, 1984; Petersen-Øverleir and Reitan, 2005]: 

  {
        

               

        
          

                                             (3-7) 

where    denotes the limit level that separates the segments,      the gage height of 

zero flow (the channel datum),    and    calibration coefficients for each power-law 

function, and    the scale offset, an estimate of the gage height of zero flow for each 

segment rating. Here Johnson’s [Johnson, 1952] method was applied to determine the 

scale offset (  ) for each segment rating. Limited to the power-law assumption for the S-

D relations, the estimated    needs to be equal to or less than the lower limit level of each 

channel segment (e.g.,      or    in a two-segment rating), as otherwise there would be 

a chance of outputting negative discharges ( ). An estimation of    greater than the 

segment lower limit might occur if the local S-D relation was limited to insufficient 

observation points (subject to over-fitting) or disturbed by backwater, unsteady flows, 

and other uncertainty sources that cannot be incorporated by a simple power-law function. 

In such rare cases,    was assigned to be zero, yielding more generalized fitting (as 
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straight lines in a logarithmic plots). For further explanation of rating curve fitting, one 

can refer to the relevant work such as [Braca, 2008; Kennedy, 1984; Petersen-Øverleir 

and Reitan, 2005].  

       Table 3-2 summarizes the fitting results of the yearly rating curves for each studied 

station. Very high goodness of fit was achieved, with most R-squared values greater than 

0.98. Since the fitted rating curves determine the fidelity of derived Yangtze levels, it is 

necessary to understand the existing uncertainties in the applied fitting method and how 

they could potentially affect level estimations. Here two major factors/sources were 

briefly discussed below. 

 

Rating extension/extrapolation 

      Rating extension or extrapolation is necessary when estimations require inputs 

beyond the available range in an S-D plot. Particularly in this study where rating curves 

were established on post-dam observations with reduced flow/level ranges in each annual 

cycle, reliable rating extension was crucial to the accurate estimates of natural winter and 

summer levels. As concluded by many studies, rating extension is challenging and 

usually not very accurate due to lack of knowledge on channel geometries in extreme-

flow stages; and high-flow extrapolation is particularly difficult [Braca, 2008]. In theory, 

low-flow extrapolation can be performed if the channel datum (the zero-flow stage) is 

accurately known. However, this is not feasible for this study without additional, 

extensive in situ measurements, considering the unstable zero-flow stages caused by 
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continuous channel erosions. For these reasons, rating extrapolation relies on certain 

assumptions.  

       For each gauging station, it is reasonable to assume that the alteration of S-D 

relations induced by channel geometric changes was negligible in high-flow stages 

during a short period of time, e.g., between adjacent years. Thus, the S-D plot of a year (y) 

was first extended by the higher-flow observations (if available) from the adjacent years 

(   , or occasionally,    ), given the precondition that  these observations, as 

examined manually, followed continuous trend from the existing S-D relations in year y. 

The high-flow ratings were then fitted using power-law functions (Equation 3-7) on the 

extended ranges and used to extrapolate levels further beyond. This method was not 

applicable to low-flow extensions due to more substantial erosions in deep channel 

portions even between adjacent years. Here I assumed that the lower channels close to the 

observed level minimums exhibited similar hydraulic geometries to those of the available 

low-flow segments, and thus simply used the well fitted low-flow ratings to extrapolate 

levels further below. The goal of rating extension was not to capture the complete S-D 

relation in any river cross section, but to approximate level changes as a response of 

limited flow regulations by the TGD: only the extended portions close to the observation 

limits were used. More accurate extensions can be hardly achieved without additional 

measurements, particularly on extreme flows/levels. As such, the described assumptions 

were made based on a balanced consideration of theoretical accuracy, data accessibility, 

and producing conservative and reasonable estimates.  
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Backwater and unsteady flows 

       The existence of unsteady flows and variable backwater is implied in a rating curve 

when water levels cannot be fully explained by stage alone (i.e., variation in the rating). 

The calibrated rating curves using single-valued power-law functions approximated the 

yearly S-D relations in the steady/ordinary flow state, but did not model the hydraulic 

complexity induced by backwater and unsteady flows. Water levels departed from a 

steady flow rating (i.e., subcritical and supercritical stages/levels [Chow, 1959]) may be 

corrected by adding another parameter, i.e., the slope of water surfaces, calculated from 

the measurements of synchronous levels at a nearby station (namely, the auxiliary 

gauging station) [Braca, 2008; Eisenlohr, 1964; Kennedy, 1984]. However, in situ water 

levels under the natural/non-regulation scenario cannot be acquired at auxiliary stations; 

and their estimations require hydraulic models with a number of factors, which in turn 

may amplify the uncertainty of main station estimates due to the propagation of modeling 

errors. As discussed further in Section “Estimation and Yangtze level and its 

uncertainties”, the influences of backwater and unsteady flows on the regulated water 

levels were quantified to be mostly minor. For these reasons, the estimation method was 

conducted based on the established single-station rating curves, and partially accounted 

for these influences on estimating water levels by using adjusted station flows. This 

procedure is explained below. 
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3.5.3. Estimation of Yangtze levels and its uncertainties 

       To quantify the influence of TGD operation on the downstream Yangtze levels, 

station levels under each hypothetical scenario were calculated using the established 

rating curves and the calibrated simulations of non-regulated/natural station discharges 

(  ). As previously stated,    was calibrated by the adjusted    using observed station 

levels (       , in order to partially account for the influence of backwater and unsteady 

flows on level estimations. Specifically, given an observed station level (         ), the 

adjusted    (denoted as   
 ) was directly converted by this level using the associated S-D 

rating curve (  ) in the studied year (y): 

           
                                                                                                                    (3-8)       

       Here, the calculated   
 s were not realistic estimates of TGD-regulated discharges, 

but the discharges purposely tuned to match the measured water levels (  ) in the 

steady/ordinary flow state expressed by the yearly rating curves. In the studied Yangtze 

main stem, we have: 

   
    , when a water level is subcritical, i.e., a stage greater than that required 

to pass the same discharge in the steady state, associated with a reduced velocity 

caused by backwater from i) rising lakes/tributary influx downstream or ii) 

rapidly falling main stem flows upstream;  

   
    , when a water level is critical, i.e., in the steady flow state; and 

   
    , when a water level is supercritical, i.e., a stage less than that required to 

pass the same discharge in the steady state, associated with an accelerated flow 
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caused by i) falling lakes/tributary influx downstream or ii) rapidly rising main 

stem flows upstream. 

      The adjusted natural discharges (  
 ) at each station were calculated as: 

           
  =   

    ̂                                                                                                         (3-9) 

Similar to   
 , the calculated   

  should not be considered as realistic estimates of natural 

discharges. Following this, station levels under the non-regulation scenario (  ) and the 

static-channel scenario (     ) were calculated respectively as: 

              
     

  ,                                                                                                     (3-10) 

                  
     

                                                                                                    (3-11) 

At each gauging station,   
   denotes the inverse rating curve (D-S curve) in the year 

when a given regulation occurred (y), while    
   denotes the inverse rating curve in the 

benchmark year of 2004. 

       Several merits of this method were acknowledged here. As described in this 

procedure, the TGD-induced level changes were estimated using the derived natural 

discharges relative to the observed levels, rather than using the natural discharges relative 

to the observed flows. By doing so, part of the erroneous water levels estimated by 

subcritical or supercritical flows were avoided. The calculated level changes also 

complied better with the specific geometries of the local channel portions near the 

observed levels. Sources of estimation uncertainties were primarily limited to flow 

velocity and thus easily understood. 

       However, since this method did not model the hydraulics of backwater and unsteady 

flows, the derived water levels under the hypothetical scenarios still have inevitable 
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uncertainties. The term “backwater” typically refers to slowed, obstructed, or opposite 

currents caused by sources downstream while “unsteady flow” is mostly used to express 

rapidly changing flows from the upstream. But essentially, the backwater effect 

associated with subcritical stages can be generated by either rising flows downstream or 

receding flows upstream; and the reverse is true for the causes of supercritical stages. In 

this sense, the uncertainties of the derived water levels under the hypothetical scenarios 

were here assessed with emphasis on source locations. 

 

i) Uncertainty of level changes under the non-regulation scenario 

       To identify the dominant source that disturbed the station ratings, the critical levels 

(   ) that were required to pass the observed/calibrated discharges under TGD’s 

regulation (  ) were estimated at each studied station. This was easily done by: 

           =  
                                                                                                                (3-12) 

Figure 3-8 presents the average annual variations of the estimated critical levels (  ) in 

comparison with the measured/realistic levels (  ) at selected gauging stations during the 

regular operation period of 2009–2012.  Please note that Figure 3-8 is not an accuracy 

validation of the estimation of regulated levels (  s were never estimated), but an 

approach to assess the source and scale of the uncertainties of estimated hypothetical 

levels. These uncertainties were implied by the discrepancy between the 

measured/realistic and critical levels during the rising and receding seasons.  

       Specifically, for a station where   >    in the rising season (spring and early summer) 

and   <    in the receding season (fall), its S-D relations were dominantly affected by 
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downstream sources, mainly the inflows from downstream lakes and tributaries. As 

observed in Figure 3-8, this situation is applicable to Jianli (st.4) and Jiujiang (st.9), 

respectively located ~80 km and ~20 km upstream to the confluences of China’s two 

largest freshwater lakes to the Yangtze main stem, i.e., Chenglingji (st.5) for Lake 

Dongting and Hukou (st.10) for Lake Poyang. Due to close proximity to Lake Poyang, 

water levels at Jiujiang were constantly controlled by flows/levels at Hukou: S-D 

relations at Jianli were substantially disturbed by the downstream inflow from Lake 

Poyang. TGD’s influences on Jiujiang levels were thus derived indirectly from level 

changes at Hukou (refer back to Table 3-2). Water levels at Jianli were quantified by 

using its own S-D ratings due to a farther distance and thus weaker impacts from Lake 

Dongting.  

      The dominance of downstream influences is expressed as clockwise looped rating 

curves. As illustrated in Figure 3-9a, level change responds more sensitively to flow 

change (with steeper slopes) when the downstream inflow are exerting stronger influence 

on the upstream Yangtze velocity in the starting phase of the rising or recession limb of a 

theoretical rating loop. Given the assumption that the change of flow velocity did not 

significantly impact TGD’s flow regulation (  ̂) (which could be slightly delayed or 

speeded up in reality), the level changes at Jianli as calculated from the steady-flow 

rating were, in theory, underrated during ~March–April and ~late August–September 

(around the starting phases of level rise and fall for Dongting, respectively), and 

overrated during the ~May–July and ~October–November (around the ending/waning 

phases of level rise and fall for Dongting, respectively). However, as exemplified by the 
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2009 curve at Jianli, the rates of level changes (rating slopes) in the rising and recession 

seasons exhibit minor differences from the slope of the steady-flow rating, except a more 

drastic increase of subcritical levels around March–April attributed to the initial rising of 

Lake Dongting. In this sense, the estimated level increase at Jinali in early spring may be 

underestimated by less than ~0.3 m; the estimation uncertainties in other seasons are 

mostly minor. 

      On the contrary, for a station when        in the rising season (spring and early 

summer) and   >    in the recession season (fall), its S-D relations were dominantly 

affected by upstream sources, including unsteady flows from both upstream Yangtze 

main stem and upstream tributaries/lakes. This situation is applicable to the majority of 

stations (st.5–7, 10–15) located downstream from major lakes or tributaries, excepted 

Yichang and Shashi (st.1–2) where influences of backwater and unsteady flows are 

negligible due to the absence of tributaries/lakes nearby and greater water surface 

gradients (see Figure 3-1b in the main paper for the longitudinal profile of downstream 

Yangtze levels). Opposite of the impacts from downstream, the dominant upstream 

influence is indicated by counter-clockwise looped rating curves (Figure 3-9b). Thus the 

estimated level changes on these stations were theoretically overrated in ~March–April 

and ~late August–September and underrated in the ~May–July and ~October–November. 

