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A schematic diagram illustrating the generation of internal solitary wave
lateral circulation adapted from Xie et al. (2019). Hém,is the Froude numbe
with respect to mod2 wave speed. WheRr, O 1, rcritical pateral flows
generate a mode lee wave at the edge of the deep channel (a). When 1 as
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(&) Schematic of the numerical model domain consisting of a straight est
channel and a shelf. (b) Creslsannel section featuring a triangutdraped dee|
channel and flat shallow shealThe black dashed lines mark the location of
A, site B and site C (shown in Fig. 2.3) respectively.

(a) Time series of sectionally averaged tidal velocity and deypthaged laterz
velocity in the bottom layer for run 13 with= 0.8 m andJ, = 0.03 m/s. Vertica
lines indicate the timing of the six creskannel snapshots shown below. 1
grey shaded region represents flood tide and the yellow shaded region reg
ebb tide. (bXd), (h)(j) Distributions of salinity (cordurs), velocity vectors
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at times TAT6 marked in (a). Contour intervals are at 1 psu incrementgg)e
(k)-(m) Crosschannel distribution of Froude number; andFr,at T1-T6. The
solid lines indicate rightward bottom flows and the dashed lines indicate lef
bottom flows. The vertical dashed lines in-(b)) mark the location of th
channelshoal interface.

(a)(c) Time depth distributions of the saliyi (contours) and vertical velocit
(color) at sites A, B, and C in thenid-estuary crossection (their location:
marked in Fig. 1b). The magenta contours highlight the internal waves.

(a)(c) The vertical structure of the vertical velocaitgrmalized by its maximun
value (blue), modd st r uct ury@) (greanh) eand imode stracture
f unctyz)dred) ai times T7 and T8 (marked in Fig. 2.3) and sites A a
respectively.

(a)(c) Time series of sectionally averageraichannel velocity (blue) an
mode2 Froude numbéfr; (red) at the left channahoal interface in the uppel
mid- and lowerestuary crossections (their locations marked in Fig. 2.8)-(3)
Snapshots of lateral velocity (color) and salinity distiln (contours) at thes
sections [here timing marked as the dotted black lines i{c){h) Contour
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and 1 psu in (bjd). The snapshots are taken at the time whenat the left
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(a) The stratification at the left chanrsloal interface and (b) the internal |
wave phase speed as a function of river dischidrg¥alues are calculated at tl
mid-estuary sections from the model runs featuring imewaves (runs -15,
17-19).

(a)}(d) Snapshots of croshannel distributions of timaveraged viscositK,
during the ebb tide (background color), salinity (contours), and lateral ve
(arrows) at the migestuary section in model rumsth different tidal amplitude:
but fixed river discharge (runs 7, 12, 17, 22). Contour interval is 0.5 psu.

The maximum bottom lateral velocity as a function of tidal velocity at the es
mo u t.. Walugs are calculated at the rastuary sections from the model ru
featuring internal waves (runslb, 1719).

(a) Time series of sectionalpveraged tidal velocity and depdlreraged laterz
velocity in the bottom layer for run 17 with= 1.1 m andJ, = 0.01 m/s. (b)d)

Distributions of salinity (contours) and velocity vectors (arrows) at the

estuary crossection at times T1Z14 markel in (a). Contour intervals are at C
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Crosschannel distribution of Froude numidar, andFr,at T12T14.

(a) Time series of sectionally averaged tidal velocity dapthaveraged latere
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Distributions of salinity (contours) and velocity vectors (arrows) at the
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runs featuring internal waves. The black dashed line in (b) is a linear difftor
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indicates the approximate influence of sprimegpp tidal variation, river flov
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(a) Schematic of the numerical model domain consisting of a straight est
channel and a shelf. The red rectangle denotes a child domain with
resolution. (b) Schematic of the nested model domains. The magenta re:
denotes thehild domain of 2.5 m resolution. (c) Creslsannel section featurin
a channekhoal bathymetry at mi€@hesapeake Bay.

(a) Time series of the deptlveraged alonghannel velocity and lateral veloci
in the bottom layer at the chanreflaal interface. The dashed vertical lin
indicate the timing of the croshannel snapshots shown in-(d) and in Figs.
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the velocity vectors (arrows) at a megdtuary crossection. Contour intervals ai
at 0.5 psu increments. The magenta dashed line i(d)bparks the location ¢
the channekhoal interface where the moeg@d-roude numbers (Bris calculated.

Distributions of salinity (contour lines) and the vertical velogitycolor) at the
mid-estuary crossection at T35 marked in Fig3.2a. Contour intervals are .
0.2 psu increments. The purple arrow line marks the phaselithe lee wave
and the magenta arrow line marks the propagation of maxwwfrom T3-T5.

Snapshots of (d) the lateral velocity (color) and salinity (contour);hjethe
vertical velocity (color) and salinity (contour);lfithe nonlirearity coefficientU
and dispersion coefficierfi in the KdV equation, and (ip) the model phase
speedc; at TS T8 marked in Fig3.2a. Contour intervals of salinity are at 0.5
increments.

Snapshots of the vertical velocity (color) and salinity (contatf8T12 marked
in Fig. 3.2a. Contour intervals of salinity are at 0.5 psu increments. The |
contour in (a) marks the isopycnal tracked in Bi§. The magenta dashed line
(d) marks the location of the time series shown in Eig.

Hovmdler diagram for isopycnal displacement of 9 psu marked in Eipa. In
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Chapter 1: Introduction



Nonlinear internal waves are widely observed in the stratified coastal ocean and play an
importantrole in generating turbulent mixing and transporting biochemically important materials.
The conversion of barotropic tidal energy to internal waves is now generally accepted as a major
source for mixing in the ocean (Munk and Wunsch 19B®wever, in shabw coastal plain
estuaries, turbulence has been mostly attributed to boundary layer turbulence (Geyer and
MacCready 2014) and internal waves have not attracted much attention (Wang T2086).
introduction chapter reviewie basic concepts of internal wes andcurrentresearchadvances
on internal waves ishallowestuariesas well as drivers of shetérm variability of pH in coastal

oceanandproposes the motivation and objectwé this dissertation.

1.1 Generation ofnternal lee wave in estuarge

Internal lee waves are waves forced by flow over an obstacle (e.g., a mountain range in the
atmosphere, sea floor topography in the ocean) in a stably stratified fluid. They are observed in
the lee (i.e., downstream) eofwatviees 0t q hLdbgyrga p2h0y2,
ocean, internal lee waves generateditwys overrough topography can extraehergyfrom the
mean flowsand produce turbulent mixinghen they breakMacKinnonetal. 2017). Therefore
lee waves play an important role in tiggobal energy bugket and mixing tracers across density

interfacedn the stratified oceaimterior (Nikurashin and Ferrari 201Melet et al. 2014)

In the atmosphere and deep ocean, forcings such asslzalpejets arslowly varyingand
regarded as stey flows. Thegeneration of interndée wave by steady flove mainly controlled
by the lee wave Froude numbeXWU, where N is buoyancy frequencyN¢ represents

stratification), h is topographic heiglatndU is flow velocity (Legg2021) WhenNhU << 1, lee



waves are lineawith upward energy flux WhenNhWU > 1, the mean flow is not energetic
enough to move fluid parcels over the topography and blocking will occur on the upstream side
of the topographyThe generated wave amplitude and wavelergfththe lee sideof the
topography will be reduced due to blocking. Meanwhile, a hydraulic jump could form

downstream with strong mixing (Winters 2016).

In addition tosteady geostrophic flowee waves can also be generabgdoscillating tidal
flow in coastaregions and submarine ocean ridgBse tidal flowgiven byU = Ugcos(r } can
excite both internal waves at the tidal forcing frequemndynternal tides) and transient internal
lee wavest frequencyof Uk wherek = 2" /L andL is the horizontal lengthcale of the obstacle
(Bell 1975; Nakamura et al. 2000). Rdsk/r << 1,the generated internal waves are dominant
by internal tides whereadee waves will domiate if Ugk/y >> 1 (Garrett and Kunz007;
Mohri et al. 201). The control of lee wave Froude umberNWUy is also @plicablein the
oscillatingcondition Observations at the Knightlet revealed a rich variety afternal lee wave
structures under differerdtratification and tidal conditionsincluding model wave, mode
wave, and hydraulic jupi(Farmer and Smith 1980further observations indicatielally driven
hydraulic jumps are locations of enhanced mixXiklymak andGregg 2003Klymak et al. 2008

LeggandKlymak 2008.

Despite lack oimuchattention, several previous observations dhd finternal lee waves in
shallow estuaries.Early measurements irthe patially mixed Rotterdam Waterway estuary
observedinternal lee waves trapped ovendular bottom topographyHRietrzaket al. 1991).

Surveys inTamar Estuaryalso foundan internal leevave generated by tidal flovever a bed



depressiorandthe distation of the thermocline by thiaternal lee wavevas thought to enhance
the local vertical mixing(Sturley and Dyer 1992) ater observations in Hudson River directly
observecenhanced turlant dissipatiorates as well as internal lee wavaboveatrench (Peters
1999).However, Peters (1999) thougthte enhancenm¢ was not large enough to significantly
affect spatial averagaa mixing over the larger surroundingb contrast, ging an i@alized
model with estuarine stratification and water depth, Wang (2006) atgladdiow-topography
interaction couldean importantnergy source fdnalocline mixing inpartially mixed estuaries
Different from former alonghannel observationsgcen high-resolution CTD surveyacross a
crosschannel section in Chesapeake Bay captured an internal leeowavine edge of the deep
channel, suggesting lateral circulation interacting with chasimehl bathymetry could also
generatdee waves (Xie etla2017b).In the following study Xie and Li (2019) used a realistic
model of Chesapeake Bay teproducethe internal lee waves observed during the field
experiment. Howeverit remains unknown what river flow and tidal current conditians
conducive ¢ theinternal lee wavegeneration and whether the mechanism is applicabke to

generic coastal plain estuary.

Former studies on lee wave generation in the ocean focused on the interaction between flow
and sill whereasvalley-like topographiesrealso @mmonin estuariesExperimentssuggested
the behavior of flownteracting witha valley could be different from a silf.the valley isfilled
with stagnant heavy flujdas flow moves downstream, the isopycnals in the vailey tilt
upward in the downigeam directiongeneratinga baroclinic forcing to oppose the downstream
movement (Baines 1995Ximilar phenomena have been observed and simulated in the

atmosphere thawind flows go directly across a stratifiegtalley or craterwith stagnantwalley-



flows decoupled from the flogvaloft (Holden et al. 2000; Lehner et al. 20Eotunno and
Lehner2016. However, as oceanic scenario differs strongly from these atmospheric studies,

how tidally driven flow interacts with valleyke deep channes unknown

1.2 Generation and evolution of internal solitary wave

Internal solitary wavesre humpshaped nonlinear and nonhydrostatic gravity waves that
propagate horizontally along pycnocline in the stratified ocean (Bourgault et al. P@bpjte
the namefisolitaryo, they are usually composed of several oscillations confined to a limited
region of space as a wave packet (or wave trBiffiferent from lee waves that do not propagate
far away from their generation sitagsfernal solitary waves caaven propagatehundreds of
kilometersin the coastal oceans and marginal s@agy play an important role in generating
turbulent mixing, modulating shetérm variability of nearshore ecosystem, and transporting

sediment and biochemical materials (Lamb 2014; Woodso8; BalegmarandStastna2019).

A few of dbservationsalso recordedinternal solitary waves inshallow estuaries. Echo
sounding surveys across a crgsstion in a partial mixed estuary, Southampton Water, showed
internal isopycnal oscillations with a waperiod of 4- 8 min and wavelength of 60 120 m
(Dyer 1982).0Observatios in Tees estuary also captured propagating internal solitary waves as
well as intense mixingNew et al. 1986New et al. 1987)High-frequencymeasurements a
salt wedge estuaryfraser Estuary, revealedsmallscale internal solitary waves and shear
instabilities associated with mixingt the haloclingGeyer and Smith 1987High-resolution
echosoundebasedsurveys inSaint JohrRiver Estuaryalso found internal solitary wavegth

enhanced idpycnal mixing (Delpeche et al. 20)0 Using moored current measurements,



Groeskamp et al. (2011) observed nonlinear internal solitary waves in the highly energetic
Marsdiep channel. In Chesapeake Bay, early observations using thermistoslobaied high
frequency internal waves with large isotherm displacements (Sarabun and DubbelL&890).
observations foundhigh-frequency variability ofdissolved oxygen and salinity, which was
thought to be associated with internal solitary waiamn{od et al. 1990 Recent observation
found internal solitary waves on tlsballowshoalwith energy dissipation rate in the pycnocline
reacling 1x10™* m? s* during thepassage, three orders of magnitude larger than the background
value (Xie et al. 2017aie et al. 201B). In general internal solitary wave have a wavelength

of O(10) m and a period of O(1) min shallow estuarieand are intermittent in timeThey
could affect mixing in the halocline and hiflequency variability of chemical tracers
estuaries but are hard to be captured withoutladicated observational prograand thus often

overlooked.

