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Abstract

Abstract

Rivers play an imporant role in the global water cycle,support biodiversity and
ecological integrityHowever,river flow and thermalegimesare heavily alteredin danmed
rivers. Theseimpactsare beng exacerbate@ndbecomemore apparenin rivers fragmented
by multiple dams Recentstudiesmainly focugd on evaluahg the cumulative impactof
cascade reservoim flow or thermal reging but the role of upstreameservoirsn shaping
the hydrology andhydrodynamicsf downstream reservairemairs poorly understoodTo
improve the understanding of thehydrodynamicsin cascade reservojrslongterm
observatioal dataare used in combinatiowith numerical modelingto investigatethe
changes irflow and thermal regimen three cascadereservoirsat the upperreach of the
Yangtze RiverThe three studied reservoirs are Xiluodu (XLD), Xiangjiaba (XJB) and Three
Gorges Reservoir (TGR)In addition the effects of single reservoir operatiqat
seasonal/dailyime scalg on hydrodynamics are examineda largetributary of TGR. The
results show thathe inflow of TGR has been substantialiteredby the two upstream
reservoirswith a higher discharge in spring and winter anceducedpeakflow in summer
XJB had no obvious contributioto the variationsin inflow of TGR The seasonalvater
temperaturef TGR wasalsowidely affectedby the upstreantwo reservoirsi.e.,an increase
in winter anddecreasen spring associated witla delay in water temperature rise and .fall
Theseeffects will probably bentensifiedin the coming yeardue to theconstructionof new
reservoirs.The study also underlinesthe importance ofeservoiroperationin shaping the
hydrodynamic®of TGR. The seasonal dynamics of mlgty currents iratributary bayof TGR
are closely related to seasomaservoiroperations In addition high-frequencywater level
fluctuationsandflow velocity variationswereobserved in response to periodiibutary bay
oscillatiors, which are driven bthe diurnal dischargeariationscause by the operation of
TGR. As anotherconsequencef operationof cascade reservojrhe changes ifGR inflow
weakenedspringthermalstratification and caused warmiing spring, autumn and wintein
response to this changhe intrusions from TGR occurred more frequentlyasrflow and
earlier in springwhich cause@ sharp reductiom biomass and frequency phytoplankton

bloomsin tributary bays of TGRThis study suggestiathigh-frequency bay oscillationsan
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potentiallybe used aan efficientmanagement stratedgr controlling algal bloons, which

canbeincludedin future multi-objective ecologicatonservatiorstrategies



Introduction

1 Introduction

1.1 The acceleratinghydropowerdevelopmenin the globe

1.11 Global boom of hydropower development

For thousands of years, dams have been budbitdrol and manage water resourges
the world forbenefis of human society, and the numites increased markedly over the past
60 yeargLehner et al., 20)1The 20th centurgxperienced albom in dam constructioBy
early 21st century> 50,000 damsthat arehigher than 15 nhad been builin the world
(Berga et al., 2006 among whichabout8,600 damsvereprimarily designedor hydropower
generation (International Commission on Large Dams (2011future hydropower
development ismnainly concentrated in developing countries and emerging economies of
Souheast Asia, South America, aAdrica (Zarfl et al., 2014 In recent yearsability of dams
to change naturativer hydrology has increased in many river basirdiao et al., 2020
Magilligan and Nislow, 2005Yan et al., 2@0). On a global basijs48% of rivers are
moderatelyto-severely affected by either flow regulation, fragmentation, or etk the
impacts might be doulidevhen currently planned danaseconstructed by 203(@Grill et al.,

2015.

“*\ Number of hydropower dams planned or under construction per basin '
nda. <10 11-25 26-100 [l > 100

Figure 1. The global distribution of future hydropower datasinedor underconstructiorper basin Red>
100, Orange26i 100, Yellow 11i 25, GreenU 10, Gray no data availahladapted fromzarfl et al.,
3
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2014

1.1.20verview of the area of interest (Yangtze River Basin)
China plays a importantrole in global hydropowedevelopmentThe Yangtze River in

China isanexample for ongoing deelopment ofargecascading hydropower reservoisth a
lot of largescale hydropower projects planned, under construction, and compleieet al.,
2009 (Figure 2) The installed capacity of the hydropower station in the Yangtze River Basin
accounts for 53.2% of the country's toRRecently, n the lower reach oflinsha Rive(upper
reach of Yangtze iRer), four cascade hydropoweeservoirs Xiangjiaba Xiluodu, Wudongde
andBaihetan had been builtThe first tworeservoirshave beemm operatiorsince2012, 2013,
respectively, anthe othettwo are currently underoastructionat upstream of XiluodyTable
1). The large number oflans and their associated environmental alterations reslih a
number of changes imydrology (Wang et al., 201,8Xu and Zhang, 20)8water temperature
(He et al., 2020Wang et al., 2020 sediment load(Ren et al., 2020 greenhousegases
emissiongLi et al., 2020b andfish communities(Yu et al., 2019 Thus,how to lestassess

theenvironmentalmpacts of these cascade reservbas becomaburningissue.

90 °E 100 °E 110 °E 120 °E
] ] | |

N The Yangtze River L 35°N

® ity
=== River 7
Three/Gorges Bam(TGR)

— 30°N

Bueifeysulr

BN Proposed Nanjing.,

B Under-construction Shanghai
Site-preparation

Il Completed W

" Xiangjiaba(X/B) Yy N { (

. “Dongting Lak »
Xiluodu(XLD) '°“9'”9 L v Poyang Lake
— 25°N

SR
/’ /| Longkaikou ; 0 100 200
‘ }‘ A ¥ Guanyinyan m— km

Figure 2. Map of the Yangtze Riverbasin with names of proposed, underconstruction,
site-preparation, and completdydropower dam# the main river The lower left inset map shows
the location of the studied region in Chifide catchment area is marked by light blue color. fives
dams(Wudongde Baihetan, Xiluodu, Xiangjiaband Three Gorgesjnentionedn the studywith an
abbreviationin bracket and major cities are marked by red filled circles, respectively.
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Table 1Main features of thetudiedcascad hydrgpowerreservoirs (* denotedams under construction).
Dead water level refers to the lowest water level that allows the reservoir to operate under normal.operation
m a.s.l. isabbreviatiorof meterabove sea levgl

Hydropower Dam Normal Water Dead water  Storage Hydraulic o i
eration
Reservoir capacity height levd level capacity  residence time P
ear
(MW) (m) (ma.s.l) (ma.s.)) (1m°) (days) Y
Three Gorges
22500 185 175 145 393 ~36 2003
(TGD)
Xiangjiaba
7750 162 380 370 52 ~16 2012
(XJB)
Xiluodu
13860 2855 600 540 129 ~37 2013
(XLD)
Baihetan
16000 289 820 760 179 - 2022
(BHT)*
Wudongde
10200 270 950 920 43 - 2020
(WDD)

1.2 The impacts ofdammingon flow and thermal regimes

1.2.1 Dam-inducedflow alteration

Rivers play important rols in global cycleof water andbiogeochemistrysustaining
aguaticbiodiversity and ecological integritgArthington et al., 2006Li et al., 2020a In
recent years, the rivdlow regimeswerewidely altereddue to intensifiedlam constructios
(Gierszewski et al., 202@off and Matthews, 2093 Generally most of dams operate with
the goal tosupprespeak flows, tacompensatéow flows, or tostoreor divert river flowsAs
a consequencdlow regimes in thelowrstreamriver can be seasonally modifiedh a way
that theflow peaksarereducedduring theflood season anthe lowflows in dry seasomre
considerably enhancedJiang et al., 2014 Maingi and Marsh, 2002 These flow
redistributions in time by damsan have fafreaching influences omiver production,
biodiversity, and ecosystem functi¢Milsson et al., 2005 Thus, t is essential tgaina good
understanding of thBow regime of rivers foecologicalhydropowerdevelopmengas well as
for reservoir operation.

Recentstudies ovetthe past decade have discusfied/ regime alterations causeldy
dams inmanybasirs, e.g.,AmazonRiver (Timpe and Kaplan, 20},/MekongRiver (Hecht et
al., 2019, and Yellow River(Yang et al., 2012 Long-term hydrologicalobservationgDuan
et al., 2016 Yang et al., 2008andintegrated modeling approach@¥ang et al., 201,8Xu

and Zhang, 201)8are commonly applied in assessinglaminduced flow alteratiors. The
5
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regionalscale flow alterationsof individual or cascadedamsat a basin scalare well
documented(Gao et al., 20L,3Hecht et al.,, 2019Mp et al., 199§ along with the
disturbance caused by climatehange(Mittal et al., 2014 Yang et al., 2008 Dams are
known toalter and homogenize regionfibw regimesby compaing the preimpoundment
period (Poff et al., 200Y. Compared tdhe seasonal hydrologic responedam(Cui et al.,
2020, climate change causes gradual changéhe basin or global sca{¥an Oorschot et al.,
2018. However, an important unresolved questiorhisintrinsic connection betweeiow
alterations and downstream thermal regonevater quality

1.2.2 Dam-inducedchanges inriver thermal regime

The thermal regime of rivers plays an important role in the overall health of aquatic
ecosystems, affdog water quality and the distribution of aquatic species in the river
environmenfCaissie, 2006 Danming cangreatlymodify riverine thermal regimes (Olden
and Naiman, 200)0Qespecially instratified reservoirs, wdrethe vertical densitygradientacts
as a barriesuppressingnixing of the water columiiMorencOstos et al., 2008&nd affects
the verticaltransferof heat andhermalstructure(Elci, 2009. Furthermorethe discharged
water diffas greatly in temperature to that occurring naturally in the (@aissie, 2006and
adverselyalters downriver biotic conditions. It is thereforeimportant to understand the
thermaldynamicsof rivers and relatedtratificationprocesses reservoirs.

Reservois in generalalter the dowrstreamriver water temperaturavith two main
features(Liu et al., 2005 Long et al., 2019Preece and Jones, 200%ang et al., 2020 i)
homogenizatiomffecti reduction in the annual and daily fluctuations of water tempetature
hysteresis effedt delay inwater temperature esand fall(spring coolingandwinter warming)

(Olden and Naiman, 20L0Thedegree oflteration depends largely on stratificatimehavior
of the reservoir andelective withdraw depth (Olden and Naiman, 20l0Many large
reservoirswith strongthermalstratification e.g., Tahtali Reservoif¢ al é k kan a)nd EI -
and Kouris reservoir(Ma et al., 2008 can selectivédy alter dowrstream river water
temperatureby releasing hypolimnetic (&) or epilimnetic (warm) waterWell-mixed
reservoirscanalsodi rectly modi fy a r i veranhdsblubtihghe ma l r
definite synchronoubehaviorof interacting air and water temperatgken d r a and Wi ej a

2016 Poole andBerman, 2001 In addition flow reductionand/or flow alteration can also
6
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contributeto changes indownstreamriver water temperaturéCaissie, 2006Sinokrot and
Gulliver, 200Q. Given theimportant role of water temperaturéor biotic responsesthe
dynamics of stratification andeservoiroperation on dischargare crucial todowrstream

river ecologyand thereforshould be better understaod
1.3Theresponse ohydrodynamicgo reservoiroperation

After the reservoir is filledenlarged crossectional area causes a general redugtion
flow velocity (Vorésmarty et al., 2003The drastic changes hydrodynamis (from lotic to
lentic) (Agostinho et al., 20Q8Casamitjana et al., 20Pare strongly relatedto the location
and height ofdam, volume of reservoir and water residence t{Behmutz and Sendzimir,
2018. Water residence timean be calculated abe ratio of reservoir storage capadity
discharggSt r a g k r a b § whichis clodelyrelatedl ® gnixing and transport processes,
andseasonal changestimermalstratification(Andradéttir et al.2012 Rueda et al., 2006

Seasonabnd interannualcycle of flow regulatiorandwater level fluctuatios (WLFs)
are important feature of reservois. Hydropower reservoirs generally free their storage
capacity prior toflood seasos (for flood control) andrefill beforedry seasos (for power
generation) SeasonaWLFs are a key physicalprocesshat affects thermal stratification and
ecosystem functiang in reservoirs(Geraldes and Boavida, 200&n et al., 2019Litvinov
and Roshchupko, 20D7In addition to seasonalflow regulatiors, shortterm reservoir
hydrodynamics are also noticeably affected by various withdrawal sch@mes & Kk k a n
Elci, 2009 Carr et al.,, 2020 Changing the schedule dischargedepthcan alter vertical
mixing regime(Johnson et al., 20Q04which has largeimpacts on heat transpodistribution
of dissolvedoxygenandnutrientscycling (Meghan K. Carr et al., 2020t has beensimulated
by numericalimodeling that deepvater withdrawals tend to facilitate heat transfer in the water
column and deepen the water mixing lay@ia et al., 2008 in contrast tosurface
withdrawalsthat shrink the metalimnion and result in lasssstransfer from the epilimnion
to the hypolimnionZouabtAloui et al., 201%.

Recently, dificial hydrodynamicsprocesss have been observedand simulatedin
reservois as a result operiodial dischargemanagementSha et al., 201,5Xie et al., 2019

This periodic reservoiroperationhas beerproven tobe able to generataternd waves in
7
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reservois (Bocaniov et al., 2004and causedaily variatiors of watertemperaturgXie et al.,
2019. In stratified wates, internal waves arenamportant foreng mechanisnfor vertical
energy andnasstransportandshown to have a number of ecological effe(@@oehrer, 2000
Hodges et al., 2000In comparsonto most @mmonly observeavind-driven internal waves
(Stevens, 199 Vidal et al., 2005 Vidal et al., 200Y, the reservoiroscillationscaused by
discharge regulatianare still poorly studied In addition the understanding ophysical
propertes of artificial waves in reservois and their ecological impad is still limited.
Therefore,it is of great significance ta@onduct detailed hydrodynamic monitoringand

guantify the impacts of reservoir operation
1.4 Cumulative impactsn cascadereservoirs

With the number of dams increasing globally, the joint operatbrtascadeeservoirs
hasbeen widely adoptedn a cascadeeservois system the hydrodynamics in downstream
reservoirsare not only affected byhe sze, location, operationf itself, but alsoaffected by
thewaterdischargedrom upstreameservoirdecause of changesfiow rates(temperaturg
For example,nflow water often form a density current along the channel bottom due to lower
temperature ofthe releasing water fronupstreamreservois (Chen et al.,, 2016a The
resulting hydrodynamics and thermal regime can both differ fromofhatsolitary reservoir
(Chenetal,201l6aHoc ki ng and 3 tCongpgrddrtoatte andividhad ispghcts of
dam, multiple dams can have cumulative impacts on the ecological envirofoesnBantos
et al.,2018 Wang et al., 2014

The cumulative environmental impacinduced by casca&dhydropower reservoirs
inducethe superposition of impacts on theosystemshat can béoth spatial and temporal
(Cooper and Sheate, 2QCRulp et al., 2000 However,the superpositionf impactsis not a
simple additionbecause of each other's interferen@ée influencs can beeitherpositive or
negative mainly depei on diversion of the das{Hou et al., 2011Ma et al., 2018Yi et
al., 2019, which can develop via a supeaditive process (greater than the sum of the
individual effects) or an infradditive process (less than the sum of the individual effects).
This indicatesthe integrated impacts fromultiple damscan be diverse andnultifactorial

For example, the impacts on hydrology can depend largely on the opafratims and,
8
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naturally, size of reservoigndon the actual number and location of the ddhsuri et al.,
2012. The few existing observations revealed arease of the overall degree of cumulative
effectin response tthejoint operation of cascadeservoirdOuyang et al.2011% Song et al.,
2018. However,in most cases, the mechanisimsw alterations propagate and potentially
accumulate alonghe cascad are poorly understoodrhis may prevent us from having a

systenatic understandingf theecologicaleffects of dams in a cascade reservoir system.

1.5Current researchand knowledge gapm the study area

The effects of dam onhydrologic regimgDuan et al., 2016 thermal regimgWang et
al., 2020 Xie et al., 201y have been discussed detail by field observation and model
simulationin the Yangtze RivefFor exampleTGR changedhe magnitude oéxtreme flows,
leading to increase of annual minimum flows and reduction of annual maximum(@hes et
al., 2016k Gao et al., 2013 And the annual cycle ofwater temperaturexperienced a
damped response tr temperatureand a meked seasonal alteratiospring cooling and
winter warming (Cai et al., 2018Tao et al., 2020 Previous studiesxaminedhe effect of
TGR on downstream water temperatirg simply comparing to prdam period(Dai et al.,
2012 Long et al., 201p butit remains difficult to accurately evaluate tthgnamic effects of
dam onriver becaussomekey processes have been overlooked:ittle is known about the
response of thermal regime to difént operational stage®) The thermal and ecological
impacts of the two upstream newdwilt large reservoirs on TGR apeorly explored.