However, the rising and recession limbs as observed in the station ratings (e.g., the 2009 

rating at Hankou in Figure 3-9b) appear fairly parallel to the steady-flow rating, implying 

that the uncertainties of estimated level changes are likely small.  
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       Besides the seasonality of main stem and tributary flows, the dynamics of river-lake 

interactions also play an important role in estimating Yangtze level changes. As 

described in the main paper, TGD’s flow regulation leads to a potential ‘blocking effect’ 

on the connected lakes in spring and an ‘emptying effect’ in fall. Under a ‘blocking 

effect’, the anticipated main stem discharges can be delayed or decreased due to the 

constrained inflows from lakes/tributaries, which counteracts part of the flow release 

under TGD’s pre-discharge dispatch in spring. On the contrary, water drainage from lake 

storage under an ‘emptying effect’ may compensate the reduced Yangtze flows/levels 

under TGD’s water-storage dispatch in fall. Ideally the river routing model which can 

consider the interaction between the main stem and its tributary lakes should be used 

(such as large scale hydrodynamic routing models representing backwater effect, e.g. 

[Paiva et al., 2011; Yamazaki et al., 2011]). Since the applied hydrological model did not 

take account of such river-lake interactions, the calculated flow regulations at each 

station (  ̂) are in theory overestimated; thus so are the station level changes derived 

from   ̂s. 

       The comparison between realistic and critical levels can help us better understand the 

capacity of the Yangtze-connected lakes in adjusting Yangtze flows in the rising and 

recession seasons. Taking the fall season for an example, more water is expected to be 

drained from lake storage to the main stem due to Yangtze flow recession. In this process, 

the increasing lake drainage tends to reduce the Yangtze surface gradient in the upstream 

vicinity while increase the surface gradient in the downstream. If the drained water is 

voluminous enough, it can generate substantial backwater that leads to subcritical levels 
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upstream (e.g. Jianli and Jiujiang) while considerably accelerating the Yangtze flow that 

causes supercritical levels downstream (e.g. the other stations). However, such patterns 

were not seen from the observed station levels in Figure 3-8: water levels in fall are 

mostly supercritical at Jianli and Jiujiang and subcritical at the other sites. This implies 

that the capacity of water storage in the Yangtze-connected lakes is limited in 

compensating the changes of Yangtze flow; in other words, inundation areas of the 

Yangtze-connected lakes are likely subject to synchronous Yangtze level regulations.  

 

ii) Uncertainty of level changes under the static-channel scenario 

       At each gauging station, the channel geometric changes were estimated as the yearly 

ordinate shifts of the inverse ratings (D-S relations) since the benchmark year 2004, and 

thus the estimation accuracy is largely determined by the captured rating curves. As 

stated, the fitted ratings were approximations of the S-D relations in the steady-flow state. 

The fidelity of these ratings in expressing the steady-flow state could be influenced by 

measurements acquired at subcritical/supercritical stages. Particularly at Jianli (st.4), 

yearly rating curves were slightly lifted in the low-flow portion by substantial subcritical 

levels in early spring (refer to Figure 3-9a and the discussion of “Uncertainty of level 

changes under the non-regulation scenario”); and these spring subcritical levels appear 

more evident in the years 2009–2012 than in 2004. As a result, the estimated channel 

erosions at Jianli were underestimated by <0.2–0.3 m in spring and winter. This 

uncertainty of estimated low-flow erosion was not identified at the other stations. 
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       Water levels at high-flow stages were subject to additional lifting due to stronger 

backwater effects potentially caused by downstream flood in summer. For example, the 

high-flow rating of the year 2010 at Hankou (st.7) is ~1–2 m higher than those of the 

adjacent years of 2009 and 2011, which was considered as a combined consequence of 

channel deposition due to increasing sediment load from Lake Dongting and a systematic 

lifting of water levels caused by the backwater produced by the major summer flood in 

2010 across the Han River and Poyang region. In this sense, the calculated erosion-

induced level declines in summer and fall were considered to be conservative. 

Furthermore, restricted by accessible data, this study only calculated channel geometric 

changes relative to the benchmark levels in the year 2004. Since channel degradation 

took place immediately after the initial TGD impoundment in June 2003, the estimations 

of downstream Yangtze level changes induced by TGD’s sediment control were overall 

conservative.  

 

3.6. Supplementary Results 

3.6.1. Relative regulation intensities of downstream Yangtze flows and levels 

       Figure 3-4a in the main paper summarizes the average annual variations of relative 

intensities of flow regulation and the consequential level changes for 2009–2012 in each 

classified river segment. The relative regulation intensity was defined as the ratio of 

regulation amount on any day to the standard deviation of the daily natural values during 

2004–2012. This metric depicts the standardized daily Yangtze flows/levels altered by 

TGD regulation compared to the intrinsic natural variability in the post-dam annual 
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cycles. Although level change was synchronously driven by flow regulation, 

disagreement between their relative regulation intensities reached up to 50% in extreme-

flow seasons; the sensitivity of relative ΔL to ΔQ gradually reduced from winter to 

summer due to widening-up channel cross-sections associated with power-law rating 

curves. The major dispatch modes were clearly reflected in the flow and level 

fluctuations in all river segments, yet the regulation intensities decayed with increased 

distance to the TGD. Since 2009, TGD’s water-storage dispatch (mid-September–

October) has decreased flow in the Jingjiang reach by averagely 41.3 (±25.6) % of its 

natural annual variation. Consequently, the Jingjiang levels were lowered by 42.3 

(±25.2) %. Such impacts were weakened to 32.6 (±15.8) % (flows) and 31.3 (±14.9) % 

(levels) in the middle reach, and further to 28.3 (±12.7) % (flows) and 28.5 (±13.5) % 

(levels) in the lower reach. Similarly, flows and levels increased by the water-supplement 

dispatch (January–March) respectively accounted for 15.5 (±5.2) % and 26.1 (±9.0) % of 

the natural annual variation in the Jingjiang reach, 11.2 (±4.1) % (flow) and 17.5 (±7.0) % 

(levels) in the middle reach, and 8.9 (±3.8) % (flow) and 11.0 (±4.6) % (level) in the 

lower reach. 

 

3.6.2. Yangtze flows downstream from the TGD 

       In order to better understand the pattern of downstream Yangtze level changes 

induced by TGD’s flow regulation, the longitudinal profiles of Yangtze flows from the 

TGD to the estuary were presented in Figure 3-10 where each profile illustrates daily 

mean discharges at all studied gauging stations in each season. The result revealed a 
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stepwise accumulation of the downstream Yangtze flows in all seasons. These stepwise 

increments are attributed to large influx from three major tributaries/lakes to the 

confluences in the Yangtze main stem: in a downstream sequence, Lake Dongting to 

Chenglingji (st.5), Han River to Hankou (st.7), and Lake Poyang to Hukou (st.10). 

Yangtze flows in segments between and beyond these confluences stayed fairly constant 

with minor fluctuations caused by evaporation, minor tributary inflows, groundwater 

seepage, and local water consumption. Please refer back to the main paper about how the 

Yangtze flow profiles explain the pattern of downstream Yangtze level changes. 

 

3.6.3. Downstream Yangtze channel degradation 

       To examine the continuity of deep channel erosion along the downstream Yangtze 

River, the water levels reached by the first-quartile flow from 2004 to 2012 were 

calculated at each gauging station as: 

                  
                                                                                                    (3-13) 

where      denotes the first quartile (25%) of the daily flows during 2004–2012,   
   the 

inverse rating in year y, and        the water level in year y reached by     . 

       Figure 3-11 presents the yearly        averaged from the gauging stations in each 

classified downstream Yangtze segment (the Jingjiang, milddle, and lower reaches). The 

result reveals a generally continuous trend of deep channel erosion along all segments 

since 2004. The erosion rate gradually decreases from the Jingjiang to lower reaches, 

implying weakened erosion downstream. In the Jingjiang reach, the results of st.2–3 were 

separated from the average of all st.1–4 because the low-stage portion of the channel at 
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downstream of GZB (st.1) (channel below the ~20%-flow stage) experienced slight 

sediment deposition since 2004 (as also discussed in the main paper) and the low-stage 

channel erosions at Jianli (st.4) (channel portion corresponding to ~20%- to 40%-flow 

stages) were underestimated due to high subcritical levels in spring (refer to Section 

“Estimation of Yangtze levels and its uncertainties”). Based on the calculated water 

levels, the channel erosion rate at the stage of the first-quartile flow decreased from 10.2–

3.4 cm yr
-1

 downstream along in the Jingjiang reach, 4.9–2.5 cm yr
-1

 along the middle 

reach, to 1.7–0.9 cm yr
-1

 along the lower reach.   
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Figure 3-1. (a) The Yangtze hydrologic basin downstream of the Three Gorges Dam (a total area of 784,000 km
2
, accounting for 44.6% 

of the entire Yangtze Basin) and studied gauging stations. (b) Longitudinal profile of average station elevations.  

       The conventional definition of the Yangtze middle reach includes both Jingjiang reach (Segment I) and middle reach (Segment II) 

classified in this study.  

(a) 

(b) 
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Figure 3-2. (a) Annual means of TGD flow regulation (i.e., outflow subtracting inflow) under 

different water dispatch modes. (b) Daily TGR levels during 2003–2012.  

       Daily measurements of TGD flows and levels were acquired by the China Three Gorges 

Corporation [www.ctgpc.com.cn].    

  

(a) 

(b) 

http://www.ctgpc.com.cn/


143 
 

 

Figure 3-3. Average annual variations (2009–2012) of daily Yangtze levels under the regulated/realistic and hypothetical scenarios at 

selected gauging stations.  

       Days with significant differences from the regulated levels on a ten-day scale are thickened. Level changes at Huangshi (st.8) 

were assessed in the years 2010–2012 due to lack of observations prior to 2010. 
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Figure 3-4. (a) Average annual relative regulation intensities of flows and levels (2009–2012) in the classified downstream Yangtze 

segments. (b) Average annual variations of TGD-induced level changes (2009–2012) at studied gauging stations.  

       Days with significant differences on a ten-day scale are thickened. The time lag of TGD’s influences between the downstream 

stations is illustrated by the dotted red lines. Due to close proximities to the neighbor stations, locations of st.2, 6, and 10 are labeled 

not to scale in the distance axis; travel rates of TGD’s influences (reflected as the slopes of the dotted red lines) around these stations 

should be interpreted with caution.  

(a) (b) 
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Figure 3-5. Seasonal profiles of TGD-induced level changes (left axis) and relative regulation intensities (%) (right axis) at studied 

stations: (a) winter (December-January-February), (b) spring (March-April-May), (c) summer (June-July-August), and (d) fall 

(September-October-November).  

       Error bars denote the standard deviations of daily levels in each season of the annual cycle averaged in 2009–2012 (2010–2012 at 

Huangshi, st.8). The locations of st.2, 6, and 10 are labeled not to scale in the distance axis due to close proximities to the neighbor 

stations. 

(a) (b) 

(c) (d) 
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Figure 3-6. Comparison between daily TGD inflows/outflows vs. Yichang (st.2) flows (as a 

proxy of GZB outflows). 
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Figure 3-7. S-D relations (2004–2012) at (a) Chenglingji (st.5) and (b) Hukou (st.10) before and 

after discharge calibration.  

(a) (b) 
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Figure 3-8. Average annual variations (2009–2012) of measured water levels and estimated 

critical water levels at selected gauging stations. 
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Figure 3-9. S-D ratings at (a) Jianli (st.4) and (b) Hankou (st.7) in the year 2009 with evident 

hysteresis loops. 
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Figure 3-10. Seasonal profiles of Yangtze flows downstream from the TGD (2009–2012).  

       Flows at Huangshi (st.8) were averaged from 2010–2012 due to absence of observations 

prior to 2010.  
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Figure 3-11. Average Yangtze levels associated with the first quartile flows during 2004–2012 

along the classified downstream Yangtze segments. 
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Table 3-1. Estimated flow-path travel time from the TGD to each studied gauging station. 

 

Station Travel time (d) Station Travel time (d) 

1. GZB down < 1 9. Jiujiang (JJ) 6–7  

2. Yichang (YC) < 1 10. Hukou (HuK) 6–7  

3. Shashi (SS) 1 11. Anqing (AQ) 7–8  

4. Jianli (JL) 2 12. Datong (DT) 7–8  

5. Chenglingji (CLJ) 3 13. Wuhu (WH)  8–9  

6. Luoshan (LS) 3 14. Nanjing (NJ) 8–10 

7. Hankou (HanK) 4–5  15. Zhenjiang (ZJ) 9–12 

8. Huangshi (HS) 5–6    
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Table 3-2. Statistical summary of rating fitting for studied stations downstream of the TGD. 