Multiple mechanisms have begmoposedto interpretthe generation of internal solitary
waves in the coastal ocean. For example, supercritical fioll can generate a legave
depression on the lee side of a ridge which then propagates upstream and evolves into a train of
internal solitary wavess the tidal flow slackensyvhichisk nown as the fdl ee wav
(Maxworthy 1979). Another generati mechanism involves the disintegration of an upstream
propagating interndhydraulic jump For example, at an entrance to the Knight Inlet, superficial
tidal flows were observed to generate an undular bore or internal hydraulic jump upstream of the
sill crest. This jumplike structure subsequently propagates upstream and disperses into a packet
of internal solitary wavegCummins et al 2003; Cummins et al 2006). In additiorflow-

topography interactiorinternal solitary wavesan also originate from aver plume that flows



as a gravity current into the coastal ocean, generating horizontal flow convergence at the plume
front and vertical displacement downward of rearface waters (Nash and Moum 2005). In
coastal plain estuaries, complex hydrodynaming #opography add to the difficulties in
identifying the generation sites and mechanisohshe internal solitary waveendhypotheses$or
different cases argrcumstantialFor examplethe origin of the internal solitary wavesGeyer
and Smith(1987 was though tacorrespond t@ point ofchannel constrictionNew and Dyer
(1987) argued the laterablitary wavesn Southampton Watevere generatelly interaction of
surface seiches with estuarine topogragbripeskamp et al. (201%peculated thiateral solitary
waves in Marsdiep channebriginated from the lateralintrusion of freshwater plumeln
Chesapeake Bayie et al. (2017ahttributedinternal solitary waves on the shdal a wind-
drivengravity current, whereas Xie et al. (2017b) hypothesiatinal solitary waves in another
case vere evolved from an internal lee wave generated by latelation interacting with
channelshoal bathymetry. None of tlse hypotheseshave beenconfirmed by either further

observation or model simulation.

Once internal solitary waves argeneratedthey will experience nonlinear evolution and
dissipation duringpropagationdue to the varying topographyurrents, and stratification
(Helfrich and Melville 2006) For examplein a twalayer system when thedersity interface
locates above the mudepth, aninternal solitary waveends to exist as a depression wave
(downwarddisplacement and contrarily as a wave of elevatiupward displacementyhen the
density interface is closer the bottom(Scotti et al.2008. The phenomenorthat an internal
solitary wavetransforns from a depressionn the deeper regioto an elevationentering a

shallower regiorhas been widely observed in the coastal o¢gnmak and Moum 2003; Scotti



and Pineda 2004; Bourgault et aD07).The shape of a nonlinear internal waveaitected by
thebalance betweenonlinear steepeningnd dispersion (Lamb 2014hoalinginternal solitary
waves will break by strong overturning on a steep slope, whereas on a gentlesistahag
solitary wave canfission into a train of much shorter wavessboluses propagatinglong the
bottom (Vlasenko and HutteP002 Aghsaee et al. 201@innett et al. 2022 In coastal plain
estuaries, stratification changes over a tidal cycle, which means waldi@ is not only
subject to spatial variability but also temporal variability. Hmternal solitary wavegvolve

under such complicategstuarineenvironmentis poorly understood.

1.3 Drivers of shortterm variability in coastal pH

Ocean acidificatin (OA), a consegence of oceanic uptake ioicreasing anthropogenic GO
is an important stressoon marine ecosysterilow acidification will affectmarineorganisns in
coastalhabitats is more difficult tgredict as coastatarbonate chemistris highly variable
(Waldbusserand Salisbury 2014) Monitoring of pH at coastahabitats shows diurnal pH
changesare much greater than the prezxled pH declingn theopen ocean within the next 100
years(O6 Bo y | €018 Baunahnand Smith 2018. Hofman et al.(2011) analyzed high
resolution time series afurfacepH over a variety of systems froooastalto coral reef and
found diel pH fluctuations range from €114, depending on th&cal tanperature, metabolism,
andtotal alkalinity (TA). The rangeof the diurnal variability alsovaries seasonally witlarger
valuein summernWoottonet al. 2008 Baumanret al. 2015)Moreover, nodel predictionsfor a
seagrass habitat showettreasinganthropogenic carbowould reducethe systemability to

buffer natural extemes inpH, leadingto amplification of extremky low pH eventsin future



(Pacellaet al. 208B). Those extreme events in pH have been recognized as an important stressor

on marine organisms such as bivalvwdayri et al.2013; Harris et al. 2013).

The durnal variability of pH is mostly attributed to the diel pattern in photosynthesis and
respiration:pH increases aphotosynthesigakes up CQ over the day, and then declines
respirationreplenish C@during thenight (Woottonet al. 2008 Hofmanetal 201 1 ; O6Boyl
al. 2013 Saderne et al. 201Baumannet al. 2015 Akhand et al. 2016Baumann and Smith
2018 Pacellaet al. 2018 Reum et al. (2014) argued diel vertical migratetsosemovement
can perturb stratified waterould be another drivern fjord estuariess they live in the deep
water during the day and migrate ttee nearsurface wateat night. In addition to biological
drivers, physical processes can also drivesti@tterm variability in pHandpCQO,. As oceaic
water typically hasa lower DIC/TA ratio than riverine watertidal advectionin estuariesan
drive pH variability atsemtdiurnal or diurnal frequencwith high pH, lowpCO, during flood
tides and low pH, higlpCO, during ebb tidesRibasRibas etal. 2013 Akhand et al. 208;
McCutcheon et al. 2021Sims et al. 2022 Baumannet al. (2015) noticed the overlapping of
tidally driven variability and dieimetabolism cycle can lead to extreme pH values in a tidal salt
marsh. Besides,Dai et al. (2009) found temperature was thejomalriver of the diurnal
variability in surfacepCQO, in the oligotrophic regions in the South China Séaother
observation in the northern South China Sea argued internal waves generated by tidal currents
interacting with bottom topograplopuld be andter driver, as they camansport nutrienteplete
subsurface water intthe euphotic zone, stimulatinghytoplankton productiorand lowering
surfacepCQO, (Tai et al. 2020)Moreover, observations at a urbanized estubydson River,

foundland sea tempeture gradierstbuilt up on warm days @uld drive sea breezeand diurnal



wind cycles, which enhanag surfaceturbulent mixing angpCO, by a factor of 10100 in the
mid-afternoonof a day(Ortonet al. 201Q. In a longereventtime scale(days to weeks)wind-

driven upwelling can transport high nutrient and low pH water from the bottom to the surface in
the coastal regio(DeGrandpreet al. 1998Gagoet al. 2003 Saderneet al. 2013. Whether the
upwelling would elevate or lower surface pH depends on thempetition between flow
advection and enhanced primary produc{@Ghereshand Fiechte2020) Extremeheat events or
marine heawvaves could alstead tolow pH eventf several days to weelas estuarine habitats
(Tassoneet al. 2022).In addition, obsevations inthe turbid Hudson Riversuggestedstrong
springneap tidal cycleould drivea fortnight variability of surfaceCO, with high value during

the spring tide and low value during the neap (leully et al. 2022)

Previousstudieson shoriterm variability of pH focused orsurface pH orshallow welt
mixed coastal watern many stratified estuaries with high turbidityprimary production is
confinedin the surface layer and net respiration prevails in the bottom Eyeo dielmetabolic
cycle existsin the bottom wate(Carstensert al. 2003;Testa et al. 2012}t raises a question
whether highfrequency variability of pHalso existsn the bottom water and what drivers should
be responsible for the variabilitChesapeake Bayasa largepatially stratified estuary with
relatively low buffer capacity (Cai et al., 20173 an ideal study site taddress the question
Recent observations in Chesapeake Bay found pH and syp@Og to have large spatial
gradients. The pH rangdroma minimumvalue of 7.1 in the upper Bay and the bottom waters
of the mid Bayto a maximum value as high as 8.5 at in the surface waters of in the mid and
lower Bay (Brodeur et al., 2019CO, also displays a strong alommppannel gradient from the

e st uar y insuthlreswdtidg irt oatgassing in the upper Bayk of atmospheric C@in the
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mid Bay, and neaequilibrium conditims in the lower Bay (Chen et al. 2020; Friedman et al.
2020).Due to stratification and biological processes that consumeiibtBe surfae euphotic
layer and produce DIGn the bottom layey strong vertical gradient$iDIC and pHdevelops
(Cai et al., 2011, 2017)These strong horizontal andrtieal gradients makeéhe carbonate
systemsusceptike to disruptions from physicdbrcing. Observations from a moored sensor
showed high frequencydaysweeks) fluctuations of surface pH and pCO, driven by a
combinationof physical and biologal processes (Shadwick et aD19). However, thesingle
sensorcannotidentify which physical processese responsible fothe variability. Another
measuremertf pCO, and salinity at crosschannel transect in thaid Bay showedvind could
drive lateral variatios in surface pCO, (Huang et al. 2019).Coupled hydrodynamic
biogeochemicatarbonate chemistrymodels (ROMSRCA-CC) have been developetbr
Chesapeake Bay (Shen et ap19. A hindcast simulation suggested windriven lateral
upwelling could transport low pH water from theegechannel to the shallow shphdrmingthe
oysterhabitats(Li et al. 2®0). These studies all focused on surface pH and @0 the shar
term variability of bottom pHn the deep channekemain unclearln addition, wind-driven
lateral exchange of oxygen between weedi/genated shallow shoals and hypoxic deep chasnel
thought to be anmportantmechanism for ventilation of bottom oxygen (Scully 2010, 2016)
CO, dynamics often mirror @dynamics, since the production and consumption of DIC and O
are affected by common biological processes and all chemical tracers areddvetiffused by
the same physical processeéfowever, surfacewater pCQ adjustsmore slowly than O, and
rarely reaches equilibrium with respect to the atmosplp€ia, (Cai et al. 2021). Thusyhether
the wind-driven lateral ventilation mechanism is gpicable to bottom pH requires further

examination.
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1.4 Dissertationobjectives and layout

This dissertation mainly surrounds timéernal wave generation mechanipnoposed byie
et al. (2017b)in which an internal lee wave is generated over the flamtkeodeep channel when
tidally-driven lateral currents become supercritical and the lee wave subsequently propagates
toward the shallow shoal, evolving into a train of solitary wggeswn as Fig. 1.1Based on
the unknowns mentioned in the sectionsvaydhe mainobjectivesof this dissertation areo
identify what river flow and tidal current conditiorase conducive to thdee wavegeneration
and how the lee wave evolves into the internal solitary wawvasgeneric coastal plain estuary
Another obgctive is to investigate the drivers of the sHertn variability of bottom pH in
Chesapeake Bawsing observationdata from a mooring sensor and coupled physical

biochemical models.

Fry21 Fry<1 Fr<1

Figure 1.1 A schematic diagram illustrating the generation of intesoétary waves by
lateral circulatioradapted fronXie et al.(2019). Here,Fr. is the Froude number with respect to
mode2 wave speedVhenFr,O 1, supercritical <Redawaveatlthef | ows
edge of the deep chanr{a). WhenFr, < 1 & lateral flows weaken, the lee wave propagates
onto the shoakvolving into a modd. elevation wave (b). The elevation wave subsequently
evolves into a train of internal solitary waves (c).
The dissertation is organized as follows. Chaptemnv2stigatesunder whatriver flow and
tidal current conditions the internal lee waves could be genebstddteral circulationin a
genericcoastal plainestuary Chapter 3interpretsthe generation and evolutigorocesseof
internal solitary waves associated with lateral procedseshapter 4shortterm variabilityand

ventilation of bottom pH in Chesapeake Bay is studied dlyservationand model simiation.
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The final chapter summazes the overall findingand suggestthe future workto improve the

knowledge on nonlinear internal waves and stewnvariability of pH in estuaries.
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2 AMbstract

Rectenobservations i n Chesapeake Bay showed
circul ati omnhaald kaitamyymdt ry generated internal
what hydrodynamic conditions the |l eestwaveghtc
channel representative of a <coast al pl ain e
investigate internal wave generation over a r
that the | ee waves can biemegenienr aadnre de satcu aorsys. as

currents are relatively weak and usua2llyesubc
waves are most prevalent but a hydraulic | umy
flows in therddepic@ahngh, energy dissipation
stratified flows over a sill, stratified wat

uncoupled from the f I|-lowke parbeosvsei osnu cvha vteh acta na fnoo

watefrumn. With the | ee wave Froude number wel
bet ween the inertial and buoyancy frequency,
are nonlinear |l ee waves with theflwhe¥iea mphe tu
maxi mum | ater alOifsl otwh evedwecrigagedanmdubyandgepreh
The model results are summarized using the

freshwat er Fraonudd et hneu nme extd. nhodoepcarreaams e s wWHyabB 1 ncr

stronger stratification suppresses w&ayesp and

>

tially i ncr éaasse st hwei tlhatienrcarle afslionvgs b ec ome s

(@]
c
—

rent sasebsutordescarteur at es Mfwra heer it micmeamsmpbki t |

study suggests that internal |l ee waves can be
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2.2 I ntroduction

Nonlinear internal waves are widely observed in the stratidmastal ocean and play an
important role in generating turbulent mixing and transporting biochemically important materials.
The conversion of barotropigehedatbkgaeagmaijtaor
source for mixinkg aind tWu elnscordrastlirtedr@/yaves in estuaries
have not attracted much attention (Wang 2006), except for flows over sills at the entrance to deep
fords (e.g. Farmer and Armi 1999; Cummins et al. 20B3;e gg and) aRdrimmdeep 2010
estuaies (e.ggBour gaul t a n @ouriaalt dt al.y2002; REiRards et al. 2013). In
shallow coastal plain estuaries, turbulence has been mostly attributed to boundary layer
turbulence (Geyer and MacCready 2014). Dissipation by bottom friction is assanbedthe

dominant sink for the barotropic tidal energy, and most studies have focused on the bottom

dissipation.