Recently, the impacts of cascadreservoirson the natural flow regimeand water
temperaturen the Yangtze Rivehave beennvestiga¢d based orfield observation byChen
et al., (2016)andhydrological model byvang et al., (202Q)andthey found that ecological
flows would bestrongly influenced and the delaysin temperaturecycle will be further
exacerbatedvhen more reservoirare involved. Neverthelessboth studiesoverlookedthe
mechanismsof alterations propagain and potentially accumuli&e processalong the
reservoircascad. The roleof individual reservoir in thecascade reservaisystemis poorly
understoodThus,it is of great significancéo improveour understanding of flow alteration,
thermal regime changen cascade reservgjrand reveal thempactsof upstream dams on

hydrodynamicsn downstream reservoirs.

In addition to lydrological and thermal regimealteration, water quality and algal

blooms inTGR have caught the attention of researchers from the ¢fbet al., 2010Stone,
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2008 Xu e al., 2013. The main source of nutrients and other pollutants in tributary bays is
themainstream of th&angtze River, which camtrudethetributarybays as a density current
(Ma et al.,2019. The type of bidirectionatlensity currers in the tributaries have great
influence innutrient and pollutantransport(Holbach et al., 2004 algal bloomgYang et al.,
2018, water quality(Xia et al., 2@8). Thus, t is importantto understandhe dynamics of
density currerg and their impacts on hydrodynamics imibutary bays Despite thelarge
number ofsite-specificmeasurements and simulations in TGR and its tributéXiesg et al.,
2013 Yang et al., 2010Zhao et al., 203,3heng et al., 20)1 directlong-term observations
of density currentire sparse and restricted to daily resolutBesidesthe response of the
hydrodynamicsn tributariesto high frequency (subaily) WLFs and the potential success of
related mitigation measures remain speculativeus, a betterunderstanding of ecological

impacts of reservoir operatias needed with a more detailed study

10
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2 Hypotheses and research questions

The one goal of ths PhD thesisis to improve understanding of the stratification and
hydrodynamics inthree cascadeeservois (XLD, XJB, and TGR Fig. 2), figure out the
downriverflow alteration thermal regimehangeandcumulative impactsBesidesthe other
goal isto reveal the effect of upstreamvo dams andlGR operation on hydrodynamic and
algal bloomsin the eutrophidributary (Xiangxi bay) of TGR In order toachieveour goak,
the following tireeresearch questiorshiould beanswered corresponding ttreehypothegs.

Question 1: How do theseasonalflow, thermal regimes and stratification changes
along thethree cascade reservoirs?

Hypothesis 1.1: The seasonal river flow variability are significaatfgcted bythe XLD
and XJBin theupperreach of Yangtze River, with maximum flows being reduced during the
flood season and minimum flows being increased in dry season.

Hypothesis 1.2: The river thermal regimes in tngper reach of Yangtze River are
significantly altered by threeabovementilmed reservoirs, with two features:i)
homogenization effect; ii) hysteresis effect.

Hypothesis B: The stratificatios gradually get weakeneamlong thereservoircascade.

Question 2: What is the role of seasonal anddiurnal operation schedulingin
hydrodynamicsin TGR?

Hypothesis 2.1: While seasonal operations that imply the MfgEsare closely related
to the dynamics and shift of density currents among underflow, interflow, and overflow in
tributary of TGR.

Hypothesis 2.2: Diurnal operation causes higbqguencyWLFsand velocity variations
by the formation of internal wave.

Question 3: What are the changesin hydrodynamics, and algal blooms in
downstream reservoir (TGR)in response to thecascade reservoir peration?

Hypothesis 3.1: The upstream dams weaken the spring stratification in the downstream
reservoir by significantly increasing in discharge rates.

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

cause the shift of density currents atetrease the risk of algal bloamtributary.

11
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3 Outline

The field investigation and numerical mddey used to answer the research questions
are divided into three parts and the findings are preseniduriicles. The articles, attached
as Appendices, either have been publishedcepted or are under review. Tresearch

approacheto answethreequestiors addressed in each part are outlined below.

Part 1
Long-term daily observations otlischarge and water temperatimethe YangtzeRiver

before and after daming were conductedto evaluate the impacts of dams on downstream
river flow and water temperatur® (). A two-dimensionallaterallyaveragedhydrodynamic
model (CEQUAL-W2) was applied to simulate the spatial and temporéiilolision of water

temperaturen the upstream two reservairs
Appendix |-
Lianghong Long, Daobin Ji, Defu Liu, Zhengjian Yang, Andreas Lorke (2019). Effect of

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

the Jinsha River. Water, 11(5): 100&i.@¢rg/10.3390/w11051008
Appendix -
Lianghong Long, Zhengjian Yang, Liu Liu, Daobin Ji, Defu Liu, Andreas Lorke (2020).

Recent changes of the thermal structure in Three Gorges Reservoir and its ecological impacts
on tributary bays.Submitted toScience ofTotal Environment{4 November 202Q)under

review

Part 2
CE-QUAL-W2 was applied to simulate theydrodynamicdn a eutrophic tributarpay

(Xiangxi Bay) of TGR andexaminethe seasonal dynamias density currents in recent years
(Q 2). High-frequency measurements of flow velocity and water level in XiaBgyi as well
as hourlyoutflow from TGR, were performed texaminethe hydrodynamics in tributaityay

of TGRin response to subaily operationQ 2).
Appendix -
Lianghong LongDaobin Ji, Zhengjian Yang, Scott A. Wells, Jun Ma, Defu Liu (2019).

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

River Research and Applicatior8g: 833 843 doi.org/10.1002/rra.3459
12
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Appendix -
Lianghong Log, Daobin Ji, Zhengjian Yang, Defu Liu, Heqging Cheng, Zhongyong Yang,

Liu Liu, Andreas Lorke (2020). Tributary oscillations generated by diurnal discharge
regulation in Three Gorges Reservoir. Environmental Research &eitg8): 084011.
doi.org/10.1088/1489326/ab 8d80

Part 3
The seasonal variations of water temperature and discharge in the mid reaches of the

Yangtze Riverwere investigated bysynthesizingmulti-year (20042018) hydrological and
meteorological datéQ 3). The effects of upstream daron the stratification of TGR were
investigatedby examiningwater temperaturdepthprofiles near thedam The dynamicsof
spring density currentare analysed by a twdimensional, laterally averaged, hydrodynamic
model (CEQUAL-W2) andeager to link upwith spring phytoplankton bloom¢represented
by surfacechlorophylta concentration(Q 3).

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

Recent changes of the thermal structure in Three Gorges Reservoir and its ecological impacts
on tributary bays.Submitted toScience of Total Environmei@ November 202Q)under

review
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4 Discussion

The present work advances our understandingffeficts of damming and reservoir
operationon hydrodynamics and thermal regimes in large cascade resest/tire Yangtze
River. In order to answeproposed researafuestions thethesis presents the achievements
and discussions in three parffiree main achievements shownrfigure 3 include:( ) these
three deep reservoirs presendagtadualweakening stratificatiorandthe seasonal river flow
have been significantly modifiedith higher discharge ispringand a reduction isummer
In addition, dowstreamriver water temperature ithe upstream twoeservoirs experienced
the significant warming in winter and cooling in spring and impose a noticeable hysteresis
effect on watetemperatire rising and falling processg ) the study reveals anghderlines
the importance of reservoir operation on hydrodynaabidifferent time scaleThe seasonal
operations are closely related to the seasonal dysaafidensity currents itributary bay
(XXR) of TGR while diurnal discharge operation caused HiglouencyWFLs and velocity
variations by theributary oscillation lparotropic wave with a period of 2;H ) afterthree
cascade reservoirs operation, the spring stratification in TGR weakened and resgrvoir g
warm, further resulting inthe changesof density current and algal blooms in tributary bay

(XXR) of TGR,

14
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Part I flow,water temperatue, and stratification changes along reservoirs cascade
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Figure 3. Summary of thenainachievements istudyng the dfect of damming andreservoir
operationon hydrodynamics and thermal regimes in large cascade rese¥/tire Yangtze

River, China
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Discussion

4.1 Effecs of reservoiron river flow and thermal regime

The seasonal river flow in mid reach of Yangtze Rineve beensubstantiallymodified
due tothe formationof cascadeeservoirswith increaseddischarge inspring and reduced
dischargen summerIn addition dowrstreamriver water temperatura the threereservoirs
experiencedsignificant warming in winter and coolingn spring (Appendix I). This is
consistent with previous studigsu et al., 2013; Tao et al., 20200 addition tothe
supeimposeal hysteresis effect oseasonalwater temperatureycle (Appendix I). These
resultssupportedur hypothesis that rivédlow andthermal regimes weralteredsignificantly
by thethreecascadeeservoirgH 1.1-1.2).

The seasonabutflow variability at the downstream of XJ®as significantly affected by
the larger upstrearXiluodu Reservoir (XLD, Fig2). In contrastthe smallereservoirXJB
did not significantly alter the seasonalflow regimes due to the milder waterlevel
managemenstrategy(Appendix ). This suggests that the reservoir operatioXdB did not
contribute tocumulative effect in terms of downstream discharge variatioAs the most
downstream TGRan increaseof annual minimum flows andedudion of the annual
maximum flows downstrearwere reportedGao et al., 2013Tian et al., 201 This study
further explorednew changes in flow regimester the formation of thdwo new reservoirs
(XLD and XJB), e.g,,arecentsignificant increase ispringaveragednflow of TGR at CUT,
or adrop insummerdischarge by ~2000 %8 (Appendix ). That results indicated the flow
alterations from upstream reservoirs diectly affect the inflow conditionsf downstream
reservoir

Besides, his study also founche three deepeservois with a maximumdepth of> 100
m presented gradual weakeningf thermalstratificatiors (Fig. 3 H 1.3. In accordance with
previous numerical simulations of the thermal structureXib (Xie et al., 2017) the
formation of vertical temperature stratificationXihD is mainlydue todensity currents, i.e.,
an underflow during wintebut a neassurface flow during sprinrgummer(Appendix|). In
XJB, in contrast,a steepthermoclinecould not be observedwvith a brief and weakened
stratification die to he shorter residence time arstrong vertical mixingObservationsn
TGR showed the vertical temperature differengewere less pronounced only with a

shortterm stratification in ApriiMay. In despite of the differencesof stratification, the
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homogenization effestfrom three reservoirs are simil&or example, mnthly mean water
temperaturet XJB statiorwas found to be small¢sr2.8 ) Apml, and warmer (8.2 )

in Decemberwhile these effed of these two reserva@r(XLD and XJB) are slight smaller
than theémpacts ofsingle operation of TGRe.g., a decrease 4f3 I n Apnincleasa n d
of 3.7 i n Der(@®enqét al.,, 2016 The differenceof alterations maye due tahe
twice storage capacityn TGR. After the formation of thawo upstreamreservois, mean
outflow water temperaturan TGR increasedby 1.1 °Cin springand further by 0.8 °Cin
winter (Appendix ). These changes indicated ttemulativeeffectof cascade reservoirs

not simply lineaaddition.

In addition,the study showeth summerthe outflowsfrom the three cascadeeservoirs
wereslightly different(mostly < 1 °C)to the natural rivetemperature before the formation of
the reservoirgAppendix|, (Long et al., 2016) This negligiblesummer cooling effeas in
contrast to many othestratified reservoirs e.g., a decreaseyb 3 in Hills Creek Dam
(Angilletta Jr et al., 2008 and @en by 56 I n the reg@acksdan@amd Ly on
Gibbins, 200Y, caused bylischarging(cold) hypolimnetic wateiContrasting patterns, i,ean
increase of summer discharge temperature, have been obsesredllireservois where the
release depth was located in the epilimnjbessard and Hayes, 2008ut in these studied
reservoirsthe temperaturef the dischargewvater in summewas not modified significantly
by reservoirdecausevaterwas releasettom thewell-mixed epilimnion (AppendixI, Fig. 3)
Another noticeablechangein temperaturds the delay in the seasonal cycl€éhe nearly a
month offsettime of water temperature was in close agreement with the hydraulic residence
time in weak stratified XJB and mixed TGROn the contrary, the delay of the annual cycle
(=22 days) in the partially stratifiedlLD was only approximately half of its residence time
due to limited mixing of the inflowing water with the hypolimnion in the reserfAgpendix
). That suggests the residence tiama stratification aréhe importart factoss in the delayof

annual cycleandhysteresis effect
4.2 Importance of reservoir operationn hydrodynamic

Appendx and suggesthe mportanceof seasonal and diurnedservoiroperation in

hydrodynamics in TGRThe seasonal operations with the laWyeFs are closely related to
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the seasonaldynamics of density currents in tributabays of TGR, and more frequent
transformations of densigiriven water circulation could facilitate mixing in tributdogtys(H

2.1, Ap p e n 0,iwkile durnal operation causehigh-frequencyWLFs and flow velocity
variations by theributary oscillatios (H 2.2). But it is different to the abovementioned
hypothesis2.2, this tributary oscillation with a period of 2 i3 a barotropicwave and
represents a so far overlooked hydrodynamic feature of tributaries bays in large reservoirs
(Appendix ).

Previous studiegJi et al., 2010; Yang et al., 2018ave revealed thebiquitousdensity
currents in TGR mainly caused by the temperature differences between mainstream and
tributaries and the density currenpresented a frequenmtansfornation among overflow,
interflow and underflonlA p p e n dMa et al., 201k Field measurementshoweda change
in the intrusion depth from TGR from mid depth to the water surface in response to a rapid
water level ris€Liu et al., 2012)Ji et al. (2017pnlso faind larger dailyWLFs and a longer
duration ofwater levelrise wouldcreate aradvantageoudensitydriven watercirculationto
preventalgal bloomsThese studiemdicae that the water leveahanagemenis likely to play
an important role orthe hydrodynamics irributary bays by changingdensity currents.
Besidescompared to single operation of TGiRe findings inA p p e n dalsa showdthe
springwarmingwhich caused by the variation in dischargeluced liftup of the intrusion
from interflow to overflonone month earlieoperationandcaused a threfold increase of the
frequency of occurrence of overflowkhis change in densityurrentfurther led toalterations
of the mixing regime in the tributary bay, i.e., deepening of the surface mixed layer
(Appendix Il). The deeper mixed layer results in a reduction of the ratio of thickness of
euphotic zone to mixing depth and therewith to unfavourable conditions for phytoplankton
bloom in theXXR and potentially also in other tributary baygpendixlil) .

In additionto seasonatiensity current changetf)e recent tgh-frequency observations
of WLFs and flow velocity in a large tributary bay of TGR reveathding wavewith 2 h
period which was generated by diurndischarge regulation iTGR, represents a so far
overlooked hydrodynamscin TGR (Appendix 1V). As an important finding, the bay
oscillatiors had a strong effect on the temporal dynamics and vertical distribution of flow

velocity in the tributary. Th@eriodicwave caused a frequent reversal of the dersirrent
18



Discussion

transporting water from TGR into the bay and resulted in a pulsatingviofithe river along

the bed.This can cause moneertical mixing driven by shear production of turbulent kinetic
energy at the velocity gradient at the edge of the dedsign intrusion(Ellison and Turner,
2009. So the wave can be expected to provide an important control on the exchange of
momentum, heat and solutes between both water m¢disaset al., 20)5and thenhave a
far-reaching impact on water quali§Shilei et al., 2020 Thus, accurately and timely
understanding of thémpacts of reservoir operation on hydrodynamics important for
assessing the impacts of hydropower development on the@navecosystem.To better
conserve riverineecolog, this study suggestthat an adaptive dischargenanagement
whether in seasonal scale or daily scat@ay provide an efficient meao improve water

guality andcombatharmful algae blooms.

4.3 Importance of cumulative impactsand its ecological implicationin casca@ dam
operation

As stated abovehis studynot onlyconfirmsthe difference®f stratificationsalong the
reservoircascade H 1), but also revealthe impactmechanismof upstream dason the
development othermalstratification inthe downstream reservoiH(3.1). In addition this
thesisalso examined that the recent dynamics of density curagctalgal bloomsin the
tributary (XXR) of TGR are related t@ecentchanges of thermalrsicture(H 3.2, Appendix

).