 
Stations Referred level 

ranges (m) 

Rating coefficients for 2004 – 2012 (inverse rating, i.e., level = a × discharge b + e) 

 Scale (a) Slope (b) Offset (e) 

1. Gezhouba 

downstream side 

< 45.1 0.0070    0.0067    0.0011    0.0006    0.0041    

0.0025    0.0013    0.0033    0.0112 

0.7452    0.7423    0.9106    0.9673    0.7843    

0.8316    0.8927    0.8009    0.6880 

35.5558   35.9947   37.2629   37.5333   36.5816   

36.8882   37.3725   36.6440   35.7149 

[43.9, 49.9] 3.0875    0.3952    0.2909    0.2151    0.0424    

0.0751    0.0345    0.0100    0.0223 

0.2324    0.3919    0.4164    0.4407    0.5778    

0.5292    0.5990    0.7040    0.6348 

15.8324   27.3738   28.4062   29.4351   33.3136   

32.0400   33.1809   35.3530   34.0886 

> 49.1 4.0690   12.3559   10.2712    9.9136    9.8116    

4.6463    3.5292   44.4364    7.1416 

0.2157    0.1452    0.1532    0.1565    0.1577    

0.2120    0.2299    0.0850    0.1855 

12.0068   -5.3933         0         0         0    8.2994   

12.0576  -57.0963    1.2969 

R-squared 0.9984    0.9985    0.9945    0.9983    0.9981    0.9987    0.9981    0.9967    0.9980  (for each annual rating curve from 2004 to 2012; the same 

below) 

2. Yichang < 41.6 0.0184    0.0046    0.0147    0.0027    0.1011    

0.0492    0.6369    0.3545    2.5255 

0.6534    0.7864    0.6686    0.8292    0.4839    

0.5457    0.3277    0.3767    0.2202 

34.6165   35.5947   34.9349   36.1294   33.0631   

34.1504   28.7116   30.2256   22.3083 

[40.4, 48.5] 0.2933    0.2625    0.4545    0.3025    0.5827    

0.6376    0.5523    0.4601    0.6110 

1.1724    1.7736    0.1636    1.1687    0.0375    

0.0205    0.0514    0.1496    0.0264 

24.8312   22.2882   31.1989   22.9300   33.7835   

34.4681   33.4402   31.3102   34.1431 

> 47.7 0.2208    1.1557    3.8994    0.3684    8.0414    

0.5846    0.3222    0.2628    0.5533 

0.4103    0.2881    0.2119    0.3795    0.1672    

0.3494    0.4036    0.4194    0.3619 

33.5729   26.1452   14.1682   30.4365    3.7327    

27.3798   28.0460   28.6535   25.4124 

R-squared 0.9991    0.9991    0.9973    0.9982    0.9991    0.9986    0.9990    0.9987    0.9997 

3. Shashi < 37.4 0.5108    0.0494    0.2057    0.0818    0.1756    

0.1574    1.0779    0.1795    0.0107 

0.3678    0.5809    0.4490    0.5332    0.4606    

0.4716    0.3122    0.4613    0.7230 

19.4397   24.2151   21.6418   23.3560   22.2264   

22.0697   15.0839   21.3198   25.3740 

[36.2, 40.5] 0.1368    0.1404    0.1477    0.1580    0.1613    

0.1638    0.1687    0.2933    0.4892 

10.0098    9.6663    8.9530    8.1741    

7.8212    7.6025    7.3092    1.2707    0.1072 

0         0         0         0         0         0         0    

15.1702   24.8114 

> 39.9 0.4206    0.0739    0.1191    0.3148    0.1169    

0.1373    0.1645    0.4220    0.3612 

0.1678   31.7758   11.9692    0.5658   

14.5857    9.9531    7.6160    0.2003   0.4312 

27.8950  -27.2336         0   26.5116   -7.7083         

 0         0       25.6703   23.3570 

R-squared  0.9905    0.9952    0.9935    0.9948    0.9948    0.9965    0.9958    0.9904    0.9955 

4. Jianli < 28.0 0.2644    0.5751    0.4876    0.8570    0.1132    

0.1507    0.2086    0.6456    0.3432 

1.7463    0.0414    0.1400    0.0023   16.9828    

7.1956    5.4103    0.0220    0.6882 

7.8822   19.5413   15.8518   21.3680  -20.0104   

 -1.5550   -8.1737   18.7292   11.3978 

[26.4, 33.0] 0.2086    0.2011    0.2117    0.2367    0.1854    

0.2036    0.2146    0.1732    0.2108 

4.0896    4.4295    4.0095    3.1391    5.1077    

4.2644    3.9331    7.0795    4.0066 

0         0         0         0         0         0         0    

-7.6383         0 

> 31.4 0.1059    0.0984    0.1034    0.1038    0.1468    

0.1470    0.1591    0.2596    0.6717 

11.3093   12.2560   11.6698   11.6758    

7.4864    7.4611    6.7794    1.9732    0.0110 

0         0         0         0         0         0         0    

 5.8768   23.4142 

R-squared 0.9555    0.9670    0.9139    0.9779    0.9728    0.9683    0.9700    0.9444    0.9567 

5. Chenglingji < 29.5 0.3773    0.0316    0.1603    0.1569    0.3594    

0.6800    0.5030    0.2510    0.0922 

0.3849    0.5946    0.4571    0.4600    0.3877    

0.3356    0.3620    0.4183    0.5070 

8.8940   14.6078   11.3695   11.1526    9.2849     

7.0057    7.8470   10.0589   11.9326 

> 28.5 3.6130   31.7531    3.4239    3.0683    9.3253    

2.4868    0.4427   13.5289    2.4346 

0.2016    0.0861    0.2077    0.2182    0.1530    

0.2379    0.3810    0.1369    0.2438 

0  -48.1519         0         0  -16.3642         0     

6.4032  -26.6504   -1.1881 

R-squared 0.9922    0.9857    0.9907    0.9937    0.9927    0.9957    0.9940    0.9945    0.9948 

6. Luoshan < 28.6 0.2776    0.0690    0.2363    0.1897    0.4917    

0.8546    1.2185    0.3546    0.1516 

0.4124    0.5305    0.4274    0.4468    0.3645    

0.3193    0.2955    0.3924    0.4671 

8.3263   11.6832    8.6695    9.0514    6.6242     

4.5252    2.2328    7.4854    9.2243 

> 27.4 3.5268    82.0167    2.9703   2.7412    9.6633    

1937.9    0.3538    128.8664    11.7618 

0.2006    0.0488    0.2176    0.2255    0.1512    

0.0037    0.3971    0.0385    0.1429 

0   -107.7470         0         0   -18.2174   -1984.5     

6.6637  -163.7832   -23.5587 

R-squared 0.9914    0.9853    0.9902    0.9928    0.9899    0.9941    0.9910    0.9918    0.9936 

7. Hankou < 19.4 0.0459    0.1136    0.0039    0.0052    0.4702    

8.5980    0.0273   13.4938    0.4046 

0.5648    0.4882    0.7916    0.7713    0.3737    

0.1561    0.6318    0.1289    0.3884 

6.6632    4.7821    9.1433    8.5177         0   

-21.6215    5.2919  -29.9015         0 

[17.8,23.9] 0.7374    0.7268    0.5129    0.8545    0.6727    

0.0568    0.8367    0.2764    0.3718 

0.3288    0.3305    0.3649    0.3219    0.3380    

0.5424    0.3269    0.4218    0.3967 

0         0         0   -1.5503         0    6.6169   

 -1.9621    0.5263         0 

> 23.1 2.6620    0.0101    2.0037    1.8384   22.6917    

2.2744    0.8118    1.7300    1.6451 

0.2065    0.6439    0.2343    0.2422    0.0994    

0.2228    0.3223    0.2493    0.2540 

0   14.4415         0         0  -41.2341         

 0         0         0         0 

R-squared 0.9948    0.9865    0.9853    0.9951    0.9863    0.9910    0.9940    0.9836    0.9899 

8. Huangshi < 21.9 0.6078 0.3552 -4.7928 

> 21.1 1.5194 0.2504 0 

R-squared 0.9767 (for the overall rating curve of 2010-2012) 

9. Jiujiang* All levels *Jiujiang levels are linearly dependent on 

Hukou’s due to adjacent tributary influences. 

(slope) 0.9618    0.9662    0.9502    0.9754    

0.9797    0.9721    0.9795    0.9659    0.9857 

(intercept) 1.2310    1.0837    1.2147    0.9660     

0.9008    0.9947    0.7892    1.0289    0.6878 

R-squared 0.9992    0.9990    0.9990    0.9994    0.9992    0.9993    0.9991    0.9993    0.9990 

10. Hukou < 16.5 0.0020    0.0073    0.0099    0.0579    0.0148    

0.0133    0.0197    0.0049    0.0149 

0.8295    0.7107    0.6846    0.5352    0.6530    

0.6612    0.6300    0.7497    0.6521 

3.2892    2.4526    2.0491   -0.9343    1.0039    

1.1730    0.5190    2.2400    1.0669 

> 15.5 0.1673    0.4615    1.0182    0.1122    0.1093    

0.0754    0.1297    0.0251    0.0249 

0.4310    0.3559    0.3006    0.4683    0.4710    

0.5052    0.4554    0.5912    0.5931 

0   -4.0295   -8.6368         0         0         0          

0    2.7377    2.5110 

R-squared 0.9895    0.9919    0.9902    0.9963    0.9951    0.9923    0.9953    0.9894    0.9953 

11. Anqing <13.0 0.0005    0.0018    0.0014    0.0060    0.0014    

0.0037    0.0097    0.0028    0.0130 

2.5972    2.0965    2.2981    0.9216    1.8620    

1.3319    0.2729    1.2808    0.0786 

2.5972    2.0965    2.2981    0.9216    1.8620    

1.3319    0.2729    1.2808    0.0786 

> 12.0 0.1122   17.5886    2.8990    0.0760   42.8190    

0.0425    0.0596    0.4965    0.4360 

0.4494    0.1103    0.2184    0.4854    0.0732    

0.5391    0.5080    0.3456    0.3565 

0  -43.5820  -16.3746         0  -80.0561         0          

0   -6.4502   -6.2640 

R-squared 0.9882    0.9897    0.9911    0.9957    0.9927    0.9888    0.9916    0.9862    0.9935 

12. Datong < 12.1 0.0011    0.0035    0.0015    0.0028    0.0008    

0.0026    0.0118    0.0075    0.0109 

0.8570    0.7515    0.8247    0.7732    0.8871    

0.7773    0.6504    0.6924    0.6541 

1.5271    0.9814    1.7316    0.9846    1.6013     

1.0150   -0.4760   -0.1872   -0.1925 

> 11.1 0.0721    0.0087    0.6529    0.0441    0.0764    

0.0449    3.1230    0.0002    0.0002 

0.4772    0.6538    0.3227    0.5228    0.4721    

0.5212    0.2119    0.9814    0.9839 

0    2.2383   -8.9558         0         0         0   

-18.2893    5.7498    5.2486 

R-squared 0.9899    0.9882    0.9875    0.9956    0.9928    0.9880    0.9919    0.9859    0.9937 

13. Wuhu < 9.8 0.0002    0.0022    0.0004    0.0003    0.0002    

0.0002    0.0061    0.0169    0.0020 

0.9951    0.7683    0.9130    0.9430    0.9738    

0.9642    0.6828    0.5994    0.7741 

1.7778    0.7886    1.8281    1.6448    1.6240     

1.7262    0.0053   -1.1871    0.8162 

> 8.7 1.3728    0.7492    0.0067    0.0178    0.6964    

0.3964    0.0319    0.0248    0.4545 

0.2527    0.3078    0.6724    0.5833    0.2947    

0.3375    0.5281    0.5507    0.3385 

-11.3080  -11.2415         0         0   -7.0768   

 -5.4780         0         0   -8.2180 

R-squared 0.9870    0.9833    0.9773    0.9926    0.9893    0.9806    0.9896    0.9770    0.9907 

14. Nanjing < 7.3 0.0001 0.9907 1.6485 

> 6.7 16.7037 0.0879 -35.6130 

R-squared 0.9570 (for the overall rating curve of 2004-2012) 

15. Zhenjiang < 6.1 0.0003 0.8864 1.5817 

> 5.5 13.6323 0.0836 -27.3005 

R-squared 0.8270 (for the overall rating curve of 2004-2012) 

 



154 
 

3.7. References 

Braca, G. (2008), Stage–discharge relationships in open channels: Practices and 

problemsRep., 24 pp, Università degli Studi di Trento Dipartimento di Ingegneria Civile 

e Ambientale, Trento, Italy. 