Sever al previous observations however did f
Echoundi ng sur vesyesctd apreorsiism aah cmioxsesd estuary, $
showed internal i sopycnal o-Bc inilnat (i Dyeri wija &h2)
moored current measurement s, Groeskamp et al

waves in the hiddtlllpy cdhhrmemegdt. i ci nMdrdsesapiabge Ba
t her mi stschrowe lkdfaihsiqgurency i nternal waves with |
(Sarabun and Dubbel 1990) endRregyenti sWiseatvina n o
pycnocl i nleltmesddbhreidnd t he passage toirdentemrdcdads
magni tude | arger than t he abSaakogirgo ummidx i vnagl uhea s(

associated with the passage of I nt*tr wrallaenwa v e ¢
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Dyer )19%2Dr ienxtaempnlael, waves generated by tidal

River estuary produced enhanced turbul ent di

observations suggest t hat i nttewrnbad| ewa v ensi xd anrg
stratified estuaries, but mechani sms for I nt e
Neither is it known how prevalent internal wa

Based on high resolutiomnmr é&mept s-batyt rsee cami dd nv e
Chesapeake Baybh) Xpreopeotseal .a (mellh7ani sm in whic
generated over the flank -orfi vtehne Idaeteepr ad h acnunrer

supercritical and thepalgae ewayt ® waydls @ ldweicasd laiy A (@

train of solitary waves. To test the first pa
model of Chesapeake Bay to simulate the i nt
experi meontf iameédcthe mechanism of |l ee wave g
However, this study did not identify hydrody

fl ows are conducive to generating therirmderna

fl ow and tidal current conditions imnhat gtemeri
coast al pl ain estuary.
Obser vatt itomes Kni ght I nl et revealed a rich v

jump structures wunnddert iddalf eaceemdi triiovresr (fH aorwmear
typical summer conditions the tidal flow 1is
supercritical with respect®2 teehiwgiver omodesnp.

fl ows becaoameasupmern dhrirespect to all modes, h o
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upstream flow to an accelerating supercriticeé
jump (Farmer and Ar mi 1999) . FIl ow intdeaption
channel in a coast al pl ain estuary could be d
model ing studies of atmospheric fl owsfbowr a
stagnati on, |l ee waves, iuntier nalmgpwag v evihb tceha kl i h
from fl ows over a hil!/ (Rotunno and Lehner 2
studies are needed to document possible range
produced by tWweenntbeadtat@emabett| ows and the
Mooe&er, coast al pl ain estuaries are much sha
bottom friction and turbul ent mi Xi ng gener at e

generoaft itohne i nter nal |l ee waves.

In this study an idealizedsBbBoahi ght hemeuray i

examine the generation of internal |l ee waves
conditions. The pdmpews.i d nstsrecdti omed2.8s ftdle

numeri cal experiments are described as well a
| ee wave generation. Section 2.4 presents a

| ater aénevraavtei gn i n a coast al pl ain estuary. I
range of river flows and tidal forcing condit
internal hydraulics. The model rescki2e.n6ar e s
Concluding remar kKs.7are made in section

2.3 Met hods

18



2. Model descriptions and numerical experiment

The Regional Ocean Modeling System (ROMS)
ideali zed straight estuananne $sthhalnfg ed yXSltdaghme (nfFoic
foll dlwitm@and and Geyer (2004), Cheng et al . (2
part of the model domain is a strai-ghhanrcehlann
direction. Thre |Ichmagnnel diasmp7 Soutk ti des before t
and the width of the <ch-ahaphel sseaseti-odno ahBa sk nz
bat hymetry consisting of a triangular deep ch
(FR1hbh) The shoalD= s1010m)m dleheepl) r(eolfa ttihvee ddeeempt hc h(a
m and tHhe iws$ dehkif. The continental s lehlefl fi s
sl ope of 0. 05 %. The tot al mo disve sttoharechasesn 2.
cell s iisotuhédh rmaormrtelct i on, and 20 | ayers in the
has 200 gri d-cchealnlnseli nditrheectalocmngautdhahsbegr iddr eel
The alhamnel greiakd esi zzex piomenti al 1ly0 fm)omt a¢ hiet s st
(12 km), providing a highly resolved estuar
experiments condud¢lLt)ed,detfhen eaeds tassa rtyh el edn gstthanc e
thetweam | ocation where the vertically averag
creshsannel grid in the estwuary is wuniformly d

di scretized.
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The model is forced by tides at the offshore
upstream (western) end of the estuarine <char
boundary conditi on -dweriangpeods evde | oonc iittvyeer dwhgett dir n f
prescribed to have zero salinity. To simplify
with the period of 12 h. The salinitoyeafi t he
boundary is treated witadcea edheavpantainong o nad i Eli aatnl
barotropic velotypg, raddatho®rtandkiion for b
(Marchesiello et al. 2001). A gquadratic stres
boundary alraytehrmiics wiotgh a roughness height of O

1. 0friadd. s

The vertical eddy vVviscosity k&kndurdiufl feinsiev ictlyc

scheme (Warner et al. 2005) wiittly tstEan’sthd amkid ridu
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this c¢closure scheme, kanhde tturrbbwll edratt elke nadett i lcsadean
solving two progamndlt i Theeguatyavdsetbdy tgarkd usi v
then given by

0 WU@Y 1,0  WUCHEY T, P
wheoanoartthe backdgdyouwdscosit $ByaanrBdarda fs$uabwvi i
functions that descri beattihoen e(fKaenctthda9 8afimds hCel aary

ener gy driadtse patlusarnnat e d

~ ~
g

R ® Qa, cg
whebemu®We al so conduct edekbadkel t urrubnusl enscien ge | tc

schemes and found al most i denti cal resul t s.

The model was initializedndavi @ahumiof ®@iSmwsailai i
To simplify, temperature is wunifiomen. aVeirgagher
ampl i(dofieladd ma sectional I(Y) odv er. ®Pendndreil v ewra sf |
run for 3@@cdastseqaudays het astad.i ni ty di st rtithaurt i on
used as the initial s aollil noiwti yn gceonymra etriiimenan lti sn.  eRae
obtained at the quasi steady state, during wh

nocthange with time (after 120 or smarhgrsea sdays
A total ofun24 wmodelconducted over a range

amplitudes to investigate the generation of

ideali zed 23%Tuary (Tabl e
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the phase itsipemade foft hient ernalci wavesua.ndTiby plods

foll owi nuge epirgoebnlvéag 2( Gi | |

dZF(z)+ N?( z)
dZ ¢

F(2)=0 (24)

with the bound@)yhrcal@®@iuo@hemse t he modal functi
vel oltiist yt, he watNez) diept hh aunednucoyy.a nTchye fRreoqude nun
widely wused in previous studpographyni et ealbc

VI asenkR®d 18tdaalS.i2lo&d et al

A meldel ee wave c&np> dleven do pt ywphiecnal | y efveaattiuorne s
in i sopycrallsee Avawoed ec Fp>dévahdp twpewcal |y fea
i sopycnals. An inheohwéeshgdrabluptjumppycnal

supercritical to subcritical fl ows.

2.l4t er al ewaavtei ogne n

24 .Generation and propagation of internal | ee
We first present a detailed case study of
estuarine channel ,d=wi.t8amthe i Wed aOF. |0&wpdi Gsh ude
Tab2le) . The esltjuargs |l eeagitmed by the | ocation
i sohaline in the along cédatnhnaedsyesarddgbsBbo ms ich ok4
to investigate the wa¥we2ag esnheovasteirtomees ptroid messesc.t i
aver agechaanlneng ti dal -aveelroacgietdy laantde rchd p tfhh ow ve
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The | ater al fl owlsoalt et hackefteachanhdaledlkn gs g e

ebb tide.

Snapshots of | ateral cCircul setsitamrgeadctrioansi an e
shown in Fig<clB3dcRwi dAecbaneeal circulation (I
during the ebdtd)ti Ae (FegsmaxiBmidimsebh!| t ndedilTdp
appear over t hkepgp<dele pf Fallgsan 1. A2tbnd2, wave pertu
amplitude starts to be gener @i edasouvédre V lnd elr af
become criticaishaalthetkee&@ddhéMhen. the2dott
fl ows become supeamplttodke Bbhtd@Bnala wWa®g@ewi th

bul ge structureiappandsi at alt22@)st eBuclhse gse nt2l 2,

tide subsides and the | ateral currents weaker
(Fi g. 2.2k), the | ee wave propagates upward a
(Fig. 2.2h). Meanwhil e, the trailing edge of

of a -lmoedleevati on wave is formed at tedeear

nonlinear processes which becshmael lionwenrtwat em:
1994). At T5, the tidal flow switches to the
destroys the wave depression (Fig. 2.2i1) . At

di sappears (Fig. 2.2j).
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the timing -ohahhel ssnmagslhetss shown ppelecw.nt Bhe
flood tide and the yellow shh)ded(h)Pgsoni betpir
salinity (contours), velocity vectors (-arrows
estuarsyecctrioosns d6 mam&edhtowmuf(a) nt €rvals are at
(e)g) s( m) k)erhaans el di stri butFiftandsaft -HGlouTlee n s olb i
l ines indicate rightward bottom fl ows and the
vertical da¥mepdmadrhkeshenl|l ¢-shoabni otethacehann
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The "deméh dscftrtithetvemnwi caanld wellaciittyy (at t hr
mi-est uarsye ccfriboshshert heé lursapagati on and evolutio
Fig. 2.3). Site A is on the left fl ankhodl t he
interface; and site C is farther | eft on the
2.3a show wmawemdat sitesA~ Dhea8wawévepeedtihe ¢
flow, while the | aterat fHemw evelheciwmawei § sup rt
about 1.5 hours due to opposing | ateral curre
Fromt a3, e | ateral vel ocittoy 0draonpds tfhreonm sOwi1tOc hne s
0.04) mssch that the background flow changes f
to assisting it. It Lamwaveaboutt A htvee dsif trd onB s 4
di stance), at a 'mFamg.sped8b)widdbeemams snbmom 1.
at site Alatto s0.t® mm dt takes another hour for
on the shoal (Figropagates Thpwavad edad ismg t hi s
and 2.3c). Thewteai emasmme v adto ediotBe m@, swhich i s

of magnitude smaller than that at site A, sig
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Site A T7 w1 0—3

Depth [m]
Vertical velocity
[m/s]

5 10 15 20 25 30 35 40 45
Time after ebb slack [h]

FigkBeal)c) idemeh distributions of the salini
(color) at sit mbs-@ At uadBrsyeaatrdoos@s i(m hehe | ocati ons
The magenta contours highlight the internal w

Figures 2h®&w aindohal3i nse pattdr man dr2emmMdreiessc. e nTto
guafnyt it he wave ,moaamodcddlrudéeacomposition was p
velocity at sites A and C. Contribution of eec¢

| easatr essqupr obl @ pBGNash et al
0 a wB q, ¢®

wheWwe s it hhe modal ampl itudw @f ivse htt hrzoadle vsetlroucci
function and M medeédveantuanbreled oAt omi equ-At aod |
explains 45% of the total -Yeexiptal nsell@éi t(y
indicating a2 deaw@aaocobnsmioseent with the bul ge
patteln3&8d)Fi gAt sl tet rCycttithree moxdei2zaisng ueQ@ % rwhielx

24% (Fi g. 2.4Db) , i ndilc antaivheg cao nprn esd emit n aamitt hmot
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pattern seen in the tiheohalei nwa v(eRi3 gsda2baedncc)i. h yHrea

mi xXtur e-lorfd maleeees but with one mode dominati:-

T7 Site A T8 Site C
0(a) ‘ 0((b) !
-2
2
-4
E 4 4
£
&
a -8 Y
-10
-8
-12
-14 -10

1

?(2)

Figer@a)c) The vertical structure of the ver
value (b-lusjruobdge)f mateie®dn sandctmagde )f ( metdi) o
at tvare®B( Mar ked .i3narFfd gsites A and C respective

I n contrast to the ebb tide, no internal | €
strong bottom boundary mixing over stthet oritghda
surface (Fi gBespa.t2ei té&he2.sZjr)oong | atrwéasd rbght o

¢ h a assnheola | inseradatckication in the bottom water

is too weak GEHicCHh. thatr nios sadwecactiecdf wamet he

channel. Consequently, the flood tide is not
|l ee wave is geabbatedabveywychefl ood
It is interesting to notealtihaed tthiegh nerema@y

rate in the stratified?2®e2é&). oWwner thkeestlaehk ¢h

of rel atliveflgumd glhnder the& wmper whrid £t tdhfe thloa
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| ayers on thealtswoneanal V22ud )s.a pSienmairl a(rHiyg,s.a r eqgi
di ssi pal~i Bn 2wWigi6loi nci des with the steepening o

t he deep c(hRi2gnhe)l. aAl tThdlough t hese r etghe nlsotatrem

boundary | ayers generated by tidal @ inrdruecretds  n
turbulent dissipation enhances mixing in the
i mportant role in the circulation dynamics.
24 .Anogc hannel variations in wave generation
Thanal ylsafsecuses eens t tula &-y andctdi oosns. To investiog

generation across differehits sltad dtna d-ye It teag® MErso ¢
| owesrt uar y Lis¥e,c t-anotdu a(r y Lis2)xt ao#d s tupgpreyr d@cti on
respectively, and foll owed the evolutions of