By compaing observations otumulative impacinducedby the cascaghydropower
reservoirsin the other dammed rivers (Ouyang et al., 2011; Peng et al., 2014; Sabo et al.,
2017; Song et al., 2018his studyfurtherrevealsthe nteraction betweenascade reservoirs
andhighlightthe importance of cumulative impactSumulative effectsare notsimgy added
by individual impacts because reservoirs may be {dé&grendenin cascadedammed river
(Appendix I). Compared to aingle reservoir, inflow water often forms a density current
along the sloping bottom due to lowtlemperature of thdischargdwaterfrom the upstream
reservoir(Chen et al., 2016aand the increase or decrease in infltischargeboth can affect
the stratification irthe downstream reservoiin thesecasestheresults showed thaipstream
reservois can weakerthe development of thermal stratificatiom downstreamreservoirs

(Appendixl, AppendixIV). For example, in TGR, springjratificationbecomes weallue to
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the increase ahflow after upstream dam operation.

In addition the changen thermalstratification hd far-reachingecologicalimpactsin
the tributary of TGR(H 3.2), which was exemplified byhe modified patterns oflensity
currents and theeducedrisk of algal blooms in tributarypays of TGR (Appendix IV).
Previous studies demonstrated thdgnsity currentshave significantimpacts on the
hydrodynamicsthermal structureand phytoplankton blooms in the tributaries TGR (Ji et
al., 2017; Liu et al.,, 2012; Yang et al., 20185 stated abovegompared tostandalone
operation of TGR the springwarming during cascade operation peri@huseda new
hydrodynamicgegime in the tributary bay.g.,the earlieroccurrenceof overflow in spring
and a threefold increasein the occurrencefrequency (Appendix ). Since 2012, lbw
regulation withlarge WLFs had been proposeih TGR for the purpose of phytoplankton
control (Liu et al., 2012) and then he scheduling schemeith WLF patterns of different
At it d/ g was ormulatedYang et al., 2013)because this flow regulation can affect the
densitydriven water circulation in tributarydowever,large manmadeNLFs are difficult to
implementconstrained by the strict rules ffbood control. The studysuggestghe operation
of upstream reservoins a potentialand effectiveway toimprove watequality by affecting
the hydrodynamicin downstream reservgirand the ecological operation of the
multi-reservois have application prospech future

In future, wth the joint operation ofwo newreservois (WDD and BHT) upstream of
XLD, new hydrological and thermal regimes ¢darm (Wang et al., 2020; Wang et al., 2018)
By recognizing the&eomparabldargestorage capacés of the reservoirfLiu, 2007) thetwo
new reservoirs can potentially develop thermal stratificagiothintensfy the changesn the
flow andtemperature regimia the coming yearsas predictedy He et al., (2020)This thesis
identified the importance of incorporating also longerm variability and trends into
assessments and processed analysis of the hydrological, thermabgeochemical and
ecological impacts of casoadeservoirs.Future researctshould overcone site-specific
asessmentsn cascade reservojrsvhich are typically associated witlpstream reservoir
operation The inteactions of individual reservowith up- and downstream located reservoirs

should beaken into consideratiosystenatically.
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5 Conclusion

This thesis advances our understanding of the effectesgfrvoircascade omiver flow
and thermal reginsandhighlights the importance of reservoir operatidine joint operations
of cascade reservoirs substantialltered the hydrology of TGRiigherdischargen spring
andlower dischargan summerwere observedvhile XJB, thereservoir directly upstream of
TGR had noobvious contribuion to the discharge variationgn TGR. The outflow water
temperaturef the three reservoiesxperiencedignificantwinter warmingandspring cooling
(exceptfor TGR), in addition to a noticeable hysteresis effect dhe seasonaivater
temperatureycle

This study also underlines theimportance of reservoir operatioin reservoir
hydrodynamics.The seasonal dynamics of density currentgriloutary bays of TGR are
closely related t@easonahydrological cycle of TGRMeanwhile high-frequencyWLFs and
flow velocity variationsin tributary bays were attributable to bagcillatiors (barotopic
wave with a period of 2 lhat were excited bgliurnal dischargeegulationsof TGR.

Furthermore, & a consequence @int operatiors of cascade reservajrthe changes in
inflow weakerd thermal stratification and cause warming in TGR. It further had
far-reaching effects omydrodynamics and algal bloonms tributary bays e.g.,earlier and
extended time period of occurrence mferflow and a sharp reductiomn phytoplankton
blooms In future studies cumulative effectof cascade reservoishould besystematicaif

investigated
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Abstract: We analyze the alteration of discharge and water temperature caused by two newly
established reservoirs in the lower reaches of the Jinsha River. In comparison to longerterm
observations from the pre-impoundment period, the seasonal flow variability was s ignificantly
affected by the larger, upstream-located Xiluodu reservoir, with higher discharge in spring and
reduced discharge in summer. The smaller, downstream located Xiangjiaba reservoir did not
contribute significantly to the total hydrological altera tion caused by the reservoir cascade. Thermal
stratification occurred in spring and summer in Xiluodu reservoir, but was not observed in
Xiangjiaba reservoir. The vertical structure and seasonal dynamics of thermal stratification was
mainly governed by the water temperature of the inflow and the depth of the water outlet. Despite
the different thermal structure, both reservoirs reduced the amplitude of annual temperature
variations and delayed the seasonal temperature cycle in the downstream river water. In contrast to
discharge variation, thermal effects were accumulative along the cascading reservoirs.
Homogenization and delay effects can be expected to increase further with the completion of
ongoing reservoir construction upstream of the two studied reser voirs. Based on our findings, we
discuss the larger-scale impacts of cascading hydropower developments and emphasize the need for
taking water temperature and its variation into account when developing optimized operation or
mitigation strategies for these systems.

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

1. Introduction

Reservoirs provide comprehensive ecosystem services to the human society, such as flood control,
electricity generation, navigation, irrigation and drinking water storage, and have been promoting
economic and social development [1,2]. However, dam construction and reservoir operation are
associated with drastic changes of the physical environment in the impounded water body (reservoir),
as well as in downstream river reaches, with globally significant impacts on biodiversity [3,4],
biogeochemical cycling [5,6] and greenhouse gas emissiong7,8].

Flow velocity and its temporal dynamics are among the primarily affected physical
characteristics of the impounded river. Enlarged cross-sectional area causes a general reduction of the
flow velocity, an increase of water residence time [9], and often changes the characteristics of the
water body from lotic to lentic [10,11]. In consequence, reservoirs can develop seasonal or diurnal
thermal stratification, depending mainly on residence time and water depth [12,13]. Vertical density
stratification acts as a barrier restraining mixing of the water column [14] and affects the vertical
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distribution of suspended and dissolved material, including nutrients, algae and oxygen [15,16].
Downstream of reservoirs, river discharge is strongly altered, with higher dry season flows and
reduced flood peaks [17,18]. Furthermore, downstream water temperature and its seasonal dynamics
can differ strongly from the pre -impoundment conditions [19]. Common alterations include a
reduction in the annual and daily fluctuations of water temperature, lower summer maximum
temperature, and a delay in the annual cycle of temperature variations [20].

With the number of dams increasing globally [21], cascading reservoir configurations, where the
inflowing water into impoundments is already affected by upstream dam operation, become more
frequent. Although th e few existing observations revealed an increase of the overall degree of
hydrological alteration for the combined operation of cascading reservoirs [22,23], the mechanisms by
which alterations propagate and potentially accumulate along cascading reservoirs are poorly
understood. The impact of reservoir operations on hydrology depends largely on the operation rules
applied and, naturally, on the actual number and location of the dams [24]. The hydrodynamics in
reservoirs, which receive inflowing water from upstream impoundments, is not only affected by flow
regulation, but also by discharge temperature. Inflowing water often form a density current along the
channel bottom due to lower release temperature of the upstream reservoir. The resulting thermal
regime can therefore differ from that of a solitary reservoir [25,26]. Most studies on the impact of
cascading reservoirs on river systems have mainly been focusing on discharge and sediment transport,
whereas the impact of reservoir operation on the thermal re gime in downstream reservoirs and river
reaches has rarely been studied.

The Jinsha River, which is the upper stretch of the Yangtze River in China, is an example for
ongoing development of cascading reservoir construction. The upper Yangtze River is extensively
used for hydropower production, with seven large -scale hydropower projects planned, two being
under construction, and two recently completed dams [27]. Xiluodu and Xiangjiaba hydroelectric
power stations are located in the lower reaches of the Jinska River. Xiangjiaba is the most downstream
located reservoir at the Jinsha River and started operation in 2012. Xiluodu reservoir is located
upstream of Xiangjiaba and started operation in 2013. Two additional reservoirs are currently under
construction up stream of Xiluodu. The environmental impacts of cascading reservoirs in the Jinsha
River have been studied in respect to the hydrologic regime [28,29] the thermal regime [30], fish
diversity [31], dissolved gas pressure [32], sediment accumulation or siltation [33,34] and water
quality [35]. Studies on alterations of downstream flow and thermal regime, however, are sparse and
were mostly based on design data, without validation by field measurements. Recently, Xie et al, (2017)
analyzed the water temperature characteristics and the formation of thermal stratification in Xiluodu
reservoir. The accumulation of the hydrological and thermal impacts of the combined operation of
Xiluodu and Xiangjiaba reservoir, however, were not considered.

This study aims at improving current understanding of the cumulative effects of cascading
reservoirs by analyzing the thermal regime and flow alteration in two newly constructed reservoirs in
the lower reaches of the Jinsha River (Xiluodu and Xiangjiaba). We used fied measurements of water
temperature in both reservoirs and combined these with longer -term observations of discharge and
temperature in the Jinsha River during pre -impoundment conditions. A set of indices are used to
evaluate the accumulation effect of water temperature after impoundment of both reservoirs and to
analyze flow alteration from 1980 to 2015. We used the measured data to calibrate a twaedimensional
hydrodynamic model (CE -QUAL -W2), which we applied to analyze the spatial and temporal
distributio n of water temperature and the formation of thermal stratification in both reservoirs.

2. Materials and Method

2.1. Study Site

Xiluodu and Xiangjiaba reservoirs are the most downstream located reservoirs in the Jinsha River
(Fig. 1). Their main functions include hydropower generation, flood control, and increase of shipping
and commerce in the region. Two additional reservoirs (Baihetan (BHT) and Wudon gde (WDD)) are
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currently under construction upstream of Xiluodu and are planned to be put into operation in
20202022.The basins of Xiluodu and Xiangjiaba are a typical canyon-shaped and the slope of the
UBYI UET EWwPUWEUOUOE whid hul uheud&nGit ofi XilGokluAresdhoinis)dbdiix2D0EK D Y1 O a &
and its width varies between 150 and 1000 m. The impoundment of Xiluodu reservoir was initiated on

4 May 2013 and the water level varied widely between 540 and 600 m (above sea level) throughout the
followin g years. The length of Xiangjiaba reservoir is about 156 km and its width varies between 130
and 1500 m. The impoundment of Xiangjiaba reservoir was initiated on 10 October 2012 and its water
level varies between 370 and 380 m throughout the year. The two reservoirs are located in a
subtropical valley where perennial mean temperature is about 11.6 N and the average annual rainfall
is about 893 mm. The rainfall displays an uneven characteristic, with the seasonal average of 136, 513,
212, 32 mm from spring to winter, respectively. The main features of the four cascading hydroelectric
reservoirs are summarized in Table 1. In this paper, period | (1980-2011) will be considered as the

pre-impoundment situation and period 1 (after 2012) as the current hydrologic situation.
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Figure 1. Map of the lower Jinsha River (black solid line, the flow direction is f rom south to north) with
major tributaries (thin black lines). The inset shows the location of the main map within the Yangtze
River basin (blue line) in China (not to scale). Symbols mark the location of Xiluodu and Xiangjiaba dam,

as well as the location of weather stations (SJWS, YSWS), hydrological stations (XJBGS, PSGS, XLDGS,
HTGS) and sampling points for field monitoring (P1 -P6).
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Table 1. Main features of the cascading hydroelectric reservoirs in the lower reaches of Jinsha River (*
denote dams under construction). Dead water level refers to the lowest water level that allows the
reservoir to operate under normal operation ).

Hydropower Dam Normal Water Dead water  Storage Hydraulic Operation
Reservoir capacity height levd level capacity  residence time
(MW) (m) (mas.l.) (ma.s.l) (10°m®) (days) year
Xiangjiaba 7750 162 380 370 52 16 2012
Xiluodu 13860 285.5 600 540 129 37 2013
Baihetart 16000 289 820 760 179 - 2022
Wudongdé 10200 270 950 920 43 - 2020

2.2. Data

Daily mean values of river discharge from 1980 to 2015 and daily mean water temperature from
2000 to 2015 were available from four different hydrological stations: Huatan gauge station (HTGS,
235 km upstream of Xiluodu dam); Xiluodu gauge station (XLDGS, 2.9 km downstream to of Xil uodu
Dam, measured from 2013); Pingshan gaging station (PSGS, 29 km upstream of Xiangjiaba Dam,
abandoned after 2012) and Xiangjiaba gaging station (XJBGS, 2.4 km downstream to Xiangjiaba Dam).
Basic parameters of reservoir operation including water level, inflow, outflow and outlet locations
were provided by the hydropower company. All the hydrological and meteorological data used in
this study are summarized in Table S1.

Meteorological data for the hydrodynamic model were available from Suijiang and Yongshan
meteorological stations (Fig.1). The data from 1 January 2014 to 31 December 2015 included daily
average values of air temperature, wind speed and direction, number of sunshine hours and relative
humidity, as well as annual average air temperature and precipitation.

Depth profiles of water temperature for model calibration were measured in 2014 at six sampling
sites (PEP6), which were nearly evenly spaced along both reservoirs (sites P1 to P3 in Xiangjiaba
reservoir, sites P4P6 in Xiluodu reservoir, Fig. 1). Measurements were conducted in both reservoirs
on 24-27 April, 15-17 August and 17-19 December 2014. Vertical profiles of water temperature were
recorded with 2 m depth increments using a multi -parameter water quality probe (YSI EXO2, USA).

Annual mean precipitation in the Jinsha River basin was estimated from data was provided by
China Meteorological Science data sharing Service network (ttp://www.data.cma.ch/ for 30
meteorological stations. Air temperature at the two reservoirs was estimated from data recorded by
three weather stations, located on the upper, middle and lower reaches of the reservoir, respectively
(see Table S2 in supplementary information). Parts of the data analysis were conducted for seasonal
time scales, which we defined as spring (March-May), summer (June-August), autumn
(SeptemberNovember), and winter (December -February).

2.3.Assessment method

In a riverine system, seasonal water temperature variations can be described by an annual
periodic function [19], and alterations of water temperature dynamics after reservoir construction in
terms of changes in its amplitude and phase [20]. We use the baseline deviation index, phase offset
index and the extreme value amplitude index to evaluate the water temperature change after
impoundment of Xiangjiaba and Xiluodu reservoir [36,37]
The baseline deviation index ‘O is the annual sum of squared differences in monthly mean
water temperature before impoundment ("Y;, the index i qphuii Awhl Aw Ui i T V0w O0OwoOOOUI 4
impoundment ( "Y; ), normalized by the squared mean deviation of monthly mean temperature from
the annual mean temperature before impoundment ( "Y:

O B % % B % Y Eq.1
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The phase offset time index (‘O ) is defined as the phase difference between the river water
temperature and the natural river reference water temperature before the construction of the reservoir.
The calculation formula is as follows:

) OAI

N S RSy | M. Eq. 2

h h h h

| ®

The —; and —; are vector angles of water temperature in month number i after impoundment
and before impoundment. With 365 days corresponding to a phase shift of 360°, one month
corresponds to a phase shift of 30°).

The extreme fluctuation index ('O ) is the ratio of signed differences of annual extreme values of
monthly mean water temperature after ( Y AT AY ) and before (Y ; and "Y )
impoundment:

kO] Yor Y RTY Y g Eq. 3

The theoretical mean hydraulic residence time of the reservoirs (HRT) was estimated following
[38]:
HRT= Volume / Quiow Eqg.4
Where Volume is the storage capacity of reservoir, and Q outflow is the perennial average
discharge in the lower reaches of the Jinsha River.

2.4.Numerical simulation

CE-QUAL-W2 is a two-dimensional (longitudinal and vertical), laterally averaged,
hydrodynamic and water quality model [39]. The model has been used to simulate flow velocity,
temperature and various water quality parameters in lakes and reservoirs [40,41] We used the
observed temperature profiles measured in 2014 in both reservoirs to calibrate and to validate the
model. The initial and boundary conditions, model parameters and results of the model calibration are
presented as supplementary information (see Fig. S2¢ S6). The model performance in simulating the
water temperature stratification was comparable to that achieved in other studies [42-44], indicating
that the model parameters were set reasonably and the simulations of thermal regimes was accurate
and credible. Using the calibrated model, we simulated the spatial and temporal distribution of water
temperature in both reservoirs 2015.