Cheng, W., L. Chen, W. Xu, and Y. Zhou (2011), Relationship between water level and 

discharge of dam vicinity downstream Three Gorges Reservoir after its impoundment, 

Engineering Journal of Wuhan University, 44(4), 434-438, 444. 

China Three Gorges Corporation (2013), accessed from www.ctgpc.com.cn. 

China Three Gorges Corporation (2004), China Three Gorges Construction Yearbook, 

accessed from www.ctgpc.com.cn/sxjsnj/index.php. 

Chow, V. T. (1959), Open-Channel Hydraulics, McGraw-Hill, New York. 

Dai, Z. J., J. Z. Du, A. Chu, J. F. Li, J. Y. Chen, and X. L. Zhang (2010), Groundwater 

discharge to the Changjiang River, China, during the drought season of 2006: effects of 

the extreme drought and the impoundment of the Three Gorges Dam, Hydrogeology 

Journal, 18(2), 359-369, doi:10.1007/s10040-009-0538-8. 

Dai, Z. J., J. Z. Du, J. F. Li, W. H. Li, and J. Y. Chen (2008), Runoff characteristics of the 

Changjiang River during 2006: Effect of extreme drought and the impounding of the 

Three Gorges Dam, Geophysical Research Letters, 35(7), 6, doi:10.1029/2008gl033456. 



155 
 

Dai, Z. J., and J. T. Liu (2013), Impacts of large dams on downstream fluvial 

sedimentation: An example of the Three Gorges Dam (TGD) on the Changjiang (Yangtze 

River), Journal of Hydrology, 480, 10-18, doi:10.1016/j.jhydrol.2012.12.003. 

Eisenlohr, W. S. (1964), Discharge ratings for streams at submerged section controls, 

USGS Water-Supply Paper, 1779-L, 37pp. 

European Center for Medium-Range Weather Forecasts ERA-Interim reanalysis climate 

dataset (2013), accessed from www.ecmwf.int/research/era/do/get/era-interim. 

Fearnside, P. M. (1988), CHINAS 3 GORGES DAM - FATAL PROJECT OR STEP 

TOWARD MODERNIZATION, World Development, 16(5), 615-630, doi:10.1016/0305-

750x(88)90190-8. 

Feng, L., C. Hu, X. Chen, and X. Zhao (2013), Dramatic inundation changes of China's 

two largest freshwater lakes linked to the Three Gorges Dam, Environmental Science & 

Technology, 47(17), 9628-9634, doi: 10.1021/es4009618. 

Feng, L., C. M. Hu, and X. L. Chen (2012), Satellites Capture the Drought Severity 

Around China's Largest Freshwater Lake, IEEE Journal of Selected Topics in Applied 

Earth Observations and Remote Sensing, 5(4), 1266-1271, 

doi:10.1109/jstars.2012.2188885. 



156 
 

Feng, L., C. M. Hu, X. L. Chen, and R. F. Li (2011), Satellite observations make it 

possible to estimate Poyang Lake's water budget, Environmental Research Letters, 6(4), 

7, doi:10.1088/1748-9326/6/4/044023. 

Ferguson, R. I. (1986), HYDRAULICS AND HYDRAULIC GEOMETRY, Progress in 

Physical Geography, 10(1), 1-31, doi:10.1177/030913338601000101. 

Gao, B., D. W. Yang, and H. B. Yang (2013), Impact of the Three Gorges Dam on flow 

regime in the middle and lower Yangtze River, Quaternary International, 304, 43-50, 

doi:10.1016/j.quaint.2012.11.023. 

Guo, H., Q. Hu, Q. Zhang, and S. Feng (2012), Effects of the Three Gorges Dam on 

Yangtze River flow and river interaction with Poyang Lake, China: 2003-2008, Journal 

of Hydrology, 416, 19-27, doi:10.1016/j.jhydrol.2011.11.027. 

Hayashi, S., M. Shogo, K. Q. Xu, and M. Watanabe (2008), Effect of the Three Gorges 

Dam Project on flood control in the Dongting Lake area, China, in a 1998-type flood, 

Journal of Hydro-Environment Research, 2(3), 148-163, doi:10.1016/j.jher.2008.10.002. 

Hu, B., Z. Yang, H. Wang, X. Sun, and N. Bi (2009), Sedimentation in the Three Gorges 

Dam and its impact on the sediment flux from the Changjiang (Yangtze River), China, 

Hydrology and Earth System Sciences Discussion, 6, 5177-5204, doi:10.5194/hessd-6-

5177-2009. 



157 
 

Hu, Q., S. Feng, H. Guo, G. Chen, and T. Jiang (2007), Interactions of the Yangtze river 

flow and hydrologic processes of the Poyang Lake, China, Journal of Hydrology, 347(1-

2), 90-100, doi:10.1016/j.jhydrot.2007.09.005. 

Huang, Q., Z. Sun, and J. Jiang (2011), Impacts of the operation of the Three Gorges 

Reservoir on the lake water level of Lake Dongting, Hupo Kexue, 23(3), 424-428. 

International Organization for Standardization (ISO) (1998), Measurement of liquid flow 

in open channels – Part 2: determination of the stage–discharge RelationRep., Geneva. 

Johnson, L. H. (1952), Nomography and empirical equations, John Wiley, New York. 

Kennedy, E. J. (1984), Discharge ratings at gaging stations, in Techniques of water-

resources investigations of the United States Geological Survey, edited, p. 69, USGS 

printing office, Washington, D.C. 

Lai, X., J. Jiang, and Q. Huang (2012), Water storage effects of Three Gorges project on 

water regime of Poyang lake, Journal of hydroelectric engineering, 31(6), 132-148. 

Lambie, J. C. (1978), Measurement of flow–velocity–area methods, in Hydrometry: 

Principles and Practices, edited by R. W. Herschy, Wiley, England. 

Lehner, B., and P. Döll (2004), Development and validation of a global database of lakes, 

reservoirs and wetlands, Journal of Hydrology, 296(1-4), 1-22, 

doi:10.1016/j.jhydrol.2004.03.028. 



158 
 

Lehner, B., K. Verdin, and A. Jarvis (2006), Hydrological data and maps based on 

Shuttle elevation derivatives at multiple scales (HydroSHEDS) – Technical 

Documentation, World Widelife Fund US, Washington DC 27pp, available from 

worldwildlife.org/pages/hydrosheds.  

Leopold, L. B., and T. Maddock (1953), The hydraulic Geometry of Stream Channels 

and Some Physiographic Implications, United States Geological Survey Professional 

Paper, 252, 57pp. 

Li, Y. T., Z. H. Sun, Y. Liu, and J. Y. Deng (2009), Channel Degradation Downstream 

from the Three Gorges Project and Its Impacts on Flood Level, Journal of Hydraulic 

Engineering-Asce, 135(9), 718-728, doi:10.1061/(asce)0733-9429(2009)135:9(718). 

Liu, Y., G. Wu, and X. Zhao (2013), Recent declines in China's largest freshwater lake: 

Trend or regime shift?, Environmental Research Letters, 8(1), 014010 (014019 pp.)-

014010 (014019 pp.), doi:10.1088/1748-9326/8/1/014010. 

Nilsson, C., C. A. Reidy, M. Dynesius, and C. Revenga (2005), Fragmentation and flow 

regulation of the world's large river systems, Science, 308(5720), 405-408, 

doi:10.1126/science.1107887. 

Ou, C. M., J. B. Li, Z. Q. Zhang, X. C. Li, G. Yu, and X. H. Liao (2012), Effects of the 

dispatch modes of the Three Gorges Reservoir on the water regimes in the Dongting Lake 

area in typical years, Journal of Geographical Sciences, 22(4), 594-608, 

doi:10.1007/s11442-012-0949-7. 



159 
 

Paiva, R. C. D., W. Collischonn, and C. E. M. Tucci (2011), Large scale hydrologic and 

hydrodynamic modeling using limited data and a GIS based approach, Journal of 

Hydrology, 406(3-4), 170-181, doi:10.1016/j.jhydrol.2011.06.007. 

Petersen-Øverleir, A., and T. Reitan (2005), Objective segmentation in compound rating 

curves, Journal of Hydrology, 311(1-4), 188-201, doi:10.1016/j.jhydrol.2005.01.016. 

Qiu, J. (2011), China admits problems with Three Gorges Dam, Nature (news), 

doi:10.1038/news.2011.315. 

Smith, L. C., and T. M. Pavelsky (2008), Estimation of river discharge, propagation 

speed, and hydraulic geometry from space: Lena River, Siberia, Water Resources 

Research, 44(3), 11, doi:10.1029/2007wr006133. 

Sun, Z. D., Q. Huang, C. Opp, T. Hennig, and U. Marold (2012), Impacts and 

Implications of Major Changes Caused by the Three Gorges Dam in the Middle Reaches 

of the Yangtze River, China, Water Resources Management, 26(12), 3367-3378, 

doi:10.1007/s11269-012-0076-3. 

Tullos, D. (2009), Assessing the influence of environmental impact assessments on 

science and policy: An analysis of the Three Gorges Project, Journal of Environmental 

Management, 90, S208-S223, doi:10.1016/j.jenvman.2008.07.031. 



160 
 

van Beek, L. P. H., Y. Wada, and M. F. P. Bierkens (2011), Global monthly water stress: 

1. Water balance and water availability, Water Resources Research, 47, 25, 

doi:10.1029/2010wr009791. 

Wada, Y., L. P. H. van Beek, D. Viviroli, H. H. Durr, R. Weingartner, and M. F. P. 

Bierkens (2011), Global monthly water stress: 2. Water demand and severity of water 

stress, Water Resources Research, 47, 17, doi:10.1029/2010wr009792. 

Wada, Y., D. Wisser, and M. F. P. Bierkens (2013), Global modeling of withdrawal, 

allocation and consumptive use of surface water and groundwater resources, Earth 

System Dynamics Discussion, 4, 355-392, doi:10.5194/esdd-4-355-2013 

Xiao, K., and J. Chen (2011), The flow travel time anlaysis of Yichang hydrologic station 

and Jiujiang hydrologic station of Changjiang River, China Rural Water and Hydro-

power, 4, 1-5. 

Xu, K. H., and J. D. Milliman (2009), Seasonal variations of sediment discharge from the 

Yangtze River before and after impoundment of the Three Gorges Dam, Geomorphology, 

104(3-4), 276-283, doi:10.1016/j.geomorph.2008.09.004. 

Yamazaki, D., S. Kanae, H. Kim, and T. Oki (2011), A physically based description of 

floodplain inundation dynamics in a global river routing model, Water Resources 

Research, 47, 21, doi:10.1029/2010wr009726. 



161 
 

Yang, S. L., J. Zhang, and X. J. Xu (2007), Influence of the Three Gorges Dam on 

downstream delivery of sediment and its environmental implications, Yangtze River, 

Geophysical Research Letters, 34(10), 5, doi:10.1029/2007gl029472. 

Yang, Z., H. Wang, Y. Saito, J. D. Milliman, K. Xu, S. Qiao, and G. Shi (2006), Dam 

impacts on the Changjiang (Yangtze) River sediment discharge to the sea: The past 55 

years and after the Three Gorges Dam, Water Resources Research, 42(4), 10, 

doi:10.1029/2005wr003970. 

Yangtze Waterway Bureau (2013), accessed from www.cjhdj.com.cn. 

Yin, H. F., G. R. Liu, J. G. Pi, G. J. Chen, and C. A. Li (2007), On the river-lake 

relationship of the middle Yangtze reaches, Geomorphology, 85(3-4), 197-207, 

doi:10.1016/j.geomorph.2006.03.017. 

Zhang, Q., L. Li, Y. G. Wang, A. D. Werner, P. Xin, T. Jiang, and D. A. Barry (2012), 

Has the Three-Gorges Dam made the Poyang Lake wetlands wetter and drier?, 

Geophysical Research Letters, 39, 7, doi:10.1029/2012gl053431. 

Zhao, J., J. Li, H. Yan, L. Zheng, and Z. Dai (2011), Analysis on water exchange 

between the main stream of the Yangtze River and the Poyang Lake, Procedia 

Environmental Sciences, 10, Part C, 2256-2264, doi: 10.1016/j.proenv.2011.09.353. 



162 
 

Zhou, J. (2010), Situation of the Mid-Yangtze Flood after the Commencement of the 

Three Gorges Project and the Countermeasures (I), Science & Technology Review, 28(22), 

60-68. 

 



163 
 

CHAPTER 4 

DECADAL LAKE DECLINE ACROSS THE YANGTZE BASIN DOWNSTREAM OF THREE 

GORGES DAM: CONSEQUENCES OF CLIMATIC DROUGHT OR HUMAN ACTIVITIES? 