25) . I nternal waves appear at all theft waee s e
generation are Hp=f fle.r2e natte sttAiea MPo veeBee)in,i oann (iFn tger
|l ee wave with 7anan i ampleinteu ched eadf oxer the | eft e
| owesrt uar yod )(,Fiwhi I2e t he tlheetsamuagdlr yf-tasntdds augpyp erre ma
subcriti&PR5c()Fi g .ncz2. the salinity field in th
i s di fficult t o measur e t he internal wave

di spl acemeett sal(.Ma2 @Weh ) c allcnusliteetaedd togh e s miahgee a mp
maxi mum depth difference of 5dhef olrataenr all |wesltorca
met hod) , foll owing the approachatoyt Heesd miaca gy d

becomes supédci bbi)igc adh. aitnt er6nmali sl egee nwearvaet eodf a4t

estuar $h)(.Filgn t2Zhe meanti me, the | fetseamuraaly Ise«t\
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propagates towarbd) thed shbal | &Fegeadtufaditogwese eat
approaches &a)i.ti Al TLEjgan2internal |l ee wave
supercritical | ad struad r ff | odlcs)t ,jadw hti(HFe? gh.phpe.ri nt er r
the kewenr yeathwamy dsect igo nosn taor et hper osphaagj&tow s h

25k ) .
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Lower-estuary Mid-estuary Upper-estuary

> 1o T2
% = 0.5 NG ;
> ‘é‘ O\ FFAN -/ NN/
g-—_o.s L Ll (b‘ -
. 5 10 15 20 5 10 15 20 5 10 15 20
Time after ebb slack at estuary mouth [h]
Lateral velocity [m/s] Lateral velocity [m/s] Lateral velocity [m/s]
-0.2 0 0.2 -0.2 0 0.2 02 01 0 01 02

T9

T10
Depth [m]

T11

Distance from the southern coastline [km]

Fi g@r.é&a)cT)i me series of s e ecthiaoomeell | yv ed wecri @& gye d
mod2e FroudeFstumbdeér at tebodlefinchainaethandd t he
| owesrt uar-gecctriopsishei r | ocat 2&)n.s( I(ma)r Xreadp sihno t i go.f

velocity (color) and salinity distribution (c
dotted bl ac&)]in€sntioura)ntervals @ye amdi(jy
psu in (e)0.po6b)jnagd) (k)Yi), and (1). I n (d) t
the | ateral velocity maxima and their distanc
Fi g eshows that i ntermnrealatleade awawds fearente rg

across a range o020 spsunityoreblimesr dte how t |
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mouth to the head of -thanesktudrgtrivbupioh o©he
ghi n FG6 dhips about 3 m in the | ower estuary (wi
increases | i neaersltyu atrey0 6(kdamy | nandepenalds around ¢
rolling off to 4 m 26an) .t hTeh-cuepapashre Inegsvtawa rayt i (0fi ¢
amplitude is consistent wmwaxkxhnramuidret atrupibled alt € ©
¢ h a rsnheola | dnutr e nfga @ae Fsindkedd e cryed e  fersotnu atrhye tloo w
uppestuary, whi cphosg o es digm(eFaif® lmoyp. tlee wev edre,pt h
averaged sNy aatfihatdlloofatl( d marendlace decreases
channel direction, indicating that the wave ¢
| ateriatyvahadcsRsgmaxtnicfriecaasteiso ng.r ad weasltluyarfyr am tt e
estuary before6c)ol Moh gnaexede e dFsi g1 i2n most part
affirming that super<cwointdiid¢ a lnrledrtoearld Il efeli omasv ea r¢
I n the most wupstreamn 5r0e kinpn osft rtalte fda sctawaroyn (ils

internal wave gether at menwheéen atdditliaoegrpn)] fl oy

correspondingthe tke wamengeoaftration at di ff
26d) , can be fit as

T. o X 410, (26)

Fry=1 @

whexieshe distance fragmsthbeegtaar yDyinsa atthhel es had a
dept h, as the tidal wave propagates wupstrean

stratified water over topography to generate
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Upper-estuary Mid-estuary Lower-estugry

130 110 90 70 50 30 10
Distance from estuary mouth [km]

FigarAM ong channel di stributiongh, o(fb)( ama xiinmue
bottom | ateral valveciatgye dV MwhheFriii e adkipmd maxi m
at t he I-eHfdalc hiamtneerlf ace-2 Fc¢ o uddhaFxipmmiag tha hed
timing of | ateral flaw=rg&pchfnhgrcebbishhckond

red dashed |l ine in (€2+1i0ndiTchaet els|l atchke dfausnhcetdi ¢
| ocati on,s refddu pepsetracra sgesct i ons respectively.

2.15nt ernal | ee wave generation under different
Since the internal |l ee wave generation deper
we ran the model over aerahfewefanddabeampf it
conditions that might be conducive to the | ee

251Ef fects of river fl ow

Fi g2fsehgtwhe results from 4 model rugis @i 6h a
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m but at differentUv@a.lOk,s Gafr0eR,0 &0 (nl&Enresrd f | ow:
Table 1). These snapshoFmatarneret d-keH dalathiamtherl ft
reaches the maximum duriodgsphacembnti d¥ aedr t
=0. 0§ Fmexl . 1 Sthiad.add whi | e -atvheer adgeepdt hsN)r aitsi 3 .c2alt 1 Oc
s?(Fixla. a28ch ) .U, =Ot. 03, Mii ncreasesd8s’tFgmas. A1 By and

decredsms{ @Mm)At hrglieéeows0o (05, shtdeestnuary becon
hi ghly B=r &t Ofl ibOU3)(1 @mddatter mé mésiumbse r i ti cal suct
signipfeirctaunstbat i osohal i nes ar e hxadtne rofva@de t(hFei d s

d). At a fixedFsgjhgd@aghdampetasadas bbehriver di s

ﬂ,=0-5m Ur=0.01mls nt=0.6m Ur=0.03mls

S
.
-
[8)]

Salinity [psu]
=
Salinity [psu]

s

Depth [m]

o _r

-
(8]

Salinity [psu]
=
Salinity [psu]

il 1IN
>

i 5

Distance from the left coastline [km]

Fi g@r@a)d) Snapshkhtannefl drnesggi butions of sal
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velocity (ar-eswsgaryatsddhtei om din model runs wi |
fixedotcidmadgrsil@®runCont our i nterval i s -(0d.)5 prshue i
snapshots are t Bkaetn tahte tlkebfota | cnheanntiinbeelhace r each

The river flow affects the gener eaetfiferctsef oin
stratifi2aB8at.i oAt (aFifgi.xed tidal ampl Ut\Wde, thke
c hamsrheolal i nt e refsatcuea riynnsteheetaig@® “fatJo=m 02 .0Ht50 m s
5.5 ?qat)= 0.0% Fm28s) . The i nter nacdevwawmea sp hoans et

stratification Hrfd&Ei28bgo Ther enmsles 2, iwtailvnec r pehaassee

from 0%a0t8 Imw river -0d.ils&aAargeghordOvée di scharg
haerd for the | ateral flow to reach a critical
river discharge increases.
x10°
! (@) 0-14 (b) —e—-r]t=0.4m
-9
6 O-"',:-—‘@/’ P © e 7977’1j0-6m
_ - a-ag . 012 oo 8o 7,=0.8m
‘\,'m5 /O - -E ’,Q-"" o 7@7-r]t=1.1m
o 52 ™ X Lo
=4 e ° 01
8 e,
31 7 &
8 &
2 0.08
0] 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08
Ur[m/s]

FigeB8ea) The strati fi esahtoiaoln ianttbetrH ea eleda fath déa hfa
wave phase speederasdialcfthahadteieosn aorfe rcrastubayed
sections from the model d-L fls7l P eat uring i ntern

2.2kffects of tidal amplitude

The internal |l ee wave shows a nomlaitneaertd r es
riverU £0.ows)(m(FA)Brmadoes not increadsecmemastesni @
di ncreases f rFogmaxh.cG etac e®. §amgn tlhd 5i ntoerlnadl wa

ghi ncr eadetdd . it ¢ mi9gs&s29% Phe Tmaxi mum | ateral fl ow
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w h
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s h

Th

ge

e

t

a

e

n

n 0o 1®m VPskhi l e the stratification isgiselat:i
m, the maxi muml elcatearsals fsll d vy, IFrs gdid @ ¢ iote s e st 0
ght |l y tvoe la mpghd ¢aundde asae(SFi2gc )4l ® mhese three
atification persists on the shallow |l eft s
the | ee generation when the |haet elreaflt csuhrorae
deep channel . One al so nokKjiimceBi po.ck2t 3b od
re the | ee wave steepens to prodyce t beal.
tom boundary | ay@gra@ocehd. Bhen, shoalexvy.er Whevat er
|l l ow shoamsxbedcamdsisiwvedd ntffhi et edlei dofmF 29§ d ) n e |

maxi mum | ater al flow vel o¢i tNo dienctreeransaels wd

er ad eldifrioimtttys are devel-ehedl ovetethacebannel
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—0 6m U —0 01m/s nt=0.8m Ur=0.01m/s

Depth [m]
Iongv

2 4 6 8 2 4 6 8
Distance from the southern coastline [km]

Fi g@r. ®a)d) Snaps hcohtasn neefl odricsstsaivieutaigerdK,vofs c o s
during the ebb tide (background color), sal ir
mi-edsaruy section in model runs with different 1
7,121 722. Cont our.pSsnter val i s

This nonlinear relationship betweegcahebeéente
attributedart orashppomsoenldfnet he | ater al circul at.
currAgsyti screases, the maximum | ater al flow vel
even decrebabeg. sRPig@)l yThe | ateralt hei rbadlaatcie
among three ter ms: the generation of streamwi
baroclinic forcing and the vertical di ffusi ol

produces stronger vorstitca tgyt rgeemgearatyv omt, i ditt yal

spin down the | ateral c Kyecxuplaantdiionng (fsreoem tFhieg .r ¢
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2.10d). As

a result

, t he dfiantcerreaals ewvse Ifordount y0 .i6n i

then deadofrienacsreesasaes t o 1. 1 eaendwalv.e3 ins. gSinrecreat tefr
currghat so shows a parabolic response to the t
02 ﬁQ -©-U =0.005m/s
B -5-U =0.01m/s
015+ . Ur=0.03m/S
g ST © --U =0.05m/s
= wi” U =0.07mi/s
> & r
0.1} {,’f
O //I
0.05 & ‘ ‘
0.4 0.6 0.8 1 1.2
1, [m]
FigRdiéThe maxi mum bottomflbaterah wvél adidtay &
estuar g mobaultuhes ar e ceaeadtcwdray edeatti drhee fnmriadm t he

internal wWw&dvy-é@88)Y(runs 1

AtU,;=0. 0%', mstrong turbulent mixing dealtsoys
when the tiddelacehmds| mt udeer eby inhibiting the
wavki #2d) This remains true at al/l the river f

when tidal currents ar et isotnr oonng tehneo usghho atlos .e rDaus
the Coriolis force, brackish water typically
seawar d, setting up stratification over the
advect tbdswatemtid® the deep channel and gene
currents are vekkyeasdhaedh dghombwbeershall ow shoa
turbulence completely mix the watercadolommni st
confined to the deep channel and salinity fr
channel fmomedheawelk|l on the two shoal s.
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253Di f ferent wave structures

I n addition to changes in thkdhawges amplert dd

river flow andeti dalhad2@meipt] iuomngse.i giht o t he deecg

rebound abruptly as an internal hydr®@dvsic junm
. A time sequen@®@eloifl snmapsabes (me Fgener at i c
j ump. The downsl ope fl ow causes the isohaline

(Fi2g1b) when the bottom | ateral2l1I¢owsAg usheble
flewrengthens, the depression wave grows in a
(Fi2glc). On the other hand, the | ater dlFifgl ows
2. 11fF) . The transition flrows tihe aswupemglriished]l
jump Iwa sbhéalti ntehse trailing edgegl. Agdchdal pt
fl ows at -sthhbemlcheanreealf ace get weaker and become
211g), thempygopraplaigatjes omtldd) heThebst segaahcé
similar to the internal hydraulic jump gener a

ocean (Legg and Klymak 2008, Kl ymakaletmiaxli.ng20
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T‘|12 T13 T‘|14

Tidal veloctiy
[m/s]
o
>
Lateral veloctiy
[m/s]

L f H
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Time after ebb slack [h]

14
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-
o

Depth [m]
Salinity [psu]