The effect of Xiluodu reservoir on the temperature stratification in Xiangjiaba reservoir in 2015
was additionally analyzed in a hypothetical scenario, without the upstream Xiluodu reservoir. We
simulated the water temperature dynamics in Xiangjiaba reservoir with inflow rate and inflow
temperature data measured at HTGS, i.e. upstream of Xiluodu reservoir. The inflow conditions were
corrected according to the longitudinal water temperature and flow gradient between HTGS station
and Xiangjiaba reservoir observed in the long-term hydrological observations during the
pre-impoundment period. Daily out flow from Xiangjiaba reservoir was estimated by the
storage-capacity curve and known pre -dam daily water levels. Direct measurements were used for the
withdrawal height at Xiangjiaba and meteorological conditions during the simulated scenario.

3. Results
3.1. Longterm flow variability and hydrological alteration

3.1.1. Annual mean discharge

Discharge in the Jinsha River showed pronounced inter-annual variations, which were consistent
at both gaging station (HTGS and PSGS, Fig. 2). The more than threalecades of preimpoundment
observations existed distinct hydro -meteorological dynamics. Between 1980 and 1997, annual mean
precipitation and discharge fluctuated from year to year (mean value + standard deviation: 623 + 31
mm/year and 4274 + 487 nd/s, respectively), but had no significant trend. In 1998, precipitation and
discharge were maximal and then decreased gradually with significant linear trends until the
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impoundment of Xiangjiaba reservoir in 2012. However, no significant abrupt change for precipit ation
and discharge was detected in former time series analysis of data from PSGY45,46] The increase of
precipitation and river discharge conditions in 1998 has been documented as an extreme event (the
biggest flood of the Yangtze River in nearly 50 years) in former studies [45]. We consider 19802011 as
the pre-impoundment period in our analysis the pre -impoundment period and 2012 -2016 as the
post-impoundment period. The annual mean discharge at the upstream and downstream gaging
stations was highly correlated during pre -impoundment period ( r2= 0.95,/ 1 E U W=0.0&pk 0.05).
The few data points from the post-impoundment period did not deviate from the regression curve,
indicating that dams operation had no significant influence on annual mean discharge. The annual
average discharge was correlated with precipitation dur ing the pre-impoundment period ( r2= 0.53,
Pearson correlation coefficient r=0.73,p < 0.05), but discrete points were biased to one side of the
regression curve after impoundment (see figure S1 in supplementary information).
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Figure 2. Time series of annual mean precipitation in the Jinsha River basin (a) and annual mean
discharge (b) at gauging stations located upstream (HTGS), and downstream (PSGS XJBGS of the
two studied reservoirs (cf. Fig. 1). The filling of Xiangjiaba reservoir in 2012 (vertical dashed line)
divides the time series into the pre- and post-impoundment periods, respectively.

3.1.2. Seasonal discharge distribution

The monthly mean discharge showed pronounced seasonal variations at both gaging stations.
During 19802011, discharge was typically low with only small inter -annual variations (1601 = 294
m3/s) in the dry season (January to April). Highest monthly mean discharge and largest inter -annual
discharge variability occurred in July -August (9530 * 2860 ni/s). Although the number of observations
from the post-impoundment period is rather limited and show large inter -annual variability, they
indicate a clear modification of the seasonal discharge distribution (Fig. 3). While the monthly
averaged discharge during the dry season (January to April) were up to 69 % higher than that in the
pre-impoundment period, the summer discharge (June to September) was exceptionally low and up to
26 % below the preiimpoundment average. Monthly discharge during May and December di d not
show pronounced deviations from the longer -term average discharge. The seasonal pattern and
magnitude of the post-impoundment discharge anomalies were nearly identical in both reservoirs (Fig.
3). This is expected as the inflow of Xiangjiaba reservor is the release of Xiluodu reservoir and there
are no larger tributaries along this section. Discharge alteration was mainly caused by the larger
Xiluodu reservoir, which has a storage volume almost 2.5-fold higher than that of Xiangjiaba
reservoir.
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Figure 3. The seasonal distribution of the mean percentage changeof discharge at XLDGS (@) and

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

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

3.2. Longterm temperature alterations

3.2.1. Water temperature variation

The water temperature in the Jinsha River showed consistent inter-annual variations at both
gaging stations with mean water temperature of 17.7 £+ 0.5 N and 18.8+ 0.4 N at HTGS and PSGS,
respectively (Fig. 4a). Temperature wasincreasing at a rate 0of0.06 N /yr at HTGS qp/ 1 U U @54 pl<
0.05). At the 0.05 level, the temperature trend at PSGS from 1980 to 2015 was not significant, probably
because of a slight decrease of mean water temperature after dam construction. Monthly mean water
temperature was closely related to air temperature at / 2 & 2 w g/ 1 rEEW0OPGZ0W05)during the
pre-impoundment period (Fig. 4b), but this consistent relationship broke up into two seasonally
different linear relationships during the post -impoundment period (Fig. 4b and 4c).
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Figure 4. (a) Annual mean water temperature at HTGS, PSGS, XJBGS from 2000 to 201Black symbols
show annual mean air temperature in the reservoir basin. Solid lines indicate significant linear trends of
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mean water temperature at HTGS; (b) Correlation between monthly mean air tem perature and water
temperature during the pre -impoundment period. The solid line shows a linear regression (according to
the equation in the legend); (c) Correlation between monthly mean air temperature and water
temperature during the post -impoundment per iod with different color denoting different seasons (see
legend). Solid lines show linear regressions (equations provided in legend).

Filling of Xiluodu reservoir was associated with rapid drop in water temperature in February and
March 2014 (Fig. 5), cauing the lowest annual minimum temperature within the observation period in
2014 (Fig. 4a). The consistent increase of water temperature between the locations of both dams that
was evident in the mean water temperature before 2012 was not observed after thefilling of both
reservoirs (Fig. 4).

3.2.2. Seasonal temperature variation and alteration indices

Water temperature followed a seasonal cycle with lowest monthly mean temperature in January
and highest values in June to August. Before impoundment (20002011), interannual variations of
monthly -mean temperatures were relatively small, mostly within +1.0 N (Fig. 5a). After
impoundment, the observations showed a decrease in the amplitude of seasonal temperature
variations (lec= 0.830.92), as well asa delay in the seasonal cycle of the discharge temperature at both
dams (Offset-time 1 20 d at Xiluodu; Offset-time A 30 d at Xiangjiaba, table 2). Monthly mean
water temperature was reduced (maximum: 2.8 N ) between March and June, and consistently higher
(maximum: 3.2 N) than the long-term monthly average temperature between October and January
(Fig. 5b). In February and July-September, no great change in water temperature was observed.
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Figure 5. (a) Box plot of monthly mean water temperature between 2000 and 2011 (preimpoundment
period) at PSGS(see caption of Fig. 3 for explanations of the box plot elements) The line plot show
measured water temperature at XJBGS in 201-2015 (postimpoundment). (b) Monthly mean
temperature difference between the post- and pre-impoundment periods at XJBGS (monthly average
temperature in 2013-2015 minus monthly average temperature from 2000 to 2011).

In 2013, when only Xiangjiaba reservoir was in operation, a low baseline deviation index (leo =
0.12) indicated little alteration of water temperature (Table 2). The extreme fluctuation index was
slightly higher than unity (lec = 1.13) indicating above average seasonal variation amplitude.
Furthermore, the offset-time was about 16 days, which corresponds to the hydraulic residence time of
Xiangjiaba reservoir (Table 1). However, after Xiluodu impoundment (2014 and 2015), lso at XLDGS
was almost twofold higher (average 0.21), than during Xiangjiaba single operation in 2013. The offset
time was exceeding 20 days already at the outlet of Xiluodu reservoir. In the downstream reservoir
(XJBGS), both the baseline deviation and the phase shifindex increased further from the values at the
upstream reservoir (Table 2). Also the extreme fluctuation index decreased, indicating
homogenization of the seasonal temperature cycle. The offsettime at the outlet of Xiangjiaba
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reservoir eventually exceeded one month. All indices indicate accumulative effects of Xiluodu and
Xiangjiaba reservoirs on river water temperature.

Table 2. Baseline deviation index (IBD, Eq. 1), phase shift index (IPS, Eg. 2), extreme fluctuation index
(IEC, Eq. 3) and offsettime for the discharge temperature at both dams. We considered the monthly
average water temperature at PSGS from 200011 as the natural water temperature baseline
(pre-impoundment period).

Site Year lep Ipo (days) lec
2014 0.23 23 0.92
XLDGS
2015 0.19 20 0.88
2013 0.12 16 1.13
XJIBGS 2014 0.37 34 0.90
2015 0.33 31 0.83

3.3. Stratification in the reservoirs

3.3.1. Stratification features in Xiluodu and Xiangjiaba reservoirs

The simulated longitudinal and vertical distribution of water temperature in both reservoirs is
shown for four different seasons in Fig. 6. Water temperature in Xiluodu reservoir stratified gradually
during the low discharge period in spring, when a thermo cline occurred below the elevation of the
reservoir outlet (power tunnels, see Fig. S2). Surface water warmed up from 13.0 °C in January to
19.5 °C in April. Between April and July, the temperature differences between the epilimnion and
hypolimnion slowly increased from 3.6 °C on 17 April to 8.1 °C on 25 July because of further warming
of the epilimnion. Epilimnion temperature was highest (23 °C) in June -August when the reservoir was
operated at low water level. Flood discharge at the beginning of September, when inflow and outflow
rates sharply increased to more than 1 10*ms3/s and water was mainly released through the bottom
hole (see Fig. S4), the thermocline moved down quickly at a rate of 1.7 m/d, and the hypolimnion
shrunk gradually. After October, the inflowing water became colder and formed an underflow, while
surface water temperature decreased more slowly. Ultimately, water temperature in the entire
reservoir became increasingly homogenous in winter.

In Xiangjiaba reservoir, vertical temperature stratification was less pronounced. The warmer
water released from the epilimnion of Xiluodu reservoir in winter, delayed the seasonal cooling of the
water at the Xiangjiaba outflow and temperature gradients were mainly in the longitudinal direction.
During spring, in contrast, the inflow of Xiangjiaba reservoir was cooler than the river water, causing
a delayed warming of the surface water in Xiangjiaba reservoir and weak vertical temperature
stratification. The bottom water heated up quickly by vertical mix ing, and the temperature differences
between surface and bottom decreased from 6.1N in May to 2.0 N in July when the hypolimnion
had almost disappeared. The nearsurface temperature close to dam was relatively high due to
warming by surface heat fluxes. Vertical temperature gradients disappeared after July and then water
temperature gradually decreased from 21 N to 15 N during winter.

44



Appendix |

(a) (b)
620 4 15 January 2015 Temperature 620 - 17 April 2015 Temperature
580 ; T 580 5 T
_— Rowerintakes 25 "{._:‘[__ o W Power intakes 25
540 - 2 540 4 _ - il 2%
23 s 23
__ 500 A __ 500 A ] 22
E o Inflow: 2460 m3/s £ w0 Inflow: 2960 m3/s | | 21
s il v 3 § 1 i 3 20
K Outflow: 2330 m3/s S Outflow: 3020 m3/: 19
420 420
g Inflow: 2110 m¥/s £ Inflow: 1820 m¥/s 18
“ 380 4  Outflow: 2520 m¥/s ¥ 380 4 Outflow: 3030 m¥/s ——i] s
15 e
] 8 L4 ] 15
340 m S e 340 G > : 14
300 1 300 4 ,‘ 13
e J 12
260 - . - - . - — 260 - - . - - - \
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Distance (km) Distance (km)
(c) (d)
620 - 26 July 2015 Temperature 620 4 16 October 2015 Temperature
580 y T 580 1\ T
Power intakes 25 o ! 25
540 4 I/ ! 2 540 4 . S I Power intakes E o
23 K2 23
__ 500 4 22 __ 500 4 & 1 22
E 21 E - 21
< 460 “'* Lot Inflow: 3110 m3/s % = 460 1 T Inflow: 5720 m3/s 20
S e Outflow: 3730 m3/s 19 2 %56 OO | Outflow: 5870 m3/s| 19
s 1 g 4 <
H Inflow: 4150 m¥/s g Inflow: 5820m¥/s | 2
380 4 Outflow: 3160 m3/s S 16 380 4 Outflow: 5850 m3/s 16
340 A e | 15 340 4 20 1
° 14 14
300 & 13 300 13
ay, 12 12
260 - . . - = 260 :
0 50 100 150 200 250 300 350 0 50 100 150 200 250
Distance (km) Distance (km)

Figure 6. Simulated vertical and longitudinal distribution of water temperature in Xiluodu and
Xiangjiaba reservoirs during (a) winter, (b) spring, (c) autumn and (d) winter 2015. The location of the
turbine intakes as well as in and outflow rates are indicated by labels.

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

The results presented above suggest that the discharge flow and temperature of the upstream
reservoir (Xiluodu) affected the vertical stratification and thermal regimes of the downstream
reservoir (Xiangjiaba) by weakening or inhibiting thermal stratification.  Without Xiluodu reservoir,
the inflow water temperature of Xiangjiaba would have been warmer in spring and summer and
lower in autumn and winter, possibly promoting stronger thermal stratification by forming an
overflow and an underflow, respectively. In a hypothetic model scenario we simulated the variation
of the thermal structure in Xiangjiaba reservoir in 2015 for modified inflow conditions, reflecting the
absence of Xiluodu reservoir. Inflow temperatures were estimated from measurements at HTGS using
the regression equation ("Yvorl.0:"Yovort1l.IN ). The inflow rate Q was estimated using the formula
(Qnres=1.1 xQpscs+ 112.1 n¥/s), which we derived from the linear trend of the long -term observations
(r2=0.99).

The simulations revealed no obvious differences in vertical thermal stratification in the
Xiangjiaba reservoir, depending on whether the inflowing water was coming from the Jinsha River or
from the upstream located Xiluodu reservoir (Fig. 7). One obvious i mpact of the upstream reservoir,
however, is the delay in the seasonal cycle of water temperature that was verified by field
measurement (Table 2). Nevertheless, the simulation confirms the additive effect of both reservoirs for
the discharge temperature at Xiangjiaba reservoir (Fig. 8). Without Xiluodu reservoir, water
temperature in April and May is warmer, indicating that spring warming was delayed with Xiluodu
operation. In July-September, in contrast, there was no obvious difference in water temperature
between the three different situations. The amplitude of annual temperature fluctuations without dam
(12.5- 23.3 N ) were larger than that with Xiangjiaba operation (14.2 - 23.2 N ) and the joint operation
of both reservoirs (14.2- 23.6 N ). With only Xiangjiaba reservoir in operation, the delay of the annual
temperature cycle (Offset-time) was about 16 days. In the joint operation of both reservoirs, the delay
increased to 3134 days, which is in good agreement with the offset time estimated from time series
analysis (Table 2).
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Figure 7. Contour plots of simulated water temperature at a cross-section near to Xiangjiaba dam from

March to August in 2015 with Xiluodu reservoir (a) and without Xiluodu  operation (b).
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Figure 8. Water temperature of the discharge at Xiangjiaba reservoir in 2015 for different situations
(without dam: average water temperature from 2000 to 2011, Xiangjiaba: Xiangjiaba dam with river
water temperature inflow; Xiangjiaba+Xiluodu: both dams in operation ).

4. Discussion

4.1.Effect of reservoir construction on river discharge dynamics

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

—— Xiangjiaba —— Xiangjiaba+Xiluodu —— Without dam

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

and reduced high discharge during the wet season. Although the decrease was only about 25% of the
mean summer discharge, the flow decreased by more than 2000 n¥/s. Comparable homogenization of

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

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

the limited period of observations is certainly too short to derive common quantitative indices
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describing the degree of alteration in comparison to the complex natural discharge dynamics [47].
Analysis of longer-term flow variability in the Jinsha River, revealed pronounced inter -annual
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variability of discharge, which before dam construction was closely correlated to pre cipitation. In the
few years after impoundment, this correlation appeared to be broken, indicating additional effects of
the impoundments on longer -term flow variability related to multi -year weather phenomena. In
contrast to the annual mean discharge, we found large inter -annual variability of the seasonal
discharge distributions after impoundment. For example, exceptional low discharge in June and
August in 2015, as well as in August and September in 2016. It remains open, if this variability was
related to the initial filling and dam implementation, or if the strong inter -annual discharge variability
persists also during regular reservoir operation.

Interestingly, the comparison of the percentage change of the average seasonal discharge
distributions at both reservoirs showed, that discharge alteration can mainly be attributed to the larger
upstream reservoir (Xiluodu), and remained nearly unchanged during the passage through Xiangjiaba
reservoir (weaker water-level fluctuation, Fig. S3). Hence, the discharge in the downstream river will
mainly be controlled by Xiluodu reservoir and that the cascading operation of Xiangjiaba and Xiluodu
dam were not accumulative in terms of downstream discharge variations.