 

4.1. Introduction 

       The Yangtze hydrological basin downstream of the Three Gorges Dam (TGD) 

(hereafter referred to as “downstream Yangtze Basin”, Figure 2-1) is a critical eco-region 

[World Wildlife Fund, 2013] possessing varieties of critical habitats and natural resources, 

including ~15,000 km
2
 or ~25% of freshwater lake area in East Asia (computed from 

Lehner and Döll [2004] and SWBD [2005]). Distributed ubiquitously across the 

downstream basin [Ma et al., 2010], these lakes (see Table 2-1 for detailed lake statistics) 

are vitally important components of the local biophysical environment [Du et al., 2011; 

Herve et al., 2011; Ma et al., 2010; Wei et al., 2009], providing the largest inventory of 

surface freshwater that sustains agricultural production and socioeconomic development 

in this region [Du et al., 2011; Fang et al., 2005; Zhao and Fang, 2004] home to half a 

billion population [LandScan, 2008].  

       Among the downstream lakes, nearly 80% in area is located in the Yangtze 

floodplain. Influenced by the East Asian monsoon, these lakes are sensitive to local 

climate, manifested as high intra-annual variability in inundation area naturally 

interactive with Yangtze River flows and levels [Feng et al., 2012b; Lai et al., 2012; 

2013a; Lai et al., 2013b]. However, intensified anthropogenic activities in the past half 

century (e.g., direct water regulation by dams and floodgates) gradually intervened with 
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natural regimes of the Yangtze River and tributaries, leading to increased vulnerability of 

the downstream lake system [Du et al., 2011; Fang et al., 2005; Huang et al., 2007; 

Wang et al., 2011; Wei et al., 2009; Zhang et al., 2006].  

       The TGD, thus far the world’s largest hydroelectric project [Nilsson et al., 2005], has 

evoked extensive global debates due to its substantial regulation of Yangtze flows and the 

profound downstream impacts [Fearnside, 1988; Li et al., 2009; Qiu, 2011; Sun et al., 

2012; Tullos, 2009]. Intriguingly, concurrent with the TGD operation initiated in June, 

2003, a durative trend of severe drought has been plaguing the downstream Yangtze 

Basin [Du and Liu, 2013; Feng et al., 2013; Lai et al., 2013b; Liu et al., 2013], breaking a 

half-century record of spring rainfall minimum in the recent year of 2011 [Du and Liu, 

2013; Wei, 2013; Xin, 2011]. Numerous studies have documented drastic changes of 

China’s two largest freshwater lakes (i.e., Poyang and Dongting) associated with this 

decade-long climatic drought and concurrent TGD water regulation [Feng et al., 2013; 

Feng et al., 2012a; Feng et al., 2012b; Lai et al., 2013a; Liu et al., 2013; Zhang et al., 

2012] (refer back to Table 1-2 for a detailed review). Yet prior to the study presented in 

Chapter 2, there has been no systematic assessment of lake dynamic changes across the 

complete downstream basin before and after the TGD operation. The precise influence of 

the TGD operation on this crucial lake system, in comparison to the impacts of natural 

climatic variability and human water consumption, still remains unclear but is essential to 

better understand and adapt the rapid changes of the terrestrial water cycle [Feng et al., 

2013; Liu et al., 2013; Nilsson et al., 2005; Qiu, 2011; Wada et al., 2011b].  
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       This chapter presents a first comprehensive diagnosis of the underlying mechanism 

driving the recent decadal lake area changes across the entire downstream Yangtze Basin, 

from both perspectives of climatic variability and major anthropogenic activities, i.e., 

TGD operation and human water consumption. This work starts with a succinct 

assessment of lake dynamics in the downstream Yangtze Basin before and after the initial 

TGD impoundment. TGD’s contribution to the revealed lake changes is then quantified 

from two primary inducing factors: i) direct regulation of the Yangtze flow and ii) 

downstream Yangtze channel erosion due to reduced sediment load. The impacts of 

human water consumption and climatic variability are next assessed by using daily river 

discharge modeling that integrated human consumptive loss through the downstream 

river network. From these analyses, the anthropogenic influences since the recent full-

capacity operation of the TGD in 2009 are further discussed to address the pressing need 

of future lake conservation.   

 

4.2. Lake dynamics in the recent decade 

4.2.1. Lake categorization and mapping 

      Contemporary lakes in the downstream Yangtze Basin exhibit three discriminant 

relations with the Yangtze River (refer back to Figure 2-1). The majority of lakes (78.2% 

in area or 49.7% in number) were formed in the Yangtze floodplain historically inundated 

by high-level Yangtze flows. After decades of artificial channel diversion and local 

floodgate controls, only 22.6% (2,639.0 km
2
) of the floodplain lakes today remain freely 

connected to the Yangtze River. These lakes are categorized as Class I. The remaining 
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lakes (9,061.0 km
2
) in the floodplain are categorized as Class II. The other 21.8% of 

lakes (3,281.2 km
2
) upstream of the floodplain, i.e., Class III, are unaffected by the 

Yangtze River in nature due to high water surfaces constantly above the range of Yangtze 

level fluctuation.  

       In order to inventory and track lake changes in each lake class, an extensive mapping 

was conducted on 76.0% of the downstream lake area (100%, 80.3%, and 44.6% for 

Class I, II, and III, respectively) by using daily satellite imagery acquired by Moderate-

Resolution Imaging Spectroradiometer (MODIS) during 2000–2011. The produced data 

archive documented detailed spatial extents of discernible daily inundation areas of more 

than 1,100 water bodies, including all seventy-eight major lakes larger than 20 km
2
 in the 

downstream basin. 

 

4.2.2. Net lake decline in the post-TGD period 

       Analysis of the mapping results uncovers a decadal trend of widespread lake decline 

across the downstream Yangtze Basin. A cumulative decrease of 476.8 km
2 

(or 4.1% of 

the mean) was calculated from the ten-day series of aggregated lake area since the TGD 

operation (Figure 4-1). Despite an excessive precipitation anomaly in the year 2010, the 

inter-annual lake decline is statistically significant, in sync with an enduring climatic 

drought manifested as a similar decrease of natural river feedings (Figure 4-1: here the 

total abundance of river feedings to the studied lakes is represented by a novel metric 

entitled relative discharge intensity that integrates standardized river discharges at 

studied lake outlets based on the weights of lake size). The monotonic decreasing trend in 
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lake area was observed most substantial in fall (at –128.5 km
2 

yr
-1 

or –1.1% yr
-1

), 

intriguingly coinciding with the major water impounding season at the TGD. By 

comparing the mean annual cycles of the total lake area before and after the TGD 

operation, an evident year-round phase drop was identified in the post-TGD period 

(Figure 4-5) (hereafter referred to as “post-TGD lake decline”), ranging from ~180 km
2
 

in early March and June to ~1,310 km
2
 in May and November, with an average decline of 

604.4 (±276.4) km
2
 or 5.1%.  

 

4.2.3. Contrasting dynamic patterns among lake classes 

       Despite a net decline of the regional total, lake changes among the three classes 

exhibit discrepant and interesting patterns. First, the significant lake area decrease in the 

floodplain (Class I and II) stands in distinct contrast with lake area increase outside the 

floodplain (Class III). Compared to pre-TGD annual cycles, lake area in the post-TGD 

period decreased by an average of 15.7 (±7.4) % in Class I (Figure 4-6), 1.6 (±1.1) % in 

Class II (Figure 4-7), but increased by 4.3 (±2.8) % in Class III (Figures 4-8). Such 

contrasting patterns are also observed in the monotonic trends of ten-day area series 

among the lake classes (Figures 4-2 to 4-4). The year-round expansion in Class-III lakes 

appears contrary to the general decrease of natural river discharge feeding (Figure 4-8b), 

signifying an increasing trend of tributary flow regulation in these lakes/reservoirs.  

       Second, among the declining floodplain lakes, Class I exhibit a much greater annual 

variation (nearly twenty times of Class II’s) likely due to constant interactions with 

fluctuating Yangtze flows. As a result, area declines accumulated through the post-TGD 
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hydrologic drought appear more evident under the stabilized seasonal area variations in 

Class-II lakes. From another perspective, artificial reduction of intra-annual patterns in 

Class-II lakes likely reduced their intrinsic capability of adapting climatic or human-

induced inter-annual disturbance.  

       Third, lake areas in Classes II and III show inverse annual patterns to the natural 

hydrological cycle (Figures 4-7 and 4-8). This further confirms the existence of 

substantial anthropogenic controls. However, contrasting area dynamics between Classes 

II and III indicate different driving mechanisms. While Class-II lakes were gated 

primarily for agricultural production [Du et al., 2011; Fang et al., 2005; Wei et al., 2009], 

Class-III lakes functioned largely as artificial reservoirs for local water supply or power 

generation [Hu et al., 2010; Lu et al., 2002]. Regulated tributary flows, as a result, could 

further affect lake areas across the floodplain in addition to the concurrent impact of 

Yangtze flow regulation by the TGD. 

 

4.3. Seasonal lake area regime altered by TGD 

4.3.1. Diagnosing methods 

       Is the revealed decadal lake decline associated with the perturbation of TGD’s water 

regulation to the downstream lake system? This issue was here tackled by explicit 

quantification of i) the magnitude of TGD’s influences on the seasonal regime of 

downstream lake areas and ii) the weight of such influences in explaining the identified 

post-TGD lake decline. The presented analysis follows the conceptual impact chain of the 

TGD operation from the Yangtze River to the surrounding lake system (refer back to 
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Figure 1-3), with emphasis on the downstream Yangtze River level, a crucial factor that 

governs lake-river interactions [Guo et al., 2012; Lai et al., 2013a; Lai et al., 2013b; Liu 

et al., 2013]. Since the initial impoundment, the TGD has been altering the downstream 

Yangtze levels by two primary means: directly regulation of the Yangtze flows and 

reduced sediment load released from the TGD. Regulated Yangtze flows cause nearly 

synchronous changes of the downstream levels (with a total lag time of ~9–12 days from 

the TGD to the estuary estimated from Chapter 2), while reduced sediment load leads to 

chronic erosion of the downstream channel [Cheng et al., 2011; Dai and Liu, 2013; Lai et 

al., 2013b; Li et al., 2009; Xu and Milliman, 2009; Yang et al., 2007] (also see Chapter 2 

for a systematic quantification), which in turn lowers the Yangtze level in relation to flow 

[Chow, 1959; Lai et al., 2013b; Leopold and Maddock, 1953]. Altered Yangtze levels 

from both factors influenced lake-outlet water gradients and interfered with natural 

hydrodynamic interactions between the Yangtze main stem and surrounding tributary 

lakes, resulting in changes of inundation area in the lake system [Liu et al., 2013].  

       Accordingly, a three-step diagnostic approach was proposed to assess the TGD-

induced lake changes. Under the lake classification framework, lakes in the Yangtze 

floodplain (Classes I and II) that indicate evident interactions with the Yangtze River 

were first identified. This was done on each individual lake by examining the empirical 

relationship between mapped daily lake areas and measured daily Yangtze water levels at 

or close to the lake outlet/mouth. Lake-outlet Yangtze levels were acquired from fifteen 

gauging stations along the entire longitudinal range of the downstream Yangtze River 

(see Figure 3-1 for gauging station locations). Analysis (Figure 4-9) indicates that all the 
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six Class-I lakes (including Lakes Poyang and Dongting) have daily inundation areas 

well correlated with their outlet Yangtze levels. These relations can be mostly captured 

by compound quadratic functions, depicting changing sensitivity of area changes to outlet 

Yangtze levels from low- to high-flow seasons). No significant seasonal relations were 

found in the majority of Class-II lakes except four lake regions (B06, B11, B17, B36) 

(refer to Figure 2-2 and Table 2-7 for lake region notation), confirming a year-round 

persistence of anthropogenic control on these agriculturally critical lakes during the 

studied post-TGD period. Given such evidence, the direct TGD impact is considered to 

be limited to Class-I and the four identified Class-II lake regions. Daily alterations of the 

lake-outlet Yangtze levels by both flow regulation and channel erosion since the initial 

TGD operation were next quantified using hydraulic theories and simulations (see 

Chapter 3 for detailed methods and results). The consequential impacts on lake areas 

were then estimated based on the quantified lake-outlet level changes and the established 

relations between lake areas and outlet levels. Restricted by data accessibility, the 

assessment of channel erosion was performed on selected lake regions (i.e., A01-02, 

A04-05, and B11, accounting for 91.0% of the TGD-impacted lake regions in area) and 

compared to the benchmark year of 2004 instead of the pre-TGD period before June, 

2003. 