0 E (e) | (f ,
2 4 6 8 2 4 6 8 2 4 6 8
Distance from the southern coastline [km]

Figri¥ a) Time series of sectionaVvérnyaqekrlagted

velocity in the bodzoim 1 Gdwedndd«(rdHhs Di GE) wibtwh i
salinity (contours) andt keeltmcad-tyg ccurieooshso as { B me
T14 marked in (a). Contour intervals are at 0
i sohal i ne -(ogf) 2€3h epsssue.| (dei)st r i buRjacmRsaotfi ZIEA oude n

I n addiddzmnl eeeo wave and hydraulic jdmp, a
depression is found when both tidal amplitude

in run ULS0 . wWizlamg= 0.8 m. AtamplS tafdemabdei s
generated well above t heFigrefatc hedgel ofFitghe 2d €le
perturbations can be seen in the isohalines i
straitod icher e. As t he | FRitagrpalo afclhe@wls Idset praeensyst dhee
wave appears near the | eft edgel oWwawe es uwlesegq e

propagates onto the shallow shadgl 43 thlseihadate
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note that t he heavier stratified flow in the
velocity dropping to near zero. The rightward

of the deep chanlnienegs cmeaiasri nighda hrei ghstoheadge of

(Figs-e)2.12bthe meantime, the downward tilt o
channel |l eads to #lheepemrssatbinomwaefe anmodhe str
2.2¥) . The heavy stratified water in the deep
above. This flow pattern is very different f

similar to stratified flowsd®98Lehn@&@ddaeéehbaln

Rotunno &nldL 6Lehner

T16

Tidal veloctiy
[m/s]
Lateral veloctiy
[m/s]

0 2 4 6 8 10 12 14 16 18 20 22 24
Time after ebb slack [h]

-
(&)}

Salinity [psu]

110

Depth [m]

2 2 4
Distance from the southern coastline [km]

Figri & a) Ti
vel ocity n
salinity (c
mar ked i n

e series of sectionavVvéryaqgedckrlagtea
e bod2t on medn ddH(ghe i EB ) wibtuh |
ours) and -eslht oaidyecctviessrs o & t(iame:
Contour intervals are at 1 psu

2.5 I nterpretation in terms of internal hydr a

We <calcul ated tqghat whlseccaonplnist wude t he estuary
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runs featuring the-li5nddé&nynalndl edFowa Vv E 5 gimraa m&.t 1
showsght hages bet weenfFslaxandW8vens whfensmal |l er arm
found whHegn<015 £«n the | aboratory experiments
|l ee waves at those values of thrrc&nobedecalumbe
using the vertically averaged tidal mvedalhoecity
background stratification (Far mer Fainsd nSonriet h
complicated dwmeyet ol abher alwof | ows and 26v)a.r yi ng
Neverthel ess, the generation of .bnpte&rMalanlde &
highly consistent with an interprefFdthirers hmd de
i's not necessarily i1identical Fsgaabddudet pr ene
observation indicatipeg Wwhatessmahl & naplllisb ebded eorv
1. Neverthel ess, the wave amplit Fgdegax deghg. ,not

varies froffpdaz.05.8. 5 m at

On t he odfhperovides aneasgnable scaling for the wave amplitude, where t h e
maxi mum | ater al0ifsl av ev ealveeaiatgye da modutolyea nct.d e f r elga
sets a limit on He maximum possible isopycnal displacement nce t he conver si
potenti al energy of a displaced isopycnal i n
Y (O] based on the energetics argumeniival( Mager
approxi matelwfOwhei®ar Ily 7wi $HHetrlee secti onally av
frequency over the déeepWehaxzmnelul ated hehei mee
numhé&fof or all the model Hrainshé Lrgigglt02df) wher

FiglbYable 1 8Olowasr itehatbet ween ~2 and ~18, i n
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| ee waves are highl yLegg am IKlynmke €008) alonfoutdhhghs r e g i

scales withwf0 in ther simulations of tidal flows over a tall ridge in the deep ocean.

10 - ‘
(a) (b)
8 ) y
E° ’
< ‘/,'7,’{\*!,
<4 4
2_ Q - ’I’;, O
(=) ene 5 IS %E‘ST- JH’ ‘&* oY
O L I 1 L I
0.5 1 1.5 0 2 4 6
V/N
I‘2max /[m}

Fi gei3d nternal | ee wavEpamp) iBigde &homems s
runs featuring internal waves. Tofle bll.a@’ck heast
mod el runsec tlicOomncsr ossrse sel ected to spread over
10) /L)1 rom the mouth of the estuary. Each op
cresesction, FalhhYaargd wi t h
2. A6 riene _di agram

To put in a broader context, the model resul

numbFerFaend the estuariMéhami xang paedmetoercl assi

estuaries (Geyer and MacCdeadymBOMAe) .i nlelde afsr e

Fri = ——— 27

\f gb ocearh ,

wheW,és the rivebri sf Itohwe vsealloicniet ycR® hetbdsa @ thieom ceae
salinity, and h iFgméheumeant watetrr eregptth . of tF

maxi mum possible frontal propagatiMins spefeidn a
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_Cu!

M 2
N H?

(28)

wheCes bottom dUag tbef famp laevier hegg eaf td eaepmtlh curr
ana "AY FTQTis the buowanfcor fmaxibmuin otmopsal i n

variati on Mg aamt iefsiteusartyh.e ef fectiveness of tid

Mapping the internady-Mpaeamenpdr tspgace nhealhgs
types of estuaries mighte bge nceornadtidcp nvAet( Raog fii nete
val uM dafhe normali z-lmddHevaveaaep!| WHtyalleshcobagser ng
flow | eads to stronger stratification that te
whemfy>~0. 03. At a Hy hdpdHniviail alkl yafhi nicr cMalesaetssi nwgi
decreases or satur at ef urot haer camtcaiemsampl iTthu d
nonlinear dependence of the | ateral circul at
MacCready (2014) <cl assiids ednp-Wtipfadd eamentert ypas eo
regi me of strongly stratified estqyguade @rse asne st t
from O.Frfimcr@aaes from Br>00®B. &3, O0r.i0Ov3er Whleonws
stratificationl cews hr emaitn tthe bateuvumlmdrifti cal t|

|l ee waves can be gener at ed gif /eidngc.r eFaisge.s 2wiltdha )i.

Mbecause stronger tides |l ead to strongeresl at e
in the middle (shaded in |ight green col or),
of the parameter space. Most of the | ee waves:

mi xed estua2 iwav eas e( enogl.en Fii mgcFry,ags#trdgl | Wiecr eas

the strong stratification in the deepaclannel
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rFgbe wave structure -hl wavehdogedsoi nthe - mo d ® n ¢
annel water (e.glué&sgohfgHi ¥T44) .i nAir ebeae h avg & |
Xi mum Ma®.ubdand thenMdacreases When her . Th
anges 1 nto hymbrOa ol iacs jtuhnep fwhoewn transitions
e shoalcalo fal swbicmi the deep chaimhldgd c o nee sg .
arly i1 nMevhekFybe =t 00.f0 2 . No internal waves ar

riodically stratifi eoakcomelsdr medessvataarre pnitft

vel oped t o -miexpead agd lealtlhcew wseHdal s from the st

L14f) .
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FigQtrt«egi me

(a)

Subcritical flow

Mode-1 lee wave

F Strongly Partially /Periodidally
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featur i mdroaH a rboreghhey meatvrey .ampl i t ude decreases w
stronger stratification suppresses the | ee wa
dependence on thettatdhy amplreasds: withitnhhe ti
decreases as the tide amplitude further incre
to erase stratification on the shallow shoal s

ae developedghatalt hentehdmarcel.

With the |l ee wa@e>Ftoande nhenbivikbei wadil fr equ
(Tabl)e, the | ee waves generated in coast al p |

di agr am voefs |(eLeegwya 2021) . It is featured by th

vertical Vilenghhchcabgerees withlBbe $Foal isng ashd
over a sill, this flow regi me itsr all sof cthhae ajcd
the topographic crest, and the possibility o
mi xXing occurring primarily in the hydraulic |
Winters 2016). Obviowtsel ystmoathlIfdcekdi nfd oovc cowres fa
but the | ateral fl ows are hydraulically contr
the deep channel are sulwvcthietstacradlti mmehshydraul i a

of thwavekedi fted sharply upward, producing hi

(Fi2gsh29c) . Similar to the tidal fl ows over a |
and Klymak 2008), these hydraulor gem@mrsatmalryg b
| ocal mi xing in the stratified estuary.

Most studies of |l ee waves in the ocean focu
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fl ows over a valley (the deep channel) have r
characteristics as the flows over a sill such
aspect s. For example, the heavier stratified
uncoupled from the 2112t er avh idfelckew®e ralowe (@fidg.s
been foundflowstoaer f ité@wivalll erygewh(eBhai nes 19
katabatic flows over a valley in the atmosph
Arzionabds Meteort@Geafter matien béaadvaves and hydr
upwind rim (OH®XI,d eLne heetr aelt. a . 2016a) . Numeri c
depths and shapes reveal ed a rangndgfrom aompletet vy o f
flows through the valley to valleffow stagnation to situations involving internal wave bragki

lee waves, and quastationary waves in the valley (Leher et al. 2016b, Rotunno and Leher
2016). Further research is needed to explore tidal flows over a valley in the ocean. In this study

we modeled the deep channel as a triangle as a simplific&titure modeling studies need to

consider different geometric shapes of the deep channel.

To place the model results in a brdgdy cont e:
parameter space. Strongly st mratai fwiielde amd gea rotf
such as Hudson River and San Francisco Bay an

According to the estuarine classifChaesapraklea

Bay is a strongl ydsme&deiinftieerdn ad s tlueaer ywa viensd ewe |
mi ddl e part of the estuary (Xie et al. -2017b)
|l ee wave (Xie and Li 2019) . Xie et al. (2017
propagated sbatbowhshoal and evolved into a
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el evatitogdréashanhi c model would be required to

wave into solitary waves, a topic for the fut
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3.1 Abstract

Largmpl i tude internal solitary waves were re
were hypothesized to evol ve tfhre mc-talno akenltienrtnearl f
To test this mechani sm, a 3D nonhydrostatic m
used to investigate the generation of the int
evolution. A comppreap agatuie;mrc earmd twraaresf or mat i
interpreted using the nonliqdWeaNrwase eglu@adi pynb
ebb tid2 Bantmedral |l ee wave is generated by t
c hamrnheomdogr aphy:2 Thies waoocke subsequently propag
and transfor-ins wameooh ebdeati on as strong mi

stratification in the bottom bo#2ndawrwygnoldEher a

1 wave of elevation evolves into an internal
changes in the wave phase speed. As the solit
the shoaling bottom, tharkéaditngnewgeemwhes$ea

steepens and disintegraéresd iinnberanatlr asonl idfar

combined effects of shoaling and dispersion.
|l ayer dissipateauwaveteemmeeggntamadl destruction
meanti me, the internal solitary waves <can ger

regions.

3.2 Significance statement

I n the coast al ocean nonwideay irecegmalzedol

i mportant role in generat i ntge rtmurvbaurlieanbti | mitxi no
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ecosystem, and transporting sedi ment and bio

shall ow and strati fhrdwnesanmnadr ihaass e arbee e p o aralr e
nonhydrostatic model Ssimulations presented inrn
propagation and transformation of the interna

3.13htroducti on

I n t hel coaesan nonlinear internal solitary we
an important role in generafiiemgn tvarbhalbéht tmi x
ecosystem, and transporting sedi mensgonan0 1b8i;0 c
Boegman and Stastna 2019) . Their effects on s
and have been rarely studied, however. -25i nce
orders of magnitude | aregar theaenl S8kWat i hnestshaa
wavelength of O(10) m and a short period of O
and only emerge during certain periods in a t
Dubbel 19901 Xa,e kt. aThese | SWs are hard to b
often overl ooked. I n addifi®hds timalés adivect 59
trace (Martin et al. 2005). Nevertheskeewedrec
that the | SWs had a tharngeorveabtoiuctall/d3i sopfl atcheeme
to overturning and 4m’s’j ssBartdesn DAt emaghi tudé
the backgroun@aogyal ue (Xie et al

Severahanmesms have been shown to be respons
coast al ocean. Il n the classic filee waveo mech

gener atwas ea dleweg essi on on the | ee sisdea pasft raeam
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and evolves into a train of | SWs as the tida

propagating internal bore can also |l ead to IS
an undul ar bore or intednalpshyédanaulofcthempililsts
fl ow becomes supercritical, and this bore sub
packet of | SWs (Farmer and Ar mi 1995; Cummi ns

al so be geineeratgldurmeg tahat spreads over the <co
horizont al flow convergence at the plume fro

underl ying water can dev2d®H into | SWs (Nash

Once | SWs are xpemeratced nonheynwear evolution
shape of an | SW is preserved due to the bal al
Both processes are sensitive to changes 1in

vari atni otntrse bottom topography (Helfrich and |
| ocated close to the sea surface, an | SW usua
it propagates as a wave of elevattiooniwlkeenat he
Observations in the coast al ocean found | SWs
el evation wave as they enter the shall ower r
approaches the bottom (KagdalP2a@d4d 8 &Momugna u210t0 3¢