4.2. Effect of reservoir stratification on riveater temperature

Most longer-term studies on the thermal impact of reservoirs on river water temperature showed
that the main thermal effects of impoundment and regulation are a raise of mean water temperature,
reduction of summer maximum temperature, del ay of the annual cycle and reduction in diurnal
fluctuation [20,48] Surprisingly, the effects of Xiluodu and Xiangjiaba dams on annual mean and
maximum temperatures in the downstream river were small and within their inter -annual variability
before impoundment. The annual minimum temperature, however, has been increasing during the
three years after initial filling of Xiluodu reservoir. More pronounced effects have been found for the
seasonal temperature cycle. The offsettime of water temperature was in close agreement with the
hydraulic residence time in Xiangjiaba reservoir. Contrarily, in the partially stratified Xiluodu
reservoir, the delay of the annual cycle (22 days) was only approximately half of its residence time due
to limited mixing of the infl owing water with the hypolimnion in the reservoir.

Monthly mean water temperature was found to be smaller (average - 2.4 N) in March-May, and
warmer (average + 2.3 N ) in November -January, while during summer the alterations were small,
(mostly < 1 °C). This observation is contrary to many other reservoirs where cooler water is released
during summer [49,50] For example, summer water temperature decreased by 3 N after the
construction of Hills Creek Dam [51], and even by 56 N in the regulated Lyon River [50]. The
reason for the lower discharge temperature during in these studies was thermal stratification of the
reservoir and water withdrawal from the hypolimnion. Contrasting patterns, i.e. an increase of
summer discharge temperature, have been observedin reservoirs where the release depth was located
in the epilimnion [52].

Discharge temperature can strongly be affected by thermal stratification in reservoirs [20] with
larger alterations of the natural temperature regime caused by thermally stratified reservoirs. In
accordance with previous numerical simulations of the thermal structure in Xiluodu reservoir  [30], we
found seasonal vertical temperature stratification. As analyzed by Xie in greater detail [30], the
formation of vertical temperature strat ification in Xiluodu is mainly controlled by the temperature of
the inflowing water, which supports vertical stratification by forming density currents, i.e. by forming
an underflow during winter and a near -surface flow during spring and summer. The streng th of the
vertical stratification is strongly controlled by the water residence time as well as by the epilimnetic
release depth. In Xiangjiaba reservoir, in contrast, a strong thermocline did not develop. In addition to
shorter residence time and shallower water depth, the homogenization of the seasonal temperature
cycle by the upstream located Xiluodu reservoir was expected to contribute to the absence of
stratification in Xiangjiaba reservoir. Similarly, a reduction of thermal stratification along cascad ing
reservoirs due to homogenization of inflow temperature has been found for two reservoirs at the
Yalong River [53]. Our scenario simulation for Xiangjiaba reservoir, however, suggests that thermal
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stratification was also absent when its inflow temperatu re was not affected by Xiluodu reservoir, most
likely on account of its short residence time and strong vertical mixing.

4.3. Importance of cumulative impacts in cascading reservoirs

In contrast to the accumulative effects of cascading dams on downstream water temperature, the
discharge in the Jinsha River way mainly affected by the larger, upstream located reservoir with only
small additional changes during the passage of the downstream reservoir. Two additional reservoirs,
located further upstream of Xiluodu reservoir, are currently under construction and planned to be put
into operation in 2020 and 2022. With discharge being primarily controlled by reservoir operation and
management, it remains unclear to what extent the seasonal discharge variations will be affected in
the future after completion of the two additional dams.

For the two existing dams, we found accumulative effects for the delay of seasonal water
temperature variation s. The two additional reservoirs will more than double the existing storage
capacity (Table 1) and probably add to the existing alteration of the temperature regime. With dam
heights comparable to that of Xiluodu reservoir and larger storage capacity, the new reservoirs can
potentially develop thermal stratification. On the other hand, the changing inflow temperature will
probably further weaken the stratification in Xiluodu reservoir, which now is strongly affected by
density currents formed by the inflowi ng water.

Comparable observations of alterations of seasonal temperature variations from other cascading
reservoirs at large Asian rivers [54-56] demonstrate the increasing importance of cascading reservoirs
on water temperature dynamics. Besides water temperature, current research aims at understanding
sediment transport and trapping, greenhouse gas emissions and pollutant transport along these
systems [22,57] Despite these efforts, existing strategies for optimization of reservoir operation in
terms of minimizing alterations of natural variations and maintaining good ecological state of
downstream river reaches, mostly focus on flow regulation [58,59], and do not include temperature.
The measurements and simulations presented here emphasize thetwo-dimensional nature of the
temperature dynamics in reservoirs. Thus, at least two-dimensional hydrodynamic models are
required to resolve density -driven flows and the longitudinal variations in temperature and vertical
stratification along individual an d cascading reservoirs. Future research should aim at overcoming the
case and sitespecific assessments, which are typically associated with such complex simulations, by
providing a physical -based framework for assessing and predicting thermal impacts of r eservoirs and
reservoir cascades based on bulk parameters. In a simplified approach, the two-dimensional nature of
temperature stratification could be described in terms of longitudinal and vertical temperature
gradients, which develop as a function of the rate of change of inflow temperature, residence time,
surface heat fluxes and vertical mixing along the reservoirs. In a system-analytical approach, the
interactions of individual reservoirs with up - and downstream located reservoirs and with the
atmosphere can be prescribed as annually periodic boundary conditions with amplitude and phase.
That approach could potentially be linked to existing frameworks describing the ecological impacts of
cascading reservoirs, such as the cascade reservoir continuum conept [60].

Our analysis further revealed the existence of pronounced inter-annual variability of the natural
flow and temperature regime in the Jinsha River during the pre -impoundment period. Before
impoundment, river discharge was correlated to annual mea n precipitation, which varied strongly
during the more than 30 years of observation. River water temperature without reservoir operation
showed an increasing trend. The observed rate of increase of the mean water temperature during the
last ten years before impoundment was with 0.06 °C/year among the highest rates observed globally
in aquatic systems [61,62] These rather rapid climatic changes proceed in addition to reservoir
construction and underline d the importance of incorporating also longer -term vari ability and trends
into assessments and processased analysis of the hydrological, thermal, but also biogeochemical and
ecological impacts of cascading reservoirs.

5. Conclusions
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Before dam construction, annual mean discharge in the lower reaches of the Jinsha River was
mainly controlled by precipitation. After 2012 flow regulation by newly established cascading
reservoirs caused significant changes of the seasonal flow distribution, with higher discharge during
the dry season (especially in March and April) and reduced high discharge during the wet season. The
discharge in the downstream river was mainly controlled by the upstream -located Xiluodu reservoir.

Inflow temperature and outflow depth were dominant factors in controlling the thermal structure
in both reservoirs as well as the downstream river water temperature. Xiluodu reservoir stratified
gradually in spring, partially caused by the inflow and longitudinal spreading of warmer in the upper
mixed layer. Vertical temperature stratification disappe ared in autumn after continuous deepening of
the thermocline during summer. The homogenization of the seasonal temperature cycle by the
upstream located Xiluodu reservoir had no effect on the temporary development of thermal
stratification in the downstream -located Xiangjiaba reservoir.

Water temperature effects (homogenization and delay of the seasonal cycle) were additive along
the two cascading reservoirs, and will probably be exacerbated in the upcoming years with additional
reservoirs being under construction upstream of the two study sites.
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Appendix

Supplementalinformation for AEffect of cascading reservoirs on the flow variation and
thermal regime in the lower reaches of the Jinsha River

Data information

All data available to the present study, including station name, locations, measurement time and rasslution
summarized in Table S1. From 1980 to 2015, annual mean precipitation and air temperature from 30
meteorological stations in the Jinsha River basin were provided by China Meteorological Science data sharing
Service network Http://www.data.cma.ch/(Table S2). The average annual precipitation in this basin was
estimated as the mean values from these 30 stations. Average air temperature was estimated as the mean value
measured at three stations (marked by an *pbiet S2. These stations are located near the upper, middle and
lower reaches of the reservoirs, respectively.

Table S1Summary of hydrological and meteorological data used in this study (see Fig. 1 for locations of the
measurement stationall data resaition: daily meah

Station Description Data type Record period
HTGS Huatan gauging station Water temperature 20002015
235.1 km upstream of XLD Dam Flow rate 19802015
XLDGS XLD gauging station Water temperature 20142015
2.9 km downstream of XLD Dam Outflow rate 20142016
PSGS Pingshan gauging station Water temperature 20002011
29.1 km upstream of XJB Dam Flow rate 19802011
XIBGS XJB gauging station Water temperature 20122015
2.4 km downstream to XJB Dam Outflow rate 20122016

. , _Air temperature, wind speec

SJWS Suijiang city, middle of XJB reservoir 20142015

precipitation, cloud cover

) Air temperature, wind speec
YSWS Yongshan city, near to XLD dam L 20142015
precipitation, cloud cover

Table S2List of the meteorological stationsed in the Jinsha Basin

Station ID Station name Longitude (8E) Latitude (8N)
Jinsha River

52908 Wudaoliang 93.08 35.22
56004 Tuotuohe 92.43 34.21
56021 Qumalai 95.78 34.13
56029 Yushu 97.01 33.01
56144 Dege 98.57 31.73
56247 Batang 99.01 30

56443 Xiangcheng 99.08 28.93
56543 Xianggelila 99.7 27.83
56487 Meigu 103.31 28.03
56565 Yanyuan 101.52 27.43
56578 Ningnan 102.75 27.07
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56651 Lijiang 100.21 26.86
56664 Huaping 101.26 26.63
56675 Huidong 102.58 26.65
56684 Huize* 103.28 26.41
56752 Binchuan 100.57 25.83
56763 Yuanmou 101.87 25.73
56768 Chuxiong 101.53 25.02
56778 Kunming 102.68 25.02
56586 Zhaotong* 103.71 27.35
56596 Weixin 105.01 27.85
56492 Yibin* 104.06 28.08

Yalong River (main tributary of Jinsha River)

56034 Qingshuihe 97.13 33.8
56038 Shiqu 98.1 32.98
56146 Ganzi 100 31.62
56167 Daofu 101.12 30.98
56267 Yajiang 101.02 30.03
56462 Jiulong 101.5 29

56474 Mianning 102.02 28.55
56571 Xichang 102.27 27.9

Note: 1.the Yalong River is largest tributary of the JinRheer.
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Fig. S1:(a) Discharge measures at PSGS in 12801 and XJBGS in 2012016 (xaxis) and HTGS in
19802016 (yaxis); b) Correlation between annual mean precipitation in Jinsha Basin and discharge at the
downstream gauging station (PSG8802011; XJBGS, 201:2016). Solid blue lines in both panels show linear

regression for the prienpoundment period according to the equations shown as labels.

Model description

Model grid generalization

According to the principle of grid division, the bathymetry of XJB reservoir was formed as single main branch

with 149 segments along a longitudinal axis and 118 vertical layers, each 1m deep (Fig. S.2). Each segment is

approximately 1 km long. Similarlyhe bathymetry of XLD reservoir is composed of 159 longitudinal segments

and 121 vertical layers. The length of the longitudinal grid cell varied between 50 and 4000 m, and the vertical
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cell size was set to 2 m. The top elevation of the reservoir was 384&XdB and 614 m in XLD reservoir. The
minimum timestep was 0.5 s and the maximum tigtep was 3600 s. Approximately32hours of runtime was
needed by a Pentium PC for the simulation period of 1 year.

Elevation (m) Segment (159)
: <
inflow

614 = l/ Layer (121)

surface outlets

Xiluodu Reservoir

power tunnels

Segment (149)

7 (.—
] bottom outlets
g \L Layer (118)
384 — > = - :
Xiangjiaba Reservoir L3 sufaceoutlels
power tunnels
middle outlets
268 T Distance (km)

0 200 km 350 km

Fig. S2:Grid geometry of the representationdfD and XJB reservoir in th€E-QUAL-W2 model.

Initial conditions

The initial conditions required in GRUAL-W2 model include inflow, outflow, flow velocity, and water
temperature. The inflow conditions include upstream flow, water temperature and patfothie discharges at

the dams. The initial water temperature was set to 15
is setto 5.5 that is the |l ocal annual mean temperature.

Boundary conditions
Meteorological conditions (wind speealy temperature) are shown in Fig. S3. Inflow, outflow from different
position and water level in both reservoirs from 2014 to 2015 are shown in Fig. S4.
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Fig. S3:(a) Daily mean air temperature and (b) wind speed at SJWS and YSWS meteorological station

(representative for XLD and XJB reservoir, respectively).
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Fig. S4: Measured inflow, outflow, and water level in XLD reservoir (a) and XJB reservoir (b) in-2013.

The outflows through the hydroelectric station, bottom hole and spillways as weltes level elevation in

front of dam are denoted by different color (see legend)

Calibration
Model performance was evaluated as the mean absolute error (MAE) and the root mean square error (RMSE):

S : Eq. (S.1)

2-39% 2 Eq. (S.2)

The water balance during the simulation was validated by comparing predicted elevation with observed elevation
(Fig. S5), which had MAE anBMSE of less than 0.1 m. The results show that the bathymetry is correct and the
inflow and outflow data are accurate.

382

600 - (a) XLD (b) XJB
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o 560 4 = = Simulated 374 | = = Simulated
550 - MAE=0.05 m 372 4 MAE=0.07 m

RMSE=0.07 m RMSE=0.08 m
540 T T T d 370 T T T 1
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Fig. S5:Observed and simulated water level in front of XLD (a) and XJB (b) dam (MAE: Mean Absolute Error;
RMSE: Root Mean Square Error; Start time, 01/01/2014)
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Through sensitivity analysis of hydrodynamic model parameters, we found that the most sensitie¢epanam
temperature is the wind sheltering coefficient (WSC) in XJB reservoir, next dynamic shading (DYNSH) and the
light extinction coefficient (EXH20). In XLD reservoir, temperature predictions were most sensitive to the
DYNSH, then the WSC and AZC. Thealibrated parameter values for both reservoirs were obtained by
repeatedly adjusting the value of the parameters until the best match between predicted and observed
temperatures was obtained for (Table S3).
The calibration of the CRUAL-W2 model focusean the simulated temperature profiles at six monitoring
points at which temperature profiles were measured in 2014 (Fig. S6). These points represent the upper, middle
and lower reaches of both reservoirs, respectively. The average MAE of all 9 measfilesliprdL.D and XJB

reservoirs were 0.36 , 0.52 , respectively. The ave
respectively. Comparing the performance of-QHAL-W2 model in other reservoirflKim and Kim 2006,
Smith et al. 2012y MAE 8 0;. RMSE O 1.2 ), the model perfor me

temperature stratification. The MAEs of April were higher in initial stratification (Fig.8). In XJB reservoir, as

can be seen from Fig.14a, the thermal regime at P1 exhibits two theresoch April and disappeared in
summer and in winter. In XLD reservoir, Fig.14b illustrates the model's ability to produce the thermocline
development in April, the strong thermocline present in August, and the mixing in December. The mean errors in
modelpr edi cti ons in the two reservoirs are within 0.5
parameters are set reasonably.

Table S3Main hydraulic coefficients in different reservoirs

Variable name Description Values in XJB reservoil Valuesin XLD reservoir
[AZC] Vertical Turbulence Algorithm THE w2
[EXH20] Water Extinction Coefficients [ 0.35 0.45
[WSC] Wind Sheltering Coefficient 0.7 0.7
[DYNSH] Dynamic Shading or Static Shadin 0.7 0.9
[TSED] Sedi ment Tempe 17.2 17.2
Water temperature (°C) — Simulated © Observed Water temperature (°C) — Simulated © Observed
12 14 16 18 20 21 22 23 24 15 16 17 18 19 10 12 14 16 18 20 14 16 18 20 22 24 26 14 15 16 17
0 T r 0 T T T T ' I 5 £
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60 r 100 r
90 | MAE=0.49 °C | MAE=0.18 °C | MAE=0.40 °C g 150 + MAE=0.78 °C MAE=0.43 °C L MAE=0.49 °C
RMSE=0.68 °C RVSE=0.28 °C RMSE=0.47 °C RMSE=0.90 °C RMSE=0.57 °C RMSE=0.57 °C
P1 2014-4-24 P1 2014-8-15 P1 2014-12-17 P4 2014-4-27 P4 2014-8-17 P4 2014-12-19
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Fig. S6:Simulated and observed vertical temperature profiles in XJB reservoir (left) and XLD reservoir (right)
(cf. Fig. 1).
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Abstract: A 2-D hydrodynamic model was developedor
modelng water circulation from 20082011 in a typical
tributaryof the Three Gorges Reservdihe models capable of
describing flow behavior and mixing mechanisimsdifferent
density currenpatternsand perforns well in computingthe
velocity, the intrusion layer at the plunge pairind thetravel
distance of the density currefthe effects ofL0 flow patterns
on thermal stratificationhydrodynamicsand algal bloom risk
arediscussednd classifed in terms ofalgal growth Patterns
(6) and (10)an effectively preverdlgal bloons; patterns (7)
and (8) are good for algal bloem More frequent
transfomations of flow-driven patterns as observed in
20102011, could create more eddieand mixing and thus
reduce bloom

impact of water level fluctuations dmansformflow patterns
and water quality.