 

4.3.2. Flow regulation 

      Figure 4-10a presents, to the best of my knowledge, the first replication of the total 

lake areas across the downstream Yangtze Basin under no TGD influences. Flow 
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regulation at the TGD was yearly intensified to gradually reach the full operation 

capacity, marked by the maximal level of 175 m asl at the Three Gorges Reservoir (TGR) 

in fall, 2010. The recovered lake areas in Figure 4-10a, therefore, reflect the average of 

progressively strengthened TGD impacts from the initial operation in June, 2003 to the 

end of 2011, and were reported in a ten-day mean annual cycle compared with lake areas 

observed before and after the TGD operation. The TGD impacts on non-gated Class-I 

lakes are separately presented in Figure 4-11a. Results from both figures (Figures 4-10a 

and 4-11a) indicate an altered annual regime of downstream lake areas, primarily 

reflected by the significant and persistent area changes associated with TGD’s seasonal 

water dispatch modes [China Three Gorges Corporation, 2004; Lai et al., 2013b; Ou et 

al., 2012]. 

       In an average post-TGD annual cycle, the TGD started the preparation of electricity 

generation in the fall recession season (mid-September–October) by reducing Yangtze 

outflows and elevating the TGR level (namely, the water-storage dispatch mode). As a 

consequence, downstream Yangtze levels were decreased by an average of ~0.2–1.0 m 

estimated among the studied gauging stations. Reduced Yangtze levels accelerated the 

drainage of connected lakes and wetlands (i.e., the ‘emptying effect’ [Zhang et al., 2012]), 

leading to a total decrease of 241.7 (±111.2) km
2
 or 2.0 (±0.9) % in the downstream lake 

area (Figures 4-10a to 4-10c), 230.5 (±106.3) km
2 

or 6.5 (±3.3) % in Class-I lakes 

(Figures 4-11a to 4-11c). Here the uncertainty represents the standard deviation of ten-

day values under a water dispatch mode during the average post-TGD annual cycle. 

Reduced inundation areas under TGD’s water-storage dispatch mode are equivalent to 
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20.1% of the annual area variation in all studied downstream lakes or 18.8% in Class I, 

considered most substantial among TGD’s seasonal influences. In comparison with the 

pre-TGD period, this lake area decrease explains 18.3–83.0% of the observed post-TGD 

lake decline during the water-storage dispatch season in fall across the downstream 

Yangtze Basin (Figure 4-10b) or 16.5–69.7.0% for Class I (Figure 4-11b).  

       The TGR level was steadily lowered under the following water-supplement dispatch 

mode in January–March. This lowering corresponded to increased outflow from the TGD 

that elevated downstream station levels by ~0.1–0.6 m. This Yangtze level rise slightly 

increased the downstream lake inundation area by 59.7 (±24.1) km
2
 or 0.6 (±0.2) % (55.2 

(±22.3) km
2
 or 3.0% (±1.1) for Class-I lakes), accounting for 5.0% of the annual area 

variation (4.5% for Class-I lakes). Increased Yangtze flows under TGD’s water-

supplement dispatch mode partially alleviated the post-TGD lake decline primarily driven 

by climate-induced hydrological drought, and counter explained 5.1–33.0% of the 

observed post-TGD lake decline during this dispatch season in winter (5.6–44.7% for 

Class I). 

       The TGR level was further decreased under the pre-discharge dispatch mode in 

May–early June for the preparation of summer flood storage. Continuous flow release 

during this dispatch mode increased downstream station levels by ~0.1–0.7 m. Such 

TGD-induced Yangtze level increments concurred with spring rainy season in the 

downstream Yangtze Basin, causing restricted outflow from the connected lakes (i.e., the 

‘blocking effect’ [Hu et al., 2007; Zhang et al., 2012]) and associated additional lake area 

increase of 96.1 (±42.7) km
2
 or 0.9 (±0.4) % (90.1 (±43.0) km

2
 or 2.9 (±1.4) % in Class I). 
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Such positive influences are equivalent to 8.0% of the annual lake area variation in the 

downstream Yangtze Basin (7.3% for Class I), and counter explained 5.0–37.3% of the 

post-TGD lake decline during the pre-discharge dispatch season in spring (5.8–59.5% for 

Class I).  

       The coming flood-control dispatch mode in July–August stabilized the Yangtze 

flows and helped mitigate flood pressure by reducing ~14.0–36.0% of the natural/non-

regulated summer fluctuation in the downstream Yangtze levels. Reflected in lake areas, 

a reduction of 22.8% (13.3% for Class-I lakes) was estimated in the summer area 

variation (in July and August). However, the average lake areas stay nearly unaffected 

with a negligible net change of +7.2 (±46.2) km
2
 or less than 0.1% (+7.0(±44.8) km

2
 or 

0.2 (±0.6) % for Class I). As an overall impact of TGD’s flow regulation, the annual lake 

area variation across the downstream Yangtze Basin was slightly decreased by 3.4% (2.1% 

for Class-I lakes) mainly attributed to the accelerated lake drainage in fall and lake area 

increment in winter and spring. 

 

4.3.3. Yangtze channel erosion 

       Concurrent Yangtze channel erosion due to reduced sediment load further 

complicated flow-induced impacts on both downstream Yangtze levels and lake areas. 

During the studied post-TGD period, Yangtze channel erosion at most studied 

downstream stations counteracted the anticipated level increment by over 40% in winter 

and 20% in spring, while reinforcing the anticipated level decrease by over 10% in fall. 

Erosion-induced impacts on the downstream areas appear less evident, with average 
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counteractions of 34.4% and only 4.9% of the increment in winter and spring, 

respectively (36.5% and 4.6% for Class-I) and reinforcement of 3.5% of the area decrease 

in fall (3.4% for Class-I).  

      Integrating both effects of flow regulation and channel erosion, the TGD operation 

contributed 153.6 km
2 

or 22.6% into the post-TGD lake decline across the downstream 

Yangtze Basin in the fall season (146.0 km
2 

or 20.0% for Class-I lakes), equivalent to 

27.2% of the observed annual decreasing rate in fall during 2003–2011 (32.1% for Class 

I). TGD’s water release in winter and spring, however, alleviated the natural lake decline 

by 5.2 % and 8.7%, respectively (5.3 % and 9.5% for Class-I lakes); TGD’s contribution 

to the summer lake decline was identified to be negligible (less than 0.1%). In this sense, 

negative impacts on the downstream lake system attributed to the direct TGD operation 

are only evident during the water impounding season in fall. The year-round post-TGD 

lake decline in the downstream Yangtze Basin was dominantly driven by other important 

inducing factors. 

 

4.4. Dominant climate impacts intensified by human water consumption 

4.4.1. Human water consumption 

      In addition to the TGD operation, water loss due to human consumption is another 

critical factor driving lake changes across the downstream Yangtze Basin. Human water 

consumptive loss (primarily via agricultural irrigation in this region) causes reduction of 

local river discharges; yet by accumulation through river networks, local discharge loss 

propagates downstream, and can significantly intensify the natural hydrological drought 
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across the entire downstream Yangtze Basin [Vörösmarty et al., 2010; Wada et al., 

2013a].  

       By routing acquired daily water consumption data [Wada et al., 2011a; Wada et al., 

2011b; Wada et al., 2013b] into the same hydrological simulation described in Chapter 2, 

this study quantified that during the post-TGD period, human water consumption led to 

an average yearly reduction of ~0.3–6.0% of the Yangtze flows among the outlets of 

Class-I lakes, equivalent to a level decrease of ~0.1–3.0% (up to an annual average of 

~0.3 m). Such level reductions were significant enough to result in an annual average 

area decrease of 79.0 (±51.1) km
2 
in Class-I lakes (Figure 4-11a and 4-11b), which equals 

another 81.0% of the TGD-induced lake area decrease in fall and completely counteracts 

the TGD-induced lake area increase by nearly three times in winter. However, since the 

local human water consumption increased at a slow rate during 2000–2011 (~1–3% yr
-1

), 

the resulting Yangtze level decrease only adds minor contribution to the post-TGD area 

decline in Class-I lakes (i.e., 1.1% in spring, 5.4% in summer, 1.7% in fall, and –1.8% in 

winter). As illustrated in Figures 4-11c and 4-11d, the anthropogenic impacts integrating 

both TGD and water consumption account for respectively an average of 21.7% (up to 

77.4%) and 5.4% (up to 17.2) of the post-TGD Class-I lake area decline in fall and 

summer, but still provide no explanation of the observed decline in winter or spring. The 

explicit seasonal influences of human water consumption on Class-II and -III lakes were 

not quantified due to a lack of sufficient documents on the local lake control. 
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4.4.2. Climatic variability 

      The impact of downstream climatic variability was further assessed on the remaining 

~23–100% of the Class-I lake decline inexplicable by the examined anthropogenic 

activities (i.e., the TGD operation and human water consumption). Since it is infeasible to 

acquire accurate lake areas under a completely natural scenario, the climate impact was 

indirectly examined by validating whether simulated downstream Yangtze River and 

tributary discharges under the realistic scenario (i.e., integrating climate and studied 

anthropogenic influences) during the entire study period (2000–2011) could lead to the 

observed lake area differences between the average annual cycles in the pre- and post-

TGD periods. Figure 4-11a shows that the downstream climate variability, together with 

the TGD operation and human water consumption, generally captures the annual patterns 

of Class-I lake areas before and after the TGD operation, and explains an average of ~90% 

of the post-TGD lake decline (i.e., ~60% in spring, ~80% in summer, ~100% in fall, and 

~110% in winter, Figure 4-11d). Modeling lake areas using surface discharges involves 

various uncertainties from the complexity of river-lake interactions, backwater and 

unsteady flow, and lag time caused by lake storage. Despite such uncertainties, the 

estimated high percentage values generally indicate a dominant contribution of local 

climate variability in driving the decadal Class-I lake decline.  

       Recent intensification of tributary water regulation or impoundment, as testified by 

the artificial increase of Class-III lake area (Figures 4-4 and 4-8), likely caused further 

discharge decrease [Hu et al., 2010; Lu et al., 2002], and partially explained the 

underestimated lake area decline in spring. Under strict artificial controls, the seasonal 
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area pattern of Class-II lakes is discrepant considerably from the climatic cycle; however, 

as shown in Figure 4-3b, the annual means of Class-II lake areas in 2000–2011 still varies 

in accordance with the simulated natural river feedings. Supported by these findings, the 

revealed decadal lake area decline across the downstream Yangtze Basin could likely be 

well explained by the dominant impact of recent climatic drought, further intensified by 

TGD’s water impounding in fall, human water consumptive loss, and tributary water 

regulation. 

 

4.5. Discussion and outlook 

       This chapter has provided a comprehensive diagnosis of the underlying mechanism 

driving the revealed decadal lake decline across the downstream Yangtze Basin. 

Particularly, the controversial influence of the TGD was assessed from both factors of 

regulated Yangtze flow and reduced sediment load. From the fall of 2008, the TGR 

started the final pilot impoundment; the maximal water level of 175 m asl was achieved 

in October, 2010 [China Three Gorges Corporation, 2004; Lai et al., 2013a; Ou et al., 

2012] (refer back to Figure 3-2 for the TGR level hydrograph). Since then, the 

downstream Yangtze regime has been regulated under TGD’s full-capacity water 

dispatch scheme (i.e., the designed regular water regulation). Driven by a pressing need 

for future lake and wetland conservations, a continuous analysis is provided to further 

quantify the potential extents of seasonal alterations in the downstream lake system under 

TGD’s regular operation. Class-I lakes are emphasized here given their ecological 

significance and constant influence from the Yangtze River. Due to the limited time 
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period available since the regular operation, the examined time was expanded from the 

early stage of the pilot impoundment at the beginning of 2009 (with an annual TGR level 

maximum of ~171 m) to the end of 2011 (consistent with Chapter 2). Mean annual lake 

area cycles during this period were presented under the realistic and no-TGD scenarios in 

Figure 4-12. 

       The seasonal impacts of TGD’s regular flow control are, in general, double to triple 

the average impacts during the studied post-TGD period (June, 2003–December, 2011). 