20D 7

The breaking and dissipation of shoaling | SV

initial wave amplitude, stratification, and t

| aragnp | i tude elsSWomnf ochepar st eep sl ope usually b
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|l oss to turbulent dissipation as the trailing
2002; Aghsaee et al. 2010; Masunaga et eal. 20
tends to fission into a train of shorter wav

el evated dissipadiobaVveOdOS i B2 etetalal

Little is understood about thengermeardatdii®srmns, p|
| SWs i n coast al pl ain estuaries. Recent obsert
wave over the flank of the deep channel t hat

sites over the shal.l olwatsehro anho d(eXliiengets tauldi e2s0 1c7
that the | ee wave can be gener atsdhidbaby tbpbgra
(Xi e and Li 2019; Li and Li 2022), but the ¢
waves hasscneortt abieneend.a A maj or obstacle to a me
enor mous computer resource required to run a

of O(100) km and a resolution of O(1l3twmdi Mest

of ftlopwgraphy interactions and | SWs are based
al. 2017; Davis et al. 2020; Urbancic et al
The Coast al and Regional Ocean Community Mo

system rmutilida Rie®i onal Ocean Mode-hydgoSystem kI

for free surface ocean modeling (Aucl air et
(Penven et al . 2006 ; Mason et al . 2010¢t adap
al . 2008, 2012) , and siotnhfyeddaoishlae i tcoat geol v éan

and their intesrcaxlte ofnlsows tvhillaer glkeeepi ng t he ¢
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Recently the 3D CROCO modeldiheas ibree@r aursce dP d mo

Benin in the Gulf of Guinea (Marchesiello et
CROCO model to investigate the generation, p
coastal plain estsdady bfaetantyumetnrgy.t he channel

3.Met hods

3.4 Model <configuration

To resosvel ¢d aegttuari ne c isrccaulleatliSowms ,a sweweulsle da

configure triply nested model domai ns with i
size3X)Bugh an approach is widely used in the
We at her Forecasting Mo del ( WRF) (e. g.
Depth [m] Depth [m]
(@) " 125 c)
Land -l 20 -5
=-10
Ri E * E
2 &-15
[s)]
10
Land | 20
s 25
0 5 10
x [km] Distance from the southern coastline [km]
Figurea)d.S3chematic of the numeri cal mod el d
channel and da rseicetlaangl lehedemet elsOmar e oll Wt idoonma
Schematic of the nested model domai ns.2.T5he ma

m resol ut i-cohna n n(ecl) sCercotsiso ns hfoeaalt ubrai tnhgf hae scehpaenankeel m
Bay.

The outer domain covers an estuary and its a
inside the 3ga)Yuarmhi ¢ Fimp.del configuration fo

modeling studies (e.g. Li et alf 261480 Lkim avn d
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has a f-shetlf csbepe of 0. 05 %. The estuarine <c¢h
in thehahaery direchaomel Thectcirom hfoaadt uraetsh yane
representative ofucah caosa sQhael s appllega)kne &Bbtateyu &rFa rge 2
cell s iimedthedierasdti on,-ndm®Ot hrdidrsedtni drheamsduzh |
direction. The middle domain covers a short s
mddl e of the estuary 3lta)a rBeassceldutoino nt hoef rleOs umh
domain model, we refined the r esolsuetcitoino no nu stih
the adaptive grid refinemenhaspprgachd, ssaehot
31bResults from the parent model domain are a
drive the child memaegyl ndckeesmdinmg t(HFPremwem erne al .

the middle and aneerudosiamanl madebsgs!| y.

The estuarine model is forced by semidiurna
and by river flow at the wupstream (western) e
ampl idimacdse set to bre vierOwasoawer t héd( ®guiOv dllem st

river disch’tgweerofa 1cdr0dssm setm’d on@ahe arerfl owi

water is prescribed to have zero salinity whi
smplify, temperature is uniform everywhere anc
exerted at the seabed, assuming that the bott

height of 0.5 mm. fiTshes e&Ctota asd. 1 STOhehlGvameati €ral edc
and diffusivity aUteurcbounhpeuntceed cu soisnug et hsec hke me (

the background di ffus?Pm’sty and viscosity set
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The model was initialized swiltitmino fdlisw,r ia uftl

35 psu along the estuarine channel. The outer
guasstieady state. The salinity distribution fr
salinity condi tdioonai no motdlee¢ e sntued ati ons. Resul

were used for analysi s.

342Di agnostics of model results

To better understand how the | SWs evolve o0V«

the nonlinearityemaadi ditsger ¥o obspwp@ddmpt equat.i

3
M+(C1+a0M+bu_/Z:O
Mt MX pX : 31
whedies the vertical disps at dhrie npd dafel iispeielde n a

guadratic nonl ibiesart weoeddapxceatft i airkednPd (TAre ms

nonlinear and dispersion coefficients are cal

0

3 )z

a=

2,6 (" )dz
] Mz : (32
D o2

_ n]CleZ

TN

2nc(—)°dz
[, Mz : (33

whehies t he water dept hcganTdh ev ewatviec ag h asg)er @ascpeeuer ce

obtained by solving the fLlOBRPowing eigenvalue

sz(Z)+N2(Z)F(z)=O
dz ¢ - (34)
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with the boundd(alr)y -ljc omd iOt Nfahnesr € s the backgrou

frequeqicy tamel pha#ddée anpaed i oft etrmeal wave

The variabilitylamhattebeerf ctoadeeds to unde.]
transformation of | SWs in the coastTdle st gan (
the quadratic bNoel emmianesothéi pokatity (el eva
and mostly depends on the N)ocatcicom dofngpy on d dl
the KdV equdtaiyen ffdruia t(vead f msthawpgtcnalc!l i h@9T)
sea UWed, favoring an elevation wave. UkfOtfthe p
favoring a depression wodwa.aniTheéei ad sphesisame
di spersion sucuhebtosfatl ay | argealva the dispersio
waves. When analyzed in combinat iUamidwi ehd wayv

insights into the nonlinear transformation pr

3. Resul ts

We present audyetafi |telde cpesmeersat i on, evol uti on
internal wave field generated by the interact
shoal bathymetry in a coast al pl ain estuary.

351 Lee wave generation and propagati on

Dumg the ebb <«idekwiasecoluattemral circul ation

devel ops -tlhmanmel cs®cstsi on and the rightward cu
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stratified water from the sB2addlToow cshhaoraa c tteor itz
flowpography interac#tjonde tFh=avkE@dhewidse diepenber (
averaged | ater al fl ow vel ociWhyni nt htehd altewad |
super chprt lc 8l) @tshhchei ohanadmpéejtadbargeernal I

characte®2i pulgemsdeucture appears a32chhe | eft

T4 T2 T3 T4 T5T6 T7 T8 T11 T13  T15 0.2

0.5 (a

Tidal veloctiy
[m/s]
o
s
ateral veloctiy
[m/s]

o
o

. fio ~

Depth [m]
Salinity [psu]

: (e)
2 4 6 8 10 2 4 6 8 10
Distance from the southern coastline [km]

Figur(ea)3d3.Ri me s e raveesr aogfecdh haelnognegpv &1 oci ty and
btohtet om | ayers haotalt hemtehdacel. The dashed ver

i n

the -chassel snaps h(odt)s asnhdo wiBn & Fhiagish.) 33 .83 The g
region mar ks the flood tide anddeée(hee( hDa Isltow bsuht
of salinity (contours) and-etshea avsé ataiiodsns. VvVE @ tc
intervals are at 0.5 psu inddg menatrk.s The haogea
¢ h a rsnheola | i nt eer fraRded-whhede Hhmbecsal CEL at ed.
This | ee wave subsequently propagates towar
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switches from the 323hd Badfltbedrphgbaswa(¢Bi gat er
32d33a ). Thoef atnhgel ephase | ine to the vertical di

NZ

& K’

)
: (35

g= arctang) =arctan
whedies the angle between the wavkd sphaisee hloirne c

wavenumbners, tahned vertical waveiWVpmbera Aoplogwawi

the veavedrcagedd b uolycaan gerreeqruaetrtechyawdl\e@_—nuvhléachvi

can be decomposed into the horizontal kiassd ver
comparable to the I ength scale of tnhceant obpeo gr
calcul at e3b ) fMaoyrerBEgage(r F202 1 )V= At I'BB=m 08itts5 s

anklhA 0.003mmi stahdiB4 @msti mated to be ~ 89.5A.
connecting the jumplike wave tr a33laAgt Relgwatae
deptthwoi sorders of magnitude smaller than the v

|l ines are nearly horizontal

. % 5= J//K/m/f_\/’«j@ 05 —
N £ 450 S F«—ﬂ 0 @
8 \\ (b) .§.
25 E | 1 c] - 1 I | | ] 05 =
g ) )
5L ———— A
= -5 . 1.5
25 E | I I ; I I (a)\
4 4.5 5 55 6 6.5 7

Distance from the southern coastline [km]
Figur®i 3t.r3i buti ons of salinity Wt @our laitne

mi-edst uar-ye cctrioosiis5 a ma MTB & Fi g. 3.2a. Contour i n
i ncrements. The purple arrow | ine marks the p
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l ine marks the prwdpagiablfidon of maxi mum

In t heavenkgikmi 1)( the hortiywgdotalo. drhmup $vhesl o «
vertical ga ozucptyavnedPo0cAh tQ. B0 1Thme s horeward tran
maxi mum verwatahgvehecichgannel sl ope 1 B3justrat

The maxwi siumr an80pto rhtoerd zonZma lvMeyr tain@hb~lys 8veom T

t o5, Tmatching the direction of the | ee wave ph
352 Wave steepening, dispersion and propagati o
The wave modal structurlee ealvsav ec hparnogpeasg aatse st. h

evol ves f-2 ownawe matd-ETHavesmadReBR® )( FiOpns f |l ood ti
mi xXing in the bottom boundary | ayer erases s
branch o2 wheemoWear t hand, t he up2pelreebrwanvceh, oif
form of an elevation wave, propagates into t
propagation of the elevation wave perturbs t
el ev ad peydc niad s are followed by the depressed

formation of a trailing depression wave.

The subsequent evolution of the elevation a
snapshots of i sopychalvel @acd t iy atdds dl) i. b Btbit che st th
el evation and depression waves fl at3dedn) . and
Subsequently the depression wave disintegrat e
34 ¢h) . On the het hemdhagdedge of the elevation

intensification of34#hle. uPwasa wavectintgygngfFomgmal
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understood by studying t he s pcart) daanl d  vdai rsi paetrisoir
paramémnern he KdV eqUdlteiten.mi ies thewmnonlineari
phase speed at the wave crest/trough and may
The disper sbouanptairfaineest efrhevawmagni speée sbon whi c
wave energy and médyncreasesvaby &i sd&6poinofhe
deeper water region where the depression wave
the depressatotnenwaared toi sfilnt egraantpé i t ntdei svauv g
considerably smaller on the2l’@h)t whleakl cweskda
wave propagates. I n the meanti me, the nonl i ng¢
transformation of t hejaeidefvfagdctont wavwauveer eand
nonlinearn ipamamgatenve everywhere and would | ec:
wave. However, |tdeer magast adeatptpia olae h &4diks)ij,&1 g s i
i mplying this flattening effect decreases as
the spatial vari atiomdaueae nt d heh avagiees pihm steh es pterc

ei ther steepeorfi nag woarv ef.| aA tdeencirregheswar d t he bpéaht

wi || cause the steepening of the elevation w
| eadi ng ecddgeec. r o ansdeeseOdf 8 bam Ot. 25 channel shoal I n
m sat the | eft shall ow r e gioore.r wh &¢ Imsau sli anrgg et

el evation wave to34ghrpepen (compare Figs.
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Figur8&nd&8psthod)ys tlie (laater al velocityh) coher)
vertica(cuwoledroxi anyd s&l)i nihtey naontewmd) dyciceresi
coef foimi e@rmmte KAdV epguathénmpbadadatop8mar ked i n Fi
3.a2 Contour inte®wsslus iofcrseareintist.y ar e at

The sngepeniween T5 and T8 changes the char s
wave | ength decreases from ~ 1000 m to ~ 300

|l arge verticadh)v,elwictiht itehse (uFppwgar d vhed oeclietvya toino

wave reachtawngd 3t.h0e mihownward velocity oln the tr

353 Emergence of | SWs

The steepening of the elevation wave | eads

can be fit theoKdVsefquatoanto
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—=CB e cdW (36)
whea=e 0. 5Lm 88dmM5aFi gAs the soliton propagat e:
crest of the elevatioamdg@eavmeovdatakread aamsl & hrea
the other hand, the trailing edge of the el ev
process, with the downwardowkle®cotytheaopivagc
| eadi ng *5dbg)e. (IFni gaddi ti on, the soliton of el e
shape in the envilfo ndreepnrte swsiitohn meagvaet iid®chh or me d

Subsequentl vy, the effect o f-f rdeiqsupeenrcspi soons cgad n earna

the |l eading depression wabddg, forming a train
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Figur®napsshots of the vertical velTbdb2imgr kedl

in Fig. 3.2a. Contour i ntervals oconstaoluirniitny (
mar ks the isopydc.mbalThd rmadkerdt a ndarsfged | i ne i n |
time series8.shown in Fig.