Keywords: Three Gorges Reservoir; eDsity currents
Thermal stratificatiopAlgal blooms CE-QUAL-W2

1 Introduction

risk Further studies are necessary and
recommended for more accurate predictions and assessing the

Hydrodynamic processes significanthffect the water quality and bioproductivity of reservoirs. These
processes ultimately provide the conditions for the ecosystem to fur@igdmyak and Timchenko 2000n
estuaries, freshwater inflows produce net seaward transport, whereas tidepkréatiio seaward and landward
transport. Hence, different types of flow patterns exist under the interactions of river flow, tidal currents, and basin
morphology, affecting the species compositions and distributions of flora and (slamaet al. 2004; Jéet al.
2007) Flow patterns are also evident in reservoirs, and their modes of circulation can be defined by the interaction
of reservoir morphometry with inflows. In analyzing hydrodynamic processes, ecological characteristics and water
quality dynamics, transport tingeales such as residence time are often used to characterize transport processes in
a water body. These time scales help to explain how some water quality parameters (such as dissolved oxygen and
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chlorophylla concentrations) vary (Chen 2007)6A e sre& voorwithod lamdkresiilence time and a stratified

water column is more likely to host anoxic conditions at the bottom than a lake with a short residence time and a
well-mixed water column. Mixing in lakes, reservoirs, estuaries, coastal and ofistzoiiee waters occurs
through several mechanisms, including winduced turbulence, convective mixing, and mixing due to
inflows/outflows(Martin and McCutcheon 1998; Imboden and Wuest 1995). During a mixing event, nudaients

be mixed to the upper past of the water column, where they can fuel algal blooms (Lawson and Anderson 2007).

The Three Gorges Reservoir (TGR) is a very large reservoir that was impounded in June 2003. There are forty
tributaries comprising watersheareaof more than 100 kfi{Zhang et al. 2008). Eutrophication and algal blooms
appeared in some tributary arms as the reservoir was filled (Fu et al. 2010; Ye et allta8kf)own that he
tributarybayshavemuchgreatr thermal stratificatiothandoesthe mainstreanSincethe minimum flow rate of
the TGR is higher than 5500%s, thehigh flow rate causestrong vertical disturbance and mixing intensity in the
TGR mainstrearso thatvertical differences in water temperataredstratificationare reducedJi et al. 2013). As
a result, the water density profiles of the TGR mainstream and thadeutdry bayswould be differenfrom the
mainstream TGRJi et al. 2010a; Yang et al. 2010). Water from the TGR mainstream intrudes into the side arms as
a dendiy current(Yang et al. 2010; Ji et al. 2010a).

Since the upstream inflow water temperature is often higher or lower than the water at the ends of the side
arms, surface and bottom density currents are induced. Based on the water temgiffieremee baveenthe
mainstreamand bayoverflow, upperinterflow, interflow, lowerinterflow, and underflow intrusiasmwill occur.

Two typesof downward density currents caused by upstream inflows and five types of intrusion gravity flows
have been identified, wHicdrive complex water circulation and vertical mixing processes in the tributary side
arms (Ji et al. 2013). These density currents have a strong influence on the tritvataryquality. Ecological
simulation models have been used to predict these dignufarocesses and their resultant impact on water quality
(Tufford and McKellar 1999)2-D models are used broadly in different kinds of water bodies all over the world.
The main advantages o2 models are that much finer resolution can be achievéstitohgitudinal and vertical
directions and numerical dispersion can be better controlled than in compaEbi®aels. 2D models are also
computationally less expensive thaiD3nodels and are better able to provide simulations over longer time scales
(e.g., seasons) (Kurup et al. 2000; Davies and Gerritsen 1994).

In thisstudy, a 2D hydrodynamianodel is adopted to (Ihodel the density currenits Xiangxi River XXR),

a typical tributary arm of the TGR?2) identify and classify densitgriven circulation; (3) characterize the
hydrodynamicstemperature distributioand vertical mixing responses of tributary circulation; andl{gguss the
environmental impacts on thermal structure, nutrient distributioralyad bloom risk and provide suggests for
reservoir operations

2 Study Area

The Three Gorges Dam (TGD) is locatedhiemainstream of the Yangtze River (Chin@pnstruction of the
TGD formed a giant subtropical reservoir (Three Gorges Reservoir, @R} one of the largest artificial lakes
in the world, with a capacity of 3.93xf0n°, water level of 175 m ASL, surface area of 108G knd watershed
area obver 1.00 x10km? (Huang et al. 2006; Xu et al. 201TheXXR (Yang et al. 2013), the largest tributary in
the lower reach of the TGR (32 km from the Three Gorges Dean)be considered asrepresentative of most
eutrophic siderms of the TGR. liencompasses a watershed area of 3,09%kahhas an annual average flow of
474nm/ s. 1t extends from 110A25N] E Adeeplilefind Bagdsforfiedt o 3 0 A5
as the lower 24 km were submerged by backwadter the initialfilling of the TGRin June 2003 to a water level
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of 135 m The backwater reach extended upstream approximately 40 km when the TGR wase filladrtmal

water level (175 m)

106°E  107°E  108°E  109°E  110°E  111°E

a i b N  Three Gorges Reservoir Region 32° N1
F31° N 2410 N

Yellow River Yichang
[30° N I:I Xiangxi River 30" N1

City
- Three Gorges Dam
e Stream channel 2% N7

0 100 200
o' o Km

Yangtze River

D Three Gorges Reservoir Region ‘
R

Fig. 1 (a) Location of the Three Gorges Reservoir (TGR) in China; (b) Locafidimngxi Bay in the TGR, outlined in de

i o o o o o o "
L 106l E 107l E 108‘ E 109‘ E 110‘ E 111‘ E 2g° N4

3 Model descriptions

The CEQUAL-W2 model is a twalimensional, laterally averaged, hydrodynamic and water quality model.
Based on applications for more than 400 different water b@avess, reservoirs, lakedough and estuarieghd
under a wide variety of conditions, the model can accurately simulate water temperature, hydrodynamics and
water quality (Berger and Wells 2008; Bowen and Hieronymus 2003; Martin 1988; Lung and Ni¢ce&CR0ag
and Gu 1998; Ma et al. 2019)he CEQUAL-W2 model wasselectedor this study because it can wediproduce
thedominantdensity currents in the side armgloé TGR. Currents inducebly density effects are simulated in the
model by solving theauation of statewhich relates density to the temperature and concentration of dissolved
substances.

The XXR has a lengtto-width ratio of approximately 400, making it appropriate for the application of the
laterally averaged GRUAL-W2 model. A computational grid of th&XR was developed based on bathymetric
and geometric data for the reservoir. ®¥R was represented by 64 longitudinal segments between 500 and 1000
m in length and 109 vertical layers ohithickness. Model widths ranged fr@ to 1300 m. The accuracy of the
bathymetry data was confirmed by comparing the observed and simulated storage water elevatiofmtairves.
time period fromJanuaryl, 2008December 31, 2011 was chosen as the simulation period. Variable time steps
were ugd in the simulations, which are a fraction of the maximum time step calculated from the numerical
stability criterion with an autstepping algorithmThe undary and initial conditionsas wellas themodel
calibration andvalidation areshown in the ppendix.

4 Results and discussion
4.1 Classifications and analyses of flow patterns in the XXR

Existing monitoring and analysi§li et al. 2010a; Yang et al. 2013; Yang et al. 2010) have shown the
occurrence of density currents at the confluences of the TGR mainstream and side arms due to the combined
effects of differences in temperature and suspended solids in the inflowsX¥Rhand temperature differences
between the XXR and the TGR mainstre&s.shownin Fig. 2,two kinds of downward density currents caused
by upstream inflows and five kinds of intrusion gravity flovesioccur intheside arms of TGR.

Ten major flow patterns wemistinguished Representative longitudinal/vertical profiles of flow patterns with
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temperature and flow field with véeal mixing intensity distributios were selected from a fouyear modeling

period (20082011 in the XXR to characterize the densdyiven circulationsThe ten circulationsre sketched
in Fig. 2 Representative flow patterrssmulated bythe model are shown ifrig. 3 (patterns (£(5) and Fig. 4
(patterns (6)10)).

(0] ) 3 (C)) )

(6 @) ® , ® (10

Fig. 2 Schematicgraph of ten flow patterns driven by two upstream inflows and five mainstream intrusions
Note (1) Upstream: Overflow, Mainstream: Overflo{2) Upstream: Overflow, Mainstream: Uppletterflow; (3) Upstream:
Overflow, Mainstream: Middlénterflow; (4) Upstream: Overflow, Mainstream: Lowbterflow; (5) Upstream: Overflow,
Mainstream: Underflow;(6) Upstream: Underflow, Mainstream: Overflow7) Upstream: Underflow, Mainstream:
Upperinterflow; (8) Upstream: Underflow, Mainstream: Middleterflow; (9) Upstream: Underflow, Mainstream:
LowerInterflow; (10) Upstream: UnderflowMainstream: Underflow.
~ 17 Upstream: Overflow, Mainstream: Overflow

As Fig. 3(A), (B) shows, water of thEGR mainstream floedinto the XXR through the surface layer, while
upstream runoff also entered the surface layer at the end of the XXR. Since momentum is conserved, water below
the mainstream intrusion would flow toward the mouth of the XXR, formingge |&lockwise circulation at the
lower reach. A small counterclockwise circulation would occur at the end of the X&fauBghe overflows
collide, the middle reach often has a longer residemse, twith more locakddiesand mixing (Fig. 3(B)).
However the location and intensity of mixing depended on the relative magnitudes of the two surface overflows.
~ 27 Upstream: Overflow, Mainstream: Upper-Interflow

As shown in Fig3(C), (D), the TGR mainstream water intrutliato the XXR at depths 08.0-30.0 mand
9.0-38.0 m, repedively. The upstream runoff floedas surface layer inflow at the end of the XXR. Water below
the intrusion layewasforced to flow toward the mouth of the XXgadng to a large, clockwise circulation,
wherein water above the intting water floved toward the mouth of the XXR to form weak, thin,
counterclockwise circulation (Fig(C), (D)). When the upstream surface overflassmallenough and located
away fromthelower counterclockwise circulation, theutsurfacewater expeenced weak vertical mixinguch
that it warmed quicklyFig. 3(D)).
“ 3 Upstream: Overflow, Mainstream: Middle-Interflow

In Fig.3(E), (F), the upstream runoff still flezd into the surface layer at the end of the XXRt the TGR
mainstream water intrudento the XXR from the middle layeatdepths 0fl4.353.3 m and 9-464 m. The water
layer telow the intruding water formed a clockwise circulation, and the water layer above the intruding water
flowed downward to cause weak,counteclockwise circulation (Fig3(E), (F)).Local eddiesand vertical mixing
tended to occur in the deep layer, and the surface water was relatively stable.
~ 4”7 Upstream: Overflow, Mainstream: Lower-Interflow

As shown in Fig3(G), (H), the upstream runoff dtiflow edthrough the surface layer of the XXdRespite

relatively low inflow rateof 23.1m*s and 20.7°%s, and théTGR mainstream water intrudénto the XXR from
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the middlelower layer at depths of 2726.4 m and 38-83.1 m. The intruding water flo@dtoward the mouth of

the XXR,leading toa counterclockwise circulation (Fi§(G), (H)).On Feb. 6, 2009, karge,counteclockwise
circulation originagédfrom the mouth of the XXR anebseup to the surface in theiddlereach, and then flosd
back though thesurface(Fig. 3(H)). In this pattern, the counterclockwise circulation could decrease the water
residence timén the areas it influened, evenup to thewater surface.Strong vertical mixing and largecale
eddies could occur in the upper reaélthe XXR, which is unfavorable to water temperature stratification.
~ 5% Upstream: Overflow, Mainstream: Underflow

In Fig. 3(1), (J), the upstream runoff still flogd into the surface layer at the end of the XXR. The TGR
mainstreanwater intrude into the XXR through the bottom layer. This formed a counterclockwise circulation in
the lower reach (Fig3(l)). During the development of the mainstream intruding underflow, an eddy formed in
front of the underflow (Fig3(J)), and a small, countercloekse circulation formed at the end of the XXR (Fig.
3(2)). In thisflow pattern the downstream underflow increased the lower layer velanifytheupstream overflow
surface velocity at the end of the XXRsulting inmore rapidwaterexchangend mixing(Fig. 3(1), (J)).
“ 6 Upstream: Underflow, Mainstream: Overflow

Theupstream runoff flowdthrough the bottom of the XXR, and the TGR mainstream water irtintiethe
XXR through the surface layer at the mouth of the X¥Rause $arge,clockwise circulation in the lower reach.
In this pattern, both downstream overflow and upstream underflow would increase water velocity, wausing
flow movement(Fig. 4(A), (B)). The largescale eddies and mixing led to rapid breaking of the temperatur
stratification(Fig. 4(A), (B)).
~ 77 Upstream: Underflow, Mainstream: Upper-Interflow

As shown inFig. 4(C), (D), the TGR mainstream water intruti@to the XXR at depths of 8:298 m and
23.0-28.0m, and the pstream runoff flowdinto the XXR as an underflow. Water below th&ausionformed a
large, clockwise circulationandsubsurface water flowedslowly toward the mouth of the XXRBriven bya thin,
counterclockwiseirculation (Fig. D)). Alarge,clockwise circulation was edént in thedeeper layeof the XXR
The upstream underflow medjevith the submerged, clockwise circulation in the lower reachelerating the
movement of water near the bottom (F{C), (D)). In this flow pattern, the surface layer was approximdiety
deep and teretito be stagnant with a longegsidencdime, which is good for surface stratificatighig. 4(C),
(D).
~ 8 Upstream: Underflow, Mainstream: Middle-Interflow

As shownin Fig. 4(E), (F), the upstream runoff fleedalong the bottom of the XXR. The TGR mainstream

water intrude into the XXR from the middle layer at depths of 265.1 m and 20.%4.9 m. Water above the
intruding water flovedtoward the mouth of the XXR to form a counterclockwise circulation @ig), (F)). The
momentum of the TGR mainstream intrusiwas more likely to be balanced by upstream underflow, causing a
large, clockwise circulation originating from the mouthttod XXR and risingup to the subsurface of the upper
reach, enclosing thepstream underflow (Figd(E)). Eddiesin the middle reactwere created when the TGR
mainstream intrusioancounteredhe upstream underflow (Fig(F)). Similarto pattern (7), surfacgtratification
was observe(Fig. 4(E), (F)).
~ 9" Upstream: Underflow, Mainstream: Lower-Interflow

The upstream runoff floed along the bottom of the XXRand the TGR mainstream water intrudato the
XXR from the middlelower layer at depths of 2048.3 m and 36:85.9 m (Fig.4(G), (H)). Water above the
intruding waterflowed toward the mouth ofhe XXR, forming a counterclockwise circulatiom this pattern, a

large,counteclockwise circulation originated from the mouth of the XXR, rising to the surface of the upper reach
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As a result, there was no temperature difieeein the deep watéFig. 4(G)). OnOctober 72011, upstream
inflows were so large that some of theusion watejoined thebottom underflovand flowed out of the XXR (Fig.

4(H)). Strong d@rculation and mixing causka much shorter water retentiomg in the XXR.

A

10° Upstream: Underflow, Mainstream: Underflow
As shownin Fig. 4(1), (J3), the upstream runoff flosdalong the bottom of the XXRnd theTGR mainstream

water intrudd in the XXR near the bottomThe TGR mainstream underflow intruded acdusd a

counterclockwise circulatiowithin the middlelower reachin these case upstream underflows woultdeetthe
TGR mainstream intrusiowater and flowtoward thebay (Fig. 4(1), (J). A local clockwise circulation was
generated in the upper reaghthe XXR, with more localeddiesand mixing,such ason October 24, 201(Fig.