As the most substantial influence, TGR’s regular water-storage dispatch mode in fall led 

to a total decrease of 444.9 (±143.8) km
2
 or 12.7 (±4.5) % in Class-I lakes, accounting for 

37.6% of the annual area variation. As indicated in Figure 4-12a, this empting effect 

accelerated the natural process of downstream lake recession by ~15–25 d faster in an 

average annual cycle. The regular water supplement dispatch mode in winter, on the 

contrary, increased the total Class-I lake area by 122.4 (±47.2) km
2
 or 7.2 (±2.8) %, and 

reduced 5.2% of the natural winter lake area variation. The blocking effect in the 

following pre-discharge dispatch mode in spring further increased the lake area by 194.1 

(±98.9) km
2
 or 6.2 (±2.7) %, which accelerated the natural lake rising by 5–10 d earlier in 

the average annual cycle. Lake areas in summer were stabilized by 36.8% under the 

regular flood-control dispatch mode. The annual area variation in Class-I lakes was 

reduced by 3.5% as an overall effect of TGD’s regular flow control. As of 2009–2011, 

chronic downstream Yangtze channel erosion had reinforced TGD-induced lake drainage 

by 14.6% in fall while counteracting the anticipated lake area increase by 53.1% and 31.6% 

in winter and spring, respectively. Combining both factors of the TGD operation, the 
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natural inundation areas of Class-I lakes was reduced by an annual average of ~1.0%. 

This net reduction synthesizes the overall impact of TGD’s regular seasonal water 

regulation including water decrease in fall and release in spring and winter; if averagely 

redistributed through a year, this ~1.0% net reduction, as an effect TGD’s regular 

operation, is equivalent to continuously accumulated lake area loss of 2.6 km
2 
per day. 

       As previously stated, restricted by data accessibility, the presented assessment of 

channel erosion was performed on selected lake regions (~97.3% of Class-I regions in 

area) and compared to the benchmark year of 2004 instead of the pre-TGD period before 

June, 2003. Considering that downstream Yangtze channel erosion occurred immediately 

after the TGD closure [Dai and Liu, 2013; Xu and Milliman, 2009], the calculated 

erosion-induced influences could be conservative. Since the TGD’s flow control is 

already under full regulation while Yangtze channel erosion still remains as a chronic 

process due to continuous sediment supply deficiency, the estimated lake areas are likely 

to experience additional decrease in the future decades. For example, by simply applying 

the regulated Yangtze flows in 2009–2011 to the channel geometries in 2012, slight lake 

area declines (particularly in the low-flow seasons) can be further observed (Figure 4-12a) 

as a consequence of continuous Yangtze channel erosion even during the short period 

between 2009–2011 and 2012. 

       The downstream Yangtze Basin is confronted with future climatic uncertainties. The 

local hydrological drought in the past decade may be counterturned as the wetness 

condition over the Yangtze Basin recovers with increased precipitation projected in the 

next half to one century [Arnell, 2004; J Huang et al., 2011; Xu et al., 2009]. However, 
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the anthropogenic equivalent of climatic drought, namely, human water consumption 

[Wada et al., 2013a], is also expected to increase with the uprising water demand driven 

by continuous population growth [Shen et al., 2008; Vörösmarty et al., 2000; Wada et al., 

2013b]. During 2009–2011, reduced downstream lake areas caused by human water 

consumption already accounted for 30.3% of TGR’s water storage in fall and nearly 

completely counteracted the benefit of water release in winter (by 97.0%) (Figure 4-12).  

      Furthermore, as the TGD alters the seasonal pattern of the vast water surface across 

the downstream lake system, it also changes the regional potential evaporation and land-

atmospheric circulations [Miller et al., 2005], which may have in turn affected the local 

climate and further changed the downstream lake system [Feng et al., 2013]. This 

concern, therefore, raises another question to be answered in the future: besides the direct 

influence of TGD’s operation explicitly quantified in this chapter, has the consequential 

alteration of the lake areas itself triggered additional perturbations to the downstream lake 

system and eventually led to what we observed in the recent years? In light of these 

answers and questions, an integrated effort that further couples monitoring and modeling 

of surface hydrology and climate is of essential importance to the future conservation and 

adaptation of this changing lake system in the downstream Yangtze Basin.  

 

4.6. Summary and concluding remarks 

      The revealed decadal lake decline across the downstream Yangtze Basin was driven 

by a series of complex climatic and human-induced factors. This chapter presents the 

first-known attempt to diagnose the impacts of two primary anthropogenic drivers: i) the 
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TGD operation and human water consumptive loss. During the studied post-TGD period 

(i.e., 2003–2011), the annual inundation regime of the downstream lake system was 

considerably altered by TGD’s seasonal water dispatch modes, manifested as evident 

decrease in fall (–12.4% of the natural annual variation) and increase in spring (+5.5%) 

and winter (+3.4 %). As the most substantial influence, reduced lake areas under TGD’s 

water storage in fall explains 18.3–83.0% of the observed post-TGD area decline across 

the downstream Yangtze Basin during this season. Concurrent Yangtze channel erosion 

reinforced 3.5% of the TGD-induced lake area decrease in fall while counteracting of 

34.4% and 4.9% of the area increase in winter and spring, respectively. Integrating both 

effects of flow regulation and channel erosion, the TGD operation contributes ~23% (i.e., 

an area loss of ~154 km
2
) to the post-TGD lake decline across the downstream Yangtze 

Basin in the fall season, while alleviating the natural lake decline in winter and spring by 

respectively by ~5 % and ~9%. TGD’s influence on the summer lake decline appears 

negligible. Human water consumption accumulated through the local river network led to 

constant Yangtze level decrease, which completely counteracted TGD-induced lake area 

increase in winter. However, due to slow increasing rates during 2000–2011, human 

water consumption only adds minor contribution (< 6%) to the revealed post-TGD 

decline in Class-I lakes. The major proportions of seasonal post-TGD lake declines were 

tested to be largely triggered by the decadal climatic drought across the downstream 

Yangtze Basin.  

      The full impact of TGD’s flow regulation were assessed on Class-I lakes during the 

available regular operation period (2009–2011) in order to address the pressing need of 
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future lake conservation. Seasonal alterations of the downstream lake areas under TGD’s 

regular operation are generally double to triple the average impacts in the entire studied 

post-TGD period. The regular water storage in fall is equivalent to over three times of the 

impact of the concurrent human water consumption; the benefit of water release in winter, 

however, barely compensated the lake area decrease induced by human water 

consumptive loss. As of 2009–2011, Yangtze channel erosion accumulated since the 

initial TGD closure had further counteracted the anticipated lake area increase by 

respectively 53.1% and 31.6% in winter and spring while reinforcing TGD-induced lake 

decrease by 14.6% in fall. Such negative impacts are anticipated to proceed in the coming 

decades due to continuous increase of human water demand [Shen et al., 2008] and 

chronic channel erosion along the downstream Yangtze River. 
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Figure 4-1. Temporal dynamics of the total lake area.  

       (a) Ten-day series of aggregated inundation areas (left axis) and relative discharge intensities in all studied lakes (Classes I, II, and III 

combined). (b) Annual means of aggregated downstream lake areas and relative discharge intensities.  

Pre-TGD, lake area 

Post-TGD, lake area 
Relative discharge intensity 

(a) 

(b) 

A total decrease of 476.8 km
2 

in 2003–2011, equivalent to 
an annual decreasing rate of 53.0 km

2
 or 0.46% (p = 0.037) 
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[Note for Figure 4-1] 

Relative discharge intensity (RI) depicts the availability/abundance of natural river feedings 

(Q) to the studied downstream lakes averaged by the weight of lake size (A): 

                   [  ]  [
∑  ̅  (  )    

∑  ̅  
]
 
                                                                                         (4-1) 

where:  

 t denotes any day in the studied period (2000–2011); 

 i, any studied lake region; 

  , simulated daily natural discharges at lake outlets; 

  ̅ , the mean inundation area of lake region i in the study period; 

 (  )   , the standardized daily discharges at the outlet of lake region i, calculated as: 

                 (    )  
(    ̅)

(         )
                                                                                         (4-2) 

                 where:  ̅ ,      , and       denote respectively the average, maximal, and 

minimal discharges in the study period for lake region i. 
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Figure 4-2. Temporal dynamics of Class-I lake area.  

       (a) Ten-day series of aggregated inundation areas (left axis) and relative discharge intensities (right axis) in Class-I lakes. (b) Annual means 

of aggregated Class-I lake areas and relative discharge intensities. Legends are consistent with Figure 4-1. 

(a) 

(b) 

A total decrease of 436.7 km
2 

in 2003–2011, equivalent to 
an annual decreasing rate of 48.5 km

2
 or 1.60% (p = 0.018) 
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Figure 4-3. Temporal dynamics of Class-II lake area.  

       (a) Ten-day series of aggregated inundation areas (left axis) and relative discharge intensities (right axis) in Class-II lakes. (b) Annual means 

of aggregated Class-II lake areas and relative discharge intensities. Legends are consistent with Figure 4-1. 

(a) 

(b) 

A total decrease of 299.9 km
2 

in 2003–2009, equivalent to 
an annual decreasing rate of 42.8 km

2
 or 0.62% (p < 0.001) 

Post-TGD decrease in 2003–2011 insignificant 
due to excessive precipitation anomaly in 2010 
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Figure 4-4. Temporal dynamics of Class-III lake area.  

       (a) Ten-day series of aggregated inundation areas (left axis) and their relative discharge intensities (right axis) in Class-III lakes. (b) Annual 

means of aggregated Class-III lake areas and relative discharge intensities. Legends are consistent with Figure 4-1. 

(a) 

(b) 

A total increase of 78.0 km
2 

in 2003–2011, equivalent to 
an annual increasing rate of 8.7 km

2
 or 0.58% (p < 0.001) 
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Figure 4-5. Mean annual cycles of (a) aggregated inundation areas and (b) relative discharge 

intensities during the pre- and post-TGD periods in all studied lakes.  

       The pre- and post-TGD periods used for the calculation of mean annual cycles were 

defined as the time periods exactly before and after the TGD’s initial operation (June 1st, 

2003), respectively.  

  

(a) 

(b) 

Pre-TGD mean 

Pre-TGD std. 

Post-TGD mean 

Post-TGD std. 



 189 

 

 

Figure 4-6. Mean annual cycles of (a) aggregated inundation areas and (b) relative discharge 

intensities during the pre- and post-TGD periods in Class-I lakes.  

       Legends are consistant with Figure 4-5. 

 

  

(a) 

(b) 
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Figure 4-7. Mean annual cycles of (a) aggregated inundation areas and (b) relative discharge 

intensities during the pre- and post-TGD periods in Class-II lakes.  

       Legends are consistant with Figure 4-5. 

 

 

 

(a) 

(b) 
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Figure 4-8. Mean annual cycles of (a) aggregated inundation areas and (b) relative discharge 

intensities during the pre- and post-TGD periods in Class-III lakes.  

       Legends are consistant with Figure 4-5. 
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Figure 4-9. Empirical relationships between mapped daily lake areas and observed daily 

Yangtze water levels at or close to lake outlets/mouths.  

       Evident relations were identified in all Class-I lakes, i.e., (a) A01 (Poyang), (b) A02 

(Dongting), (c) A03 (Shijiu), (d) A04 (Changjianggudao), (e) A05 (Heiwawugudao), and 

A06 (Dangwu, Nanwu), and four Class-II lakes, i.e., B06 (Caizi, Baitu, Xizi)), B11 

(Shengjin), B17 (Huanggai), and B36 (Chenghu). Refer to Figure 2-2 and Table 2-7 for 

more detaileded description of these lake regions. The sensitivity of lake area to outlet water 

level varies among lake regions, usually weakened in low water levels. Lake areas in several 

regions (i.e., A03–06, B17 and B36) appear to have little or no relation with outlet Yangtze 

levels below certain level thresholds (left of the broken lines). Outlet Yangtze levels below 

these identified thresholds were conservatively assumed to exert no influence on inundation 

areas in the associated lake regions.  
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Figure 4-10. Impacts of the TGD operation on lake areas across the downstream Yangtze 

Basin during the studied post-TGD period (June 1st, 2003 to the end of 2011). 

       (a) Mean annual cycles of downstream lake areas under the realistic and no-TGD 

scenarios. (b) Mean annual cycles of lake area changes. (c) Mean annual cycles of relative 

lake area changes. (d) Seasonal contributions of the TGD operation to the observed post-TGD 

lake area decline.  