Fi g8 eprovides a detailed view of the solite
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of 9 psuFimgbrak eTdhei nsol i ton of el evation has a

asymmetric as it moves up the shoaling botton
edge steepens. From T8 to T10, the nsgopgyenal
trailing edge increases from 0.4 m to 0.8 m.
crest to the trailing edge, o veempslhiotoud en gd & prse
wave is then formed at t hepltigiuldeofoft he eeldeewa
continues to 3Jmoat ahd2 rwhaiclhest he trailing edc

| SWs due to dispesasmpbtntudecheatdaohgadépregesi or

train -omplsimadde sundul ar wave
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Figurlowm®l | er diagram for isopycnal di spl ac
the vertical coordinat e, time interval of e ac
di spl acement. The grey shadephyegnhonheebektbtes
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e t he37f)eatTulree swaovfe tthrea iwia vceo npt
mfg one&O0s oniint. arTyh ewagpweea iiod only

the wave packet has the | arg

el ocity as $.trTohneg raess t0O.o0f3 tnMhes waves have muc!

f | SWss hioswnalisno t he ti me series37df).tHe Basitao
onservation of water mass, the internal wav
|l ows in opposite directions betwebnl ithe tulpev
| evation wave thatyestdlangtr@aend |tolwes two both t

he depression
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velocity in the
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354 Di soinp aff I SWs

The subsequent destruction of the38 . SWAt itshe|
beginning, the wave packet38ax)o.nt Asnstdpsopaya
shorewar d, the number of siolle ttomes a mp Itihteu dpeasc |
(Fi3gb). When the | SWs arrive at 1.8 km away f
wave rema&88ay. (Fhg. wave trailing edge rarefie:c
front . The wavenie fheabhyi mergetiront adjacen

into the38past (Fig.

T12 7 T13

[e2]
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Depth [m]
log, € [m%s™]
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T15 ‘ H

c)

1 1.5 2 2.5 1 1.5 2 2.5
Distance from the southern coastline [km]

FigurRi 3t.18i buti ons of salinil{go(oohtonmrsheat
at timesds TTaz ked in Fig. 3. 2a.

Di ssi paloinnet saaél ow shoals is high due to s
boundarGbell aywert.he wave ?dfs wlbioawh i <l <hinppa tietsu dteh e
| SW8at the nearshore sa&)l i’mityl efardo mtg 1t @a cthhees
destruction. |t is interestinfantomahgt @tmibatm t

depth bel ow 38he)Urweaavceh Csh’isAfid1 0T12 after the pass
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(Fi3gb) . The laemgpdiingi dleardgee rnecsessi owme | wacvi e ye nshhae a |
wave, | owering the | oc30l). RiTchlearadororne srmpuwmidesrn c |
enhataed | arge velocity shear suggests intern

turbulent mixing ne rtehgei snn.ratified pycnocl i

log(jﬂ—’;)z 10g(%)2 log4Ri
-4 -3.5 -3 -2.5 -2 -1.5 -8 -6 -4 2 2 -1 0 1

Depth [m]

2 21 22 2.3 24 2 21 2.2 23 24 2 21 2.2 23 2.4
Distance from the southern coastline [km]

Figur@i 3t.r9i buti ons of salichiamyne(cortd owci $)y i1
|l ateral velocity shear (b), and Richardson nu

3.6 scussion and Concl usi on

Using a 3D nonhwdmest @adi domadeals wintd adaptat
the generation, propagati on, transformation .
coast al plain estuary. The model resul ts sho\
t opogr arpahcyt i iomt eats holaé ¢c¢mamemélace can evol ve i
propagating over the shoaling bottom. Althoug
potenti al l ink between the | ee waveranddEkESWs
mechanistic explanation f eroutnhe dl AWLPca @mttu rtehc

stations on the western shore.
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The first step in the wave transf-Brmaéei wavel

into 4 mbeéeati ogewave. t@bawave modal structur
and ar e of ten triggered by changes i n strat
observational and modeling studies of -2ee wa
wave contesntamndde cirlreerasm® deont ent i ncreases as t|
the deep channel to the western shoal ( Xi e an
the energ® whvae mppgeoaching a shall-awwplkat eal

owing to steep bathymetric changes and wave
observations on the New Jersey 2£haenafves heoveady y
much shortd4r tleadi mgdeéo a t-2aneflohmthathigon hier ovi
propagation towards the coast (Shroyer et al

mainly driven by changes in the s%r athief ilcaatteir
currents in estuariedh arspédsbaltloynmguderciotmec alu
with respfct Tthe meecdelwaves generated by the i
and t heshdalnnkedt hymetry -aret tyoet craed | (yLiofarmd mloic
turbul gnti nmit>hien bottom boundary | ayer can unde
ebb tidal cycl e, destroying stratification an

Fi §8d azed

According to the sol uti-byweroff Itthied KdnwvdieRjiurme a rc
negative i f the pycnocline |ies closer to the
presence of an elevation wave in the upper pae

thus surpri sai me,gade Mes tvead tuea otfent wi 34 D he Kd
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Obviousl vy, the stratiffagati spstdemssinonte fwat e¢ém
stratified in the top 5 m but has ihddmo.geinteoius
hard to | ocate the pycnocl i ne, but the isopyc
bottom boundary | aydept whi AhotBemedrf ftiheulmt\y
wavienduced shear fr onr t(has sfobca caktgerdo umidtoh sthheea |
explained in Sweebew|l e¢s asho3@R 020 MFinPéhe consi
background shealusiWeg rtehcealicrud tagretdaneous veloc
negative VYéaleless, Neher formation of an el evat.i

evolving from the Qlpperwdveaench of the mode

The subsequent transformati on-oofdetrlea dISaMsa toir
shall owing shoalarsaltdarees stommomscthe transfor

propagates toward the <coast on the continent

develops in the deeper ocean where the pycnoc
waveopagates onto the shoaling continental s h
edge steepens and evolves into a -csroderead yl VWIS

near the sea bed (KIymak and Moutm o020 0f3r,ond htl
depression to elevation wave sometimes occurs
(Grimshaw et al. 2004, Shroyer eli salnot20n0eXx)e.s s
I n the Massachusett sheBaly,prtelses i omar i teiloenv aft ri @
|l ocation offshore of where the KdV theory pre
2008). Our reslrletmaiisissitmi lb&r neigrace ve3divier the

The Bhgabn the sloping bottom causes the rar
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steepening of the trailing wave edge. The eff

a trai-ardéredn8®%Ws (Fig.

Our model reval thealrod ehioghltihg background t
in the tidal boundary | ayer) I n dissipating
di ssipatiecomplby uldar geSWs t hems eulnveerss.t afdlin €si o uwsu r
bot trointtfi on may significantly dampen the ampl

al. 1998). Obbetrtvami olnsv otfi omreawaves al so showe

friction could be comparable toSd¢httil ozmsd tBI

2004) . I n the coast al ocean pycnocline often
coast al plain estuaries bottom friction is ex
Furthermore, the | SWar yi nmayh ee nchoaansctea | v eprltaiicnale
strong energy dissipation | ocally, similar to
via shear instability in the | SWs propagating
et al. 2003a)] .Jewey) .
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4 Albstract

A pH s epnsooyreddeat the middl e reachf roefqu@mecsya g
variability in bottom pH, with fluctuation r
fluctuation corresponding to the trough of s:
esaruy wind events. Using a hindeastvemo delwnsnserht
dr ove ttheer nms hvoarrti abi I ity in bottom pH. Though
water downwar d, t hepCQuwave et edn | btitve pgbefth asragthuirdaet
with the pEtQdausp her itechea séxovhanglen otfheCOnext win
the opposite direction, the | ow pH water on t
Thereforedritvhens Iwaitnedr al y veemp tewmaé i Ipttytcamm | @oni di t
DIC and TA budget anal y-sé st iaonsanaimpBeweawme rwe t
strong | ater al circulation was <confined in t
repl eni shmentr dfy doeanita dwatad advection coul c

to ventilate bottom pH.

4 I12nt roducti on

The | arge tempor al pH variability and extre
estuarine and coast al environmaart. s 2(0Hdbf;, maBha uer
Smith 2018; Cartensen and Duarte 20Mh9)perTlda r
often exceeds -opireorjtewrty oasi diff iecnadt i on resul tin
CQ(Wal dbusser and Saleinseb uewe n220sl1 4i)n prtheh aewxea b
i mportant stressor on marine or gaHoiwemnse r(, Hamorsi

research focusedmbredushackowHwatrewebadhd attr.i
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di el met ab(oel.igsm QoyBcolyel e et al . P26aBl a Sademahe
Baumann and. Smntma29l183%tuaries with high turb
water is |limited by I|Iight availabildfggeOCTgsta
variability of pH in the bottom water and whe

remain uncl ear

Riverine water typically has | ower dissol veo

values and a higheat el C(/ J&Al iralb ury téntanals.eazv00 8

al . 2021) . Because of this difference between
TA, PCE&(,partial pressure of carbon dioxide), ¢
in tbedannel direction (Borges and Gypens 201
I n stratified estuaries, strong vertical gr ad
photosynthesis in the surface eeuUplotgiamilcayarn e
the bottom | ayer produces DIC (Feely et al

horizont al and vertical gradients make estuar

from physical f orciinegs, hohauvte raed darte svseel dy hfoeww pshtw
hi4hequency carbonate chemistry in estuaries.
across the horizontal gradient can cause | arg
(e. g.-RbRasbast al . 2013; Akhand et al-dr i2v0eln6 ) .
upwel ling and strong turbulent mi Xxi ng induce
upwards, l eading tesebhafll@Pex cha.ng.esSadertahle. ati ra

2018Li2@R0 al

74



I n stratified estuari es, stratification | i mi

|l ayer and surface | ayer. This vertical decouj
from a | ower | apencebseses peepiaf dat ¢rCyur stensen
pH can be extremely | ow especially in summer
of hydrodenanidonhsi gdhH mi cr obi al respiration rate
i sbihaat for marine bivalves. Low pH and arago
of bivalves, especially their initial shell f
understanding the ventilation frmoerchast sanr ionfe bt

ecosystem and aquacul ture.

Recent measurements i-oahamurdlactr avad eats ian tah
Chesapeake Bay observepfQUdargegspamnioalt heat ya wi
pCQover theoeastwesdd Il gher than the western s
Further model | i ngdrsgtviedhy upwedd s, widaodk cp d d wa i
from the deep channel to the shallow shoal, w
edl . 2020). At thedsament umeweWwi it hgt ha WYowdwel
the other sichanaot|l theacsect, advecting surfa
guestion is raupwicktidvhee hevupwbakel i tananwdendownrwe
acidic water i n the deep channel. Il n an i dea
(2010) s howderdi vtehnatl awienrda | exchabngggemhatoxd gema
shoals and hypoxic deep clanndeilr emdy thue bmbener
supplying oxygen to thdey nhaynp occxsi co bd eeena mti kr a porr s iQr

the production and cansumptfeonedf bPpl Commadn Ob |
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such as phytopl anktan pradttoesy mtelsepsiirsata nd , o raghad
advected or diffused by the swanteeaoh®isliichbarla tperso
with the atmospheric puawatpC®ladpusssursd,owwli laa
reachesumqwitth brespectpCQduehteoat mesphéfiecing
greater DI C pop(lCadn 2&p leelGlhsas COt he eddfeeoeinven

ventilation for bottom pH requires further ex

Chesapeake Bagphisc aesltauragrey esuufrf eri ng from a
Despai tnreean water depth of 6.5 m, a de3x( mal eo

runni ng #smuttthe dnaretct i on dominates the bathyme

stem.esfthueari ne channel I's partially s& rmsufie
(Carter and Pritchard 1988). Compared with ot
modest with tidal range rarely).exWierrdi hgr cli nnt

domi nant 2Zprdraiyesdsi sofcomparable to20p@alThémwefcom
Chesapeake Bay i s an i-tderamh vsayrsitaebm Itiot ys taunddy wvtet

p H.

Recent observationsrhauei oap@dn dugCH t ifld, tdh e
stem of Chesapeake Bay (Brodeur et al. 2019;
TA increased from surface to bottom and from
mi ni mum valtuhee aBfpp7Ze.@lndi nt he bot t-Bany warndcra mdxitr
val ue as high as 8.5 aatndt hikaweu( Brac ke wp& OQetr sa lo.f

al so displ ay-shanmedlr ogprga dileomtg from the estuar:
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out gassing in the wupper ;iBamayt hepmib#d eRBalji,l atdOhmod sipr
conditions in the | ower Bay (SChaesno neatl layl,. p2HO 2 Q
winter and reaches mi ni mum in swmpersi { Foned
autochthonous organistmaut ate@i pei mauyr ppbdaa
process consuming oxygen and | owering pH in s

carbonage diGa®O uti on armsg ame d mgrmir g-aanyt ,n bludhat desmi

higher pH values i n August than in June, desp
summer (Su et al. 2020a, 2021). Whether there
bottom acidianwhear. remaadsdgi ti on, Chesapeake
buffering capacity (Cai et al . 2017) , wher e

fluctuatiHoOmghefgupHcy pH data Ik a®hmo wehdareto med s
fluctuati opHpQGOnadsbDsloCci ated with salinity and d
influauempgleysamcal bi ol ogi cal proceblewev ¢ Shatdlwi s k s

only recorded surface pH and how bottom pH fI

Coupl edy nhaytiiraogle o cchaermd awrad tter y ¢ hneondi esl-RsC AC(CROMS

have been developed for Chesapeake Bay (Shen

model ing anal-ycsalse omarntthendtae gehemi stry dynami
obseati ons. Furthermore, Shen et ayean( 20i1l®d ¢ as
simul ations t o examine ecosystem metabolism
ant hhropogenic i mpacts on pH and awlhgbinonheobkay
2013, Li et al . (d2 0 2@)n wtpuvckil d d nlgova f Wwiercd s t he

shall ow shoal. With the model s, Li et al . (
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Chesapeake Bayst ncdrmteurnyi dadnodu bd h cyge pld faak €EDe aa p
decl i 0. Bfad®O%xpansion of the acidic vol ume
observation data and mo d etler me svualrtisabti 6i tey a mmn

mechani sm of bottom pH.