4J))-
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Fig. 4 Representative circulations driven by Upstream: Underflow; Mainstream: Ovedflmgyer Interflow, Middle-Interflow,

LowerInterflow, Underflow respectively
4.2 Categorization of water circulation by algal growth

4.2.1Water circulation that inhibits algal blooms

During most of the yeags shown in Figs, inflows of the XXR originate from the Sheongjia forest, which
has much lower water temperaturesttiee XXR (Ji et al. 2010a)At the same time, runoff will be stored in the
upstreantascadaeservoirs to generate electricisgpthe colderinflows from the outletswill enter the XXR and
plunge to the bottom, forming an underflot this point, if the TGR mainstream water intrudes through the
surface at the mouth of the XXR (Fig(A), (B), Table 1 pattern (6)), a large, clockwise circulation will occur in
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Table 1. Impacts of ten flow pattems on temperature, nutrients, and algal blooms

-10
1-3,7-11

-9
2,3,6-12

1,2.4-12

19,1112

2
1,2-4,6

-1
14

Pattern

1,4-10,12

23

38

14

Months witnessed

Stratified in the upper reach

Temperature

Unstratified in the upper reach

Stratified in the lower reach

Unstratified in the lower reach

to surface of the upperreach

Nutrient replenishment

to underwater of the upper reach

to surface of the lowerreach

to underwater of the lower reach

Increase in the upperreach

Algal

Decrease in the upperreach

Increase in the lower reach

Decrease in the lower reach

Note: classification of pattems and schematic diagram are shown in Fig. 2.
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the entireXXR. This increases th&elocity at the
surface andhen decreases theater residence time
rapidly, with numerous largeddies intensifying the
vertical mixing (Fig. 4(A), (B)). As a result, the
thermal stratification of the entire XXR would be
rapidly broken down by the disturbancand algal
blooms at the surfacevould beinhibited (Table ).
This pattern was most common at the ends of flood
storage periodswhich explaired why autumn algal
blooms disappeared as the water level increased at the
end of flood seasofYang et al. 2010; Ji et al. 2010b).
On the other handf ithe TGR mainstream water at
this time intrudes through tHeottomat the mouth of
the XXR to form a large, counterclockwise circulation
that exchanges the upper layer water, the upper layer
water residence time would decrease. If pogverof
the upstreamundeflow is lower than that of the
mainstream intrusion, the upstrearmdeflows will be
lifted to push the upper layer water to #ed of the
XXR and facilitate a complete exchangaitern (10).
In this flow pattern, the vertical mixing in most parts
of the XXR was very large, weakening the thermal
stratification (Fig. 4(1), (J),Table ). This patterrof
inhibiting algal blooms often occurs in the long period
after impoundment, which is why thermal
stratification in the XXR continuetb weaken due to
strongmixing (Yang et al. 2010; Liu et al. 2012).
Additionally, upstream inflows moved through
the surface layer at the end of the XXR and progigss
downstream and ultimately mergk with the
counterclockwise circulation in the upper layer that
was caused by thowerinterflow and underflow
from the TGR mainstreanfpatterns(4), (5)). This
could also greatly increase surface velocity and
shorten the surface water residence time, even
triggering eddies that would increase the intensity of
surface mixing. The subsurface thermal stratification
would then be broken, further inhibiting algal blooms
(Table 1.
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Fig. 5 Temperature of upstream inflows VS water in XXR
4.2 2 Water circulation that promotesalgal blooms

In patters (7) and (8) the intrusion flowcreateda clockwise circulatin with the upstream underflow
causing the formation @ddies between the two density currents and strerigthire vertical mixing. As a result,
thermal stratification in the lower depths would be weakleor eliminated(Fig. 4(D), (F)). However, n the
surface layers in the middle and lower reaches, even thibiegh isa weak, counterclockwise circulatipthe
velocities are stilkelatively small, and surface water commonly could not be mixed or mogedtkly. When
thermal stratificationformdand a special, vertical tempemattalriemmirorfad
would be witnessed in the lower reaches and a “$£ntype would form in the upper, shallow reaches (Yang et al.
2012).At the same timeif nutrients were sufficienthesetwo flow patterns would have the greatest risk of algal
blooms, particularly in the upper reaches. From Tabtee two patterns are prevalent most of the year, which is
why algal blooms can occur at any time of year (Fang et al. 2013; Wang et al. 2011; Zhu et al. 2013).

In addition, inpatterng2) and (3), the lower layer water below the intding water formed a clockwise
circulation and the water over the intruding water flowed downwahis occurred in March 2008 and in
March-April from 2009 to 2011 (Fig5). However, in generathe cascadeeservoirs located in the upstream XXR
operaedwith small dischargsin the dry season, with an average flow rate of 24/8 end a minimum flow rate
of only 9.9 ni/s. The loweiinflow rates resulted in amallersurfacevelocity in theupper reach of the XXRas
residence time generallypcreasedin the upper reach of the XXRBromoting subsurface thermal stratification
(Table 1) Thus, algal bloom risk in the upper reach of the XX#duld increase Fortunately, these water
circulatiors only occurred in March and early April for a short tinrmhen water temperatubecoms a factor to
be considered
4.2 3 Water circulation in between

In pattern (9the intrusion floncreateda counteclockwise circulationcreating many violent eddies between
the two density currents the upper reach of the XXFig. 4(G)). However, the magnitudes of eddies and
mixing depened on the intensity of the counterclockwise circulation that was caused by the TGR mainstream
lower-interflow. If the counterclockwiseirculationis strong enough to acceleratpstream vertical mixingalgal
blooms would be controlled. However, ifisHocal clockwise circulations weak, theabundantnutrientsand
suitable temperatungould increase the risk of algal blooms.

In addition in pattern(1), if the downstreamintrusion flow increasedjt could greatly increase surface
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velocity and shorten surface water residence time, even triggering éddies upper reach ahe XXR (Fig.

3(A)). Subsurfacerertical mixingwould thenincrease whichalso promptsalgal bloomslf the intrusion water
was also a small volume, the slowdnodynamicprocess would be good for algal blooms (Fig. 3(Blgwever,

in generalsurfacewater velocitiesvere always low at this tim@nd the hydrodynamic effect densitydriven
water circulation would not be dominaithe predominanttemperature and abundant sunlight would become
dominant factors that cannot be ignored in early spring.
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Fig. 6 Emergence and ordstatistics of the circular patterns in each month from 20808L
4.3 Impactsof flow patterns onalgal blooms

In Fig. 6, statistics are listed for the flow patterns, which include the order and duration for each month from
2008 to 2011Mass statistical analysesund thapatterng1)-(5) only occurredn JanuaryApril every year when
the upstream inflow water temperatuvas higher or close to that of the water at the end of the,X6xigh asn
March 2008and Febuary April from 2009 to 2011 (Figs). The sum of theluration ofthepatterns (1(5) was
only 25, 81, 34and42 days in these four yearsspectivelyand alloccurred during lowisk periods ofalgal
bloom Thus we focugdon the final five circulatiopatterns and their effect on algal bloem

In 2008,(Fig. 6(A)), badpatterns (7) and (8) dominated from April 28 to September 28, except fordayen
(pattern(9)) in late AugustPatterns (7) and (8) would result in relatively stable thermal stratification in the surface
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layer, which might be one of the causes for the 2008 summegtdea algal blooms. Patterns (7) and (8) also

lasted for a long pericdfrom early June to early August in 2009, which provided appropriate flow and thermal
stratification conditions for algal blooms. However, there were many more circufaditernsand frequent
alternations for each month of 2010 and 2(Rig. 6(C), (D)). Patterns (7) and (8) lasted for 40 days from July to
August in both 2010 and 2011, but lasted much shorter times in 2008 and 2009.

As previouslydescribedfavorablepatterns (6) and (10) are capable of forgdarge scale flow patterns that
cause localurbulence and increase vertical mixing in las This often has a profound impact on hydrodynamic
characteristics, nutrient distributions and algal blooms in the side arms of the TGR. As skayvid(a), pattern
(6) appeared five times in 2008 amwaif timesin 2009. It appeared 19 times in 20d8d 17 timeé 2011, showing
a significant increase&Similar to pattern ), pattern (0) appeared seven times in 2040d eight timesn 2011,
being more frequent than in 2008 and 2009 when it respectively appeared three times and five times. There was
also an increasing trend for the maximum durations of patterns (6) and (10) from 2008 to 20I(b)Fi§or
pattern (6), it lasted 14 gs, 4 daysand 15 days, respectivelyor pattern (10)it lasted 20 days, 46 days and 66
days, respectively. In 201dyrations oP days for pattern (6) and 38 days for pattern (10) wtltdong enough to
cause circulation and vertical mixing to effiotly and profoundly affect the water quality. Ji and Yang (Ji et al.
2010b; Yang et al. 2010) performed extensive field monitoring during the impoundment period after the flood
seasonand revealed that pattern (6) moved and accelerated the surfacestrateythened the mixing, breaking
the temperature stratification, increasing the mixing depth of the algae, and reducing the proportion of euphotic
depth versus mixing depth {f4Zm.y) that inhibits the rapid growth of phytoplanktoAs a whole, flow
circulationsin the XXR were dynamic and changeable.
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Fig. 7 Frequencyand maximum duration of (6) and (10) in 202®&11, (a) Frequency(b) Maximum duration

In addition transformationdetween patterns in 2010 and 2011 occurred at a higher frequency than in 2008
and 2009. For example, in April 2010 and June 2011, there were fracprsformationsof flow patterns(Fig.
6(C), (D). Different patterns would intrude into the sidenathrough different layerswith different intensies A
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shift from one pattern to another could strongly disturb the water bBodybreak the thermal stratificatiofihe

faster thepatterns transfored, the greater and strongire disturbance and tHewer the risk of algal blooms. A

reason for the faster transformations of flow patterns since 2010 may be related to frequent fluctuations in water
level (Yang et al. 2013)Fig. 8 also shows that more frequent daily fluctuations led@ towerrisk and smaér

peals of algal bloons, especially in 2010The search for deeper reasons requires further research. It can be further
speculated that some flow patterns, such as pat{éjng6) and (10), appear suddenly and have very short
durations, but could aldmave a dramatic impact; as such, they are well worth attention and further study.
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Fig. 8 Dynamics of Chl.a in XXR arm versus Daily WLF process

5 Conclusiors

In thetenrepresentative circulations in the XXR, patterns(g))indicate that upstream inflows through the
surface layer and the TGR maimesin water intrude at different layers at the mouth of the XXRt theyonly
occurred between January and April each yAamosttimes year, upstream runoff flows into the XXR near the
bottom to form an underflow, and then the TGR mainstream water intrudes from different layers at the mouth of
the XXR, as characterized by patterns-(B)). Advantageougatterns (6) and ()Gause large, clockwise or
counterclockwise circulations in thentire bay accelerating thesurface water. The thermal stratificatiovas
always broken down rapidly, and thus, alglpoms could be controlled. Patterns (7) or (8) séenbe more
commonthroughout the year. When thegatternsoccur, the surface layer is often stable with longsidence
time andweakervertical mixing Thermal stratification is sustained, generating a higher risk of lallgams.

More frequentransfornationsof densitydriven patterns could facilitate mixing in thébutary, especially
for patterns (6) and (LOlowever thetransfornations werenore complicated argppeaito beirregular, as those
representativllow patterrs transition from one pattern to anothedbecausevater circulatioralsodepended on
the strength of thdensity currentThe effects ofvater circulation®n thermal stratification and algal blooms risk
werediscussed, along with the vertical mixing characteristics of these patterns. Btuthies are necessary and
recommended for more accurate predictions and for assessing the impact of water level fluctuations on such
transfornationsof flow patterns and water quality. The model in this study is a robust water quality, tmoidz|
future water quality modetoupledwith the TGR mainstreanis also needed to evaluatee mutual link among
hydrodynamiconditions water qualityphytoplanktorand reservoir operatien
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Key Pointswater level fluctuationsThree Gorges Reservoreservoir hydrodynamigslischarge regulation

Abstract

Among the major consequences of dam construction and opesatitire deterioration of water quality and the
increasing frequency of occurrence of harmful algae blooms in reservoirs and their tributaries. Former studies at
Three Gorges Reservoir demonstrated that the Yangtze River main stream is the main sourents awdi
pollutants to connected tributary bays. Eutrophication and other water quality problems reported for the
tributaries along Three Gorges Reservoir are likely a consequence of gty exchange flows. Past work

has focused mainly on the influee of seasonal and daily flow regulation on exchange flows, less attbation

been paid to hydrodynamic processes resulting frordsillp discharge dynamics. Highequency measurements

of flow velocity and water level in a eutrophic tributary (Xiangxver) of Three Gorges Reservoir revealed the
persistent nature of bidirectional density currents within the bay. Superimposed on this mean flow, we observed
ubiquitous flow oscillations with a period of approximately 2 h. The flow variations were assbei#th periodic

water level fluctuations with increasing amplitude for increasing distance from the river mouth (upto 0.1 mata
distance of 27.4 km from the river mouth). They were caused by a standing wavérilnutaey bay, which was
generatedy rapid increase or decrease in discharge following 4sbaking operation modes at Three Gorges
Dam. The higHrequency wave made up the largest contribution to the temporal variance of flow velocity in the
tributary bay and represents a so far overlookgdrodynamic feature of tributaries bays in large reservoirs.

meteorologcal and  hydrological — processes.
Shortterm WLF,with periods in the order of seconds

Physical, chemical and biological characteristics to hours can be generated by hydrodynamic processes
of aquatic ecosystems are strongly affectedviayer

level fluctuations (WLF) [1, 2]. Longterm, e.g.

1 Introduction

(e.g, standing and propagating surface wavis)

Particularly in reservoirs, WLF aréo a large extent,
subject to daily discharge regulatien [4] and

shiplockoperation5].

seasonalor multi-year WLF are the result ofa
variable water balance and often controlled by
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Three Gorges Reservoir (TGR) is one of the 2.1 Study area

largest reservoirs in the worleind among the most . . .
Three Gorges Danis located in the middle

course of the Yangtze River (ChindJhe Xiangxi
River XXR) is the largest tributary of TGRhich is
in close proximity to the dam (Fig. 1). Thiger has a

the major consequences of reservoir construction and
J a watershed area of 3095 knalength of 94 km and a

_ . . _ "~ meanannual discharge of 47.4°d . Xiangxi Bay
than 38 tributaries and the continuously increasing R .
(XXB) formedafter the initial filling of TGR in June
2003 and extends up to 40 km from the river oth

when the reservoir is filled to its maximum water

controversial hydraulic engineering projects in China
[6]. High environmental costs have caught the
attention ofresearchers frorthe globg[7, 8]. Among

operation is the deterioration of water quality in more

frequency of occurrence of harmful algae blooms in
tributaies[6]. The main source of nutrients and other
poI.Iutants in tr|.butary bays is the Yéngtze River, level of 175 m.a.s.(meter above sea level).
which can flow into the bays as a density curf&it

The type of bidirectional water exchange at theer 2.2 Dataand measurements

mouth affects nutrient and pollutant dynamjd$],
algal blooms [11, 12] water quality [13, 14]
phytoplankton composition [15] and sediment
deposition[16] in the tributary baysWLF of TGR

can enhance the water exchange between the bay

Absolute water level measurements (in m.a.s.l.)
from six gaugingstations along TGRFig. 1) and
discharge dataere providedoy China Three Gorges
gorporation. The data included time series of
. . . . sealevel referenced water levels with a resolution of
and themain reservoir and reservoir operation rules _ ] i

5 min and discharge a@ resolution of 1 Hor the

have been proposed to improve water quality in )
period of January to November 2018 he relative

tributaries by controlling WLF by shetérm (daily) _ ] )
water level and vertical profiles of flow velocity were

discharge regulation at the ddfv, 18] Despite the ) ) _
measured irthe middle and upper section of XXB

extensive number of measurements and simulations17 & and 27 4 k fthe ri h
. o _ S5 an .4 km upstream of the river mouth) from
that lave been conducted in TGR and its tnbutanes,( P )

. . . Septemberl6 to October12, 2018 Two Acoustic
direct observations of exchange flows at the river ]
Doppler Current Profilers (ADCPTeledyne RD

resolution. The response of the density currents toSentmeI 600 kHzand 1200 kH3 were deployed at

. . . the bottom of the river -5 m above the riverbgd
high frequency (sudaily) WLF and the potential WV @ v WV 91_
o . The ADCPs were configured to measure vertical
success ofelated mitigation measures remaather

profiles of flow velocity with a vertical resolution
(bin size) of 0.5 mand a temporal resolutionf 15
The objective of this study is tovestigatethe min. Hydrostatic pressure recorded by both
effect of shorterm WLFs caused by discharge jnstruments was converted to water depth (relative
regulationof TGR on the variability of flow velocity  \yater level) using water density atsitu temperature.
and densitydriven flows in its tributariesFor this  Horizontal current velocities were measured in earth
purpose, & conductechigh-frequency measurements coordinates and rotated into longitudinal (along the
of flow velocity and water leveln the eutrophic  yiyer channel) and transversal velocity components
Xiangxi Bay (XXB) in combiration withthe water  py rotation into the respective mean (depth and
level and dischargebservations The results will temporarily averaged) flow direction at the sampling
provide new perspective for understanding of  sjtes. To analyze daily and sdhily fluctuations of
hydrodynamic ~ processes and  water quality  water level, water depth and flow velocity, the
managemerit large reservoirs respective time series were highss filtered with

cut-off frequencies corresponding to periods of 36 h

confluences are sparse and restricted to daily

speculative.