  

Pre-TGD means, observed 

Pre-TGD std., observed 

Post-TGD means, observed 

Post-TGD std., observed 

Post-TGD means, no flow regulation 

Post-TGD std., no flow regulation 

Post-TGD means, no flow regulation 
or Yangtze channel changes 

Post-TGD decline 

Flow regulation 

Flow regulation and channel 
changes combined (TGD) 

% of post-TGD decline, altered by flow regulation 

% of post-TGD decline, altered by flow regulation and channel changes combined 

% of synchronous non-regulated lake area, altered by flow regulation 

Post-TGD decline 

Flow regulation 

Both TGD influences combined 

Yangtze channel changes 

(a) 

(b) 

(c) 

(d) 
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Figure 4-11. Impacts of studied anthropogenic activities (i.e., TGD and human water 

consumption) and climatic variability on Class-I lake areas during the post-TGD period. 

       (a) Mean annual cycles of lake areas under the realistic and hypothetical scenarios. (b) 

Mean annual cycles of lake area changes. (c) Mean annual cycles of relative lake area 

changes. (d) Seasonal contributions of anthropogenic activities and climatic variability to the 

observed post-TGD lake area decline. 

 

Pre-TGD means, observed 

Pre-TGD std., observed 
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or Yangtze channel changes 
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Post-TGD means, no human consumption 

Post-TGD means, pre-TGD consumption 

Estimated pre-TGD means 

Assuming no TGD influences 

Post-TGD decline 

Flow regulation 

Flow regulation and channel changes 
combined (TGD) 
TGD and increased human water 
consumption combined 

% of post-TGD decline, altered by flow regulation 

% of post-TGD decline, altered by flow regulation and channel changes combined 

% of synchronous non-regulated lake area, altered by flow regulation 
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Post-TGD decline Flow regulation 
Both TGD influences 
combined 

Yangtze channel changes Simulated post-TGD 
decline 
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(a) 
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(c) 
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Figure 4-12. Impacts of studied anthropogenic activities (i.e., TGD and human water 

consumption) on Class-I lake areas during TGD’s regular operation period (2009–2011).  

       (a) Mean annual cycles of lake areas under the realistic and hypothetical scenarios. (b) 

Mean annual cycles of lake area changes (left axis) and proportions of natural lake area 

variation. (c) Mean annual cycles of lake area changes as proportions of synchrnous natural 

lake areas. (d) Seasonal influences of the studied anthropogenic activities on Class-I lake 

areas. 
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Means, no flow regulation 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

 

5.1. Research summary 

       The research presented in this dissertation was motivated by a widespread 

recognition of the need for a better monitoring and understanding of lake dynamics 

driven by human-environment interactions, particularly in populated and rapidly 

developing regions [Adrian et al., 2009; Bai et al., 2011; Feng et al., 2013; Liu et al., 

2013; Verschuren et al., 2002]. Under the contexts of recent climatic drought, continuous 

population growth, and extensive human water regulation, the largest cluster of 

freshwater lakes in East Asia, located across the middle and lower reaches of the Yangtze 

hydrological basin downstream of the Three Gorges Dam (TGD), has been studied in the 

period after the entrance to the new millennium to almost today (i.e., 2000 to 2011 / 

2012).  

       The overarching scientific questions guiding this research involved in-depth inquiry 

of both phenomena and mechanisms of the decadal lake dynamics across the study site: 

one of the world’s most densely populated area [LandScan, 2008] and a critical eco-

region [World Wildlife Fund, 2013]. Due to this unique geographic setting, investigations 

of the lake driving mechanisms integrated inducing factors from both natural/climatic and 

anthropogenic dimensions. The long-debated controversial impacts of the TGD, thus far 

the world’s largest hydroelectric project [Nilsson et al., 2005], were particularly 



206 
 

highlighted throughout the chapters. Under the proposed method framework, three 

specifically questions were progressively answered in Chapters 2–4: 

       (1) “What are the spatial and temporal patterns of lake dynamics across the 

downstream Yangtze Basin, and how do they vary before and after the initial operation of 

the TGD (June 1
st
, 2003)?” (Chapter 2) 

       (2) “How has the TGD operation altered the downstream regime of the Yangtze 

River level, a crucial determinant of the inundation areas of the surrounding lakes?”  

(Chapter 3), and eventually,  

       (3) “What are the influences of the TGD operation on the inundation areas of the 

downstream lake system, and how do the TGD influences compare with the impacts of 

concurrent climatic variability and human water consumption?”  (Chapter 4) 

 

5.2. Main research results 

5.2.1. Decadal lake declines across the downstream Yangtze Basin  

      Through an extensive, high-frequency monitoring of ~11,400 km
2
 freshwater lakes, 

Chapter 2 uncovers a widespread net decline in lake inundation area across the 

downstream Yangtze Basin during the recent decade. A cumulative decline of 476.8 km
2 

(or 4.1% of the mean) was estimated during the post-TGD period (i.e., 2003–2011). 

Approximately 45–60% (or 5500–7000 km
2
) of the studied downstream lake surface 

have experienced significant area decrease. This decadal lake area decline occurred under 

an intricate context of enduring hydrological droughts, increasing human water 

consumptive loss, and intensified TGD regulation of the Yangtze River flow. The 
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monotonic decreasing trend in lake area was observed most substantial in fall (at –128.5 

km
2 

yr
-1 

or –1.1% yr
-1

), intriguingly coinciding with the major water impounding season 

at the TGD. By comparing the mean annual lake area cycles before and after the TGD 

operation, an evident year-round phase drop was identified in the post-TGD period, with 

an average decline of 604.4 (±276.4) km
2
 or 5.1%. In addition to the general decline, 

inter-annual lake areas within the Yangtze floodplain also exhibit amplified instability 

associated with frequent climatic anomalies (e.g., extreme wet in 2010 and extreme 

drought in 2006 and 2011).  

       Informative spatial patterns of the downstream lake dynamics were further revealed 

by comparing the classified lake groups in different relations to the Yangtze River. 

During the post-TGD period, area declines in Classes- I and -II lakes (within the Yangtze 

floodplain) concurred with an overall area increase in Class-III lakes (beyond the 

Yangtze floodplain). This distinct contrast implies profound vulnerability of the 

floodplain lakes to various influences. Climate-induced hydrological drought, together 

with local human water consumption, impacted tributary feedings to the floodplain lakes, 

while water impoundment in the upstream tributaries, as suggested by Class-III lake area 

increase, further reduced downstream discharges and thus deteriorated floodplain lake 

declines. Besides tributary influences, inundation patterns of the floodplain lakes, 

particularly Class I where water exchange with the Yangtze River remains natural (no 

floodgates), were also influenced by the altered seasonality of Yangtze River levels 

induced by TGD’s water regulation.  
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5.2.2. Seasonal regime of the downstream Yangtze levels altered by the TGD 

       The water level of the Yangtze River is of essential importance to the inundation 

patterns of the surrounding lake and wetland system. Using in situ measurements and 

hydrological simulation, Chapter 3 reveals an altered Yangtze level regime from the 

Three Gorges Dam (TGD) downstream to the estuary in the East China Sea as a 

combined result of i) TGD’s flow regulation and ii) Yangtze channel erosion due to 

reduced sediment load. During the average annual cycle of TGD’s full operation in 2009–

2012, Yangtze levels at 15 studied downstream stations were estimated to have decreased 

by a maximum of 0.7–3.4 m in fall, and increased by 0.3–2.0 m and 0.3–3.0 m in winter 

and spring, respectively, resulting in reduced annual level variations of 3.9–13.5%. The 

impacts on Yangtze levels generally diminished from the TGD downstream to the estuary 

with a total lag time of ~9–12 days. Chronic channel degradation concurred in the 

downstream Yangtze River, mostly substantial in the low-stage channel portions.   

       The impacts of flow regulation and channel erosion were complementary in late 

summer and fall but conflicting in spring and winter, which had profound implications on 

the downstream hydrologic system. As of 2009–2012, channel erosion had counteracted 

nearly or over 50% of the anticipated level increments in spring and winter at most 

studied gauging stations. While such deep channel erosion partially alleviated the 

‘blocking effect’ on downstream tributaries and lakes in spring, it also reduced the 

potential benefit of level increase from the flow release in winter. In contrast, the 

accelerated drainage of downstream lakes/wetlands induced by TGR’s water 

impoundment in fall, i.e., the ‘emptying effect’, was further reinforced by additional 
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Yangtze level drop up to ~70% triggered by concurrent channel degradation. Since 

TGD’s flow control is already in full operation while channel erosion still remains as a 

chronic and continuous process, the impact of channel morphologic changes on the 

downstream Yangtze levels is anticipated to be further amplified and hence increasingly 

important in the future decades. Continuous downstream channel erosion may further 

counteract the benefit of increased Yangtze levels during TGD’s water supplement in 

winter and accelerate the receding of inundation areas/levels of downstream lakes in fall. 

 

5.2.3. Lake declines contributed by the TGD but dominated by climate impacts 

      The underlying mechanism driving the revealed decadal lake declines across the 

downstream Yangtze Basin was systematically diagnosed in Chapter 4. During the post-

TGD period, the average annual inundation regime of the downstream lake system was 

considerably altered by TGD’s seasonal water dispatch modes, manifested as evident 

decrease in fall (148 km
2
 or 12.4% of the natural annual variation) and increase in spring 

(66 km
2
 or 5.5%) and winter (41 km

2
 or 3.4 %). As the most substantial influence, 

reduced lake areas under TGD’s water storage in fall explains 18.3–83.0% of the 

observed post-TGD area decline across the downstream Yangtze Basin in this season. 

The impacts of concurrent Yangtze channel erosion appear less evident, with average 

reinforcement of 3.5% of the TGD-induced lake area decrease in fall and counteractions 

of 34.4% and 4.9% of the area increase in in winter and spring, respectively. Integrating 

both effects of flow regulation and channel erosion, the TGD operation contributes 154 

km
2 

or 22.6% to the post-TGD lake decline in fall, while alleviating the natural lake 
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decline in winter and spring by respectively by 4.9 % and 8.0%. TGD’s influence in 

summer appears negligible. The negative impacts on the downstream lake system 

attributed to the direct TGD operation are thus only evident during the water pounding 

season in fall.   

       The influences of concurrent human water consumption and climatic drought were 

quantified on Class-I lakes. Different from the TGD, human water consumption caused 

nearly year-round reductions of the downstream Yangtze levels. During the post-TGD 

period, consumption-induced lake area decrease equals another 81.0% of the TGD-

induced decrease in fall and completely counteracts the TGD-induced increase in winter. 

However, since the local human water consumption increased at a slow rate during 2000–

2011, the resulting Yangtze level decrease contributes a small proportion (< 6%) into the 

post-TGD area decline. The anthropogenic impacts, integrating both TGD’s operation 

and water consumption, account for respectively ~22% (up to ~78%) and ~5% (up to 

~17%) of the post-TGD Class-I lake decline in fall and summer. The remaining ~28–100% 

of the observed seasonal lake declines were tested to be largely caused by the enduring 

climatic drought.  

      To address the pressing need of future lake conservation, the full impacts of TGD’s 

water regulation were assessed on Class-I lakes during the available regular operation 

period (2009–2011). Seasonal alterations of the downstream lake areas under TGD’s 

regular operation are generally double to triple the average impacts in the entire studied 

post-TGD period. The regular water storage in fall is equivalent to over three times of the 

impact of the concurrent human water consumption; the benefit of water release in winter, 
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however, barely compensated the lake area decrease induced by human water 

consumptive loss. As of 2009–2011, Yangtze channel erosion accumulated since the 

initial TGD closure had further counteracted the anticipated lake area increase by 

respectively 53.1% and 31.6% in winter and spring while reinforcing TGD-induced lake 

decrease by 14.6% in fall. Such negative impacts are expected to proceed in the coming 

decades due to continuous increase of human water demand [Shen et al., 2008] and 

chronic channel erosion along the downstream Yangtze River. 

 

5.3. Research contributions 

       This dissertation research contributes to the field of geography in the following 

major aspects: 

(1) Producing a high-temporal-resolution data archive of ~20% of the freshwater lake 

area in East Asia (i.e., across the downstream Yangtze Basin) during the years 2000–

2011; 

(2) Revealing decadal lake dynamics across the downstream Yangtze Basin before and 

after the TGD operation; 

(3) Providing a systematic assessment of the TGD impacts on the Yangtze River levels 

downstream from the TGD to the estuary; and 

(4) Enhancing the knowledge of lake changing mechanisms in geographic regions 

dominated by complex human-environment interactions. 
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