4 Met hods

431 Highuéncy observation

A SeapHOx sensor was deployed at the Nation

Chesapeake Bay Interpretive Buoy System (CBI
Buoy (latitude: 38.56AN, |l dnffromdduneé. 4 bAWcto
The SeapHOx uses an integrated sensor package
and conductivity sensor, an Aanderaa oxygen

electrode (BresnaharoOéeoO)allt2wadgd; pMaced en al
steel frame and suspevinddid ifnrtoark et hdee pe thr foa c er obul
t he botDegpmh of the observation site is ~ 11.
flow streamlatr essbtheimmpuad @ sofand t hen averaged h
anal ysis focuses on the period from summer to

pH water.
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432ROMRCACC model <configuration

To further examivreet €hlnoow tvwairnidasbid i ty and vent.
Chesapeake Bay, we usbeido gerowhbkeesd acmdide odleamms tr
to conduct hindcast simulation for year 2016.
and it sshaedjfé4 t(dFitgc o n&012Pr nd @ebints in the hori

2@venly distributed vertical siROm&d | evels in

The hydrodynamic model ROMS si mul at eist ywat er

The model is forced by freshwater discharge ¢
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and heat and momentum flux across the sea sur
ei ght maj or tributaries of nG@lsesaapelh& eGeBmlyq gibc
gaging stations. The offshore beundddr yc owrgptoenre |
The tidal component was provided by gl obal ti
and Erofeeva 200d2a)l, caad ombeéentmaen ed from daily
Duck, North Carolina, by the National Oceanic
atsrea heat fluxes were computed by wusing the
products exceepdds.orAs hMARR npdr ssdpbuct s underestir
Chesapeake Bay (Scully 2013), instead the mod
variety of measurements including buoys from
Buoyt€en( NDBC,; https:// www. ndbc. noaa. gov/), I
al . 2011) , and Nati onal Estuarine Rese
https:// coast.noaa.gov/nerrs/ ). -mliwae snad wiprec dme
then Banedr poler the Bayds surface using a uni
The vertical eddy viscosity aneklditfufribwail weintcye w
scheme with the backmfs’opumddv alhee hwiffsicioosbiftayd aer
di ffusivity were s@&s$).toThhee ROMStmandel|( 1w®s mi
climatol ogi cal temperature awung eperiodtpfc@ndgie
the initial condition fiommn yédart h2z0 1n6o.d eA dceotnafii
found i n Li et al . (2005) . This hydrodynamic
measurements at tidal gauge stations (Zhong
temperature titmerisgrisetsatdtod dmoNiLi2GrRalaadl.init

di stributions collected during hydro@r0®mphi c s
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Xi e anodl 8LXi e2anad@NLR@ROal

The biogeochemical meadelu RGAponehtudés saewht e
a sediment diagenesis component (Di Toro 2001
an offline mode. RCA simulates pools of orga
groups (one reaspme d mttiomg wvainmt eorne representin
and dissolved oxygen concentrations (Testa ef
forced by | oads of di ssolved and particul ate
constit uernatt icoonnsc efnor phytopl ankton, silica, pa
phosphorus (P), and nitrogen NMOND( h emealasf) theorr g @

P@'] were obtained or derived from CHesapaske

described in Testa et al . (2014) . The ocean
Worl d Ocean Atlas 2013 and Filippino et al

much smaller than the riveriidneer endut rfioelnlto wionagd i
studies ( Ni et al . 2020; Li et al . 2020 a; Zh ¢

based on Chesapeake Bay Program monitoring d.
been wvalidated agai msta bniuongbeeorc heimi cdlat idanh s &
(includ,ingBONDH chl ear,ophiyddol ved oxygen, and o
integrated metrics of -choyy puamni ¢ rvi arlau nye ,p rroadtuecst i @
and nutrient steduwebnéncsostal@iB8Besa?® 1Balal .

2017Li2@16Mi26R0al

The CC model simul atings;bd<L,belddAn @a@wnuRdada ch gtom |
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for Chesapeake Bay (Shen et aly 2hy2apl dnkt

growt h/ photosynthesis and calcium car bsoenaat e p

CQfl ux, phytoplankton respiration, oxidati on
sul fate reducti on, amidum edad rnmemratwea tdirs sfdluwteisar
the primary source/sinks for TA, but the cont
(e.g., nitrification and sulfate reduction)

carbonateycphpamamet erp€fQauvuehcabcpHaned from t he
using the C0O2SYS program (Lewis and Wallace 1
and its coupling to RCA is described ciend Shyen
t he at mosgphtehrei cr iGG@®rine | oads and offshore col
of TA measurements i n riverine I nput s wer e
Susquehanna and Potomac Rivers (mRagmomat iednsal
calcul ated through CO0O2SYS with the availabl e
chemistry data for the other smaller tributar
functions of freshwater Adaschaegecedmemoandal
estimated with the empirical equation based
2010) . DIC at the offshore bounf€@&®fy omaSOCATCL

(Bakker et al . mpGeI@&),ursaluisnintgy COfRIRDWWRes Tsled 4 tor

be 403 ppm I n 2016 according t-BSRIL he
(https:// www. esrl .noaa.gov/gmd/ ccgg /trends).
from teéered trmeomber mi xXGOh gmondoedle |hasThheeen validat

surveys of DI C, TA and pROdA@&E Henc2éea) allumd nigong

terlmMgD)I5measurements of pH at a numdbEE9 of m ¢
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2020

433 Di agnIls@ iacn d fTA budget

To determine what caused tempor al changes i

investigate the DIC and TA changes in a fixe:q

depends on the ratio of DI(Dntd])A‘CK—,i%.aﬁhbyze

equation is given by
T DITA p , . ,
o o 0DI-CAQwQa OVDIALAQwQa ODI-CTAQWQW
Fxadv Fyadv Fvadv
I:adv
. 'DICTTA .,
v - — QwQw BlI'®wQwQa (tB) .
Ta Ta
Fudiff
The first téhamdosi dbeofi glguati on (1) i's t he
| ongitudinal transect (whose ar aolfd®diCat oas
creshsannel section (|l abeled as A2) and is call
the vertical advective flux across the wupper

represents the verA3chabk dihfef weirwae cfalluxdi ddmuss s

(BI1'O) is biogeochemical wuptake or producti on

respiratsfonmaCa€® and di sseﬂ'—’g—AbiOon"n,eaenrsd mo e ret il

produced than TA or | ess DIC are FetmoN<6d thar

means | arger DI C production than TA or small el
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4 Rlesul t s

4 .4 W4 midvaerni avlmif | ibtoy t om pH

The ti nef ssealiiersi t gmamhle podtblser vat h ®e mGRdeasfe s
showedf rheiquhbency Fviagr.i .adbfT#he of veesn c(y o Weormsa i fnr om hal f
sever al d & v souns Hehreer wweeadb | Wiy e per itohda ni sl .50 ndgaey
Though t he otbsremvpepHd ilmnAugust was -bet weear i7aldi |l

coul d el ev ®@(Fe gp Htd4uagihcd ioe r/tt Thye rbeoltit ébwe nageeifadkip tHy .

corr esdpahmttir ougsasl iomhi ttyhe ti me series (Figs. 4
modul ation by vertical processes as surface w
and higher pH than bottom. I n addi t idoonwn tohre p

at t he -eesntdu aorfy uwi nd.az&ehts (Fi gs.

-
o

Q
E
- 0
£
2
-10
=)
820
>
£ 181
& 16
8
7.8
I
276
4 1 L L 1 d : 1 L I
7129 8/3 8/8 8/13 8/18 8/23 8/28
Year 2016
Figurli e 2series of wind speed vector (a), b

observations at the Gooses Reef (mar keldesas r e
mar k the duration -e$t werly,ce 2tddavedyswweirt ¢, euent
analysis. The Dblue I ines are original time se
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wi nd vectpars saerde -Woawuvihn BuB#derworth filter.

To further check how wintdh@oodelsa tReedeft, dreweb oc
example sequence of a southerly wind event
(highli ght eadh didm sHie gsii aéull Zaab)i b ntsh e advieind eorc e s e s .
Sout heebyudmuy) wi nds bl e w9 aonvileSr AuR@Hls B avy t b e aw
maxi mum windmsped@ti sf waswefaokbt bve o-¢ Pty aown wi n

l asting tth ceaynaxi mum2 .wisd speed of ~

As a bfacsrel compdriirsdnt,hrewvedaerstbt i pobysonal and ¢
chemi staty ftf h-eed altsiosish evh @ esfe sldauc aviead& wesser |l y v
wi whnd speed!fbred-8o wB u2g Bns §s.Be4d 03 Jee s thwa mey eh e, t
creshsannel transect was weatttiacaml d gl istirtay i dii fefde
(Fig. 4. 3a) . The isohalines tilted slightly
confined the outfl owi.ngSifmdsahdry, wdDth ratnac atTAey
stratified corresponding to salinity (Figs. .
were al most ever.halhmeluriifsdarmbwurntoosns of DIC

di stributid# dfFi gh)l,odoy3dhgyest i ng a bi cd odyiicdt al

not have a strong | ateral gradient but showe
(Fig. 4.3d) . Since phytoplankton produwmadti on ¢
respiration of organic materi al produced DI C

gradient than TA (Figs. 4. 3b & 4.3c) . The rel
on TA are smal lCof(fCespendiahgpRea2D$4 &€ had dAstro

gradient, -twiotth omhaeli fdoprence Tlachomgg®@ni7z g di l
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water occupied the deogthh.m They ooadlstedso et fatwa s
|l ow as the water Then arhaegodtade qsRédmweald.i an s s ma
di stribution as pH (Fig. 4.3f).

Salinity (psu) DIC (umol kg™ TA (umol kg™
17 18 19 20 21 22 1400 1500 1600 1700 1800 1400 1500 1600 1700 1800

Depth (m)
o o & o

)
S

CHLA (mg m™)
5

he]

I
=]

=z

o
iy
o

15

-
I~
~
[+2]
~
o
o
-
-
[4)]
[
N
w
w
w
o

Depth (m)
5" o

5 10 15 5 10 15 5 10 15
Distance from the western coastline [km]

Fi gurlei s4t.r3i buti ons of salini-ay(CaBLA; DUHEL pH) (
aar( ) at-bayhesmesls on across the GCGwesdzerRgefwi d
period wmalkelchei Ml ack dashed | ine marks the 1| o

The-espuary wind drove a strong chackel seet tat

with the east wargurvfed coec it ay5e rmit (rtetiagr.hniehagid &@). .0 T h i

upwelling on the western shore asfmdcecdawmwe Iwliitrh
vertical vel oclit ompedguwemt.lly, mmeasst ward | ater a
pushed t he for e@shheere asateern osrhtoal . Upwel |l ing and
tilt downward on the eastern sl ope -drfi vtehne d

turbul ent mixi-mgxgdneuoatrand elePwwe kcoconibhiendt i on

stnrgo surface mi xi nga akwidd lelro wafve Ly e mgdprsdm nee ¢ é e
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surftam®dept h ovsRkre eflh@ aGod sTeA showed a stronger
t hdeown weolfloDl C lacidA wat er Dbtootweatrnit thedree apar t- of t h
section (Figs.doadwnwerl 8 Ili diadded lac iTdhiet y B e evithheer eGo «
bot péimwewd evated f{Bimg.7BcBt. t4@mars. @&ll esvdartoend 1. 1 t o

(Fig.O. dh¥ other htamel, waptwed n i agome br ought

bottom to surface, where8.s0Br.6ace pH | argely d
Salinity (psu) Salinity (psu) DIC (pmol kg'1)
0 0.2 0.4 0.6 0.8 1 17 18 18 20 21 22 1400 1500 1600 1700 1800

Depth (m)
S &

-
]

)
S

TA (umol kg™ pH Qpr
1400 1500 1600 1700 1800 7.4 7.6 7.8 8 1 1.5 2 25 3 3.5
_:|

—~ -5

E

< -10

g

0-15

-20

10 15
Distance from the western coastline (km)

Fi gurli sAt.rdi buti ons of | ater al circulation ve
angh,(f) atbaywesem@eonss the GoosestRaefy dvuamidn g
mar k elda2i n

Theol | dwiwemgt uarayf tweirreds hewa myl dcrvewd ac |coocuknw iesre
l ater al circulati on, with upwelling onethe e:¢
(Fidg)s.a I sohalines were tilted wupwardbkm) with

uplifted towartdemdhaeaphRédgsit.erBotsthoRlICi bBndd Thawekr
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