2 Materials and Methods
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(7.7 10° Hz) and 4h (7.7 10° Hz). The frequency densi ty, which was cal cul
distribution of variance in water level and velocity [19].
fluctuations was analyzed in terms of power $dc
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Figure 1. Map of Three Gorges Reservoir at the Yangtze River with major tributaries. The locatidmeaf Gorges
Reservoir is marked by red box the overview map shown in the top left corner. Gauging stations used in this study are
marked by red circles. The inset map in the lower right corner shows the tributary bay of the Risegait greater detail.

The sampling sites for water level fluctuatoand flow velocity (ADCH Acoustic Doppler Current Profile) are marked by

red starshaped symbols.

. N
2.3 Theoretical modes of bay oscillation Y | ¢0FCO

1)

with g denoting gravitational acceleratig@0]. The
factor U depends orbasin geometry and is equal to

We compare basiacale water level fluctuations
in XXB with the fundamental period o$tanding
waves in a sertlosed basin. With aopen boundary

at the mouth ofhe tributary; the fundamental period two for rectangular basin of uniform depth and width.

corresponds to the Helmholtz mode, with a node For linearly decreasing water depth frdrat the
open mouth to zero at the upstream end of XXB, we

(minimum wave amplitude) at the mouth and an _
used a value di=2.618[20].

antinode (maximum wave amplitude) at the upstream
end of the tributary bay. The oscillation peridd)(of

the Helmholtz mode depends on basin leng)rafd
water depthHi]) as:
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a) TGR: — Zigui — Badong — Wushan — Fengjie — Yunyang — Zhongxian
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Figure 2. Waterlevel and water level fluctuations: a) Seasonal water level at six gauging stations along Three Gorges
Reservoir (TGR, see map in Fig. 1). The stations are located 2.3 km (Zigui) to 369.5 km (Zhongxian) upstream of Three
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Gorges Dam. b) Seasonal dynamicsdafly water level fluctuations (higbassed filtered water level fluctuations with
periods <36 h) at Zigui. Grey background color marks the sampling period in Xiangxi Bay (XXB). c) Daily water level
fluctuations in TGR (Zigui) and in XXB (Xiakou and Pirilggu). d) As c), but zoorn on period 45 October (grey box in

panel c).

3 Results

3.1Water level fluctuations

The amplitude of seasonal water level
variation in TGR was about 30 m, with low water
level from June to September (Fig. 2a). With
differences in water level smaller than 0.1 m along
the up to 360 km distance between the gauging
stations, the water levellope was negligible during
high water | evels, but
during summer. The highass filtered water level
time series revealed daily WLF of varying
amplitude and pattern throughout méste of the
year (Fig. 2b). The daily dynans closely followed
variations in discharge at Three Gorges Dam (Fig.
S1) and are the result ahe seasonally varying
daily pattern in hydropower generatid¢examples
for the different modes of daily dynamics of water
level and discharge are shown in Figl). The
rapid changes in discharge resulted in transient
WLFs, i.e, depressions or elevations in front of the
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dam, which propagated upstream with decreasing
amplitudes. Crosscorrelation analysis of WLF at
the different gauging stations showed a linear
increase in time lag witlthe increasing distance
from the dam, suggesting a nearly constant speed
of propagation of the dailWLFs (20 m ') (Fig.

)1 18IS Peed cortepporylstp ihe phage,sped,( ¢

of a linear shallowwvater gravity wave at a water
depth (H) of 37 m € = (gH)"? with g denoting
gravitational acceleration].he estimated depth can
be considered as the equivalent water depth of a
rectangular channel, while the seasemalan water
depthatthe main river channel varies strongly (21
115 m, Table S1) Within the one month
measurement period in XXB, the water level
increased from 84 to 172 ma.s.l, (Fig. S1).The
water depth at théwo sites whereADCPs were
deployed increased from 30 to 4@, and from 12

02
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to 30 m, respectively. Daily Widwith amplitudes
between 0.t 0.2 m wereobservedhroughout the
entire sampling periodFig. 2¢). In XXB, daily
WLFs occurred nearly synchronousland of
similar amplitude as in TGR. A more detailed view
(Fig.2 d) however, identified high-frequency
fluctuations (with a period ~2 h), whichwere
superimposed on the daily Wk XXB, but are
absent in TGR (Fig. 2d). These oscillations were
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wharoahbw
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nearly ubiquitously present throughout the
sampling period. The amplitudes were consistently
higher (up to 0.1 mat the more upstream located
sampling site Ringyikoy, compared to
mid-section site (Xiakou). This observation is
further evident in the power spectra of W4 F
which show a peak in spectral variance around a
period of © 2 h atthe both sampling sites in XXB
(seeFig. S3), which is absent the spectra from TGR
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Figure 3. @) Water level fluctuations (4 h and 36 h higass filtered) and b) longitudinal flow velocity in Xiangxi Bay
(XXB) at Pingyikou. Positive flow velocity corresponds to upstream flow (from TGR into XXB); negative velocity is in the
direction of river flow. Tle red line in b) shows water depth (the measurement range of the current profiler was ligdted to
m). Black selectrect color marks the zoomed time period of panel ¢ andashd d)show a closeip to a24 hperiod ina)

and b)respectively

3.2 Flow velocity in Xiangxi Bay

The temporal dynamics of flow velocity in
XXB was similar at both monitoring sites and is
exemplified for theuppercourse (Pingyikou) in Fig.

3 (data from Xiakou are presented in Fig. S4). A
two-layered flow structure waslearly visible at
both sites, indicative of opposing density currents
of river inflow along the bottom (underflow) and
water flowing into XXB fromTGR at mid depth
and near the surface (interflow or overflow) (Fig.
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3b). The river inflow occurred within a maximal 6
m (Pingyikou) to 10 m (Xiakou) thick layer along
the bottom of the bay. In this bottom layer, the
average longitudinal flow velocities wemnegative
and maximal near the bottor0(11+ 0.05 m § at
Pingyikou and-0.12 + 0.06 m & at Xiakou;
vertical profiles of mean flow velocities are shown
in Fig. S5a). Above the inflowingvater, the mean
flow was directed upstream, (positive longitualin
velocity) with maximum magnitudes at 10.5 m
above the bed at Pingyikou (0.8%.03 m &) and
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Figure 4. lllustration of the generation mechanism of bay waveXiangxi Bay (XXB): a) Water level fluctuations in
ThreeGorges Reservoir (TGR, Zigui gauging station) are shown aspags filtered time series with eoff periods of 36 h

to emphasize daily fluctuations (green line) and 4 h ¢fiighuency fluctuations, black line). Discharge at Three Gorges
Dam is shown byhe olive line (grey bars mark periods of discharge regulation). b)phgh filtered (<4 h periods) water
level fluctuations at both monitoring sites in XXB (Xiakou: red line, Pingyikou: blue line). Note that the appliqguabgh

filter has a finite reponse to a step change. Therefore, it appears in a) that the water levels start to decrease before the actual

change in discharge. This is an artifact of the filter.

at 17.6 m above the bed (0.04 + 0.03 +h) sat
Xiakou. Currentsin both layers show synoptic
variability, e.g. intensification of river inflow at the
end of September and a change of the inflow from
TGR from overflow to interflow occurring around
the same period (Fig. 3b). This longerm
variability is most likely elated to precipitation and
the continuously increasingf water level in TGR.
No notable variabilityin flow was observed at a
daily time scale, i.e. in response to daily VI(Fig.

3 aandb).

The highfrequency WLFs (2 h period),
however, were accompi@a by strong periodic
flows with amplitudes up to 0.05m s* (Fig. 3c
and d). Theseeriodic flowsweresuperimposed on
the density currents and caused periodic variations
of the thickness of the river underflow as well as
frequent reversals of flow direction in the upper
layer. In accordance with the amplitisce WLFs,
also the magnitudes of flow velocity were
consistently larger at Pingyikou, compared to
Xiakou. Analysis of higkpass filtered longitudinal
flow velocities (<4 h periods) revealed that the
wave amplitude and phase weoenstant over the
entire water depth at both sité§g. S4c). Spectral
analysis of velocity variance shows a significant
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contribution of the highHrequency wave to flow
velocity variance at all depths.avlancepreserving
spectra of velocityrevealed thathe majority of
velocity variance was associated with the 2 h wave
periad at the both sampling sites in XXB (Fig.
S5b).

3.3Nature and generation mechanism of the
bay oscillation

The detailed diurnal dynamics of water level
and dischargef TGR leading to the generation of
the bay oscillation in XXB is illustrated Hig. 4

A rapid decrease or increase in dischdrgen
TGR leadsto a transient pileip or depression of
water level in front of the dam. These water level
disturbancesre only 1-2 cm in height at the dam
(cf. water level fluctuation in Zigui filtered at 4 h i
Fig. 4a) and propagate assargein the upstream
direction of TGR and XXB. The period (better
duration, because it is not periodic) of thigrgeis
~2 h. During the initiation of the wave by changing
discharge at the dam, the amplitudes of the
high-frequency WLF in XXB are comparable, or
only slightly higher than those in TGR. However,
during the following wave cycles, amplitudese
strongly amplified in XXB, while no further WLF
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occur in TGR. By the time the surge has
propagated to the upstream endXXB (0.35 i
0.37 h), the water level at the river mouth has
continued to change by typically +5 cm, which
adds to the wave amplitude and results in growing
wave amplitudes during the period of discharge
change.Persistem high-frequency bay oscillations
of variable amplitude are generated by both
increasing as well as decreasingdischargefrom
TGR. Interfering waves generated by subsequent
discharge variations & to amplification or
extinction (Fig. 4).

The uniform vertical distribution of
waveinduced flow velocity (Fig. 3d) suggests that
the 2 h oscillation in XXB represents a surface
wave, rather than an internal wave. The latter
would be supported by vertical density
stratification and characterized by opposing flows
in different layers of the ater column. With a
basin lengtiL = 34-40 km and depthl = 72-90 m,
as it was observed during the year 2048 Table
S1), the fundamental period of a basicale
surface wave (Eq. 1) varies between 1.84 and 1.94
h, which is in close agreement with obsat
periods (.85 - 1.95 h. Consistent with our
observations the amplitude of the bay wave
depends on location and increases with increasing
distance from the river mouth (Figd 2and 4). For
this oscillation, the theoreticahtio of wave heights
at the two measurement locationsad a nearly
constanwvalueof 1.19 Fig. S§. Theobservedatio
(1.48 is higher which can be attributed whanges
of channel width and deipt

4 Discussion and Conclusions

High-frequency observations of WLF and
flow velocity in a large tributary bay of TGR
revealed the ubiquitous presence of a bay
oscillation. A standing wavef fundamental mode
(Helmholtz modewith a period of 2 h is generated
by rapid discharge regulatiat Three Gorges Dam.
Although the wavenducedWLFs at the sampling
sites were considerably smaller than daily BLF
due to discharge regulation, its projected maximum
amplitude at the end of the impoundment is
expectedo be of comparable magnitude. Bayda
harbor oscillations have been extensively studied in
coastaland lakeenvironments, where they can be
generated by wind or tidef21, 22] To our
knowledge, such waves have not been observed in
reservoirs in response to discharge regulation.

The observed wave period in XXB agreed well
with a theoretical prediction based on basin
geometry and water depth (Eq. 120]). The
oscillation amplitude can be expected to depend on
the type and intensity of the initial perturbati@3].

For periodic facing, forced oscillations are
produced with amplitudes depending on friction
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and the proximity of thdorcing frequency to the
natural frequency of the systef@al]. The forcing
frequency in XXB is related to the duration of a
transient water level change TGR, and is only
indirectly related to the periodicity of daily
discharge regulation. Wave excitation can be
expected to occur also for different daily patterns
of discharge regulation at other seas@fig. S1)
andin other tributaries. Our findings stved that
the wave amplitude is mostly controlled by
superposition and inference of waves generated
during sequential changes in discharge. The
resulting temporal dynamics of wave amplitudes is
highly variable and mak predictions of wave
amplitudes at o#tr seasons and in other tribuggr
having different resonance frequencies, rather
difficult.

As an important finding, our measurements
revealed that the bay oscillation had a strong effect
on the temporal dynamics and vertical distribution
of flow velocty in the tributary. Despite the
comparably small contribution to WkFthe 2 h
bay oscillations made up the largest contribution of
velocity variance in the bay. The wave caused a
frequent reversal of the density current transporting
water from TGR into e bay and resulted in a
pulsatinginflow of the river along the bed. Because
vertical mixing is mainly driven by shear
production of turbulent kinetic energy at the
velocity gradient at the edge of the densitiven
intrusion[24], the wave can be expedtto provide
an important control on the exchange of
momentum, heat and solutes between both water
masses [18]. Former studies emphasized the
importance of the exchange flows for water quality
in XXB by demonstrating that the Yangtze River
main stream apgared to be the major contributor
of dissolved and particulate water constitug¢ag],
including heavy metalg§10] and nutrients[11].
Eutrophication and other water quality problems
reported for the tributégs along TGR are likely a
consequence of thisxchange. In fact, the upstream
sectionof XXB, where we found the largest wave
amplitudes and wavimduced velocity variations,
has been identified as ttet zone where plankton
blooms favorably develof26].

Given the dominant control of the
waveinduced currents on velocity and velocity
shear in XXB, it appears surprising that tbay
oscillations have been overlooked in the extensive
research that had been conducted at this particular
tributary. While field observations have been
limited to discrete (daily) velocity measurements
[27, 28], water leveland dischargewere mostly
specified as dailywarying boundary conditions in
most numerical modelg9, 26]. These studies
capturel the characteristics oflensity current in
tributaries, butdid not resolvethe high-frequency
bay oscillations. The detailed dynamics of
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exchange flows in a tributary of TGR in response
to reservoir discharge regulation has beealyzed
by Sha et al.,[18] using a onaimensional
hydradynamic model. They suggested that rapid
changes in discharge at Three Gorges Dam can
result in a tidal-like flushing of the tributdes
High-frequency bay oscillations that are excited by
rapid increase or decrease in discharge, however,
were notreported in hat study indicating the
importance for improving hydrodynamic models

Numerous studiesver the last decadbave
suggestedhatWLFs in TGR carbe used to control
the exchange flow between the main stream and the
tributaies and to improvewater quality in the
tributaries bays [17, 29]. However these studies
are based on simulations and observations, which
resolved seasonal or daily tirseales of discharge
variations. Our findings suggest that
high-frequency bay oscillations need to be
corsidered in the development of muitbjective
ecological scheduling strategie®r optimizing
power generation as well as upstream and
downstream flows [30]. Adaptive discharge
regulation,whichis synchronized with the phase of
previously excited bay oscillations, may provide an
efficient means for controlling vertical mixing in
tributaies for improving water quality and
combating harmful algae blooms.
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Figure S1.Examples of dailyariationof outflow at Three Gorges Dam and higass filtered (< 36 hyater

level fluctuations at six gauging stations along the reservoir at different seasons (see legend and Fig. 1 for
location of the gauging sitesd) A sharp decline and rise of outflow occurred at midnight and early morning,
respectivelywith one cyclein 24 h. b)No significant changén 24 hours. ¢) Bcharge was varied with two
cyclesin 24 hours.

Figure S2.(a) Crosscovariance of higlpass filtered (<36 h hour period) water level variations between the
neardam station (Zigui) and the upstreamdted gauging stationgersus lag time (see Fig. 1 for a map of the
stations).Symbols and vertical lines mark the respective maxiff& covariance is scaled such that the
autacovariance of water level fluctuations at Zigui is equal to 1 at zero(ladag time corresponding to the
covariance maxima of the higiass filtered water level fluctuations along TGR (&fepanel)versus distance

of the respective gauging station from the daseTable S1) Except for the first gauging statiodigui, 2.3 km
upstream of thedam), the lag time increases linearly with distance, suggesting a nearly constant speed of
propagation of the diurnal wat@vel fluctuations (see regression line and statistics in the legendldpgeis

1.15 km min* corresponding ta speed of 20 m™s The speed corresponds to the phase speed of a linear
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